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Abstract

Recent progress in the synthesis of high stability inorganic caesium lead
halide perovskite nanocrystals (NCs) with unique optical and electronic
properties has led to their increasing use in optoelectronic applications,
such as broadband photodetectors. These NCs are of particular interest for
the UV range as they have the potential to extend the wavelength range
of photodetectors based on traditional materials. The physical properties
of these nanostructures, such as the dynamics of charge carriers on differ-
ent timescales and their effect on the optical recombination of carriers, are
crucial for functional applications, but not yet fully understood.

This work reports on a slow (> 1 s) reversible quenching of the NC
photoluminescence due to a light-induced Stark effect involving defects on
the surface of the NCs and the redistribution of photoexcited carriers onto
the NC surface.

We also demonstrate a defect-assisted high photoconductive gain (10°
A/W) in the UV-Visible range for graphene transistors decorated with
perovskite NCs, resulting from the charge transfer between the NCs and
graphene. This is accompanied by a giant hysteresis of the graphene resis-
tance that is strongly dependent on electrostatic gating and temperature.
We summarise the properties of the perovskite/graphene transistor with 3
characteristic response times: optical (~ 10 s); electrical (~ 100 s); and
magnetic (~ 500 s). Our data are well described by a phenomenological
macroscopic ‘two-capacitor’ model of the charge transfer from bound states
in the NCs into the graphene layer, providing a useful tool for the design of
high-photoresponsivity perovskite/graphene transistors.

Finally, we investigate the prospects of using scalable additive manu-
facturing, specifically inkjet printing, of graphene (iGraphene) and other
low-dimensional materials for development of fully printed optoelectronic
devices compatible with a range of flexible and wearable substrates. We
demonstrate a hybrid perovskite/iGraphene photodetector with responsiv-

ity ~15 A/W and use iGraphene as Ohmic contacts to other 2D materials.
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1 Introduction

The ever-increasing demand for new and improved digital technology re-
quires the development of faster and smaller devices and ultimately, the minia-
turisation of transistors, but efforts to maintain Moore’s law are faltering [1].
Traditional three-dimensional (3D) semiconductors based on silicon (Si) or ger-
manium (Ge) are limited in their size scalability due to enhanced carrier scat-
tering from surface imperfections [2]. Quantum well heterostructures consisting
of III-V semiconductor compounds such as gallium arsenide (GaAs) sandwiched
between aluminium gallium arsenide (AlGaAs) were amongst the first examples
of two-dimensional (2D) quantum well (QW) systems [3]. However, performance
of semiconductor QWs depends strongly on the thickness of the well and quality
of interfaces, which is constrained by the growth techniques and lattice matching

between the materials [4].

The successful isolation of graphene [5], the first ‘true’ 2D material, sent
shock waves rippling through the scientific community and the race to discover
similar materials began. This class of materials consists of layered crystal struc-
tures with strong in-plane covalent bonds and weak van der Waals (vdW) forces
between layers. Since graphene, the library of similar atomically thin vdW mate-
rials has been expanded considerably [6] and now includes the wide-gap insulator
hexagonal boron nitride (hBN), metal chalcogenides (e.g. InSe, InySes), transition
metal dichalcogenides (TMDCs, e.g. MoSs, WSes) and black phosphorus, to name
a few [7]. The combination of these vdW materials in multi-layer heterostructures
[8] and their compatibility with other low-dimensional materials such as quantum
dots (QDs) [9] is of great interest for electronic and optoelectronic applications

(10|, [i1).

In the past decade, halide perovskites have emerged as a new class of ma-

terials with exciting prospects for the optoelectronic community [12, [13]. Recent



synthesis of all-inorganic lead halide perovskite nanocrystals (NCs) [14] has at-
tracted considerable attention due to their high optical quantum yield (QY), op-
tical spectrum tunable from the visible (Vis) to the ultraviolet (UV) range, and
enhanced stability compared to organic based NCs [15-18]. Integration of these
NCs into novel 2D heterostructures based on graphene |19, 20] and other vdW
materials [21] has enabled a number of advances in optoelectronics, ranging from
improved solar cells [15, 22] and LEDs [23, 24] to ultrasensitive photodetectors
[20].

In this thesis I present how graphene and other low dimensional materials,
particularly perovskite NCs, can be combined for use in novel device applications
and explore the fundamental charge transfer dynamics in these hybrid systems

using a variety of perturbations and newly developed experimental techniques.

1.1 Thesis overview

Chapter 1 is the introduction and overview of the content of subsequent

chapters contained in this thesis.

Chapter 2 provides an introduction and literature review on low-dimensional
materials used in this project, particularly on graphene, how it is produced and its
unique transport properties. This is followed by a literature review of perovskite
NCs and their interesting optical properties, including temporal and temperature
dependent photoluminescence and blinking. Finally, this chapter describes the
functionalisation of graphene with perovskite NCs for use as UV-Vis photodetec-
tors with an overview of photon detection and key parameters of photodetectors

followed by a brief review of current photodetectors and their limitations.

Chapter 3 gives an overview of some of the key theory that is used and
developed throughout the thesis. This includes characterisation of graphene prop-

erties through the parallel plate capacitor field effect model, a more advanced



two-capacitor model for describing functionalised graphene, and the classical and
quantum Hall effect for direct measurement of graphene carrier concentration and

mobility.

Chapter 4 describes the methods and experimental procedures involved in
fabrication and characterisation of graphene-based field effect transistors func-
tionalised with perovskite NCs. This includes details on the electrical, optical,
optoelectronic and magneto-transport measurement techniques used throughout

the studies within this thesis.

Chapter 5 reports on the novel transport and optoelectronic properties of
hybrid planar graphene/perovskite NC photodetectors and their prospects for ul-

trasensitive detection in the UV-Vis range.

Chapter 6 presents an investigation into the properties of perovskite NCs
under continuous optical excitation resulting in a quenching of the photolumines-
cence accompanied by a red shift in the emission energy due to a light-induced

Stark effect.

Chapter 7 discusses a perovskite/graphene system subject to an externally
applied magnetic field. The UV-specific (blue) perovskite NCs are also presented

in this chapter.

Chapter 8 investigates the incorporation of inkjet-printed graphene technol-
ogy into device applications for photodetection and electrical contacts, including
a discussion of the transport and magneto-transport properties of graphene inks

and their applicability for printable electronics and optoelectronics.

Chapter 9 concludes the thesis, providing an overview of the key findings

followed by remarks on the future prospects for work beyond this thesis.



2 Low-dimensional materials for graphene-based

functional applications

2.1 Introduction to low-dimensional materials

In low-dimensional materials the electronic state wavefunction is confined in
one or more spatial dimensions. Dimensionality strongly affects electronic proper-
ties of a material, such as the energy band structure and density of states (DoS).
The DoS is defined as the number of available states for a charge carrier per unit
energy, D(E). With increasing number of confined dimensions the density of states
becomes more quantised: from a bulk (3D) system where continuous DoS is ob-
served; to a quantum dot (0D), which has discrete allowed energy levels (Figure
[2.1)). In particular, for a conventional two-dimensional (2D) semiconductor with a
band gap energy, £, the electrons and holes are confined in one dimension and the
conduction and valence bands are described by a parabolic energy dispersion in the
other 2 dimensions. The resulting expression for D(E) is independent of energy
and so the energy levels become quantised in a step-like function (Figure .
These low-dimensional systems and the phenomena resulting from the quantised

energy states have played a key role in the advancement of modern day electronic
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Figure 2.1. A diagram of the density of states for materials with different
dimensionality. Figure reproduced from Ref. .



devices, including transistors [26, 27] and optoelectronics [28].

2.2 Graphene and other van der Waals materials

Of particular importance for the studies in this thesis are 2D materials with
atomic-scale layer thickness, such as graphene, hexagonal boron nitride (hBN) and
indium selenide (InSe) [10]. Typically, 2D materials are attained through mechan-
ical exfoliation of the corresponding bulk material, in which the 2D layers are held
together via weak van der Waals (vdW) forces. Interestingly, bespoke combina-
tions of these single layer materials can be assembled by mechanical stamping to
form multi-layer heterostructures with unique properties [10]. These heterostruc-
tures were used in devices from photovoltaics [29, 30] and light emitting diodes
(LEDs) [31],|32] to resonant tunnelling transistors [33] and moiré superlattices |34}
35] and have facilitated observations of phenomena such as a giant quantum Hall

plateau [36] and superconductivity [37].

Single layer graphene (SLG) is an allotrope of carbon in the form of a 2D,
hexagonal (honeycomb) lattice of covalently bonded carbon atoms with carbon-
carbon spacing of 0.142 nm (Figure ) Each carbon atom forms a strong,

localised, in-plane o-bond with its three nearest neighbours through sp? hybridisa-

a)

Figure 2.2. a) Schematic of the carbon honeycomb lattice with A and
B interlinked sublattices and interatomic spacing dcc = 0.142nm. Figure
reproduced from Ref. [38]. b) Illustration of the in-plane o and out-of-
plane ™ bonds in graphene that give rise to its unique properties. Figure
reproduced from Ref. [39).



tion. However, this means that every carbon atom has one un-hybridised electron,
which forms a delocalised m-bond oriented out of the plane of the graphene sheet

(Figure [2.2b). These electrons form the m-bands above and below the sheet.

The conduction and valence bands of graphene meet in six single points
(Dirac points) at the corners of the Brillouin zone Figure [2.3h. The peculiar
band structure of graphene is different from any other material and makes it
a zero band gap semiconductor. This unique band structure gives rise to many
interesting properties in graphene such as ambipolar electric field effect [40], charge
carrier tunability and high carrier mobility [42].

The charge carriers in graphene mimic relativistic particles, namely massless
Dirac fermions, as they are described by the Dirac equation . Considering that
electrons in graphene can hop to the nearest atoms, the tight-binding approxima-
tion predicts that the charge carriers follow a linear energy dispersion relation

close to the Fermi level (Figure [2.3h):

E(p) = +vrlpl, (2.1)

where p is the electron momentum relative to the Dirac point and the Fermi

a) b)

Conduction
band

ENERGY

p k)
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Figure 2.3. a) The electronic energy dispersion in the honeycomb lattice
and zoomed in region showing the linear energy band structure close to
the Dirac points. Figure reproduced from Ref. [38]. b) The resistivity of
graphene as a function of gate voltage and corresponding position of the
Fermi energy. Figure reproduced from Ref. .



velocity, vp ~ 10% m/s (0.003c, where c is the speed of light in vacuum). The
+ sign refers to the conduction band (positive energy states) and valence band

(negative energy states), respectively.

2.3 Types of graphene

The properties of graphene can vary tremendously depending on the growth
technique and substrate used. The main methods of producing graphene are
mechanical exfoliation from bulk graphite 5] |45], thermal decomposition of silicon
carbide (SiC) [46-48] and growth by either chemical vapour deposition (CVD) [49-
51] or molecular beam epitaxy (MBE) [52} |53]. More recently, liquid exfoliation

methods were developed to adapt graphene for inkjet printing [54-56].

Graphene was first mechanically isolated in 2004 using the ‘Scotch tape’
method [5], whereby a single layer of graphene is cleaved from a bulk graphite
crystal using Scotch tape. This exfoliation technique yields flakes with the highest
mobility (x> 200,000 cm?/Vs [45, |57]), as the produced single layer graphene
is not exposed to chemical processing or complex transfer processes. However,
graphene flake size is relatively small (< 10 x 10 ym? [5]) and requires bespoke
device fabrication (Figure [2.4h), as electrical contacts must be custom made to
suit each flake, which is a time consuming process. More advanced architectures
produced on silicon/silicon dioxide (Si/SiO2) substrates include additional layers
of hexagonal boron nitride (hBN) above and below the graphene. The extra layers
of hBN, which are relatively free of dangling bonds and charge traps, emulate free-
standing graphene by isolating it from ionised defects in the SiO, substrate and
from surface contamination [58]. Moreover, the atomically smooth surface of hBN
suppresses rippling and mechanical corrugation of the graphene, which otherwise

can limit carrier mobility through scattering [59, 60].

SiC growth method produces a more robust form of graphene, which is
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Figure 2.4. a) Left: atomic force microscope (AFM) image of mechan-
ically exfoliated single-layer graphene. Colours: dark brown, SiOs sur-
face; brown-red (central area), 0.8 nm height; yellow-brown (bottom left),
1.2 nm; orange (top left), 2.5 nm. Right: scanning electron microscope
(SEM) image of an experimental device prepared from mechanically ex-
foliated graphene. Figures reproduced from Ref. [5]. b) A SiC wafer with
fabricated Shottky diodes. Figure reproduced from Ref. [67]. ¢) Optical
image of 50 CVD graphene Hall bars on Si/SiOs. Inset: false-colour SEM
image of a single Hall bar. Figure reproduced from Ref. [68]. d) Left:
SEM images of LPE graphene flakes (~ 200 nm) and (inset) the start-
ing graphite (~ 400 pm). Right: high angle annular dark-field-scanning
transmission electron microscopy (HAADF-STEM) cross-sectional view
of a fully inkjet-printed silver/hBN /graphene FET using LPE-formulated
hBN and graphene inks. Figures reproduced from Ref. .

bonded to a crystalline structure consisting of silicon and carbon atoms only. The
graphene layer is formed through thermal decomposition of the SiC crystal at
high temperatures (7" > 800 °C) in ultrahigh vacuum . Since the vapour
pressure of carbon is negligible compared to silicon the high temperature causes
desorption of silicon atoms from the surface leaving behind carbon atoms, which
rearrange to form graphene layers [61]. This method can produce wafer-scale SLG
(Figure 2.4p) with homogenous monolayer domains with sizes >50 x 50 um? [62].
This type of graphene is typically heavy n-type (n > 10 cm™2) and is difficult to
gate as it requires top gating, which is a bespoke and time consuming fabrication
process. Furthermore, the room temperature carrier mobility is relatively low in
SiC based graphene, p ~ 10® cm?/Vs . SiC-SLG is currently used for the

most accurate quantum Hall resistance standard with an accuracy of 107 .



Commercially available SLG is typically CVD grown [70, 71]. The layers are
grown on a metal foil, such as copper or copper-nickel alloy [50] using a thermally
decomposed hydrocarbon gas source at high temperatures (7" ~ 1000 °C [49]). The
foil is etched away after growth to transfer the graphene onto a dielectric substrate
e.g. Si/SiOy [51]. The processes of wet etching and transfer require the use of
polymethyl methacrylate (PMMA) and other substances that can leave residues
on the graphene surface. CVD grown SLG is typically p-type and has lower
mobility (¢ ~ 10° — 10* cm?/Vs) than exfoliated graphene. On the other hand,
this method of graphene growth can be scaled to wafer-size substrates (Figure
2.4c) and CVD technology is readily available in most commercial semiconductor

laboratories.

MBE growth is a promising, and relatively new, route to large scale graphene
production. This growth method typically uses hBN or sapphire substrates and
requires high temperatures (7" ~ 1000 — 1500 °C [52]). Since the graphene can be
grown directly on a dielectric material in an ultra-clean MBE environment and
it doesn’t require any transfer processes, it is the most pure type of graphene
(n < 10 cm™2) besides mechanical exfoliation. However, growth is currently
limited by the available hBN flake (substrate) size (20 — 100 gm), the domain size

is relatively small (~20 pm) and growth times can be very long (~4 h) [53].

Upscaling of the processing of devices has remained a key limitation in reach-
ing the true commercial potential of graphene. Although CVD growth has demon-
strated large-area graphene layers, their electronic properties are inferior to me-
chanically exfoliated SLG [72]. Liquid phase exfoliation (LPE) methods are also
considered as an alternative route to large scale graphene fabrication. LPE is most
commonly achieved through sonication [73], high-shear mixing |74, |75] or more
recently via a microfluidization technique [76]. Whilst promising for commercial-
isation, the control over flake size and thickness produced using these methods is

currently not ideal. Despite this, LPE graphene has attracted significant interest



as it allows integration of 2D materials with advanced manufacturing technologies
(e.g. inkjet printing) for scalable device fabrication (Figure [2.4d). Commercial
graphene inks (iGraphene) are already available and typically consist of lots of

small (~50 x 50 nm? average size) flakes produced by LPE of graphite [77].

Whilst graphene of all forms boasts strong electrical properties, it is fun-
damentally limited by its intrinsic gapless nature. To truly accomplish the full
potential of graphene in functional devices it must be combined with functional
materials, such as other 2D vdW materials, QDs or NCs. An example of this is
a 2D/2D InSe/SLG broad-band photodetector [78] formed through the mechan-
ical exfoliation and combination of SLG and InSe 2D layers. It was also shown
that graphene functionalised with lead sulphide (PbS) quantum dots could exploit
the optical absorption capabilities of PbS along with the electrical properties of
graphene to make a near infrared photodetector [79]. More recently, perovskite

NCs were proposed for similar UV-Vis photodetector capabilities [20].

2.4 Perovskite nanocrystals and their optical properties

2.4.1 Overview of perovskite nanocrystals

Halide perovskites are compounds that have the general chemical formula
ABXj3, where A denotes an organic (e.g. methylammonium (MA) or formami-
dinium (FA)) or inorganic (e.g. caesium or rubidium) cation, B is a divalent metal
(e.g. lead or tin) cation and X is a monovalent halide (e.g. iodine, bromine, chlorine
or a mixture) anion. Many studies have been carried out on organic-inorganic lead
halide perovskite solar cells since their first demonstration in 2009 [80], with most
studies focusing on MAPDbI; [80-83] and FAPbI; [83-86]. A certified power con-
version efficiency of >25% [84] was achieved and is already at a level comparable
to silicon solar cells [87]. However, organic-inorganic perovskites are susceptible to

degradation in ambient conditions such as moisture, heat, oxygen and light [88-
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Figure 2.5. a) Optical image of colloidal CsPbX3 NCs (X = Cl, Br, I)
in toluene under UV lamp excitation (Aex = 365 nm). b) Representative
PL spectra for each NC solution (Aex = 400 nm for all except 350 nm
for CsPbCl;). c¢) Typical optical absorption and PL spectra for these

perovskite NCs. Figure reproduced from Ref. [14].

91]. Replacing the organic (MA or FA) molecule with an inorganic cation such
as caesium (i.e. CsPbX3) has led to significantly improved environmental stability

[92] whilst maintaining reasonably high efficiency (~18% [93]).

First synthesised in 2015 , colloidal all-inorganic halide perovskite NCs
have motivated a significant number of studies, as they offer several advantages
over perovskite films, including higher thermal stability and higher resistance to
photobleaching . A solution synthesis technique allows for fast, controlled
growth of the NCs using a mixture of oleylamine (OLA) and oleic acid (OA)
as passivating ligands to enhance colloidal stability. In solution synthesis, the
majority of the NC growth occurs in the first few seconds and the size of the NCs

is controlled in the range 4 — 15 nm by the reaction temperature .

The high temperature (7" = 140 — 200 °C) reaction is used to form cubic
NCs crystallised in the a-phase (cubic-phase). The band edge optical emission

of these NCs can be tuned by the halogen content in the wavelength range from

400 nm for CsPbCl; to 700 nm for CsPbl; (Figure [2.5p-c [14]). In contrast to
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colloidal QDs [95], the wavelength of PL emission, Apy, is not very sensitive to
the NC size as it is typically larger than the exciton Bohr radius (rg = 3.6 nm for
CsPbBrs and rp = 6 nm for CsPbl;) |14} 24]. The large exciton binding energy
of the perovskite NCs (Ep > 50 meV) [96] 97] and linear dependence of the PL
emission intensity on the excitation power suggest an excitonic emission even at
room temperature. The mixing of halides (e.g. I with Br) is used to tune the PL
wavelength between the values observed for the individual halide NCs and a whole
gamut of colours across the UV-Vis spectrum can be achieved. Furthermore, these
NCs offer strong UV-Vis absorption, a narrow PL linewidth and high quantum
yield (QY) (>90%) [14, 24} |94} 98]. Thus, inorganic halide perovskite NCs have a
considerable potential for applications in optoelectronics, including solar cells [15]

99|, LEDs [24, 100], lasers [101] and photodetectors |20, [102-104].

However, as with perovskite films, the long-term stability of the NCs and
chemical decomposition under exposure to harsh environmental conditions is still
an issue that needs addressing. The stability of the NCs is strongly dependent
on the strength of binding, surface density and stability of the capping ligands.
The most common ligands, OA and OLA, fail to prevent degradation of the NCs
over time. However, the more recent incorporation of bidentate ligands such as
didodecyldimethylammonium bromide (DDAB) and iminodibenzoic acid (IDA)
have been shown to improve the NC stability due to a stronger steric effect [24,
105]. Furthermore, the ligands are critical in determining optical properties of
the NCs as unpassivated bonds on the surface of the NC can act as non-radiative
recombination centres for charge carriers, thus reducing the QY. Hence, halogen
containing ligands are currently being investigated, as halogens can be embedded

into the NC lattice, enhancing defect passivation and improving stability [105].
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2.4.2 Temporal and temperature dependent optical properties

Optical studies are widely used for characterisation of CsPbX3 perovskite
NCs. These include time resolved PL (TRPL), which uses a short pulse of light
to excite the NCs and then measure the decay of the emission signal and thus the
lifetime of the excited states. TRPL lifetimes for CsPbX3 NCs are typically of
the order of a few nanoseconds (Figure [2.6f) [14, [106]. There have also been a
lot of long term (days to months) stability studies, assessing PL properties under

different environmental storage conditions as an indicator of the shelf life of the

perovskite NCs [24].

Temperature dependent PL phenomena is also commonly studied and all-

inorganic perovskite CsPbX3 NCs exhibit an unusual, strong blue shift in band

gap and PL emission with increasing temperature (Figure [2.6p) [108|[109]. Typ-

ically in semiconductors an increasing temperature causes a lattice dilation that
reduces the energy gap between the valence band maxima (VBM) and conduction
band minima (CBM), and a red shift in PL is observed. However, in lead halide

perovskites an increase in the lattice dilation causes the energy of the VBM to
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Figure 2.6. a) Time-resolved PL decays for different all-inorganic
perovskite NCs. Figure reproduced from Ref. [14]. b) Temperature-
dependent PL spectrum of CsPbBr3 NCs normalised to clarify the peak
shift. Figure reproduced from Ref. [107].
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decrease whilst the CBM slightly increases, meaning a blue shift in the band gap
with increasing temperature [109-111]. There have also been reports of instability
under illumination in mixed halide perovskites NCs due to ion migration, which is
the reversible light-induced segregation of iodine- and bromine-rich domains 112,
113]. In this case, a reduction in the initial PL peak over a time scale of a few
minutes to hours was reported along with the growth of a second, shifted, PL
peak. However, the mechanism involved is still under debate and it has been re-
ported as both a blue shift [112] and a red shift [113]. Furthermore, this decrease
of PL intensity is reversible only in bulk films and not in individual NCs [112]
as it relies on halide ion migration to adjacent regions due to Coulomb repulsion
when illuminated and then returning via concentration gradient diffusion in the
dark [114]. Whilst there is a lot of literature on the stability (or instability) of per-
ovskite NCs, the underlying mechanisms to explain the observed time dependent

PL measurements are yet to be fully understood.

2.4.3 Photoluminescence blinking phenomena

Recent studies revealed a similarity in the properties of perovskite NCs and
other semiconductor QDs, such as a NC size-dependent energy gap and room
temperature PL blinking (or PL intermittency) in single CsPbX3 (X = I, Br) NCs
[115H117]. For a CsPbl; NC (Figure [2.7h) this was found to be accompanied by a
decrease in PL intensity over time (Figure [2.7p) [115]. Blinking, or intermittency,
is a phenomenon of a QD randomly switching between radiative and non-radiative
states under constant excitation and is understood to be a result of light-induced
charging and discharging of a NC [118] |119]. The charging of the NC causes
further absorbed photons to trigger non-radiative Auger recombination during
which the exciton energy is acquired by an extra electron or hole. The rate of
Auger recombination is orders of magnitude faster than radiative recombination

and so when the NC is in this state its PL emission is quenched.

14



Time bin = 1ms b)

First 50s
Last 50s

PL intensity (cts/ms)

50 100 150 200 250 O 2000 4000
Time (s) Number of events

Figure 2.7. a) PL blinking observed in the temporal dependence of PL
intensity recorded for a single CsPblz NC with a 1 ms time bin (A, = 488
nm excitation, P = 7.9 W/cm?) and b) the corresponding probability
histogram for the first 50 s (black curve) and the last 50 s (blue curve).
Figures reproduced from Ref. [115].

Despite the similarities to traditional QDs, the behaviour of perovskite NCs
in optoelectronic devices can be quite different [120]. This may partially arise from
surface defects, typically halide vacancies, which play an important role in defining
the electronic and optical properties of the NCs. Perovskite NCs are known to
be highly defect tolerant due to the anti-bonding character of the conduction and
valence bands |111}, 121} [122], meaning that they can be optically active even with

a high density of defects.

2.5 Functionalised graphene photodetectors

Surface functionalisation of graphene with photosensitive perovskite NCs is
proposed as a route to engineering high sensitivity UV-Vis photodetectors [20].
Fundamentally, photon detection occurs when an optical signal incident on a mate-
rial is converted into an electrical signal. Maximising the capability of a photode-
tector requires optimisation of the device architecture, materials and interfaces.
The performance characteristics of a photodetector are typically defined by:

(i) The spectral response range of the detector, which is determined by the ab-
sorption spectra of the semiconductor materials used. For example, commercial

silicon-based detectors work well in the range A\ = 400 — 1100 nm, whereas stan-
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dard InGaAs detectors work well at A = 900 — 1700 nm [123].
(ii) The sensitivity of the detector, characterised by the photoresponsivity, R,
which is defined as the ratio of the photocurrent produced under illumination,

I, to the power of the light incident on the detector, Py cidgent,

Rt

2.2
Pincident ( )

The minimum optical power detectable, or maximum sensitivity of the detector,
is referred to as the noise equivalent power (NEP) and is defined as the optical
power at which the signal-to-noise ratio is unity.

(iii) The response time of the device, 7, is the time taken for the electrical sig-
nal to go from the OFF (dark) state to a stable ON (under illumination) state.
Typically, response time is calculated as the time constant of an exponential fit of
the photocurrent immediately after exposure to light for the ‘rise’ time and after
the exposure is ceased for the ‘fall’ time. Another common method of calculating
response time is the time taken for the photocurrent signal to rise from 10% to
90% or fall from 90% to 10% of the maximum value.

(iv) Specific detectivity, D*, is another important parameter for photodetectors as
it enables a direct comparison of photodetector devices with different configura-
tions and geometries. Detectivity is typically expressed in units of cmHz? W1,

also known as Jones, and is given by,

VALF

D* =
NEP ’

(2.3)

where A is the active area of the photodetector and Af = 1/277 is the frequency
bandwidth.

There is a strong demand for photodetectors operational at a pre-defined spectral
range, with high photoresponsivity and a fast response time for applications in

imaging [124, 125], security [126] and advanced communications [102].
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2.5.1 Advantages of low-dimensional materials for photodetectors

One of the most popular photodetectors is the pn-junction, which comprises
of bulk n— and p—type materials and utilises a built-in electric field at the pn-
interface to separate photo-generated electron-hole pairs formed in the depletion
region. Typically, detectors of this type have fast response times (7 < 1 ms), but
the responsivity is fundamentally limited to R < 1 A/W at maximum efficiency
as only a single electron-hole pair can be created for each incident photon in an

ideal pn-junction photon detector [127, |128].
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Figure 2.8. 2D materials offer a wide range of possible band gaps de-
pending on their crystal structure. Arrangement is in accordance with
their band gap (E,), guided by the bottom wavelength/E, scale, whereas
the bar beneath each structure indicates £, range from bulk to monolayer.
Typically, the bulk E, is smaller than that of its monolayer (black bars),
but there are exceptions (red bars). 2D materials on the far left, indicated
by a grey box, are zero or near-zero £, metallic, or semi-metallic. Figure
reproduced from Ref. .
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Conventional detectors using bulk semiconductor materials, such as Si and
InGaAs, are well established and the technology and manufacture of these de-
tectors is well advanced |130-133]. Detectors based on low-dimensional materials,
although a relatively new technology, have several advantages. The first of which is
that the sensitivity of low-dimensional materials can be tuned over a wide range of
the electromagnetic spectrum by changing the band gap energy (E,) [129] (Figure
2.8). In 2D semiconductors, such as transition metal dichalcogenides (TMDCs),
E, varies from ~ 1 eV to > 2.5 eV, corresponding to near infrared (NIR) and
visible photodetection, respectively [134] and the E, can be tuned further by the
number of atomic layers e.g. InSe can be tuned in the range 1.3 — 1.9 eV [135].
This is also true for QDs, where the band gap is strongly dependent on the NC size
due to quantum confinement and can also be controlled by chemical composition
[95, |136]. The second advantage of low-dimensional materials is that they can
be readily combined in hybrid structures or vdW heterostructures, without the
restrictions imposed by lattice matching of bulk materials [8]. Thus, allowing the
fabrication of multi-layer vdW systems that combine the superior transport and
optical properties of different individual components. Thirdly, low dimensional
materials exhibit strong light-matter interactions [30]. For three single-layer semi-
conducting TMDCs this was found to be due to the combined density of states
resulting in strong absorption peaks in the visible range [30]. Perovskite NCs also
display high intrinsic absorption coefficients (of the order 10° cm™! for CsPbBrj
[137]).

2.5.2 Graphene-based photon detection

Single layer graphene (SLG) can absorb light across a wide range of wave-
lengths from UV to THz [138], [139] with ultrafast response time (~ 1 ps) [140],
but it has very low absorption (~2%). Due to the extremely high sensitivity of

graphene to external charges it is an ideal candidate for hybrid devices combining

18



Material Responsivity Gain Responsetime  Detection range
AW [s] jum]
Graphene 5x10+ - =2.5x 10" 1.55
Graphene/QDs (PbS) 0 108 1072 Visible-NIR
Graphene/QDs (HgSe] 107 - 0.26 NIR
Graphene/MoS, 10'%9 10 1 Visible
Graphene/Ti,O¢/graphene >1 - - NIR-MIR
Graphene/MoS, 1.2x107 =10* - Visible
Perovskite/ graphene 180 500 =101 Visible
Graphene/carbon nanotube =100 10 10 Visible-NIR
Craphene/SiO;/light doped Si 1000 - 4x707 0514

Figure 2.9. Table showing figures of merit for some example graphene-
based photodetectors. Figure reproduced from Ref. [152].

it with an adjacent layer of an optically active 0D, 2D, or 3D material (Figure
[141H144). For example, a record high photoresponsivity (R up to 10° A/W)
has been achieved by depositing photoresponsive 0D II-VI or IV-VI QDs (CdSe,
CdS, PbS, etc.) on the surface of single layer graphene (SLG) 144H146]. The
high photoresponsivity is enabled by a strong photoconductive gain effect due to
the relatively long lifetime of trapped photoexcited charges in the quantum dot,
Tirap, and the injection of carriers into graphene with a short transit time 7y,q7si-

The responsivity is proportional to the ratio of these times,

Ttrap ae

R= (2.4)

)
Ttransit hV

where « is the absorbance, e is the electron charge, h is Planck’s constant and v
is the frequency of light . For a microscopic graphene device, with mobility
~ 1000 cm? /Vs, a typical transit time is on the order Ti.qnsit ~ 1 ns and PbS
QD trapping time is Ty.qp ~ 1 s, which gives a gain of 10° . More recently,
organic and inorganic perovskite NCs with high optical quantum yield
(QY) have been used in combination with graphene , to utilise this
photoconductive gain effect, and have achieved responsivity of up to ~10® A/W
. Perovskite NCs were also proposed for extending the photoresponsivity of
graphene devices into the UV region |20} [103].
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Harnessing the potential of the perovskite NC/graphene heterostructures re-
quires development of fundamental understanding of the charge transfer processes
that occur at their interface. Despite a growing number of experimental reports
on the application of perovskite NC/graphene in optoelectronic devices |20} 103,
147], the understanding and control of the charge transfer in these hybrid devices

remains to be achieved [19].

2.5.3 UV detection and current limitations

UV light refers to electromagnetic radiation in the spectral range from 10
nm to 400 nm and accounts for just over 8% of the total solar radiation [153| |154].
UV radiation is split into the following three main sub-bands: UVA (320 — 400
nm), UVB (280 — 320 nm) and UVC (10 — 280 nm) [155, 156]. Most of the UV
radiation from sunlight with a wavelength, A < 280 nm does not reach the surface
of the Earth as it is absorbed by the atmosphere [155]. For this reason, the spectral
range from 200 nm to 280 nm is typically referred to as the solar-blind region [153],
meaning that there is no interference from the Sun’s radiation. UV radiation
is utilised in various industries for its high ionisation properties in procedures
such as water purification [157] and surface cleansing [158]. UV photodetectors,
particularly in the solar blind regime, are of great interest for applications in flame
detection, chemical analysis, defence missile warning systems and space-to-space

communication [155, (159} |160].

Currently, UV photon detectors are mainly based on UV-enhanced silicon,
silicon carbide (SiC) and IIl-nitride semiconductors (e.g. GaN) [161]. These types
of detector typically have a very fast response time (few us), however, they suffer
from low responsivity (< 1 A/W). For example, current commercially available
UV-enhanced silicon detectors have a fast response time of ~ 1 — 3 us but a
low responsivity of only 0.1 — 0.5 A/W [162, [163]. Furthermore, any light of

higher wavelengths is still detected in these devices and indistinguishable from
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the UV response. Consequently, a filter (e.g. solar rejection filter) is required
to block light with a wavelength > 400 nm for any UV-specific applications. SiC
detectors offer a UV specific alternative, as their intrinsic spectral response is from
210 — 380 nm, but they also have low responsivity (< 0.2 A/W) [164]. The III-
nitride (In, Al, Ga)N direct band gap semiconductors are visible-blind materials.
For example, GaN has an absorption edge at 365 nm and AIN at 200 nm [165]
and the detection edge can be tuned by varying the molar fraction of aluminium.
However, these detectors also have low responsivity (typically < 1 A/W) and
require energy intensive growth processes (e.g. MBE), as well as substrate lattice

matching [166].

UV sensitive devices with enhanced operational parameters can be enabled
by exploring novel device concepts designed for greater sensitivity, faster response
times, flexibility and self-powered detection. One of the promising routes to pro-
duce more sensitive devices is by the surface functionalisation of graphene with
highly optically active materials such as perovskite NCs (e.g. CsPbCl3) [20]. As
discussed in Section the absorption band-edge can be tuned close to the UV
via the halide content of the NCs down to chlorine. Thus, this graphene/CsPbClj
NC hybrid device is UV-specific and exhibits over 10° times higher responsivity

(R > 105 A/W) than silicon with reasonably fast response times of 0.3 s [20].

The substrate used for photon detectors becomes very important in the UV
range as it can also impact the photoresponsivity of a device, particularly in low-
dimensional detectors. For planar graphene transistors on Si/SiOy a photogating
effect was observed [167], whereby electron-hole pairs are separated by the elec-
tric field between graphene and Si and the accumulation of holes at the Si/SiOs
interface results in an additional gating of the graphene. This effect corresponded
to a parasitic responsivity of ~4 A/W at Aey = 1064 nm, which increased dra-
matically to ~500 A/W at Aoy = 450 nm, with a cut-off wavelength ~ 1100 nm

corresponding to the band gap of Si [167]. Furthermore, approaching higher pho-
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ton energies (lower wavelengths) many materials tend to become more optically
active, especially in the UV regime. For example, SiO is shown to contain many
defects [168] and UV irradiation can cause permanent bleaching or partial/fully
reversible changes in Si/SiOs-based graphene FETs [169, 170]. However, mecha-
nisms for the bleaching effect are still unclear. These effects may restrict the use
of conventional substrates, such as Si/SiOy in UV (particularly solar-blind UV)

graphene detectors.
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3 Modelling of carrier transport in graphene and

functionalised graphene layers

This section outlines some of the key theory and charge transport models
that we used to describe the properties of graphene and functionalised graphene
devices. This includes an overview of field effect mobility and carrier concentration
calculations using the parallel plate capacitor model, followed by a two-capacitor
model that we developed to describe graphene functionalised with perovskite NCs.

The Hall effect in graphene, Hall mobility and concentration are also presented.

3.1 Single parallel plate capacitor (1C) model

A field effect transistor can be described using a parallel plate capacitor (1C)
model [45]. For a typical graphene FET, this model considers two parallel plates:
the conductive channel (SLG) and the gate (Si), which are separated by a dielectric
(Si02) and both plates are treated as metallic. To adhere to the conservation of
charge in the parallel plate capacitor, any electric charge induced by an applied
voltage in the silicon gate, (Qg4qte, must be equally compensated by an opposite

charge in the top SLG plate, Qsrq, such that

ante = _QSLG' (31)

The capacitance C of the two flat, parallel plates of area A and dielectric separation

thickness d (Figure [3.1) is defined as

C = €eg

A
= (3.2)

Here €y = 8.85 x 10712 F/m is the permittivity of free space and e is the relative

permittivity of the dielectric material, which is 3.9 for SiOy. The definition of
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Figure 3.1. a) A layer structure diagram showing a parallel plate ca-
pacitor used in the model for calculating carrier mobility. b) Example
graph of the conductivity, o, of a pristine graphene FET plotted against
the applied gate voltage, Vj, to illustrate how the carrier concentration
and carrier mobility are calculated. The position of the Dirac point at
Vy = 0 V is denoted by ny.

capacitance is,

) (3.3)

where V' is the voltage across the capacitor and @) is the total charge, which can be
written as the product of the charge carrier density (per unit area) n, the electron

(or hole) charge ¢ and the area, such that

Q@ = qnA. (3.4)

Substituting Equation into Equation [3.3] then equating this capacitance
to Equation and re-arranging, gives the number density of charge carriers at

an applied gate voltage V =V}, for a FET,

€€p
=—V,. 3.5
For SLG, the minimum in the conductivity curve gives the 2D density of charge
carriers, ng, which is equivalent to the doping level at V, = 0 (Figure )
Thus,

Iy, (3.6)
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For a semiconductor with charge carrier density n the conductivity can be written

as

0 = qnirg, (3.7)

where ppg is the field effect mobility. Substituting Equation into Equation

gives the field effect mobility of charge carriers,

d o

= —— 3.8
UFE eeovg ( )

A direct linear fit of conductivity versus gate voltage (Figure [3.1b) gives a good
estimate for the mobility of the device. Other methods include linearisation of
the conductivity curve [45] or differentiation of the conductivity curve to find
the maximum gradient (;7‘;). However, all three techniques usually give similar

results.

Hence, measuring the conductivity versus applied gate voltage of a graphene
FET and applying the parallel plate model gives an indirect method of characteris-

ing the field effect mobility (Equation [3.8)) and carrier concentration (Equation

5.5).

Note that the 1C model is based on the assumption that both SLG and the
gate are metal plates of a parallel plate capacitor. Thus, all the electric field is
confined in the SiO, layer. However, SLG is not a metal and the electric field
can penetrate through it, as was shown in a double SLG vertical tunnelling FET
device |171]. This effect does not alter the carrier concentration and field effect
mobility in pristine SLG and SLG encapsulated by hBN. However, in graphene
functionalised with NCs and other hybrid graphene devices with top dielectric
layers [172] this electric field can lead to significant redistribution of charge. This
behaviour can be explained by the two-capacitor (2C) model introduced in the

next section.
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3.2 The two-capacitor (2C) model

In the 2C model, the device is treated as a double capacitor: the first ca-
pacitor is that of the gate/dielectric/SLG layers (analogous to the 1C model,

Figure ) and the second capacitor is the ‘effective’ capacitance of the top

layer (Figure [3.2Db).

2) | 1CModel: Qgate = —Qsic | b) | 2C Model: Qgare = —(Qsrg + Qtop) |
L LT J ST, S AP Qtop
oG QsLe ! SLG____T__ _T__ _QSLG "
dielectric dielectric
gate @ gate . — @

Y B,
gate

Figure 3.2. a) A diagram of the parallel plate capacitor (1C) model,
where Qgue = —Qsra. b) A diagram of the 2C model for functionalised
graphene, where the electric field penetrates through the SLG and Qgate =

—(Qsza + Qrop)-

The 2C model is based on three key assumptions:

(i) Graphene is a conductor with a low concentration of free carriers (< 102
cm~?) and so it only weakly screens the electric field generated by the bottom
gate electrode.

(ii) The top layer behaves effectively as an additional capacitor that can hold a
high density of charges (>10'? cm~2). This assumption is material dependent and
limits the use of the 2C model to systems where the top layer has a high density
of states at energy £ = Fr in SLG.

(iii) There is efficient charge transfer between the top layer and graphene due to the

density of states in the top layer greatly exceeding that of graphene (assumption
(ii)).

Using these assumptions, we model a system where the electric field from
the gate can penetrate through the graphene layer inducing a charge in the top

layer, Qp. Thus, any charge induced in the gate by an applied gate voltage is
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now compensated by both the SLG and the top layer, such that

ante = _(QSLG + Qtop)- (39)

This charge can drain through the SLG layer following a change of V,, but is limited
by the charge transfer time associated with the top layer and so the charge in the

top layer is a function of applied gate voltage and time, Qtp(Vj, ).

The dynamics of the top layer charging is analogous to the charging of a

conventional capacitor. The charge density per unit area on the gate electrode is,

ante = ‘/gC(b (310)

where Cj is the capacitance of the single gate/dielectric/SLG capacitor. The
difference between the gate electrode charge, Qgqte, and the charge present in the

top layer, Qiop, leads to a potential difference,

AVy =V, — <%0”) (3.11)

which can be used to calculate the amount of charge stored/released by the top

layer in a time interval At,

AQup = AV,Cy [1 — exp (_At)l . (3.12)

Ttop

Here, 70, is the only fitting parameter of our 2C model. Equation and the
conservation of charge (Equation can be used to calculate the magnitude
of the charge in the SLG layer. Using small (At = 10 ms) time steps we can
numerically model the dynamic change of charge distribution in the top/SLG/gate
layers as a function of time, ¢, (Figure ) and applied gate voltage, V,(t), with
a fixed V, sweep rate (typically 0.1 — 0.3 V/s), see Figure [3.3pb.

The model was developed primarily to describe a graphene FET function-
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Figure 3.3. a) Dynamics of the charge density stored on the bottom

gate electrode (Qgate), top layer (Qyp) and single layer graphene (Qsra)
with multiple gate voltage sweeps to 50 V and sweep rate = 0.3 V/s
for a Si/SiO5/SLG FET with 285 nm of SiOs. b) Qgate, Qiop and Qsrc
plotted as a function of the applied gate voltage Vj.

alised with perovskite NCs (see Section [5.5.1)), but has since been used to de-
scribe the behaviour of a graphene FET with mechanically stamped ferroelectric
CulnP,S¢ (CIPS) flakes [172]. Despite being completely different materials, the
model performs well for both systems and it is believed that the 2C model can be
applied to any functionalised SLG system where the functional layer has a den-
sity of states much larger than the graphene coupled with efficient charge transfer

between the two.

3.3 Magnetoresistance and Hall effect in 2D materials

The classical magnetoresistance of a device or material is a consequence of
its electrical transport behaviour in the presence of externally applied magnetic
fields. The Hall effect is a useful phenomenon for determining the carrier type and
concentration in a material and allows direct measurements of the Hall mobility,
1y, of charge carriers. Typically, for magneto-transport measurements a Hall bar
device geometry is used (Figure ) In the Hall bar configuration a current,
I, is applied across the conductive channel and the longitudinal voltage across
the direction of current flow, V.., is measured. In the absence of a magnetic field,

the transverse voltage, V,,, that is the voltage measured perpendicular to the
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Figure 3.4. a) Schematic of the Hall bar configuration used for magneto-
transport measurements. b) Comparison of QHE (dashed lines) in con-
ventional 2D systems and the Hi-QHE (solid lines). For graphene, only
v = 2 and v = 6 are shown for clarity. Figure reproduced from Ref.
[173]. Sequence of Landau levels for ¢) conventional 2D systems and d)
graphene. Figure reproduced from Ref. .

current, is zero. However, when a magnetic field is applied perpendicular to the
device, B, # 0, the charge carriers experience a Lorentz force perpendicular to
the direction of current flow and magnetic field, resulting in a measurable Hall
voltage, Vg =V, # 0. For a 2D system with a density of charge carriers n, the

current density is

J =nqv=(J,0,0), (3.13)

where ¢ is the charge of carriers with velocity v. The Hall voltage (V) and Hall

coefficient (Ry) are defined as
Vi =V = =2, (3.14)

and

Ry = = - —, (3.15)
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where I, = I,q is the current applied across the Hall bar and E, is the electric
field perpendicular to the current flow. For a semiconductor with 2D charge carrier

density (per unit area) n the mobility of charge carriers is calculated as

an

where ¢ is the conductivity. Measurements of graphene FETSs in applied magnetic
field and gate voltage can be used to compare Hall and field effect mobilities

revealing interesting physical phenomena (see Section (7.7)).

The classical Hall effect breaks down for high mobility 2D systems at low
temperatures and high magnetic fields [174]. Under these conditions the Hall re-
sistance, Ry, follows quantised steps forming plateaus in resistance, whilst the
longitudinal resistance simultaneously vanishes (R,, = 0, see Figure ); this
is the quantum Hall effect (QHE). The QHE plateaus occur at quantised multiples
of resistivity, p., = h/ve*, where v is an integer, understood through the Landau
level (LL) quantisation of electron motion [3]. For conventional 2D semiconduc-
tors, where charge carriers are described by the Schrodinger equation, the energy
spacing of Landau levels, E;; «x B (Figure ). In graphene, where the charge
carriers are instead described by the Dirac equation, the Landau level spacing is
Er, < VB (Figure ) This gives rise to a unique formation of QHE plateaus
in graphene, referred to as the half-integer QHE (Hi-QHE), with a sequence that is
shifted with respect to the standard QHE sequence by %, so that p,, = im,
where N is the LL index (N = 0, 1,2, ...) and factor 4 appears due to double valley
and double spin degeneracy [40]. The LL filling factor, v = 4(N + 3) results in
QHE plateaus at v = 2, 6 and 10 for graphene (Figure [3.4b) and the expected
value of the resistance of the Hall plateau for v = 2 is the resistance quantum,

h/2e* = 12.9 kQ, which is universal for all materials.
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4 Device fabrication and experimental techniques

This section describes the techniques involved in processing graphene FET's,
synthesising perovskite NCs and fabricating the different types of devices used in
this project. Furthermore, the experimental techniques involved in characterising
the transport, magneto-transport, optical and optoelectronic properties of the

devices and/or materials are presented.

4.1 Processing of graphene devices

Graphene field effect transistors (FETs) are fabricated to study the electrical
properties of graphene and graphene based devices. Graphene FET properties can
vary depending on a variety of factors including the growth method and substrate
type (Section . The main type of graphene used in this project is commer-
cially grown CVD graphene on Si/SiO, with carrier mobility u ~ 10> —10* cm?/Vs
at room temperature (7" ~ 300 K) provided by Graphenea [70] or Graphene Su-
permarket [71], as well as a few other non-commercial sources that are stated
throughout the work where relevant. Typical SiOq thickness is either 285 nm or
300 nm and is stated where relevant to specific devices. Fully processed commer-
cial graphene FETs with 90 nm thick SiO, were also acquired from Graphenea
[175]. Some devices were produced with a layer of hBN between the SiOy and
graphene to improve the electrical properties of the graphene, as described in Sec-
tion [2.3] The Si/SiO,/graphene wafers were processed by Dr. Zakhar Kudrynski
and Dr. Richard Cousins at the University of Nottingham, through access to elec-
tron beam lithography (EBL) facilities at the Nanoscale and Microscale Research
Centre (nmRC).

The Si/SiO,/graphene wafer is spin-coated with polymethyl methacrylate
(PMMA) and patterned into two device architectures via EBL; short two-terminal

diodes for photocurrent measurements and Hall bars for electrical and magneto-
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Gold contact pads

Graphene

Figure 4.1. a) Optical image of an EBL processed 10-terminal graphene
Hall bar device with gold contact pads. Optical images of the two main

device architectures; b) 2-terminal short diode and c) 10-terminal Hall
bar.

transport characterisation (Figure [4.1p-c). EBL uses an accelerated beam of
electrons to break the long chain PMMA molecules outside of the device architec-
ture into smaller, more soluble, chains, which are then removed by developing the
wafer in an isopropyl alcohol (IPA) and deionised water solution. Next, plasma
etching is utilised to remove the exposed graphene leaving behind the unexposed,
PMMA-covered graphene in the desired device geometry. Finally, the Au/Ti con-
tacts are deposited by metal deposition using a thermal evaporator and the wafer
is cleaned in hot (1" ~ 65°C) acetone for 1-3 h to remove the excess metal and un-
exposed PMMA. The wafer is rinsed in IPA and dried with a pressurised nitrogen
gas stream before being covered in a protective coating of PMMA ready for dicing
and/or storage. The full details of graphene device processing are described in

detail in a manual produced by our group [176].

The processed wafers are diced into ~4 x 4 mm? chips either using a Dy-
napert Precima scribing system or by diamond saw at the Teledyne UK Limited
lab, operated by Dr. Sarah Heywood. The small chips, which typically contain 1-4
devices, are cleaned in hot (7' ~ 65°C) acetone for 1 h, rinsed with IPA and dried
with pressurised nitrogen gas to remove the protective PMMA coating. Devices

are annealed in a tube furnace at 7' = 300°C for 3 h in a 5% H, and 95% Ar
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Figure 4.2. Illustration of furnace annealing process

flowing gas atmosphere to remove surface impurities and residues on the graphene
(Figure 4.2)). The mounting and bonding of the chips for electrical characterisa-

tion is presented in Section |4.3

4.2 Inkjet-printed graphene FET's

Inkjet-printed devices were fabricated by Dr. Feiran Wang and Mr Jonathan
Austin at the Centre for Additive Manufacturing (CfAM), University of Notting-

ham.

The inkjet printing process of low-dimensional materials is rather complex
and requires the optimisation of many parameters for the printer and ink formation
(e.g. viscosity, concentration, print height, etc) and so only a simplified process is
described here. A commercial graphene-polymer ink from Sigma-Aldrich (product
number: 793663 ) was used to print the presented devices. The ink consists
of liquid exfoliated graphene flakes (average size of 2590 nm?) mixed with ethyl
cellulose (EC) and dispersed in a mixture of cyclohexanone/terpineol (85:15 by
volume) to achieve suitable rheological properties for inkjet printing. The graphene
ink is deposited onto a glass, Si/SiO, or flexible substrate using a drop-on-demand
(DoD) piezo driven Fujifilm Dimatix DMP-2800 inkjet printer and a 10 pL drop
volume cartridge. Typically, a drop spacing of 20 um is used but was also adjusted
depending on device requirements. For multi-layer devices a pause of 30 s between

layers is used to allow evaporation of the solvents in order to achieve improved
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surface morphology and geometrical precision. The films are then annealed for
2 h in a vacuum oven under 1 mbar vacuum pressure at annealing temperatures
from 200 — 400°C. Contacts are made by jet printing of silver, manual application
of silver paste or the film can also be deposited on a pre-patterned Au/SiO,/Si

walfer.

4.3 Mounting and bonding devices

Non-magnetic headers produced in-house are used for mounting samples on
(Figure [4.3p-b). These have either 12 or 8 pins and can have a copper plate (as
seen under the device in Figure ) to help improve electrical contact with the
back gate of the Si/SiO, substrate. The device is mounted onto the header and
held in place using silver conductive paste. The silver paste, once dry, also acts
as a conductive bridge between the back gate and one of the pins on the header
(Figure [4.3[c-d). The contact pads on the device are bonded to a pin on the
header using 50 pum diameter gold wire and DuPont conductor paste (4929N), as
shown in Figure [@.3c. A smaller type of header had to be used for compatibility
with the equipment at the Laboratoire National des Champs Magnétiques Intenses

(LNCMI) in Toulouse for high magnetic field (B < 60 T) measurements (Figure

|l||||||||||ll|| llllllllll'llll'
0 1cm O 1cm

Figure 4.3. a-b) Optical images of 12-pin non-magnetic header. c¢) Op-
tical image of a bonded graphene/SiO,/Si device mounted on a copper-
plated header. d) Optical image of non-magnetic header with bonded
inkjet-printed graphene/SiOy/Si used for high magnetic field measure-
ments at LNCMI, Toulouse.
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4.3d). These were also bonded using the silver paste and gold wire technique
described above, but can also be bonded using a wedge-bonding machine available

at the LNCMI facility.

4.4 Perovskite nanocrystal synthesis

The all-inorganic caesium lead halide, CsPbX3 (X = Cl, Br, I or mixed),
perovskite nanocrystals (NCs) were synthesised by Dr. Chengxi Zhang at the Uni-
versity of Nottingham (Figure ) The synthesis involved a hot injection
method and post-synthesis ligand exchange, which is reported in Ref. [24]. Typ-
ically, capping ligands, such as oleic acid (OA) and oleylamine (OLA) are used
to passivate the dangling bonds on the surface of the NCs. Briefly, the synthesis
requires two precursor solutions; a lead halide (e.g. Pbly) combined with OA and
OLA as well as a Cs-oleate consisting of caesium and OA. The Pbl,-OA-OLA pre-
cursor solution is heated to 160°C and the Cs-oleate precursor (heated to 150°C)
is quickly injected whilst stirring. After 20s of mixing the solution is cooled on
an ice-bath. A post-synthesis ligand exchange reaction is performed to replace

OA ligands with bidentate 2, 2’-iminodibenzoic acid (IDA) to improve the coordi-

b)

Cl/Br Br Br/I | | Br Cl/Br

| T
OA/OLA/IDA ligands OA/OLA/BPM ligands

Figure 4.4. Tmages of the different perovskite NCs (under Ae; = 365 nm
illumination) that were synthesised for use in these studies with labelled
halide content using a) IDA and b) BPM capping ligands.

35



nation to and passivation of surface defects. IDA is added to the perovskite NC
solution and stirred for 6 h at an optimal temperature of 40°C. The solution is left
to self-precipitate overnight followed by a series of centrifusion procedures before
the final precipitate is collected and dispersed in hexane. The perovskite NC and
hexane solution is stored in sealed bottles in a fridge without light to prevent
solvent evaporation and capping ligand degradation. Some NCs were also syn-
thesised by Dr. Chengxi Zhang at Shanghai University, with bromophenylmethyl

(BPM) ligands instead of IDA in an effort to improve the long-term stability of

the NCs (Figure [4.4pb).

4.5 Morphological and optical characterisation

This section describes the morphological and optical characterisation meth-
ods used for studying the properties of perovskite NCs, namely, transmission elec-
tron microscopy (TEM), photoluminescence (PL) spectroscopy and time depen-

dent PL spectroscopy.

4.5.1 Transmission electron microscopy

TEM imaging employs a high voltage electron beam in a vacuum column
that is focused onto a sample using an electromagnetic lens. The beam passes
through the sample, which must be very thin (<100 nm), and is either scattered
or transmitted onto a screen. The interaction of the electron beam with the
sample depends on the electron density of the matter being imaged. This imaging
technique offers magnification up to 1,000,000 and resolution down to ~2 A,
hence the structure of individual NCs to be resolved. Perovskite NC samples are
prepared for TEM imaging by drop-casting with a syringe onto an ultra thin (<1
nm) graphene oxide support grid. TEM images were recorded on a 200 kV JEOL
2000 FX TEM, operated by Dr. Michael Fay.
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4.5.2 Photoluminescence spectroscopy

Photoluminescence (PL) is the process by which light energy incident on
a material stimulates the radiative emission of photons. For semiconductors, an
excitation laser with photon energy E., = hv greater than the band gap energy
(E,) of the material, i.e. E., > E, is focused onto the surface of the material.
The photons are absorbed by the material and excite electrons from the valence
band (VB) to the conduction band (CB) (Figure [4.5). The PL emission occurs
when the excited electron from the CB recombines with a hole in the VB, emitting

a photon with energy (E,;) less than the initial excitation energy i.e. E,, = E,,.

b
a) ) Excitation laser
Eg =Ecp —Evp
Pinhole
aperture
Detector I
— </
Excitation PL (Eph Ey) I / ‘
(E. > E )/-\/\ Pinhole Bela.lm
aperture / splitter
ve [ J"> Objective
Focal _
plane

Sample

Figure 4.5. a) Illustration of photon absorption and radiative emission
process involved in PL. b) Schematic diagram of the confocal microscope
system used for PL spectroscopy studies.

PL studies on perovskite NCs are performed using a Horiba Jobin Yvon
micro-PL system equipped with both a He-Ne and frequency doubled Nd:YVOy
laser for excitation with wavelengths Aoy = 633 and 532 nm, respectively. A
confocal microscope system (Figure [4.5pb) is used to focus the excitation laser
onto the sample with a typical focused spot diameter of djgse, ~ 1 pm. The
optically emitted signal is directed back through the confocal microscope onto a

LabRAM HR-UV spectrometer equipped with 150 and 1200 grooves/mm gratings
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and a Si charge-coupled device (CCD) for detection in the range 350 — 1100 nm.
This setup is designed with a motorised xy linear positioning stage, which allows
the user to perform PL mapping over a 2D area of the sample, with a step size
of 0.1 um. A cold-finger optical cryostat with a 1 mm sapphire window is used
in place of the motorised stage for PL. measurements in vacuum and temperature
(6 K < T < 300 K) dependent PL studies. Temperature is controlled using the
method described in Section [4.7.3] with cooling power provided by helium flux

through a transfer line from a pressurised dewar.

Time dependent PL spectroscopy is performed using the above methods in
either continuous wave or pulsed excitation mode whilst acquiring the resultant

PL spectra at periodic intervals.

4.6 Functionalisation of graphene with perovskite nanocrys-

tals

The aim of perovskite deposition is to form a thin, evenly distributed layer of
NCs covering the whole surface of the graphene device. The perovskite NC solution
was deposited by syringe drop-casting. The drop-casting technique comprises of
extracting a volume of the perovskite NCs in hexane solution from the storage
bottle using a 1 mL syringe with 0.45 mm hypodermic needle (Figure [4.6k).
The solution is deposited drop-by-drop onto the desired substrate (Figure )
and allowed to dry (~ 2 mins) in ambient conditions. During drying the hexane
solvent evaporates and leaves behind the deposited NCs on the substrate in a

‘coffee stain’ pattern, as shown in Figure [4.6(c.

For more precise deposition, polytetrafluoroethylene (PTFE) tape was used
as a ‘paintbrush’ (Figure ) The perovskite NCs are first drop-cast onto the
end of the PTFE tape and are then ‘painted’ onto the substrate by bringing the

droplet on the tip of the PTFE tape close to the surface. During the transfer from
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PTFE tape
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Figure 4.6. a-b) Images illustrating the syringe drop-casting technique.
c) Image of the coffee stain effect of drop-cast NCs under UV (365 nm)
illumination. d) Image showing the PTFE tape used as a paintbrush for
finer deposition control. e) Image of the deposition formation under UV
light using the PTFE tape method compared to normal drop-casting with
optical microscope image insets.

PTFE ‘brush’ to the substrate, the solvent partially evaporates (Figure [4.6),
resulting in a smaller drop size deposited onto the graphene channel. This process
is performed under an optical microscope for improved positional control. The

PTFE tape ‘brush’ was chosen as it is soft and therefore does not damage the

graphene surface.

4.7 'Transport characterisation

This section outlines the methods for measuring the transport properties
of devices including, measurements of electrical conductivity and its dependence
on gate voltage, field effect mobility and carrier concentration. The experimental
methods for controlling temperature and measuring magneto-resistance and Hall

mobility are also detailed.
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4.7.1 Electrical measurements

The planar devices that we study are typically field effect transistors con-
sisting of 3 main electrodes: source, drain and gate (Figure ) The source
and drain are the contacts either side of the conductive channel (e.g. graphene)
and are used to apply voltage or current across the device. The gate contact is
used to apply a gate voltage, which leads to an electric field across the dielectric

material (typically SiOs).

Electrical measurements are typically carried out by mounting the device
in a homemade vacuum cryostat (Figure [4.7k) and a Pfeiffer turbo-molecular
vacuum pump is used to create a vacuum pressure of around 107 mbar. The
device is mounted into the cryostat by positioning the pins on the header into
the 12-pin socket. The device is now electrically connected through the cryostat
into a breakout box with BNC connectors corresponding to the 12 pins on the
cryostat socket (see Figure [4.7c). Current-voltage (I-V') measurements are per-
formed using a Keithley 2400 direct current (DC) SourceMeter in a two-terminal
configuration between source and drain contacts using a ground plug to complete
the circuit through the device and back to the Keithley 2400 SourceMeter. The
Keithley 2400 can be used to apply a voltage and measure the resulting current si-
multaneously. It is also possible to ramp the applied voltage between user-defined

setpoints to measure current as a function of applied voltage.

Gate voltage measurements are performed using a second Keithley 2400
SourceMeter to apply a voltage to the gate of the device. One Keithley 2400 is
used to apply a constant voltage across the source-drain and the second Keithley
2400 is used to slowly sweep the voltage applied (typically ~0.1 V/s) to the gate
electrode. Sweeping the gate voltage too quickly can cause a build up of reactive
current through the gate that can be detrimental to the device. The gate leakage

current, I, (typically I, < 10 nA) is constantly monitored, and gives an indication
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Figure 4.7. a) A layer structure diagram showing the basic structure
of a FET. b) 3D schematic of four-terminal measurement of a Hall bar
device. ¢) Schematic diagram with optical images of key components that
are used for the electrical measurement of devices (images not to scale).

of the stability of the gate. Excessive leakage (I, > 100 nA) can lead to electrical
breakdown of the transistor as conductive pathways are formed between the gate

electrode and the conductive channel of the device.

In a four-terminal configuration, resistance is measuremed by introducing
a Keithley 2000 MultiMeter to read the voltage between two inner points on
the conductive channel (V,,), thus eliminating the lead and contact resistance
associated with two-terminal measurements (Figure [4.7b). In this configuration
one Keithley 2400 is used to apply a constant current (/,4) across the conductive
channel, the second Keithley 2400 is used as the back gate voltage source (V) and

the Keithley 2000 read is used to measure the four-terminal voltage.
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4.7.2 Field effect mobility and carrier concentration measurements

The mobility of carriers in a graphene FET device can be calculated from
4-terminal measurements (Section [4.7.1)) of the voltage, V., across a graphene
channel of length L and width w using the parallel plate capacitor model (Section

3.1)). The voltage is first converted into a conductivity,

1 Ly

)
Paz W Vi

O'IZE -

(4.1)

where p,, is the resistivity and Iy, is the current applied across the source-drain
channel. The carrier concentration is determined by taking the gate voltage posi-
tion of the resistivity maximum and using Equation [3.6] The linear region close
to the conductivity versus gate voltage minimum is fit with a linear line of best
fit and the resulting gradient is used in Equation to calculate the field effect

mobility.

4.7.3 Temperature and magnetic field dependence

To study the properties of devices in a range of temperatures and magnetic
fields, specialised equipment was used. Measurements were performed in vacuum
or helium atmosphere in the temperature range 1.5 K < 7' < 500 K and with

magnetic field up to B = 16 T (persistent field) and B = 60 T (pulsed field).

The homemade bench-top cryostats utilise a 100 € platinum resistor (Pt100)
to measure temperature. A Lakeshore 331, 340 or 350 temperature controller is
used to provide PID controlled temperature stabilisation with heating power in
the range between 2.5 mW and 25 W. The cryostats are compatible with a home-
made copper ‘cold-finger’ nitrogen bucket (Figure ), which can be filled with
liquid nitrogen to provide cooling power. This configuration allows for cooling of

the cryostat down to T ~ 100 K and heating of up to 17" ~ 500 K. For temper-
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Figure 4.8. a) An image of the bench-top microscope cryostat with
nitrogen bucket for measurements at 100 < 7' < 500 K. b) An image of
the liquid helium superconducting magnet cryostat system. ¢) An image
of the new cryo-free High T Mag system used for low temperature and
high magnetic field measurements.

Closed cycle
16 T cryostat |

Liquid helium
14 T cryostat

Device cryostat

ature dependent studies at 7" < 100 K the samples were mounted into a probe
and lowered into a liquid helium cooled cryostat designed for high magnetic field
measurements at temperatures down to 4.2 K (Figure [4.8p). Measurements at
1.6 K < T <400 K and B < 16 T were performed in a ‘High T Mag’ Cryogenics
cryo-free closed cycle helium system (Figure )

4.7.4 Magneto-transport and Hall mobility studies

For magneto-transport measurements, a Hall bar device geometry is used
(Figure ) In this device structure, a current, [,4, is applied across the
conductive channel and the voltage across the direction of current flow, V,,, is
measured. The transverse, or Hall, voltage can be measured in the presence of an

externally applied magnetic field (see Section (3.3)).

The four-terminal method (Section [4.7.1)) was adapted to measure the Hall
voltage. This is achieved by introducing a second Keithley 2000 MultiMeter so that

longitudinal voltage, V., and Hall voltage, V,,, can be measured simultaneously

(Figure [4.9h).

The ‘High T Mag’ system described in Section produces a B <
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Figure 4.9. a) Schematic of the electrical configuration for magneto-
transport measurements. b) Labelled images of the magnet cryostat, fixed
probe and rotational probe used for (B < 60 T) measurements at LNCMI
in Toulouse.

16 T persistent field via a superconducting magnetic coil. The superconducting
magnet is maintained at T' &~ 3 K and is decoupled from the sample space, thus
magnetic field measurements can be performed in the whole temperature range
from 1.6 — 400 K. The magnetic field can be swept in the range from —16 to +16
T at an average rate of ~ 0.283 T/min or held at a persistent field within that
range. The device is mounted onto a magneto-transport probe, which positions

the device perpendicular to the magnetic field, in centre of the magnet.

High field (B < 60 T) measurements were carried out at The Laboratoire
National des Champs Magnétiques Intenses (LNCMI) in Toulouse, France. These
are non-destructive pulsed magnetic fields that are created by discharging a capac-
itor through a liquid nitrogen-cooled resistive coil in very short times (~100 ms).
Hall probes are used for accurate measurements of the device angle with respect
to the direction of the applied magnetic field. This allows the magnetic field to be
applied perpendicular, angled or parallel to the direction of current flow (Figure
4.9b). Twisted pair wiring was also used to reduce the presence of parasitic volt-
ages induced in the wires by the pulsed magnetic fields. Parasitic Eddy currents
were compensated via comparative analysis of both the up and down magnetic

field ramps, using Python-based data analysis software provided by LNCMI.
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4.8 Optoelectronic characterisation

This section describes the experimental procedures used for measurements
of the optoelectronic properties of photosensitive devices, including the measure-
ments of photocurrent, response times and device dependence under excitation

with laser light of different wavelengths, A\, and powers.

4.8.1 Photocurrent measurements

DC photocurrent measurements are performed using a Keithley 2400 Source-
Meter to simultaneously apply a bias voltage and measure the current in the device
over time. Photocurrent, I,,, is measured as the difference in current across a

device in the dark (Ige) versus under illumination (I;yn):

I = Liight — Laark- (4.2)

The device is mounted into an optical cryostat, which has a sapphire window al-
lowing for the light source to be directed through and focused onto the device.
The first measurement is the dark state calibration, which gives the base level
(I44rk) for photocurrent measurements. Then, an unfocused light source (i.e. spot
diameter larger than size of device) is used to illuminate the sample whilst con-
tinuously measuring the resulting current across the device. The bias voltage or
gate voltage applied to the device is adjusted using Keithley 2400 SourceMeters

to maximise photocurrent.

Photocurrent is measured at different temperatures using the cold-finger
nitrogen bucket attached to the cryostat (Section [4.7.3]). The following light
sources are employed: a G-wavelength (6)) fibre-coupled laser system (Figure
4.10p) with wavelength outputs of Aex = 405, 450, 520, 635, 808 and 1060 nm,

full width at half maximum (FWHM) < 2 nm and power output > 30 mW per
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Figure 4.10. a) An image of the 6\ system (top) and corresponding
laser output spectra (bottom). *1060 nm spectra is estimated only. b)
The output spectra of the deuterium lamp source using a 400 nm short-
pass filter. Inset: an image of the deuterium lamp in operation. All
wavelength spectra was measured with an Ocean Optics FLAME-S-XR1-
ES spectrometer.

channel; a deuterium lamp (Aex &~ 250 nm) coupled with a 400 nm short-pass
filter (Figure [4.10b); a Aex = 405 nm diode laser; a Aex = 633 nm HeNe laser; a
UV torch (Aex = 365 nm) for qualitative assessment of the UV response; a Spex
Industries Minimate monochromator with Newport quartz tungsten halogen lamp;
and a Horiba microHR UV-enhanced monochromator with Ushio xenon arc lamp

(see Section for monochromator operation).

4.8.2 Temporal response

Photocurrent measurements for devices with response time > 1 s are per-
formed using a Keithley 2400 SourceMeter (Section . The Keithley 2400
is limited by its data acquisition rate, which can be improved but with the loss
of measurement precision. A reasonable data acquisition time for photocurrent
measurements in this setup is 100 — 200 ms. For response time faster than 100 ms
a Tektronix DPO 4032 Digital Phosphor Oscilloscope is used to measure the volt-

age across a resistor that is connected in series with the device, which allows for
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much faster (~ 10 samples/s) data acquisition. The light source has to be mod-
ulated ON and OFF with a frequency less than 1/7, where 7 is the response time
of the device. The 6\ laser system can be modulated digitally; a TTI TGA1241
arbitrary waveform generator is used to rapidly switch the laser ON and OFF
with frequency < 40 MHz. Light sources that cannot be digitally switched are
instead modulated mechanically using a Bentham 218F variable frequency optical

chopper.

4.8.3 Photoresponsivity

Photoresponsivity measurements of devices are performed using the proce-
dure for photocurrent measurements (Section . A fixed wavelength of light
is used at different powers to characterise the power dependence. Neutral den-
sity filters are used to control the power of the laser, which is measured using a
Thorlabs PM100D power meter and S120VC UV-extended (200 — 1100 nm) silicon
photodiode. For measurements in the UV range, Edmund Optics UV-Vis neutral
density filters were acquired. These filters offer a uniform power reduction in the

range 250 — 700 nm.

4.8.4 Spectral response

A Horiba SPEX or Horiba microHR monochromator is used to split white
light into a continuous, angle-dependent spectrum, and is therefore a powerful tool
for probing the spectral response of a photosensitive device. A high power (New-
port quartz tungsten halogen or Ushio xenon arc) lamp is used as a broadband
white light source, which is directed into the entrance slit of the monochromator
(Figure . The monochromator works initially by collimating the white light
source using a collimating mirror and then directing the collimated beam onto a

diffraction grating. A diffraction grating with spacing, g, deflects light at discrete
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Figure 4.11. Diagram of the inner workings of a monochromator used
for wavelength selective photocurrent measurements.

angles, 6, from the surface normal of the grating according to the grating equation,

gsinf = nA. (4.3)

The angle of deflection is dependent upon the wavelength, A, and the order of
principal maxima, n. Thus, from Equation it is clear that for a given order,

n, different wavelengths of light will exit the grating at different angles.

The light continues onto a focusing mirror before it exits the monochromator,
where it is focused onto the photosensitive device using a broadband UV-capable
focusing lens. A mechanical motor is used to control the angle of the diffraction
grating, resulting in precise control of the narrow band wavelength of light emitted
out of the exit slit. The width of the exit slit can be changed to control the width
of the wavelength range emitted; a narrower slit means a narrower wavelength

band of light, but also lower intensity.
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5 Hybrid perovskite NC/graphene UV-Vis pho-

todetector

This chapter reports on transport and optoelectronic properties of graphene
field effect transistors (FETs) functionalised with all-inorganic perovskite nanocrys-
tals (NCs). Hybrid photon detectors of this type exhibit high photoresponsivity
and spectral response tuneable by the band gap of the NCs. Thus, hybrid per-
ovskite NC/graphene devices present a promising route for engineering photode-
tectors with response in the UV and /or visible range. Transport and optoelectronic

characterisation of these hybrid devices were carried out following the procedures

described in Sections and [4.8|

The work included in this chapter is published in Cottam et al., “Defect-
Assisted High Photoconductive UV—-Visible Gain in Perovskite-Decorated Graphene
Transistors” in ACS Appl. Electron. Mater., 2(1) 147-154 (2020) [120].

5.1 Introduction

Graphene-based photodetectors are highly attractive due to graphene’s ultra-
fast wide-band spectral response throughout the UV-Vis-IR range. However, due
to its 2D nature it is limited by intrinsically low absorption (~ 2% [177]) and
low photoresponsivity on the order of ~ 10 mA/W [141, 152, [178|. Functional-
isation of planar graphene FETSs is one of many routes being explored with the
aim of improving on the limited optical properties of graphene, whilst maintaining
its intrinsically high carrier mobility and response times. Previous work includes
functionalisation of graphene with II-VI or IV-VI QDs, for example, CdSe, CdS
and PbS [79, 144} 145, [179], which achieve high photoresponsivity, R ~ 10° A/W
[79]. This enhanced photoresponsivity is explained by a photoconductive gain ef-

fect, whereby charges trapped in the QDs with lifetimes ~1 s act as local gates,
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generating more carriers in the graphene conductive channel . In more recent
literature, this effect has been achieved using organic [147, and inorganic
perovskite NCs on graphene, with photoresponsivities of R ~ 10° A/W and
106 A/W [20], respectively.

Here, we study the optoelectronic properties of graphene decorated with a
layer of inorganic caesium lead halide NCs (CsPbX3, where X = Br or I). These hy-
brid devices have electrical and optical properties significantly different from those

of pristine graphene or those decorated with traditional colloidal semiconductor

NCs [79 [180].

5.2 Perovskite NCs and their optical and electrical prop-

erties

Caesium lead halide perovskite NCs capped with a mixture of oleic acid
(OA), oleylamine (OLA), and iminodibenzoic acid (IDA) ligands were synthesised
following the method outlined in Section (Figure [5.1h). The NCs were

imaged using transmission electron microscopy (TEM) and high resolution (HR)

C) Wavelength (nm)
BQO 790 6(?0 590
CsPbl CsPbBr,

A K 3
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A .
Energy (eV)

Photoluminescence (a. un.)

TrO® Z8 O8

Figure 5.1. a) A schematic diagram of the unit cell of CsPbl; NCs
capped with a mixture of OA, OLA and IDA ligands. Credit: Dr. Chengxi
Zhang. b) Representative TEM and HRTEM images of CsPbls NCs. c)
PL spectra of CsPbBr3 and CsPbls perovskite NCs and corresponding
images of the NCs excited by unfocused UV light (A = 365 nm).
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TEM, as described in Section [4.5.1] which revealed a cubic shape of the NCs
with an average size of 12.9+1.7 nm (Figure [5.1b). The composition of the NCs
was adjusted to tune their optical properties, such that CsPblz and CsPbBrs NCs

emit light at wavelengths of A = 680 nm and 515 nm, respectively (Figure [5.1c).

The conductivity of the CsPbly NC film was investigated before its use in
a hybrid photodetector device. The perovskite NC film was deposited on a pre-
patterned interdigitated gold contact device with large area and distance of 10
pum between gold contacts (Figure ) The current through the NCs, 1,4, was
measured as a function of the applied source-drain voltage, Vg4, for 3 different gate

voltages, V;, = 0,+60 and —60 V (Figure ) The resistance of the NCs was
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Figure 5.2. a) Optical images of a gold plated 2-terminal device on
300nm SiO,y/Si substrate with contact gap 10 pm before (left) and after
(right) perovskite NC deposition. b) Source-drain current versus voltage
through the 2-terminal device decorated with CsPbl; NCs at different
gate voltages. Inset: current versus gate voltage in the dark and under
illumination (P ~ 10 mW, A = 633 nm). c) Optical images of a ‘split’
Hall bar with gap width ~1 pm. d) I,4(V) characteristics of the ‘split’
Hall bar device before (inset) and after deposition of CsPblz NC film.
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found to be Ryc > 10 GQ2. The device was also measured under illumination using
a high power red laser (P ~ 10 mW, A\, = 633 nm) and no change of resistance
was observed (inset of Figure [5.2b). To ensure that the contact material was not
preventing charge transfer and to reduce the size of the gap between the contacts,
we also examined the resistance of the NC film using graphene contacts. A ‘split’
graphene Hall bar device with ~1 pum gap in the centre (Figure ) was used
for this test. No significant difference was observed in the I;4(Vsq) characteristics
measured before and after deposition of the perovskite NCs (Figure ), thus,
confirming that the resistance of the perovskite NC film is Ryc > 10 G2 per

square.

Since there are no measurable changes of /4 under illumination (A = 633 nm,
P =10 mW/mm?) and under applied gate voltages (V, = £60 V) in either device,
we conclude that there is no charge transfer between individual NCs. Hence, we
propose that only charge carriers from the layer of NCs directly adjacent to the
graphene can be transferred to the graphene channel. For optimised and uniform
photon detection performance, it is imperative to fully cover the graphene channel

with a uniform single layer of NCs.

5.3 Electrical properties of perovskite decorated graphene

transistors

CVD-grown single layer graphene (SLG) from Graphene Supermarket [71]
was placed on a hBN/SiO,/Si substrate (285 nm SiOs layer thickness and mono-
layer of hBN) to make a graphene field effect transistor. The structures were pro-
cessed (see Section into two device geometries: Hall bars for measurements
of carrier concentration and mobility (Figure [5.3fa) and two-terminal diodes with
short (~5 pm) channels for optoelectronic characterisation (Figure [4.1b). The

devices were bonded following the procedures described in Section before
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Figure 5.3. a) A schematic diagram of the layer structure (top) and opti-
cal microscopy image (bottom) of the Si/SiOs/hBN /graphene/perovskite
Hall bar device. b) Room temperature dependence of the longitudinal
resistance, R,,, on applied gate voltage, V,, of a pristine graphene device
and of the same device after deposition of the CsPbls NCs. Arrows indi-
cate directions of the V, sweeps (sweep rate = 0.3 V /s, T' = 295 K). The
top horizontal arrow represents the size of the hysteresis AVgN P ¢) Ry
as a function of the maximum applied gate voltage, V,"**, for a series of
sequential Vi sweeps with V™" increasing from 40 to 80 V (sweep rate
=0.3V/s, T =295 K).
being mounted in a vacuum cryostat for electrical measurements, as described in
Section [4.7.1] The vacuum is important for keeping the device in a stable con-
dition by limiting any interaction with air molecules and moisture. High vacuum
also improves the stability of the gate meaning that higher gate voltages can be
applied without current leakage through the gate. The gate voltage characteristics
of pristine graphene and perovskite-decorated graphene devices are compared in
Figure [5.3b. The pristine SLG device has a resistance maximum R,, ~ 6 kQ
close to V; = 0 V and exhibits only a small hysteresis loop, which is quantified in
terms of the difference in the gate voltage value at the charge neutrality (Dirac)
point, AV}IN P ~ 5 V, between the forward (from negative to positive bias) and
reverse sweeps of V,, (Figure ) The pristine SLG devices have a low elec-

tron carrier concentration of n &~ 2 x 10 cm™? at V, = 0 V and carrier mobility

e = 6000 cm?/Vs at room temperature, as calculated using the field effect model

(Section |3.1]).

The perovskite NCs were deposited onto CVD-grown graphene by drop cast-
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Figure 5.4. a) R,,(V,) dependence of four consecutive gate voltage
sweeps from +50 V to —50 V and back in the dark (I;q = 0.5 pA, T =
300 K, sweep rate = 0.3 V/s). b) Three consecutive voltage sweeps to
Vet = £50 V, £80 V and £50 V with the device kept at V, = 0 V for
1 h between the grey and blue curves.

ing, as described in Section The deposition of NCs causes a shift in the av-
erage position of the Dirac point towards further negative voltages by ~15 V and
an increase of the hysteresis of the charge neutrality point. We define the average
position of the Dirac point as the Vj value that is halfway between the forward and
reverse Dirac points. The hysteresis of R,,(V}) is strongly affected by the maxi-
mum applied gate voltage V,"** (Figure ) As shown in Figure [5.3b for a
representative SLG/CsPbl; device, a hysteresis of AVgN P ~ 60 V is observed for a
gate voltage sweep over the range of AV, = £50 V, at room temperature. The
value of the hysteresis increases with increasing V;"** and reaches unexpectedly
high values above 100 V for a sweep range of V7" = 480 V (Figure ) The
observed dependence of the AVQN P on V"% and the large hysteresis indicate that
the NC layer is accumulating a significant amount of charge density (>8 x 102
cm~?). Due to the large hysteresis, it is not possible to define an exact value of
the V;]N P for the perovskite decorated layer; hence change of carrier concentration
in the SLG due to surface doping effect of the perovskite NCs cannot be assessed
quantitatively using the 1C model (Section . The hysteresis is reproducible
across all SLG/perovskite NC devices tested (see Section and the overall de-

vice performance was confirmed to be fully reproducible and reversible, see Figure
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[5.4] The stability of the device over a number of sweeps is shown in Figure [5.4p
with almost perfect reproducibility for the forward sweep and some small (<3 V)
variation of the Dirac point position on the reverse sweep. The reversibility of the
device is shown in Figure as the maximum gate voltage was increased from
Vet = +50 V to V" = £80 V and after 1 h at V;, = 0 V the device returned
back to the same behaviour for V,;"** = £50 V, i.e. the blue and red curves have

insignificant differences.

5.4 Temperature dependence of charge transfer

The observed AV;N P hysteresis is strongly temperature-dependent (Figure
[6.5p). The R,,(V,) dependence of SLG/CsPbl; Hall bar devices was measured in
the range of temperatures from 2 K to 350 K. The size of the hysteresis decreases
with decreasing temperature and quenches at 7" ~ 200 K, where the R,,(V}) char-
acteristics resemble those of pristine graphene, indicating that no charge transfer
is taking place at T" < 200 K. At T" > 320 K, a significant broadening of the
forward /reverse loop is observed. This is likely due to the instability of perovskite
NCs at high T', which is also evident in the irreversible decrease of room tem-
perature PL intensity following exposure of the NCs to T" > 400 K. It is noted
that the room temperature optical properties of the NCs, such as PL, are not
significantly affected by exposure to temperatures in the range from 2 < T" < 400
K. This leads to the conclusion that the dramatic AVZJN P(T) dependence is re-
lated to the charge transfer between the NC layer and the SLG, rather than the

temperature-dependent properties of the perovskite NCs.

The dependence of the AVgN P hysteresis on temperature in the range 200
K < T < 300 K has an exponential form and is well described by AV =
exp(—FE,/kT), with activation energy of E, = 0.3 eV. This activation energy
has the same value for both CsPbl; and CsPbBrs NCs (Figure [5.5k), suggesting

the presence of a common deep energy level defect, see inset of Figure [5.5c.
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Figure 5.5. a) R,,(V,) dependences of the SLG/CsPbl; device mea-
sured at different temperatures. b) Temperature dependence of AVN”
of the SLG/CsPbl; device in a). c) Data points: AV,? as a function of
temperature for a Hall bar CsPbl;/SLG device (red triangles) and three
2-terminal devices: two CsPbl;/SLG devices (blue and magenta triangles)
and one CsPbBr3/SLG device (yellow circles). Solid lines represent a fit
with AVN" ~ exp(—E,/kT) with E, = 0.3 eV. Inset: Band diagram
of the CsPbl3/SLG heterostructure. The blue arrow indicates a region
where graphene Fermi energy, Fr, is changed by the applied gate volt-
age. The red dashed line denoted E, represents the energy level of charge
trapping defects. d) Temperature dependence of AVgN P of representative
SLG/CsPbl; and SLG/Cs(PbSn)I3 devices. The red diamonds represent a
Hall bar device and the red stars and blue pentagons represent 2-terminal
devices.

However, the activation energy for Cs(Pbgg7Sngs3)ls NCs is significantly larger,
E, = 0.6 eV (Figure ) Thus, it is inferred that these defect energy levels
correspond to Pb-related defects, which were recently reported to account for PL
intermittency in caesium lead halide NCs . In order to understand the nature

of the AVN hysteresis, the 2C model (see Section [3.2) was applied.
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5.5 Modelling of charge transfer in perovskite decorated

graphene transistor

A small hysteresis of R,,(V}) is typically observed in gated SLG devices and
usually associated with the gate capacitance and/or charging of impurities [27,
181]. In pristine SLG devices, the width of the hysteresis is usually very small
(Figure ) and is independent of the V, sweep range (V;"**). In perovskite-
decorated SLG we observe an anomalously large hysteresis, AVgN P dependent
on V" and temperature, which is not observed in other hybrid graphene het-
erostructures 36, 145, [182]. However, a smaller hysteresis in V, has recently been
shown to arise from a ferroelectric memory effect when graphene is coupled to a
ferroelectric material such as In,Ses [183], suggesting that the observed effect is
not unique to just perovskite NCs. For our system it is thought that the slow
V,-dependent charge transfer between the NCs and SLG results from charge ac-

cumulation in the NC layer.

5.5.1 Applying the 2C model

Applying the 2C model introduced in Section [3.2] the presence of the top
perovskite layer significantly changes the charge distribution of the FET. In this
numerical model, the CsPbl3/SLG/SiOy/Si device is treated as a double capacitor
(2C model): the first capacitor is that of the Si/SiO,/SLG layers and the second
capacitor is the ‘effective’ capacitance of a layer of perovskite NCs (Figure )
In this case, the electric field penetrates through the graphene layer inducing a
charge, Qper, in the perovskite NC layer directly adjacent to the SLG. This charge
can drain through the SLG layer following a change of V,, but is limited by the
charge transfer time associated with the perovskite NCs. The perovskite NC
layer behaves effectively as an additional capacitor that can hold a high density

of charges (>10' ¢cm™2). This assumption is validated by our measurements of
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Figure 5.6. a) Schematic of the 2C model setup and distribution of
charge between the perovskite layer, (,,, the graphene layer, Qs.¢q, and
the gate, Qgate. b) Numerical model of the dependence of resistance on
gate voltage for graphene functionalised with perovskite NCs (sweep rate
0.3 V/s). Arrows indicate gate voltage sweep direction.

V, = £80 V for the perovskite/graphene device as it appears to be far from the

limit of maximum charge storage (see Figure [5.3).

The dynamics of the perovskite layer charging is numerically modelled as
described in Section using Cy = 115 pF/m? as the capacitance of the
Si/SiOy/SLG capacitor; this is for an oxide layer thickness of 285 nm, which is
applicable for most of the FETs modelled. The graphene resistance is calculated

as,
1

" Qswap’

Ryy (5.1)

where the room temperature carrier mobility, 1 = 6000 cm?/Vs, is obtained from
field-effect measurements, thus allowing us to plot R.,(V,) (Figure [5.6b). The

variation of R,,(V,) near its maximum at the charge neutrality (Dirac) point,

VNP

, ", is modelled as a parabola,

Rep = RZcM - (V;] o VgNP)Qv (5'2)

with the maximum R = 6.2 k) from experimental data (Figure )

The resistance of the NC layer is very high (>10 G{2; see Figure [5.2)) and
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charge transfer between neighbouring NCs is negligible. In this model only charge
transfer from the layer of NCs adjacent to the SLG is considered; the only fitting
parameter is the time constant, 7,.,, which describes the rate at which the charge

in the perovskites changes.

5.5.2 Results of the 2C model fitting

The numerical calculations of the R, (V;) hysteresis at different V;"** (Figure
) demonstrate a behaviour similar to that observed experimentally (Figure
). By fitting the measured AV,V”(V"**) dependences by means of the 2C
model (Figure ), we obtain a good agreement between the experimental
data and numerical simulations with a value of the fitting parameter 7., = 130 s.
However, the symmetric behaviour with respect to positive/negative V, predicted
by this model is not fully consistent with the measured data. The experimental
results (Figure ) revealed a weaker hysteresis at positive V,. This discrep-
ancy is attributed to the assumption used in the model that disregards which
capacitor plate, bottom gate or top SLG with NCs plate, has positive/negative

polarity. In the real device, the charging of the top plate of the capacitor (SLG
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Figure 5.7. a) Results of the numerical simulation using the 2C model
of Ry, (V,) with increasing V™. The fitting parameter used is 7, = 130
s. Arrows indicate direction of V, sweep. b) Measured values of AVN”
(red data points) as a function of the V"** from Figure . The solid
line is a fit based on the 2C model with 7., = 130 s.
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with NCs) can be dependent on the polarity of the applied gate voltage, as it shifts
the Fermi energy in the SLG, over the range +0.3 eV for 100 V. Note that this
energy is similar to the activation energy of the perovskite defect responsible for

the temperature behaviour (see Figure and relevant text in Section [5.4)).

The gate voltage sweep generates an incremental increase in charge AQ =
CAV, on the top of the perovskite/SLG electrode corresponding to the sum of
free carrier charge (electrons or holes) in the SLG and the charge bound to the
localised states of the NCs, with activation energy, E,. It is assumed that most
of this charge is stored in the NC layer and is slowly released into the SLG (with
an effective time constant of ~ 100 s). The charge capacitance of the perovskite
NC layer is estimated from the measured position of the SLG neutrality point
hysteresis, AV,NY > 100 V, to be greater than 7 x 10" cm™ (see Figure )
The NC density is estimated to be approximately 4 x 10! cm~2. This is assuming
that the average size of the CsPbl; NCs with ligands included is deg ~ 15 nm [24]
and the surface filling factor is approximately 1, meaning that the NCs completely
cover the SLG surface in an ordered arrangement (see TEM images in Figure
5.1b). Hence, the number of individual charges per single NC adjacent to the
SLG must be greater than 10. It is estimated that a perovskite NC contains ~400
of CsPbXj3 unit cells, each containing a single Pb atom, per one side of a NC
cube, thus providing an extremely large maximum charge capacity, limited only

by Coulomb repulsion of the charges within the perovskite NC.

The electrostatic energy which arises when N = 10 electrons are accommo-

dated within a single perovskite NC is estimated using the expression,

7= 3 e?N? |
5 4meegr

(5.3)

where r = 7 nm is an effective radius of a NC and ¢ = 10 is the dielectric constant
of CsPbl; [184]. The estimated value is U & 0.6 eV, which is significantly lower

than the CsPbly work function of ~ 3.6 eV [185]. Accumulation of such a large

60



amount of charge in a single NC should result in a high internal electric field
affecting NC electronic properties and energy states. This effect is explored and

discussed in detail in Chapter [6]

The large number of charges trapped within a single perovskite NC is re-
sponsible for the anomalously large AVgN P hysteresis and slow charge transfer
processes. Furthermore, the developed model is in good agreement with the ob-
served dependence of hysteresis AVgN P on the applied gate voltage (Figure )
A similar charge transfer between SLG and an adjacent dielectric layer was re-
cently reported in SiC/SLG [186] and in InSe/graphene [36, |187] heterostructures.
In both heterostructures, the Fermi level in SLG is pinned to the energy level of
the ionised donor impurities in the adjacent SiC or InSe dielectric layer. However,
in contrast to our perovskite-decorated devices, no large temperature or V, sweep
range dependence of the pinning effect was reported for those devices |36, [186),
187]. This suggests that the charge transfer processes in the 0D/2D CsPbl3/SLG
hybrid devices are significantly slower than those in 2D /2D heterostructures, likely
due to the potential barrier introduced by the ligands surrounding the NCs, which

is absent in 2D /2D heterostructures like InSe/graphene [187].

5.6 Light-induced charge transfer and photoresponsivity

The properties of perovskite NC decorated SLG are strongly affected by ex-
posure to light. The shift of V¥ toward negative values under light illumination
(Figure [5.8@a) indicates a transfer of photoexcited electrons from the perovskite
NCs into the graphene (Figure ), similar to that reported previously for
quantum dot decorated SLG |79} 144, |180] and other perovskite NC decorated
structures [103]. This behaviour is in contrast to the transfer of photoexcited
holes suggested for organic-inorganic mixed-cation lead mixed-halide perovskite
deposited on similar CVD graphene/SiO,/Si substrates [19]. A significant reduc-

tion of the hysteresis under light illumination was observed, with VgN P shifting to
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Figure 5.8. a) R,, as a function of the applied gate voltage, V,, for a
series of sequential V; sweeps with V,"** increasing from +40 to +80 V,
under excitation with a HeNe laser (Aex = 633 nm, P = 310 W/m?). Inset:
comparison of V;"** = £50 V sweep in the dark and under laser light. b)
A schematic diagram of the CsPbl3/SLG band structure. Arrows indicate
transfer of photoexcited charges from perovskites to the SLG (dashed blue
and red arrows) for negative (left) and positive (right) gate voltages. The
vertical black arrow indicates recombination of photo-generated holes with
negative charge stored in the perovskite layer.

more negative V, values. The forward V, sweep section of the R,,(V) curves are
similar for both light and dark conditions (inset in Figure ) This is likely
due to the fact that we are unable to sweep the gate voltage to larger negative
values without significant risk of breaking the SiO, layer and so the forward sweep
VgN P becomes pinned close to the value of =V, The reverse sweep direction
was most affected with V,¥" becoming less dependent on the maximum sweep
value, V"**. This behaviour can be explained by the effect of illumination on the
charges trapped on the perovskite NCs. The light generates electron—hole pairs
in the NCs and the photoexcited electrons are transferred to the SLG, while the
less mobile photoexcited holes remain trapped in the NCs. This difference in re-
laxation times of photoexcited electrons and holes leads to the asymmetry of the
R,.(V;) shown in Figure . Here it is assumed that photoexcited holes can re-
combine with gate-induced negative charges in the perovskite NCs (Figure )
The Vj-dependence of the resistance indicates the transfer of both photoexcited
electrons and holes for V;, < 0 V, and the preferential transfer of photoexcited

electrons for V; > 0 V (Figure [5.8b).
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The macroscopic 2C model (Section also could be used for these ex-
perimental findings. The effect of light on the charge dynamics can be described
in terms of a significant reduction of the 7, parameter under illumination at
the applied positive V. Under negative V;; conditions, photoexcited holes do not
interact with positive gate-induced charge, leading to insignificant changes in the

R..(V g) hysteresis measured under dark and light conditions (see inset of Figure

5.8h).

The SLG /perovskite devices are photosensitive over the wavelength range of
optical absorption of the used NCs. The photocurrent spectrum, measured using
a monochromator as described in Section [4.8.4] resembles that of the NC optical
absorption (Figure [5.9p-b): it follows quite closely that of absorbance. Also, a
large photocurrent is observed in the UV region (A < 400 nm). Pristine graphene
has a small optical absorbance (~2%) and consequently its photoresponsivity is
very low (R < 0.1 A/W). Hence, the optical response of these SLG/perovskites
hybrid devices is predominantly due to the optical absorption of the perovskite
NCs and by the charge transfer between the NC layer and graphene. The SLG
devices decorated with both types of perovskite NCs (CsPbBrs and CsPbl;) have
very high photoresponsivity of R > 10° A/W for all excitation wavelengths mea-
sured in the UV-Vis range (250 — 633 nm) at room temperature (Figure [5.9¢).
The highest photoresponsivity R ~ 5x 10® A/W is observed in the low power limit
where the photocurrent approaches the noise equivalent power, NEP ~ 10~ W.
The responsivity achieved in our work exceeds that recently reported for SLG de-
vices decorated with similar perovskite NCs [20, |188], particularly in the UV range.
With increasing excitation power, the photoresponsivity decreases as R ~ P~
where z = 0.90+0.02 (Figure [5.9c), which is similar to that reported for CsPbCl;

[20] and for colloidal quantum dots e.g. PbS [79)].
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Figure 5.9. Room temperature absorption (Abs) and photoluminescence
(PL) spectra of perovskite NCs and photocurrent (PC) measurements of
SLG devices decorated with these NCs for a) CsPbl; and b) CsPbBrg
NCs. c¢) UV-Vis photoresponsivity of CsPbl3/SLG and CsPbBr3/SLG
devices at Aoy = 633,405 and 250 nm. The dashed line is a fit using
R ~ P799_ The blue line is a guide to the eye. d) Photoresponsivity of
CsPbl3/SLG at different temperatures measured in the power range 10~
W < P <107® W (A\ex = 633 nm). The dashed line represents the level
of noise.

The temperature dependence of the responsivity power law was examined
for power on the sample, Psgmple > 107" W. As is shown in Figure [5.9d, with
decreasing temperature a deviation from the power law dependence is observed.
For example, at T' = 250 K, the power dependence of the responsivity is described
by R~ P7%% only up to P = 1072 W. At T' = 200 K, the responsivity decreases,
reaching a value of R < 1 A/W, which is similar to that of pristine graphene.
This observation corroborates the measurements of the temperature dependence

of the gate voltage-induced hysteresis AVgN P in Section where at T" < 200
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K, no effect of the NC layer on the electrical properties of graphene was observed
(Figure [5.5f). The observed temperature dependence of R(P) is attributed to
the interplay of two opposing effects: the R ~ P~%9 dependence of R(P) at the
high power range and the fast exponential quench of R(T) at low P. The weaker
R(T) dependence at large excitation power can be ascribed to the heating of the
device. At low excitation powers (P < 107 W) and low temperatures (7' < 250 K)
charge transfer between the NCs and graphene appears to be blocked. This results
in quenching of both the photoresponsivity, R, and the gate voltage hysteresis,
AVNP . Since the NCs are still photoluminescent at 7' < 200 K [106], meaning
that electron-hole pairs are generated in the perovskite NCs at any temperature,
it is clear that the photoresponse of the NC/SLG device is controlled by the

temperature dependent charge transfer between the NCs and SLG.

5.7 Temporal response of perovskite/SLG devices

The temporal response of the device following optical excitation is shown in
Figure [5.10@a. The observed exponential decay of the resistance has characteris-
tic times of ~1 s. The relaxation of the charge generated by applied gate voltage
has a significantly slower decay time of ~ 100 s (Figure |5.10b). This difference
is ascribed to the relaxation of fast optically excited, high energy charge carriers
compared to slow gate voltage induced charge transfer. Despite significant differ-
ences in the values of the relaxation times, the optical responsivity, R, and gate
voltage hysteresis, AVgN P have very similar temperature dependences (Figure
5.10c). This suggests that the processes responsible for the AVgN P hysteresis also
define the optical responsivity observed in these materials, that is, both light- and
gate-induced charge trapping processes are controlled by the same kind of charge

traps with an activation energy F, ~ 0.3 eV, see Section [5.4]
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Figure 5.10. a) Temporal response of the photocurrent on rising and
falling slope (ON/OFF) at point indicated by magenta (ON) and blue
(OFF) in the inset for the SLG/CsPbls device. Inset: light on/off time
dependence of the photocurrent for the SLG/CsPbls device at T' = 295 K
(Veg =20 mV, V, =0V, P = 325 W/m? Aex = 633 nm). b) Temporal
response and (inset) R, as a function of Vj for CsPbl;/SLG device at the
V,-sweep positions indicated by the red and blue dots (inset), 7" = 295 K,
Isq = 0.5 pA, sweep rate = 0.3 V/s. ¢) Comparison of AV, V?(T)) (blue)
and R(T") (black) dependences of SLG/CsPbl; device. Solid lines are the
fit with AV =~ exp(—F,/kT), where E, = 0.3 eV.

The relatively large ratio of the lifetime of photoexcited holes trapped in the
NCs, typically Tye > 1 s, and the electron transit time in the graphene channel,
7. ~ 100 ns (for g ~ 6000 cm?/Vs, Vig = 20 mV and channel length, [ = 35 ym),
give rise to high photoresponsivity (R > 105 A/W at T' = 295 K) due to high
photoconductive gain [20, [79] (see Section [2.5.2). The measured response time of
~1 s in our devices (Figure ) is comparable to that previously reported for
QD-decorated graphene photodetectors 79, [144] and is significantly shorter than
that of CsPbCl;/graphene devices without ligand treatment (> 100 s [20]); thus,
suggesting that the shorter ligands used in our NCs (IDA replacement described
in Section enable more efficient charge transfer between the NC layer and
the SLG, and hence faster response times. The CsPblz/graphene photodetector
reported here has a detectivity, D* = 2.3 x 10'° Jones, which was calculated using
Equation (see Section for NEP ~ 10~!* W, active area, A = 1071% m?,

and response time, 7 = 3 s.
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5.8 Summary

We have investigated the use of all-inorganic perovskite (CsPbX3) NCs as a
photosensitive layer in graphene-based planar photon detectors. These detectors
have stable performance and record high photoresponsivity of R > 10¢ A/W in
the UV-Vis from 250 to 633 nm. The CsPbX3 NC decorated graphene devices
exhibit an anomalous charging effect resulting in large hysteresis in the gate voltage
dependence of the resistance, R,,(V}), of ~100 V. This hysteresis was described
using a developed two-capacitor (2C) model whereby the perovskite NC layer acts
as a second capacitor that is able to store charge with an effective RC' time, 7.,
The model is in good agreement with the observed results for a numerical fitting
parameter of 7,., = 130 s, which is consistent with the relaxation times measured
for the V;, dependence of the device. Later this model was found to be applicable to
other material systems, such as graphene functionalised by ferroelectric CulnP,Sg

(CIPS) flakes [172].

The temperature dependence of the optoelectronic and transport properties
of these devices have been studied for the first time and reveal a quenching of the
device performance in the temperature range below ambient conditions (7 < 250
K). This phenomenon is consistent with the presence of a deep (~0.3 eV) defect
level in all CsPbXj3 perovskites independent of halide content. The precise nature
of this defect level is unknown and requires further studies, but is likely to be
associated with the Pb-states as the device consisting of Sn-doped NCs showed a

significantly different activation energy (~0.6 eV).

We have shown that the photoresponse of CsPbXj3/graphene is dominated
by the photosensitive layer (perovskite NCs) and as such the absorption range
can be controlled through tuning of the band gap of the material used. Thus,
these CsPbXj3/graphene devices offer a novel route to device engineering the in-

terface properties of hybrid materials and good prospects for the development of
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silicon-compatible ultrasensitive UV photon detectors. In particular, these hybrid
perovskite/graphene detectors excel in the UV wavelength range with responsiv-

ity many orders of magnitude greater than current commercial UV detectors (see

Section [2.5.3)).
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6 Fully reversible PL quenching and light-induced

Stark effect in perovskite NCs

6.1 Introduction

This chapter reports on the temporal behaviour of the photoluminescence of
all-inorganic perovskite NCs under different excitation powers and temperatures.
The key result is a fully reversible quenching and red shift of the PL peak position,
Epr, of the NCs due to a light-induced Stark effect. The results are modelled
using a triangular quantum well (TQW) confinement potential resulting from the
electric field created by the accumulation of photo-generated charges onto the
surface of the NC. Photoluminescence measurements were performed following

the procedures described in Section |4.5.2

Commercial graphene FETs provided by Graphenea [175] were used in this
work. The results described in this chapter are published in Cottam et al., “Light-
Induced Stark Effect and Reversible Photoluminescence Quenching in Inorganic

Perovskite Nanocrystals”, Adv. Opt. Mater., 9, 13, 2100104 (2021) |189).

6.2 Reversible PL quenching in perovskite NCs

In this work we used all-inorganic mixed halide CsPb(Br:1=2:3)3 perovskite
NCs with cubic-shape and average size of | = 14 £+ 3 nm (Figure [6.1a,b), as
measured by TEM (Section . Similar to the NCs used on the hybrid
photodetector in Chapter [5] a mixture of OA, OLA, and IDA ligands were used to
passivate the NCs, providing high stability and durability. It is generally accepted
that the strength of ligand binding and their density on the surface define the
quality of passivation of surface defects, which otherwise act as charge traps and

reduce quantum yield (QY) [190, |191]. Thus, optimal passivation is required for
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Figure 6.1. a) Sketch illustrating a photoexcited electron and hole pair
and positively charged surface defects on a perovskite NC. b) A repre-
sentative TEM image of CsPb(Br:I = 2:3)3 perovskites NCs. ¢) Room
temperature PL spectra recorded at different times during sample expo-
sure to laser light (Aex = 532 nm, P = 2 uW). The dashed line is a guide
to the eye and follows the evolution of the PL peak position Fpj over
time. Inset: optical image of CsPb(Br:I); NCs in solution. d) Quenching
of the PL intensity under continuous excitation power (P = 2 uyW, ex-
posure time ¢ < 5 min) and its recovery, as probed by short laser pulses
(tpuise =58, P =2 puW, and ¢t > 5 min).

improved QY, optical stability and lifetime of the NCs.

The temporal decay of the PL signal was measured, as described in Section
by using a continuous wave (CW) laser excitation and recording the PL
spectra at regular time intervals, typically every 5 s (i.e. 5 s integration time per
spectrum). The recovery of the PL intensity was measured using a pulsed laser
mode, whereby the laser was switched on for the minimum time required to acquire
the PL spectrum (tpuse ~ 5 s). Time intervals of >10 min were used to allow for
the PL signal to recover between measurements. For the NC films, upon initial
exposure to focused continuous laser light (Aexy = 532 nm, P < 2 mW, laser spot
diameter ~ 5 um), a slow exponential decay of the PL intensity is observed over
time (Figure ,d), with a characteristic decay time, 7, of several seconds.
The value of 71 decreases with the increasing excitation power. We also observe
a second, slower temporal decay of the signal with a relaxation time 7, >> 7
(see details in Section . The observed PL decay is reversible, although the
recovery time is significantly slower (~2 hs) (Figure [6.1d).
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6.3 Power dependent evolution of PL emission

The initial PL peak position, Epy, and its full width at half maximum
(FWHM) at t < 10 s are very similar for all studied laser powers in the range,

20 nW < P < 200 pW (Figure [6.2h). However, the time evolution of the PL

is strongly power dependent and more pronounced for high laser power exposures

(Figure and Figure [6.3h-c).
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Figure 6.2. a) Representative PL spectra at two different powers taken
at t < 10 s and t = 300 s, recorded at room temperature with PL ex-
citation wavelength, Aoy = 532 nm. Bi-exponential fit of the PL decay
measured for CsPb(Br:I=2:3); NCs at an excitation power of b) P = 0.2
uW and ¢) P = 200 pW.

The measured PL decay can be well fitted using a bi-exponential decay function

(Figure [6.2]b,c),

t t
y = Ay exp (—;) + By exp (——) e (6.1)

1 T2

where 71 and 7, are characteristic times of two contributing relaxation processes,
and Ay, By and C] are fitting constants. The bi-exponential nature of PL temporal
decay suggests the presence of more than one type of charge traps on the surface
of the perovskite NCs or the combination of two different effects. This study
focuses on the faster initial PL decay time, 71, which was observed to decrease
with increasing laser power (inset in Figure [6.3a). The observed evolution of the

PL intensity is accompanied by a time-dependent red shift of the PL peak position,
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Figure 6.3. a) Temporal response of room temperature PL intensity for
CsPb(Br:1=2:3); NCs following optical excitation with different powers
(Aex = 532 nm). Inset: dependence of decay time, 71, on excitation power,
as estimated using a bi-exponential fit of the data in the main figure. The
line is a guide to the eye. Dependence of b) PL peak position (Epp),
and ¢) FWHM on time for continuous exposure of the NCs to laser light
at three different powers (Aex = 532 nm). Lines are guides to the eye.
Time-dependence of the d) PL intensity, €) Epr, and f) FWHM during
three ON (line)/OFF (spheres) cycles of light exposure. Measurements
were performed at room temperature with excitation power P ~ 0.3 uW
at Aex = 532 nm.

AFEp;, (Figure[6.3pb) and broadening of the FWHM (Figure [6.3k). Thus, under
continuous laser excitation of the NCs, the PL intensity, FWHM, and Epj, change
over time and the temporal dynamics become faster with increasing laser power.
For example at a high power (P = 200 uW), 11 =~ 5.4 s, AEp; ~ 50meV and
FWHM =~ 60 meV are measured. Whereas for low power (P = 0.02 uW) the
measured parameters are 7, > 100 s, AEp;, < 10 meV and FWHM = 10 meV.
It is noted that these changes are fully reversible over several cycles of on-off
illumination (Figure —f) and the PL intensity, peak position, and FWHM

are fully restored under dark conditions.
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6.4 Temperature dependent evolution of PL emission

The photo-induced time-dependent evolution of the PL signal is also affected
by temperature and becomes more pronounced with increasing 1" for T > 100 K
(Figure [6.4a—d). At 7' < 100 K there is no noticeable time-dependent change
of PL intensity (Figure ), peak position (Figure ) or FWHM (Figure
). The T-dependence of Ep; also depends on the laser exposure time; for
initial illumination (¢ < 10 s), a blue shift of Epj, is observed with increasing 7.

In contrast, a red shift is observed for ¢ = 120 s (inset in Figure ) In these
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Figure 6.4. Temporal evolution of the a) normalised intensity, b) peak
position, Epy, and ¢) FWHM of the PL spectra of CsPb(Br:1=2:3)3 NCs
under continuous illumination (Aex = 532 nm, P = 2 mW) at different
temperatures. d) Normalised PL spectra before (bottom) and after (top) 2
min of continuous illumination (Aex = 532 nm, P = 2 mW) of CsPb(Br:I);
NCsat T =25 K and T = 293 K. PL peak intensity at ¢ = 120 s is relative
to the normalised PL peak at t < 10 s.
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studies, a low laser power (P & 2.5 W/mm?) is used to avoid irreversible changes
of the perovskite crystal structure previously reported for exposure to higher laser
powers [106, |112 [115]. We exclude a laser heating effect in our studies as this
should cause a blue shift of the PL emission [108| 192], rather than the red shift
reported here. Furthermore, the observed strong quenching of PL intensity cannot
be explained by the laser heating, as for temperatures in the range 250 to 350 K,
our results and those reported in the literature [108, 192] reveal only relatively

small changes in PL intensity.

A blue shift of Ep; with increasing temperature can arise from the inter-
play between the electron-phonon renormalisation and thermal lattice expansion.
These tend to have opposite effects on the band gap energy of CsPbX3 NCs caus-
ing a blue shift of PL with increasing temperature [108, 109]. A different, more
complex scenario is observed in our temperature dependent optical experiments,
suggesting that additional effects need to be considered. At T" > 150 K, the optical
properties are influenced by both temperature and time dependent phenomena.
When AEp;(t) > AEp(T), a red shift of Epy, is observed (Figure [6.4)). This
can be attributed to a light-induced Stark effect and a trap-assisted recombina-
tion of carriers, as discussed in greater detail below. We note that the t-dependent
change of the PL peak position and intensity are accompanied by a PL broaden-
ing (Figure [6.4c), which can arise from inhomogeneity of charge distribution and
charging/discharging times for the NCs in the ensemble (see Section .

To briefly summarise these observed results, the temporal and temperature
dependent study of the PL signal revealed photo-induced effects that can arise
from: (i) the T-dependence of the band gap [106]; (ii) a T-dependence of charge

trapping; and (iii) a light-induced Stark effect.
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6.5 Probing NC charge dynamics in perovskite/graphene

detectors

In order to investigate the origin of the photoinduced time-dependent red
shift of Epy, the power dependence of the PL temporal dynamics is examined
(Figure [6.5R). By taking a snapshot of the PL intensity versus power at different
times, we determine the power-dependence of the PL intensity (Ipy) at a given
time. As shown in Figure [6.5b, for ¢t = 15 s, Ip, follows a power law, Ip; ~ P°,
where o« = 0.5. The value of a varies from ~0.5 at ¢ = 15 s to ~0.6 at t = 300
s (inset of Figure [6.5b). Thus, the dependence of the PL intensity on power

becomes stronger with increasing exposure times.
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Figure 6.5. a) Dependence of the PL intensity (Ip1) of CsPb(Br:I); NCs
on laser exposure time (Aex = 532 nm) for different excitation powers at
room temperature. b) PL intensity as a function of power, P, at t = 15
s (marked by a vertical line in (a)) with a fit of Ip;, ~ P* with a = 0.5.
Inset: a graph showing the evolution of the coefficient o with increasing
exposure time. ¢) Photoresponsivity, R, as a function of power, P, (Aex =
405 nm) and fit of R ~ P70 for CsPb(Br:[=2:3); NCs deposited on a
graphene field effect transistor (FET). Insets: schematic of the device and
optical image of a commercial graphene FET .

We use graphene field effect transistor (FET) devices decorated with a layer
of perovskite NCs to further probe the charge dynamics in this system (see Chap-
ter [5)) [120, [193]. Interestingly, we find that the power dependence of the pho-

tocurrent () of these devices is similar to the power dependence of Ipy. The
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photocurrent depends on power as I, o P?, leading to a P-dependent photore-
sponsivity,
I

R= % x PP~ o P08, (6.2)

and 5 ~ 0.4 (Figure ). The sublinear power dependences of Ipy, and I, are

ascribed to the contribution of defects on the NC surface [120].

As discussed in Section , electrical measurements of our perovskite/
graphene devices demonstrate that CsPbX3 NCs act as donors on graphene FETS,
transferring electrons into the graphene layer, hence the NCs become positively
charged. In these devices, the time-dependence of the photocurrent is slow with

a long relaxation time of ~ 100 s, which is comparable to that observed in the PL

decay reported here (Figures and [6.4)).

Furthermore, the transfer of photo-generated electrons from the NCs into
graphene is a thermally activated process that occurs at temperatures T > 200
K. This is ascribed to the thermal ionisation of charged traps on the surface of
the NCs with an activation energy E, ~ 0.3 eV (Section [120]. Thus, the
reversible slow PL quenching reported in this work and the previously observed
quenching of the photocurrent in CsPbX3/graphene FET devices are likely arising
from the same phenomenon, which is a temperature- and time-dependent charg-

ing/discharging of the NCs via surface traps.

In summary, the negative photoexcited charges in the NCs are transferred
into graphene, leading to accumulation of positive charges at the surface traps of
the NCs. These charges build up an internal electric field within the NC leading to
a bending of the conduction and valence bands, which affects both photocurrent
and PL emission. We develop a model to describe this effect in the following

section.
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6.6 Modelling the light-induced Stark effect

We assign the reversible decay of the PL intensity to non-radiative recom-
bination of carriers that are trapped on surface defects of the CsPbX3 NCs. Our
experimental results indicate that > 10 charges can be trapped per NC (see Sec-
tion [5.5.2)), resulting in high internal electric field and the separation of photo-
generated electron-hole pairs within the NC. The probability of the non-radiative
recombination events at the surface of a perovskite NC can be significantly en-
hanced by a photo-generated internal electric field, which acts to spatially separate
photoexcited electrons and holes in the NC, pulling electrons toward the surface.
We used an infinite triangular quantum well (TQW) model to explain the effect
of this surface charge on the NC electrostatic potential and corresponding electric

field [3].

Firstly, in order to confirm that the accumulation of 10 charges is not sat-
isfied through exciton generation/recombination processes alone, we perform a
simple estimate for the average number of excitons per NC during continuous il-
lumination. For a laser source with power, Fy, the total power absorbed, P,;s, by

a NC film of thickness, w = 300 nm, is

Py = PO[l — eXp <_waNC)]' (63)

where ay¢ is the absorption coefficient of the NCs, which is ~10° cm™! at A\, =
532 nm [137,194]. Therefore, the number of excitons generated in the NC film per
second is Ngen, = Paps/ Epn, where E,p = he/ ., is the photon energy. The exciton
recombination time (lifetime) for similar NCs, as measured through TRPL, is
Tpr ~ 5 ns [195]. Thus, the maximum number of excitons that can be generated
within the exciton lifetime is Nye, = nge,7pr. The total number of NCs (assuming
that there is perfect packing) is Nyc = Viet/ Ve, where Vi, = mriw is the total

volume illuminated with a circular laser spot of radius, r; = 2.5 um, and Vy¢ = I3
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is the volume of a single cubic NC with side length, [ = 14 nm. The density of

excitons (per NC) is then given by,

3
Ngen NgenTPL VNC PabsTPLl

ex — = = , 6.4
" Nnyc Viot E,pmri2w (6.4)
therefore,
>\exTPL13
New = fy—m Py[1 — exp (—wane)] (6.5)

For a typical PL experiment (Sections a power of Py = 200 uW gives
a density of excitons of ~ 1.2 per NC. Therefore, the ~ 10 charges calculated
in previous electrical studies of a graphene/perovskite NC device (see Section
is not possible by generation/recombination alone. Hence, there must be
another mechanism that prolongs the lifetime of photoexcited charges in the NC
e.g. trapping or transfer of carriers, which is discussed in Sections [6.6.1H6.7]
Note that the excitation power used for this calculation is one of the highest
experimental values and from Equation reducing the laser power, Fy, by a

factor of 10 further reduces the number of excitons per NC by a factor of 10.

6.6.1 The triangular quantum well potential

To explain the observed temporal evolution of the PL, we consider light in-
duced charge accumulation on the surface of the NC (Figure [6.6p,b). A simple
band bending diagram shown in Figure illustrates how the band gap en-
ergy of the NCs can be reduced in the presence of an electric field due to charge
accumulation. Informed by our previous photocurrent studies on similar CsPbXg
NCs (Section , we infer that the surface traps are positively charged and
consider classical electrostatics and the quantum confinement of an electron in the

resulting electrostatic potential.

We use a standard TQW (Figure [6.6fc) [3], with infinite potential at z = 0 nm
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Figure 6.6. a) A schematic of the bending of the conduction, E,., and
valence, F,, bands due to light-induced accumulation of positive charges
on the surface of a perovskite NC. b) A cubic-shaped NC with 5 positive
charges on its bottom surface and resulting electric field F. ¢) TQW
potential for perovskite NCs with average side length of 14 nm (7 nm
from the surface to the NC centre).

and a linearly increasing potential,

V(z) =eFz, (6.6)

from z = 0 nm to the centre of the NC at z = 7 nm, where e is the electron charge
and F' is the electric field. F' can be calculated by assuming an infinite sheet of

charge on the NC surface with a density, o,

o eN,

- 2¢€q - 2Aeey’

(6.7)

where € is the permittivity of free space and ¢ = 10 is the permittivity of the
perovskite [184], A = 14 nm x14 nm is the area of one side of the perovskite NC
cube and N, is the number of positive charges per NC (Figure [6.6b).

To calculate the electron energies (E.) and wave functions (1)) along z, we

must solve the one-dimensional Schrodinger equation for the TQW,

A F} b(2) = Ba(2), (6.9)

where h is the reduced Planck’s constant and m is the electron effective mass

(~0.15m, [14], where m, is the electron mass). The solutions to this equation are
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the Airy functions and only one is convergent 3] with energies,

L n=1,2,3,.. (6.9)

The Airy functions oscillate for negative values of z and since there is a an infinite
potential at z = 0 the only valid solutions are when the Airy functions intersect
the z-axis i.e. (2 = 0) = 0. Hence, ¢, is the numerical value for which this

boundary condition is met. For the lowest energy level ¢; = 2.338.

6.6.2 Triangular quantum well model results

The confinement potential of carriers in the NC is affected by the electro-
static potential generated by surface charges (black line in Figure ) and the
quantisation of motion due to the formation of the TQW (dashed blue line in
Figure ) Here, it is assumed that the energy of the photoexcited holes in
the valence band is not affected by surface charges as they are pushed towards
the centre of the NC (inset in Figure [6.7a). The model is used to estimate the
number of charges, N, on the surface of the NC required to achieve the measured
red shift of the PL emission, AFEp; (Figure ) For simplicity, we assume
that all photoexcited surface charges are uniformly distributed on one side of the
perovskite NC. Different spatial configurations of the surface charges and their
spread to other sides of the NC can affect the confinement potential, see Section
for details. It is important to note that in these macroscopic laser spot
(> 1 pm) measurements of the NC ensemble, we do not observe charge related
phenomena associated with individual NCs, for example, blinking and single pho-
ton emission and relevant photon antibunching [196]. The full recovery of the PL
properties observed in our work (Figure [6.3d-f) is also well explained by the
relaxation/recombination of charges separated by the light-induced Stark effect.
This reversibility indicates an electronic effect as opposed to structural effects,

such as photobleaching and photoinduced ion migration, which usually lead to
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Figure 6.7. a) Spatial profile (black line) of the potential in the NC
due to surface charges (N, = 5 elementary charges per NC). z is the dis-
tance from the surface to the centre of the NC. Dashed and solid blue
lines represent the electron ground state energy, F, and its wave function
in the TQW, respectively. Inset: schematic of photoexcited charges in
a perovskite NC under light, showing electrons being pulled on the sur-
face of the NC due to positively charged surface defects. b) Electrostatic
potential energy on the surface of the NC (black line) and relevant elec-
tron ground state energy calculated using the TQW model (blue line) for
different number of surface charges, N.. The dashed red line shows the
measured PL red shift. ¢) Model of the red shift (blue line) over time
assuming a charging time constant of 35 s. The solid and dashed black
lines represent the relevant number of surface charges; steps on the solid
line represent the quantisation of the number of surface charges, N..

permanent structural damage (see Section for details).

The generation of light-induced positive charges is evidenced by the shift
of the Dirac point to n-type conductivity for graphene decorated with the NCs
(see Section [5.6]). In particular, the time scale for the formation of the defects
and/or the lattice deformation is longer than the time for migration of photo-
generated electrons towards the surface, resulting in slow temporal dynamics of
the PL emission. As the positively charged defect forms, the internal electric field
increases, causing a gradual red shift of the PL emission with time. The modelling
(Figure [6.7c) as well as experimental data (Figure reveal the saturation of
surface charge within a few minutes of the NC exposure to light. The saturation

can arise from increasing Coulomb repulsion interactions, which prevents further
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accumulation of positive charge on the NC surface.

Figure [6.7b shows the calculated PL shift (AF = AFEp;) as a function
of the number of surface charges N.. From the TQW model we estimate that 5
charges located on a single side of a cubic CsPbX3 NC are sufficient to account
for the measured red shift AFp; ~ 50 meV (red line in Figure ) From the
energy potential of Figure [6.7ja, we estimate that the corresponding electric field
is =2 x 10" V/m.

We model the time-dependent charging of the NC surface (Figure [6.7) to
show the relationship between the red shift and the number of surface charges,
N,, which is comparable with the experimental data (Figure ) This depen-
dence describes the surface charging process, where the number of trapped charges

changes with time as

Vo= e 1o ()] (6.10)

Te
where N"** is the maximum number of surface charges (N, = N"** at t = 00),
t is the exposure time, and 7. is a characteristic charging time. Note that N[***
and 7. are dependent on the laser power (see Figure for power dependent
experimental data). The measured 7. of ~35 s (Figure [6.7c) is approximately 10
times larger than the optical relaxation time, 7., = 3.5 s (Figure [5.10a) obtained
using electrical measurements on a similar device. We ascribe the difference to
the fact that only the perovskite NCs closest to the graphene layer are involved
in the charge transfer process presented in Figure and used to estimate
Trei- Whereas the Stark effect is observed in a thick layer of perovskite NCs with
very limited charge transfer between them (see Section . Thus, relaxation of

photoinduced charges is about 10 times faster in the vicinity of the graphene layer

(Figure [5.10p) than within a thick NC layer (Figure [6.7c).

These results suggest that the light-induced Stark effect in the NCs can ac-

count for both the red shift and reversible time decay of the PL intensity. The slow
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dynamics of the PL intensity indicates that the trapping/de-trapping of charges
on the NC surface is a process that takes several seconds to minutes, a timescale

different from the fast (nanoseconds) dynamics of photoexcited carriers in bulk

and NCs based on CsPbl; [14, or very slow (days) dynamics associated with

degradation processes , .

6.6.3 Beyond the infinitely charged sheet model

The TQW model considers a simple electrostatic potential profile created
by an infinite uniformly charged plane (Equation and therefore does not
account for the possible effect of different spatial configurations of charges on
the surface of individual perovskite NCs in the ensemble. To examine the effect
of different charge configurations on AFEp;, we perform numerical simulations of
different distributions of photoexcited charges and the resulting TQW confining
potentials (Figure . For simplicity, we consider a 1D potential along the line
going from the centre (at z = 7 nm) to the two opposite sides (at z = 0 and 14

nm) of the cubic-shaped NC. Also, we place the charges only on the two opposite

a) 0.05 b) 0.05

s infinite uniformly charged surface
random positions of 5 charges

0 0

-0.05 -0.05

E (eV)
E (eV)

=

-0.15

-0.2

z (nm) z (nm) z (nm)

Figure 6.8. a) Electrostatic potential generated by 5 charges randomly
distributed on 1 side of a perovskite NC calculated for 100 random config-
urations of charges (red lines). This is compared with the potential of an
infinite uniformly charged plane with the same charge density (blue line).
The same calculation done for b) 5 charges on each side of the NC and
¢) random number of charges on each side with total number of charges
N, = 10. Simulations performed by Miss Joni Wildman and Dr. Oleg
Makarovsky.
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sides of the cube.

When all the charges are located on one side of the cube (closest to graphene
in the FET), the resulting electrostatic potential, calculated using 100 randomly
generated configurations of charges (red lines), is qualitatively similar to the po-
tential generated by an infinite uniformly charged plane with the same density
of charge (blue line, Figure [6.8). When an equal (Figure [6.8p) or random
(Figure ) number of charge is placed on opposite sides of the cube, the un-
certainty resulting from different charge configurations increases. The main effect
of this uncertainty is a reduction of the TQW confining potential, which could
lead to a smaller observed PL energy shift for some NCs in the ensemble. Note
that the estimated number of perovskite NCs in the ~1 um laser spot is > 1000.
Thus, there can be a wide range of different charge configurations present in every
experiment resulting in a weaker PL shift as well as an increasing time-dependent

broadening of the PL peak observed in our experiments.

6.7 Phenomena affecting charge dynamics

Slow dynamic processes in semiconductor NCs are typically associated with
deep surface traps. These are responsible for a number of quantum phenomena
such as QD blinking [197]. Blinking (or PL intermittency) is a well-known phe-
nomenon in colloidal QDs and it is also related to non-radiative recombination of
carriers on surface charge traps [198], see Section for details. Recent find-
ings of a blinking effect in inorganic perovskite NCs [199] demonstrate a similarity
between colloidal QDs and perovskite NCs, underlining the importance of probing
quantum confinement effects for the understanding of the optical response in these
systems [115,|199]. Interestingly, an electrically induced Stark effect was recently
reported in CsPbX3 NCs, where it was also accompanied by PL quenching and
was explained using the electric field dependence of the PL intermittency effect

[117]. Trapping of one type of carrier on the surface of perovskite NCs can result
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in the formation of an electrostatic potential, which in turn can strongly affect the
performance of optoelectronic devices such as graphene-based FETSs [20, 120] and

perovskite-based solar cells [22].

Further to surface-related effects, a slow photoresponse can also be caused by
bulk properties. For example, another mechanism proposed to explain a reversible
PL quenching under light exposure is light-induced segregation of iodine- and
bromine-rich regions within the mixed halide perovskite crystal and migration of
iodine ions [1124114) 200]. Manifestation of this effect is rather random, with
a long (minutes) light exposure leading to a PL intensity decrease [112, [113],
and/or increase [114] or redistribution of PL intensity between the PL bands
associated with bromine- and iodine- rich NCs [200]. Photoinduced iodine ion
migration in CsPbXj films causing exciton trapping in iodine-rich regions was
used to explain a red shift of the PL peak [113] 201] and in NCs the loss of iodine
ions through bond breaking was used to explain a blue shift [202]. However,
reversible migration of iodine ions has not been observed in individual perovskite
NCs [112]. Photodegradation of individual NCs has also been reported and it
manifests as an irreversible blue shift and quenching of the PL emission ascribed
to a photo-accelerated reaction with water [203]. The complete reversibility of
optical properties observed in our work (Figure —f ) allows us to exclude ion

migration and NC degradation effects.

The Stark effect model explains our reversible experimental results well,
excluding photobleaching, photodegradation and ion migration effects, which in
contrast lead to irreversible or partially reversible properties [112-114, 200-203].
The fully reversible effects here are caused by the presence of defects and charge
trapping over a time scale longer than the time for migration of photo-generated
electrons toward the surface, resulting in a slow temporal dynamic of the PL
emission. As the defect forms and electrons accumulate on the surface, the internal

electric field increases, causing a gradual red shift of the PL emission with time.
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The low excitation power used in our work and full recovery of the PL signal in
our experiments allow us to exclude the partially reversible PL decay observed
at high excitation laser powers in bulk crystals |[112] as well as photodegradation
and bleaching effects observed at high excitation power and/or high temperatures

(T > 400 K) [106} [115].

Another possibility for the observed quenching of PL and red shift of the
peak emission is the migration (or diffusion) of excitons between neighbouring
NCs [204]. In general energy transfer responsible for exciton migration occurs via
three mechanisms [205]: cascade transfer (radiative photon reabsorption); Dexter
transfer (electron exchange interactions); and Forster resonance energy transfer
(FRET) mediated by Coulomb interactions between a donor and acceptor via
dipole-dipole coupling [206-208]. Energy transfer in direct band gap semiconduc-
tor NCs is typically described by FRET [209], which requires a spectral overlap of
the emission of the donor NC and absorption of the acceptor NC as well as a small
(1—10 nm) spatial separation [205]. We also note that the layer of perovskite NCs
in these studies does not conduct in the dark and under light (see Section [5.2)),
thus suggesting that the probability for charge carriers to redistribute within the
ensemble of NCs (e.g. via Dexter transfer) should be small even at room tempera-
ture. It has been reported in colloidal CsPbBr3 NCs that there is effective energy
transfer from smaller to larger NCs, which results in a red shift of emission and
increased exciton lifetimes [208]. This leads to a larger number of excitons per
NC according to Equation [6.5] and also results in an increased probability of
non-radiative exciton-exciton annihilation and thus quenching of the PL emission
[204], |210]. Whilst our PL measurements, when considered in combination with
previous electrical studies of graphene/perovskite NC transistors (Chapter |5)),
suggest a defect state trapping process that leads to a build up of charge in the
NC and consequently a Stark effect, we cannot rule out the possibility of exciton

migration in these PL studies.
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6.8 Summary

Time-dependent optical studies were used to probe the dynamics of photoex-
cited charges in all-inorganic caesium lead halide CsPbX3 NCs. We have shown
that the slow (minutes) formation of positive charges on the surface of the NCs
significantly affects the NC optical response. This behaviour is ascribed to a light-
induced time-dependent Stark effect and is well described by a simple quantum
mechanical model of the confined energy states of a CsPbX3 NC. It is important
to emphasise that the presented effect is fully reversible and recoverable. The
decay of the PL signal is accompanied by the time-dependent red shift of the PL
peak position and broadening of the PL spectrum. The results of optical mea-
surements are supported by the behaviour of photocurrent in CsPbX3/graphene
hybrid devices. The similarity of the temporal dynamics are due to the trapping
of photo-generated charges on the NC surface defect states. Thus, it is different
from previously reported ion migration and other bulk effects causing irreversible

or partially reversible lattice modifications.

The combined optical (PL) and transport (photocurrent) studies of pho-
toexcited charges in hybrid low-dimensional devices, such as CsPbXj3/graphene,
provides a versatile tool for probing the charge dynamics in these systems. This in-
formation is essential to improve the performance of perovskite based devices and
explain the performance of parameters, such as photoresponsivity and response

time.
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7 Blue perovskite NCs: UV detection and mea-

surements in high magnetic field

7.1 Introduction

This chapter reports on the use of ‘blue’ CsPb(Br/Cl); perovskite NCs as an
optically active layer in hybrid perovskite/graphene UV-specific photodetectors.
These devices exhibit high photoresponsivity up to 10° A/W in the UV range and
an apparent enhancement of the graphene field effect mobility. The role of sub-
strates on graphene photoresponse in the UV spectral range is also investigated.
Blue perovskite NCs/graphene FET's were also selected for the study of the effect
of strong magnetic fields (up to 60 T) on the charge transport and charge transfer
dynamics. A magnetic field induced charging/discharging of perovskite NCs on
graphene is reported for the first time and modelled similar to the electric field
gating with the 2C model (see Section . Transport and optoelectronic char-
acterisation of these devices were carried out following the procedures described
in Sections and [4.8] A description of the magneto-transport measurements

performed is found in Section [4.7.4!

High pulsed magnetic field measurements up to 60 T were conducted at
the Laboratoire National des Champs Magnétiques Intenses (LNCMI) [211] in
collaboration with Dr. Walter Escoffier, Prof. Michel Goiran and Dr. Mathieu
Pierre. High quality pristine CVD graphene FETs were provided by collaborators,
Dr. Camilla Coletti and Dr. Vaidotas Miseikis, in the NEST laboratories at the

Istituto Italiano di Tecnologia, Pisa, Italy [212].
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7.2 Blue perovskite NCs

In order to fabricate a UV-specific photodetector with high responsivity in
the UV range, we employed the same hybrid planar graphene FET architecture, as
in Section but with a modified perovskite NC composition (Figure [7.1j).
The halide content of the NCs was tuned to a mix of bromine and chlorine ions
(CsPb(Br/Cl)3), resulting in blue photoluminescence emission (~460 nm) under
UV excitation (Figure ) The composition of ligands used for passivating
the NCs was also changed with bromophenylmethyl (BPM) replacing the pre-
viously used IDA ligands to improve the long-term stability of the NCs. The

halide-incorporating ligands are known to bind more strongly to the surface of the

a)

Graphene

— Pristine Gr
—— Gr + CsPb(Br/Cl),

0 20 I 40
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Figure 7.1. a) Schematic of the structure of CsPb(Br/Cl); perovskite
NC and graphene FET photodetector. Credit: Viktoriya Kernytska. b)
Image of the NCs in hexane solution under UV (Aex = 365 nm) illu-
mination. c¢) Representative TEM and HRTEM (inset) images of the
CsPb(Br/Cl); NCs. d) Room temperature dependence of the longitu-
dinal resistivity, p.,, on applied gate voltage, Vj, of a pristine graphene
device before (grey line) and after deposition of the CsPb(Br/Cl); NCs
(blue line). Black arrows indicate V, sweep direction. Inset: optical mi-
croscope image of short graphene Hall bar.
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perovskite crystal [213]. As seen previously with the CsPbX3 NCs (see Figure

), these blue perovskites also form cubic structures, with an average size of

16.4 £ 0.3 nm (Figure [7.1fc).

Upon deposition of the NCs on a graphene short Hall bar FET (inset of
Figure ) there is a n-type shift of the charge neutrality (Dirac) point, V;]N P
and huge anomalous hysteresis, AVgN P between forward (negative to positive V)
and reverse (positive to negative V) sweeps of gate voltage (Figure ) Depo-
sition of the NCs led to the average position of the Dirac point shifting from —5 V
to —18 V and the hysteresis increasing from ~1 V to 46.5 V for a maximum gate
voltage sweep, V" = £50 V, and sweep rate of 0.2 V/s at room temperature.
This is the same phenomenon that was observed in perovskite NCs with iodine
and bromine ions (see Section [5.3), further confirming the attribution of this

effect to Pb-related defect states [120].

7.3 Enhanced field effect mobility of blue perovskite/ graphene
FET

A strong dependence of AV;}N P on the maximum sweep value, Ve is also
observed in these devices (Figure [7.2ja) and is comparable to the effect observed
on previous CsPb(Br/I);/graphene devices (see Section [5.3). However, this time
instead of increasing the maximum applied gate voltage, V,"**, to maximise the
hysteresis we instead reduce V;"** in an attempt to confine the hysteresis within a
small V; range. The reduction of V,"** leads to a strong asymmetry of p,.(V,) for
the forward and reverse sweeps. The peak of p,, (V) near the Dirac point becomes
much more narrow for the forward sweep due to its close proximity to the edge of
the V;, sweep range (Figure ) This corresponds to an apparent enhancement
of the field effect mobility calculated using the maximum slope of 0,,(V}) in the

vicinity of the Dirac point (see Section [3.1)).

90



o, (ko)

b)

He, (MIVS)

c)
3] Vv 3 High gee Low peg
—— Forward sweep
—— Reverse swee
2 \ Q 2] p
e
=
14 Q- 14
3 0l ‘ ‘ ‘ ‘
40 -40 20 0 20 40
vV (V)
g
8- 8+
6 —b—u, (Forward) NE4_
—P— 4, (Forward) (é
1 —l—u (R o
4 » u, (Reverse) q._‘:a”o
\ —4— u (Reverse) e Q
‘ (&) gate
20 T —— —aQ
] ] per
) T 4 — Qg6
0 T T T T T T T T T
10 20 30 40 50 -40 -20 VOV 20 40
V;"a’ (V) , V)
Figure 7.2. a) Room temperature dependence of the longitu-

dinal resistivity, pg., on applied gate voltage, V,, of the hybrid
graphene/CsPb(Br/Cl); FET for different maximum gate voltage sweep
values, V™. Arrows indicate sweep direction. b) Comparison of the
electron and hole field effect mobilities (p. and py, respectively) versus
the maximum applied gate voltage, V,"***, for both the forward and re-
verse sweeps. ¢) A model of a V" = £50 V sweep (top) from (a) and
the corresponding charge in the gate (Qgaze), graphene (Qsr¢) and per-
ovskite (Qper) as calculated using the 2C model (bottom). Vertical dashed
lines indicate charge neutrality (Dirac) points at which Qgrq = 0 for the
forward and reverse V, sweeps.

In Figure we plot the calculated electron and hole mobilities, j. and

pn, respectively, for both the forward and reverse sweeps as a function of V"""

The electron mobility, u. ~ 20,000 cm?/Vs, is the same for both the forward

(blue curve) and reverse (green curve) sweeps until V,"** = 10 V, where the

strong narrowing of the forward sweep Dirac point peak results in a doubling of

the electron field effect mobility (. ~ 40,000 cm?/Vs). The value of the hole

mobility is significantly different for the forward and reverse sweeps. The forward

sweep is compressed by the maximum negative sweep voltage, whereas the reverse

sweep Dirac point is far away from the edge of the V, sweep range and is therefore
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less affected. The hole mobility for the forward sweep is artificially enhanced by
the compression and reaches a maximum of p, &~ 82,600 cm?/Vs, which is a record
high value for CVD graphene and similar to the mobility of the best exfoliated
graphene layers [45]. This hole mobility is ~ 10x larger than for the reverse
sweep and almost 13X larger than the original pristine graphene hole mobility

(un ~ 6,500 cm?/Vs).

This pa.(V,) compression phenomenon can be well explained using the 2C
model (see Section [5.5)) by the difference in gradient of the charge curve for
graphene, (Qs.g, as it crosses the Dirac point i.e. zero charge carrier density

(Figure [7.2c). Note that ppp is calculated using the slope of 0,,(V;) close to

the Dirac point, i.e. in the region where ;7" has a maximum (see Section (3.1
g

and Figure [3.1p). In the case of constant mobility (upp = const.) o(V,) o

n(V,) < Qsra(V,). However, d%f/jc changes significantly depending on V;"** and
the direction of the V, sweep, which produces an ‘eye’-shaped curve, as shown in
Figure [7.2c. The ‘eye’ curve has a larger gradient close to the edge of the sweep
range than near the centre of the curve and thus, if the Dirac point (Qsrq = 0) is
positioned close to the edge, ppg is larger. This finding explains the large (up to
factor of 13) difference of ppgp measured in graphene FETs with a large density of
slow charge traps (i.e. perovskite NCs). We envisage that this effect is not exclu-
sive to perovskite/graphene devices and can be observed in other materials with
high density of charge traps and slow charging/discharging times leading to large

uncertainty in prg estimated for these devices. Alternatively, carrier mobility can

be determined directly through the Hall effect (discussed in Section [7.7)).

7.4 UV-specific perovskite/graphene photodetector

To evaluate the potential of CsPb(Br/Cl); functionalised graphene devices as
a UV-specific photon detector, we examine the wavelength response of the device

using a UV-monochromator in a DC photocurrent measurement (see Section
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. A measurable response of the device is recorded at Ae ~ 460 nm and
extends into the UV range down to Aex = 300 (Figure [7.3p). We note that the
positive photoresponse (13 ~ 10 s) is counteracted by a slow, negative fall of the
current (75 > 1 min). Partial recovery of this slow effect is shown in the inset of
Figure [7.3a. The complete recovery of the device to the initial dark state value
was observed after 48 h in the dark. The origin of the slow negative response is
yet to be understood and could be due to a secondary effect in the perovskite NCs
that causes photogating of the graphene. We exclude a substrate photoresponse
as the incident light power density (Pp ~ 4 —5 nW/mm?) is lower than that

initiating substrate effects (see Section [7.5]).

The device has high photoresponsivity, R > 10 A/W, at excitation wave-
lengths Aex = 250, 405 and 450 nm (see Figure ) and a power law dependence
of R ~ P7%56 During measurement of the photoresponsivity, the slow secondary
effect was noted where the photocurrent changed sign at higher powers. In order
to measure this effect in more detail, long exposure times (t., = 25 mins) were
used (Figure ). At low power density, Pp = 0.15 nW/mm?, the photocur-
rent is positive. Since the graphene is n-type in the dark (from Section ,
positive photocurrent implies a further n-type shift of the Dirac point, suggest-
ing that photoexcited electrons are transferred into graphene, which is similar to
the observations for CsPbl;/graphene devices (Section [5.6). As the excitation
power is increased to Pp > 1 nW/mm? the photocurrent reaches a maximum
positive value and then starts to decrease. The magnitude and the rate of the
decrease inversely depend on the laser power. The response times at Pp = 74
nW/mm? are Tf,5 ~ 8 s and Ty ~ 64 s for fast (positive) and slow (negative)
components, respectively. The fast initial positive response is ~ 5x slower than
compared to CsPbls/graphene detectors discussed in Section . The reason
for different times could be due to the use of different ligands, which can lead to a
difference in potential barriers between the NCs and graphene, possibly leading to

different response times. Interestingly, at even higher power (Pp = 74 nW/mm?)
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Figure 7.3. a) Dependence of source-drain current, Iy, on time for
exposure of the CsPb(Br/Cl)s/graphene detector to different excitation
wavelengths measured using the UV-enhanced monochromator (Pp ~ 4 —
5 nW/mm? for all wavelengths). b) Photoresponsivity, R, dependence on
the incident power on the sample, Piample, for Aex = 250,405 and 450 nm
light sources for fast, positive photocurrent. ¢) Dependence of normalised
photocurrent on time under exposure to different powers of excitation at
Aex = 405 nm with t., = 25 mins (light ON represented by light blue
block). d) Dependence of R on Pimple for Aex = 405 nm, as calculated
from the maximum positive (unnormalised) photoresponse results shown

in (c)).

the photocurrent starts to increase again, which could indicate yet another effect
and demonstrates the complexity of the behaviour of these devices at high energy

excitation. Hence, we are unable to evaluate the device performance at higher

powers.

The photoresponsivity calculated from the maximum positive photocurrent

reached during the t., = 25 mins exposure is shown in Figure [7.3d, corre-
sponding to R = 2 x 10° A/W at A\, = 405 nm. The power dependence of

the responsivity for the long exposure measurements is described by R ~ P06

94



and is different from the initial power dependence (see Figure ) The re-
sults in Figure clearly show that the power dependence depends on the
point at which the value of photocurrent is recorded and is comparable to the
power dependence for PL quenching and photocurrent observed in Section [6.5
for CsPb(Br:1=2:3);3/graphene devices and is ascribed to the Pb-defects on the
NC surface [120]. Further studies are required to clarify the mechanisms respon-
sible for the complex temporal behaviour in these devices under exposure to UV
light, but is likely due to light-induced activation of deep levels with long carrier

trapping/de-trapping times.

7.5 Selecting substrates for UV detection

Silicon substrates, used in graphene FETs, can photogate the device under
excitation within the silicon’s absorption range [152, [167], as well as possible
ionisation of defects within the SiO; layer under high energy UV excitation [169,
170]. In order to confirm that the photoresponse of the perovskite/graphene device
was due to the perovskites and not a substrate induced effect we attempted to

quantify the photoresponse on different graphene FETs.

A very fast (¢t < 0.1 s) response was observed for graphene FET devices on
Si/SiO, substrates (Figure [7.4h) across all wavelengths with R =~ 0.15 A/W,
which is likely due to the absorption of graphene [138| [139]. However, we also
observe a slow (7 > 2 mins) secondary response that is more pronounced at higher
energies and becomes dominant at Ao, < 635 nm. This effect is attributed to
the generation and accumulation of photoexcited carriers at the SiO4/Si interface
[167], causing a photogating effect. We also note that UV excitation with high
power can cause irreversible bleaching of the device, resulting from the irreversible
migration/loss of iodine ions from the NCs [112]. UV bleaching is also observed
in typical SiC-grown graphene devices, which were provided to us by Prof. Sergey

Kubatkin’s group from Chalmers University of Technology, Sweden [214]. These
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Figure 7.4.

a) Layer structure (top) and optical image (bottom) of

graphene/SiO,/Si FET and its photocurrent measured under different ex-
citation wavelengths (P = 0.6 W/cm?) with enhanced figure for \e, = 808
and 1060 nm and subsequent relaxation of photoresponse below. b) Layer
structure and optical image of a SiC graphene detector and fast initial
change of I,; under UV excitation (P ~ 20 mW/cm?) and longer re-
sponse under the same conditions. ¢) Layer structure and optical image
of mechanically exfoliated and stamped graphene/hBN /sapphire device
(provided by Dr. Zakhar Kudrynski) and corresponding I;; under high
power excitation (P ~ 2 W/ecm?) at A, = 405 nm.
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devices show a fast (¢t < 0.1 s) response of graphene accompanied by a slow

irreversible response (Figure [7.4)b), which we cannot yet fully explain.

As a potential alternative UV neutral substrate we examine a graphene
device on a sapphire (Al;O3) substrate. No measurable photocurrent was observed
under high excitation power density of Pp ~ 2 W/cm? at Aoy = 405 nm (Figure
[7.4lc). Sapphire is a wide gap dielectric with a band gap of ~7 eV (180 nm), which
can vary depending on the crystalline structure [215], hence it is not optically
active under our experimental conditions. For devices using sapphire as a dielectric
substrate, a top gate is needed for electrical gating, but for photodetection this

isn’t necessary.

The substrate related photoresponse discussed here occurs only at relatively
high powers (Pp > 1 mW /cm?), which is over 5 orders of magnitude higher power
than that corresponding to the maximum sensitivity of the perovskite/graphene
devices. Hence, these effects do not contribute to the device performance in exper-
iments below this power threshold (P, = 1 mW/cm?). However, higher power

applications would require the use of alternate substrates such as sapphire.

7.6 Magneto-transport of CsPbX;/graphene FETs

We have previously explored the charge transfer behaviour of CsPbXj/
graphene FETSs in the presence of an electric field and/or under electromagnetic
excitation. Here, we explore the effect of an applied magnetic field on charge
dynamics. The measurements in high magnetic fields, up to 60 T, were per-
formed at the Laboratoire National des Champs Magnétiques Intenses (LNCMI)
in Toulouse and therefore required the device to be mounted onto a non-magnetic
header (Figure [7.5[). Initial electrical characterisation performed in Notting-
ham (Figure [7.5p) confirmed that the device had very similar properties to the
CsPb(Br/Cl)s/graphene device in Section To ensure the full coverage of the
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graphene Hall bar device with perovskite NCs, we deposited a thick layer of NCs
(Figure[7.5k). The R(V,) hysteresis was observed at T' > 200 K and, as expected
from previous studies, was not present at lower T, where the device performance is
comparable to that of a pristine graphene FET (Figure [7.5fc). Furthermore, the

device demonstrates behaviour expected for pristine graphene in applied high mag-
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Figure 7.5. a) Optical microscopy images of a graphene Hall bar de-
vice decorated with CsPb(Br/Cl)s NCs (top) and mounted onto LNCMI
non-magnetic header (bottom). b) Room temperature dependence of
the longitudinal resistivity, p,,, on applied gate voltage, V;, for a pris-
tine graphene device (grey line) and after deposition of a thick layer of
CsPb(Br/Cl)s NCs (blue line). Area of device in 4-terminal configuration,
A =5x 12 pm?  Arrows indicate V, sweep direction. ¢) p..(V,) char-
acteristics measured at different temperatures. Arrows indicate V, sweep
direction. d) Longitudinal, p,,, and transverse, p,,, resistivities of the
device as a function of applied magnetic field measured at T' = 4.2 and
290 K. Black dashed lines represent the quantised Landau levels for p,,
corresponding to the v = 1,2 and 6 filling factors.
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netic field at low T, revealing defined QHE plateaus in the transverse resistivity,
Pay, and corresponding minima in the longitudinal resistance, p,,, corresponding
to v = 1,2 and 6 Landau levels (Figure [7.5d). At room temperature the QHE
plateaus are not observed, instead a linear increase of the classical Hall voltage was
measured with increasing B. Also, a ~ B? increase in p,, and weak Shubnikov-de

Haas oscillations were observed (Figure [7.5d).

It is apparent from these results that there is no perovskite-induced magnetic
field related phenomena present under these conditions. However, it is important
to note that in pulsed magnetic fields (B < 60 T) the device is only exposed
to high magnetic fields for very short times (~ 100 ms). Charging of the NCs
through electric field gating typically takes > 100 s (Section and optical
charging/discharging has an effective time on the order of ~10 s (Section .
Thus, it is possible that the pulsed field duration is too short for any perovskite-
related effects to be observed. Furthermore, all charge transfer between NCs and
graphene measured thus far (electric field- and light-induced) has only been present
at high temperatures (7" > 200 K). However, quantum effects, such as the QHE,
are strongly temperature dependent and are typically not observed at T° > 200
K, with only one report of QHE in graphene at room temperature [216], which
was achieved on exfoliated graphene with high mobility (4 =~ 10,000 cm?/Vs).
Hence, the difference in T-range for NC-induced charging effects and quantum
effects observed in graphene is likely preventing the observation of NC-induced

quantum effects.

The original idea of the B < 60 T experiment was to study the possible
charge transfer effects in the quantum Hall regime. This effect can lead to a giant
QHE v = 2 plateau and has been observed in SiC-grown graphene [217] as well
as CVD graphene/InSe heterostructures [36]. However, the giant QHE plateau is

observed only in T' < 200 K, making it impossible to observe in our devices.

Large uncertainty of carrier concentration, n(V;), and field effect mobility,
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Figure 7.6. a) Schematic of the sequence used for pulsed B field mea-
surements (top) for the continuous gate voltage sweep (bottom) with
Vet = £50V (sweep rate 0.1 V/s, T = 290 K). Pulsed magnetic field
(~ 1000 T/sec) measurements of R,, during uninterrupted V, sweeps in
the b) forward direction (Vj changing from —50 V to +50 V) and c) re-
verse direction (V; changing from +50 V to —50 V). R,, measurements
taken at the same V}, have the same colour in (b) and (c). d) Data points
represent Hall carrier concentration calculated using R,, data presented
in (b) and (c). Arrows indicate forward and reverse direction of the Vj
sweep. Solid lines represents the two n(V,) models: conventional 1C model
(magenta) and 2C model (green) with 7 = 350 s.

pure(Vy), discussed in Section could be eliminated using ultra fast Hall effect
measurements. At LNCMI we have developed a novel method of measuring n(V,)
for the perovskite NC/graphene device ‘on the run’, which consists of continuously
sweeping the gate voltage at a constant rate and constant maximum gate voltage
so that the system is in a stable hysteresis loop (Figure ) A small magnetic

field ‘shot’ of B = 6 T in < 100 ms is then taken at evenly spaced gate voltage
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values for both the forward and reverse sweep, as illustrated in Figure [7.6f; the
numbers in the figure correspond to the linear plots of R,,(B) in the forward
sweep (Figure [7.6]p) and reverse sweep (Figure [7.6fc). Positive and negative
R, correspond to electron and hole conductivity of graphene, respectively. From
the gradient of R,,(B) we get Ry, which is inversely proportional to the carrier
concentration (see Section [3.3). The data points for carrier concentration are
plotted as a function of gate voltage with a comparison of the carrier concentration
calculated using the 1C model and 2C model with a time constant 7rc = 350 s
(Figure [7.6d). According to the 1C model used to describe the behaviour of a
graphene FET, the carrier concentration increases linearly with V; (see Equation
. However, the data is better fit using our 2C model, which takes into account
the presence of the NCs on graphene. The ultra fast Hall measurements provide

an independent proof of the 2C model.

The ‘High T mag’ system (Sections|4.7.3|and |4.7.4]) allows slow (~4 mT/s)

ramping of B field (B < 16 T), as well as continuous B field measurements. In
order to confirm the presence of a magnetic field charging effect in the NCs the field
was swept to B = 16 T and held at constant field for up to 2 h before decreasing B
to zero. A measurable hysteresis in R,, is observed at room temperature (7" = 290
K) and not at 7" = 200 K (Figure [7.7h). To quantify the hysteresis we plot
the difference in R,, between the up and down sweep, calculated at different T’

(Figure [7.7b) as
AR,, = R — R, (7.1)

The hysteresis increases with temperature above T" ~ 200 K. This depen-
dence is analogous to the electric field effect hysteresis (Section and pho-
tocurrent temperature dependence (Section observed for CsPbX3/graphene
devices. These results provide further evidence of the suppression of charge trans-
fer from the NCs into graphene at low (7" < 200 K) temperatures (Section [6.4))

and could indicate that the same Pb-defect states are responsible for light, electric
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Figure 7.7. a) Dependence of the hysteresis of R,, on magnetic field
at ' = 200 K (blue line) and 7' = 290 K (red line) with magnetic field
held at B =16 T for 2 h between up and down sweeps. b) Difference in
resistance, AR,, measured for up and down sweeps of B as a function of
applied magnetic field at different temperatures. c¢) Temporal change of
R,, and B for the magnetic field measurement that quenched at B = 16
T. d) Change of R,, over time after the magnet quench highlighted by
the rectangle in (c¢) with bi-exponential fit for the time constants. Inset
shows a normalised plot of conductivity o,, versus time for the secondary
relaxation time (1 min after quench).

and magnetic field mediated processes.

During one of the magnetic field sweeps a quench of the superconduct-

ing magnet was unintentionally triggered causing the field to rapidly decrease

(tquench < 1s) from B =16 T to 0 T (Figure ) This gave us a unique oppor-

tunity to directly measure the relaxation time of the magnetic field charging effect

(Figure [7.7d) from the R,,(t) data after the quench (highlighted by rectangle in

Figure [7.7k). A bi-exponential fit was used to find the time constants associated

with magnetic field relaxation revealing an initial fast relaxation 7,,,41 ~ 50 s and

a slower relaxation 7,,q42 =~ 540 s. To confirm the magnetic time we plot the log of
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the normalised conductivity after 1 min to allow time for the system to settle after

quenching and obtain a single slow exponential with magnetic time, 7,,,4 ~ 500 s.

7.7 Hall mobility, carrier concentration and the 2C model

The slow charge dynamics that cause the hysteresis of 0,,(V},) observed in
the CsPbX;/graphene devices is affected by applied magnetic field (Figure [7.8a).
In low fields (B =1 T), we observe a small decrease in the hysteresis of the Dirac
point, AV;]N P~ 2V, and a small decrease in the conductivity relative to zero
field. However, at B = 16 T the 0,,(V})-dependence is shallower, likely due to
magnetic field induced confinement of charge carriers. The shape of 0,,(V}) also
changed dramatically with extra minima appearing on either side of the Dirac
point, where the Fermi level, Er, is in resonance with the v = 2 Landau level
[216]. The magnetic field effect on AVgN P hysteresis can be seen from the voltage

separation between the minima in o,,(V}) peaks for forward and reverse V, sweeps

(Figure|7.8a), which also corresponds to the point at which Ry = ng = X% =0

and the conductivity in graphene changes polarity (Figure [7.8b).

Hall mobility, p, was calculated from o,,(V,) (Figure [7.8a) and Ry (V)
(Figure [7.8b) using Equation and plotted as a function of V, (Figure
7.8¢). The uy(V,) has a maximum value of gy = 31,000 cm?/Vs for the forward
V, sweep and g = 19,000 cm?/Vs for the reverse sweep, which is on average ~2x
higher than the field effect mobility calculated using the 1C linearisation model
Figure [7.8/d. This measurement also revealed an asymmetry in carrier mobility
near the Dirac point (Figure [7.8g). The carrier concentration was extracted from
Ry (V,) and compared to the 2C model (Figure [7.8f) with RC times 7rc = 350 s
and Tpe = 550 s for B=1T and B = 16 T, respectively, which fits the data well,
particularly at negative V,; values. We note that the fitting time for B = 16 T is
very similar to the measured magnetic relaxation time 7,44 ~ 540 s from Figure

7.7f. We are not aware of any experimental or theoretical studies of a ‘magnetic
Yy €xp g
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time’ in graphene FETs and currently do not have a model for this effect.
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Figure 7.8. a) Dependence of o,, on applied V, of the hybrid
graphene/CsPb(Br/Cl); device at B = 0,1 T and 16 T (T = 290 K).
Arrows indicate direction of V,, sweep. b) Hall resistance, Ry, versus Vj
at B=1Tand 16 T (T' = 290 K). Arrows indicate direction of V, sweep.
c) Hall mobility, gy, as a function of V,; calculated from the product of

the B = 0 T longitudinal conductivity and the B = 1 T Hall resistance

(T = 290 K). Arrows indicate direction of V; sweep. d) o,,(V,) depen-

dence and its linear fits at B = 1 T used to calculate field effect mobility of

charge carriers near the Dirac point for forward (4) and reverse (-) sweeps
(direction indicated by arrows). e) Summary of the measured Hall mobil-
ity and calculated field effect mobility of electrons and holes. f) Carrier

concentration versus V, at B = 1 T and 16 T calculated from the Hall

effect measurements shown in (b) (data points) and calculated using the
2C model (solid lines). Arrows indicate direction of V sweep.
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7.8 Summary

In this chapter we have studied fundamental properties of SLG decorated
with CsPb(Br/Cl)3 perovskites and the potential of these hybrid graphene-based
structures for UV detection applications. We achieved high responsivity R =~
2 x 105 A/W in the spectral range below the absorption edge of the NCs (~ 460
nm) and deep into the UV (250 nm). However, the photocurrent in the device
showed a complex behaviour with an initial increase in photocurrent followed by
a fall in the current as the illumination power was increased. Unfortunately, we

were unable to determine the cause of this secondary effect, which is reversible.

For the first time, we explored the effect of an applied magnetic field on
perovskite/graphene FETs. We found that there is a measurable magnetic field
dependent hysteresis in the Hall resistance of graphene fuctionalised with per-
ovskite NCs, which is activated at temperatures above T' ~ 200 K. We intro-
duced a new characteristic time, namely ‘magnetic time’, which is relevant to the
charge transfer processes in perovskite NC/graphene devices and mediated by the
presence of an applied magnetic field; at B = 16 T this time was 7,44 = 500
s. This effect is analogous to the charging/discharging processes in perovskite
NC/graphene systems generated by electric field and light and this behaviour was
in good agreement with the used 2C model. Thus, slow charge transfer processes
in our perovskite/graphene devices can be associated with three different charac-
teristic times, which are: optical, 7,;, =~ 10 s; electric 7; =~ 300 s; and magnetic

Tmag ~ 500 s for CsPb(Br/Cl); NCs.

Complexity of the studied charge transfer processes and their dependence
on electric and magnetic field sweeping rate as well as on the incident light and
temperature was mitigated by the developed measurement techniques. For the
first time, we used pulsed field (B < 60 T) facilities at LNCMI for instantaneous

Hall measurements during uninterrupted cyclic sweeping of gate voltage. Mea-
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surements in Nottingham in slowly (~4 mT/s) changing and constant B fields
helped to verify the results obtained and accurately measure the magnetic time,
Tmag- Our findings and novel experimental techniques improve the understanding

of charge transfer processes in graphene-based low-dimensional heterostructures.
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8 Inkjet-printed graphene devices

This chapter reports on the characterisation of inkjet-printed graphene ink
(iGraphene) and its use for scalable electronic and optoelectronic device applica-
tions. There are 4 main types of printed devices used in these studies: (i) individ-
ual printed droplets on patterned gold contacts (Section [8.2.1)); (ii) multi-layer
printed stripe devices (Section [8.2.2)); (iii) hybrid perovskite/iGraphene devices
(Section [8.3)); and (iv) printed graphene as a contact material for other 2D ma-
terials (e.g. InSe) (Section [8.4]). These 4 types of iGraphene devices demonstrate

different transport behaviour, which is discussed throughout this chapter.

Inkjet-printed devices were provided by Dr. Feiran Wang and Mr Jonathan
Austin from the Centre for Additive Manufacturing at the University of Notting-

ham.

8.1 Introduction

Liquid exfoliation offers an alternative method of producing 2D materials
[218,219], which can be formulated into printable inks for additive manufacturing
technologies [220]. Inkjet printing offers a scalable route to device fabrication on
various substrates, including flexible and/or stretchable substrates [221], 222] and
wearable electronics [69, [223]. Of particular interest is the printing of multi-layer
heterostructures and mixing of iGraphene with other low-dimensional materials
(e.g. CsPbl; NCs [224]) for printable optoelectronics [69]. A fully inkjet-printed
iGraphene/hBN transistor with silver nanoparticle contacts has already been re-
alised with mobility, u ~ 20 cm?/Vs [225] and graphene printed directly on a
Si/SiO, substrate has reached p = 95 cm?/Vs [226]. In general, the printed
networks consist of disordered arrays of nanosheets, which show some degree of
in-plane alignment [227]. The morphology can vary from closely packed to highly

porous and depends on many factors including ink formulation, nanosheet size,
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printing droplet size and drying conditions [226-228]. The network morphology
determines the nature of the junctions connecting the individual nanosheets and
is particularly important when looking at the transport of charge carriers through
the network. In iGraphene networks the transport across junctions, referred to
as inter-flake transport, is expected to be via quantum tunnelling or hopping
across the tunnel barrier between flakes [229]. The transport within the flakes, or
intra-flake transport, is likely to be similar to transport within single or few-layer
graphene. The combination of the inter- and intra-flake conductivity determines
the overall transport properties of the network. However, the transport mech-
anisms that govern the properties of these iGraphene networks are still largely
unknown and to my knowledge a universal transport model has not yet been

developed for iGraphene.

8.2 iGraphene FETSs

8.2.1 Electrical properties of single- and multi-droplet iGraphene FET's

In this study, graphene inks containing liquid exfoliated few-layer graphene
flakes (average size of 2590 nm?) and ethyl cellulose (EC) dispersed in a cyclohex-
ane/terpineol mixture were used for drop-on-demand inkjet printing (see Section
. Where possible, the printed iGraphene devices were annealed at T" = 250
°C in vacuum for 2 h to evaporate most of the solvent, reduce defect density in

the graphitic lattice and improve interlayer organisation [225].

In order to characterise the electrical properties of the type (i) iGraphene
a single droplet was printed onto pre-patterned interdigitated gold contacts on
Si/SiO, (OFET) (inset of Figure [8.1f). These devices provide an excellent plat-
form for creating electrical contacts to a single droplet and allow measurements of
the resistance as a function of gate voltage, Rsq(V}), of the channel, comparable

to a standard graphene FET. Ry; was calculated from two-terminal measurements
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Figure 8.1. a) Current versus applied voltage for a single graphene
inkjet-printed droplet on 5 ym channel OFET at room temperature (T' =
293 K) with calculated resistance, R = 10.3 k2. Inset: Optical images
of the device and higher magnification of the droplet. b) Current versus
applied voltage for the same device with increased voltage range (Viq =
+2 V) at 7 = 120 K and 7" = 293 K. c¢) Current versus applied gate
voltage for the same device with applied source-drain bias, Vi, = 20 mV
(arrows indicate sweep direction). Inset: conductivity of reverse sweep
using smallest channel width (w = 35 pm) and calculated field effect
mobility, purr = 3 cm?/Vs. d) Normalised current versus gate voltage
for 1 droplet and ~ 5 droplet devices on 20 um channel OFETs. Insets:
optical images of corresponding inkjet-printed droplet devices.

of I,; and so the resistance could be affected by the contact resistance. For the
single droplet deposited onto a 5 pm channel-width OFET the I4(V4) has a linear
dependence for Vi; = £20 mV and the resistance was R,y = 10.3 k2 at T = 293
K (Figure ) However, under larger applied bias, V,q = +2 V, the current
shows non-Ohmic behaviour with a deviation from linearity of ~14% at V,y =2V
(Figure [8.1]p). This could be due to the contribution of the inter-flake transport
, . At lower temperature, T = 120 K, the measured current is re-
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duced and more pronounced non-linearity is observed (~24% at V,4 = 2 V). This

is likely due to the suppression of inter-flake charge transfer at low temperature.

Effect of applied gate voltage was studied within the linear range of I4(Viq),
at Vg = 20 mV. The shape of the I,4(V;) curve for iGraphene resembles that of
a CVD graphene FET with a typical conductivity minimum in positive V}, corre-
sponding to heavy p-doping effects [232]. Note that we observe this behaviour de-
spite iGraphene being a network of many small, randomly oriented flakes (Figure
). There is an indication of hysteresis in the forward and reverse sweep. We
assume that the conductivity minimum is analogous to the Dirac point in sin-
gle layer graphene, hence, we conclude that the graphene is heavily p-type doped
(p > 7 x 10" ecm™2). We attribute the doping to the presence of organic residues
from the ink. The mobility calculated for this device using the field effect model is
prg ~ 3 cm?/Vs, which is of the same order of magnitude with the reported values
in literature [69, |226]. Note that this is just a single droplet device, which might
not provide an optimal continuous network of graphene flakes. Thus, we examine
a device produced with multiple (~ 5) droplets deposited onto a 20 pum channel
OFET (Figure [8.1d). The 5-droplet device is more likely to have a thickness of
3-4 droplets as there is some uncertainty in the precision of drop deposition (see
inset of Figure ) A strong decrease in the effect of applied V} is observed in
the multi-droplet device compared to the single droplet, which can be ascribed to
an increase in electric field screening as the density of graphene flakes increases.
We envisage that the electric field is likely to be screened by the bottom few layers

of iGraphene.

8.2.2 iGraphene stripes

To explore the charge transport through continuous packed iGraphene, the
electrical properties of > 5 layer devices (type (ii)) were studied (Figure [8.2).

Note that type (ii) iGraphene devices with thickness < 5 printed layers demon-
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Figure 8.2. a) Optical image of 5-layer inkjet-printed device on Si/SiOq
substrate with measurement scheme and sample dimensions. b) Current-
voltage dependence measured in 2-terminal and 4-terminal configuration
in air (7" = 293 K) with calculated resistivity, p ~ 280 Q/sq. c¢) Depen-
dence of 4-terminal resistance on gate voltage (I;4 = 2 pA).

strate irreproducible conductivity varying in a very large range (from ~ 100 €2 to
>1 MQ) 233]. The 4-terminal resistance measurements revealed resistivity,
p ~ 280 Q/sq (Figure [8.2pb), which is lower than that of a single drop device,
suggesting that the packing fraction, or flake density, is higher . This device
showed no gate voltage dependence of resistance as the 5-layers are thick enough
to screen the electric field completely (Figure ). Note that the density of
graphene flakes in the stripe devices is, in general, higher than in droplet devices
with the same number of layers, as the stripes are printed in continuous lines with
overlapping droplets (drop spacing of 20 pum and droplet size ~ 70 pm). This
higher flake density can be the reason for the very low gate voltage dependence

and high conductivity in type (ii) iGraphene, see Figure .

8.2.3 Temperature dependent transport

Preliminary temperature dependent measurements were performed in order
to gain insight into the dominant transport mechanisms in iGraphene devices. For
the single droplet on 5 ym OFET channel (Section [8.2.1)), the I,4(V;) dependence
was measured at different temperatures from 7' = 105 K to 350 K (Figure [8.3h).
Similar to pristine CVD graphene, hysteresis of I;4(V;) at low temperature is

reduced significantly. We ascribe this behaviour to the defect charge trap states
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Figure 8.3. a) Dependence of source-drain current, I,4, on applied gate
voltage, V;, of a single iGraphene droplet on 5 um OFET device at dif-
ferent temperatures from 7' = 105 K to 350 K (Vi = 20 mV). Arrows
indicate direction of V, sweep. Inset: optical image of the single droplet
printed on an OFET with 5 gum channel width (scale bar: 20 um). b)
I;4(V,) of a single iGraphene droplet on 10 ym OFET device at T' = 293
K and 105 K (Viq = 20 mV). Arrows indicate direction of V; sweep. Inset:
optical image of the single droplet printed on an OFET with 10 gm chan-
nel width (scale bar: 20 ym). c¢) Dependence of I,; on 1/T of a single
droplet on 5 ym OFET device plotted on a log-log scale graph with a
linear power law fit I,; ~ 7"/, Inset: optical image of the single droplet
device measured for reference (scale bar: 20 um). d) I; plotted against
(1/T)Y* of a 5-layer stripe device on a semi-log scale with a linear fit
Iq ~ exp[—(1/T)Y"] at low temperature. Inset: optical image of the
5-layer stripe device measured for reference (scale bar: 1000 pm).

freezing out as temperature is reduced. However, in single layer graphene the

Dirac point position is independent on temperature and R(V,) becomes narrower

at lower temperatures due to increased carrier mobility [234] 235]. In contrast,

the Dirac point of the iGraphene FET appears to be shifting towards n-type with

decreasing temperature and is accompanied by broadening of the I4(V;) curve
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(Figure ,b). The n-type shift of the Dirac point is more pronounced in a
single droplet on 10 gm OFET channel as the Dirac point is at lower V, and can
be fully observed at 7' = 293 K and 105 K (Figure [8.3p). Reduced hysteresis
is observed at low temperature and accompanied by an n-type shift in the gate
voltage of the Dirac point by AVN? a 20 V. It is important to note that the
origin of the heavy p-doping effect observed in our iGraphene devices is not yet
confirmed. Thus, the decrease of p-doping at low temperatures could be related
to freezing of charged defect states in the iGraphene. We plan further studies of

this effect using different ink formulations.

The temperature dependence of the current measured for the single droplet
is plotted in Figure . The conductivity is proportional to ~ T/* in the
temperature range from 7" = 10 K to 300 K and remains unchanged for 7" < 10
K. In contrast, for the thick, 5-layer graphene stripe the T-induced change of
conductivity occurs at low temperatures 7' < 40 K (Figure [8.3d), and can be
explained by the Mott variable range hopping model for a strongly disordered 3D

system [236| |237]. In this model the conductivity is
o o exp |— (1/T)YE (8.1)

where 5 = 3 is the number of spatial dimensions of the system. The temperature
dependence of transport in the iGraphene network is rather complex and work is
ongoing to develop a comprehensive theoretical model to describe the observed
behaviour. We attribute the difference in o(T") behaviour for a single drop and
a b-layer (bulk) sample to the increased role of inter-flake transport in the low

density droplets compared to thick stripes.
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8.2.4 iGraphene in high magnetic field

To further unpick the charge transport in iGraphene we also measured the
magnetic field dependence of both a single droplet OFET device with 5 um channel
width (Figure [8.4h) and the 5-layer stripe device (Figure [8.4p). The percent-
age change of resistance, AR, relative to the resistance in zero field, Rp—g), is
measured as a function of the externally applied magnetic field perpendicular to

the sample surface at different temperatures (Figure ,b).

For both samples in magnetic fields B < 10 T we observe negative magne-
toresistance behaviour with a distinct weak localisation (WL) peak at B = 0 T,
similar to that observed in mechanically exfoliated few layer graphene ,
and in 80-layer printed iGraphene . The observation of quantum phenomenon,
such as WL, in these disordered flake networks is unexpected. Typically, WL in
high quality single layer graphene decreases rapidly in small fields of B = 10— 200
mT [241] and, as the system becomes more disordered and mobility de-
creases, the localisation peak extends to higher magnetic fields . The much
larger (x100) WL critical magnetic field (~3 —15 T) observed in iGraphene could

be due to smaller radius of quantised electron trajectories allowed in iGraphene,

—— 300 K
150 K

—50K

—2K

5 10 15 5 0 5 10 15
B (T) B(T)

Figure 8.4. Relative change of magnetoresistance, AR = R — R(g—), in

a perpendicularly applied magnetic field, B, as a function of the externally
applied magnetic field at different temperatures for a) the single droplet
(scale bar: 20 pm) and b) the 5-layer stripe devices (scale bar: 1000 um),
as shown in the figure insets.
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required for the observation of quantum effects in such a disordered system. We
plan further studies of WL phenomena in iGraphene, which also requires better

understanding of carrier transport in this system.

8.3 iGraphene/perovskite photodetector

To demonstrate the potential of iGraphene networks for applications in func-
tional devices we drop-cast perovskite CsPb(Br:I=2:3);3 NCs onto a single inkjet-
printed droplet on a 20 gm channel OFET device (Figure [8.5f). In this device
(type (iii)), the iGraphene droplet is placed only between one pair of contacts,
which makes measurements more defined. The orange photoluminescence of the
perovskite NCs can be observed on the device under excitation with Ao, = 520
nm (Figure ) The iGraphene has a Dirac point at V,Y* &~ 60 V and mo-
bility, prg ~ 3 cm?/Vs (Figure ) Deposition of the perovskite NCs causes
an n-type shift of the Dirac point by AVgN P ~ 10 V (similar to perovskite NCs
deposited on CVD graphene (Section [5.3))), a small (~7%) reduction in conduc-
tivity (by ~ 1.5 MQ™1) of the device and no noticeable change for the pupg = 3
cm?/Vs mobility. This result confirms that semiconductor NCs in hexane solution
can be deposited on very low density (single droplet) iGraphene without damaging

its integrity and electronic properties.

After deposition the device becomes photoresponsive in the wavelength range
below the band edge of the perovskite NCs, Ap;, ~ 605 nm (Figure [8.5f).
The highest photosensitivity was measured under exposure to green (Aex = 520
nm) laser light with maximum photoresponsivity R ~ 15 A/W (Figure [8.5d).
The ~ 10* drop of the photoresponsivity compared to SLG /perovskite detec-
tors (Section is likely due to the low mobility of the iGraphene as re-
sponsivity is inversely proportional to the transit time of the charge carriers,
1/Tiransit (EqQuation , which is directly proportional to the carrier mobil-

ity. Therefore, a factor of ~10* lower mobility can explain the ~ 10* times lower
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Figure 8.5. a) Schematic of CsPb(Br:1=2:3);/iGraphene FET pho-
todetector (top) with optical images of the iGraphene droplet printed
on the OFET device (left) and the same device after deposition of
CsPb(Br:I1=2:3); NCs under illumination with Aoy = 520 nm (right). A
longpass filter (A = 590 nm) is used to observe the orange photolumi-
nescence of the NCs. b) Conductivity before (blue curve) and after (red
curve) deposition of CsPb(Br:I=2:3);3 NCs. Arrows indicate direction of
V, sweep. Inset: Gate voltage dependence of conductivity and its lin-
ear fit, used for field effect mobility (urr ~ 3 ¢cm?/Vs). c¢) Temporal
dependence of 4 of CsPb(Br:1=2:3)3/iGraphene photodetector under il-
lumination with different laser wavelengths (P = 0.56 mW/mm?). d)
Photoresponsivity as a function of the power on the sample (Aex = 520
nm). Inset: temporal response of device under ON-OFF cycles of illumi-
nation (Aey = 520 nm, P = 5.6 mW/mm?).

responsivity in the iGraphene/perovskite detector. However, response time of

iGraphene/perovskite (7,5 ~ 6 s and Tyqy ~ 8 s) is similar to SLG/perovskite

devices (Tri5e ~ 1 s and 7pey ~ 3.5 s, see Figure ) The response time is

likely dominated by the charge trapping time in the NCs and the transfer time of

photoexcited charges into the conductive channel [244) |245]. These are both prop-
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erties of the NCs themselves and thus, response time is comparable for iGraphene
and SLG. This finding opens interesting prospects for the use of iGraphene in

large scale fully printed photon detectors.
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Figure 8.6. a) Linear current-voltage measurements for different com-
binations of iGraphene contacts on bulk InSe. Inset: optical image of
the device with contact numbers. b) Current-voltage measurements of
a similar iGraphene/InSe device (optical image in top inset) in the dark
and under UV (Aex = 365 nm) excitation. Bottom inset: Reproducibility
of current between contacts 2 and 4 under ON-OFF UV (A = 365 nm)
excitation cycles. Light ON represented by blue blocks. ¢) Photocurrent,
Ly, against time under ON-OFF illumination with different excitation
wavelengths denoted by coloured blocks. d) Fast oscilloscope measure-
ment of response time of the iGraphene/InSe detector using high power
(P =10 mW) Ae = 405 nm excitation with digital ON-OFF switching
frequency, f = 348 Hz.
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8.4 iGraphene contacts to InSe photodetector

Finally, we demonstrate the use of iGraphene as an electrical contact mate-
rial for different devices (type (iv)). Here, we use a bulk flake of InSe (Area ~1
mm?, thickness >1 ym) and contacted it with iGraphene in a Hall bar style con-
figuration (inset of Figure [8.6f). The iGraphene makes good Ohmic (linear I-V)
contacts to the InSe flake (Figure [8.6f,b). Note that it is rather difficult to make
an Ohmic contact to InSe flakes using conventional 3D materials, such as metal
films [246]. A similar device was used for optical measurements and shows a linear
I-V relationship in the dark, but becomes non-linear under illumination with a
UV (Aex = 365 nm) torch. The absorption edge of bulk InSe at room temperature
is ~ 1.1 eV (= 1130 nm) [247] and the device is responsive at wavelengths below
this value (Figure [8.6c). The photocurrent in the device, I, increases at lower
wavelengths due to the increased absorption of InSe at higher energies. Response
times in this device geometry are much faster than hybrid planar devices (e.g.
perovskite/graphene) with rise and fall times of 7,5 = 380 ps and 74, = 170
us, respectively (Figure ) These times are similar to previously reported
values for single layer graphene/InSe devices [78]. Fast optical response times were

measured using an oscilloscope and digitally modulated laser (Aey = 405 nm), as

described in Section [4.8.2|

8.5 Summary

In this chapter we have performed preliminary investigations of the trans-
port properties of iGraphene and demonstrated some potential applications from
photodetectors to electrical contacts to other 2D materials. The network of small
few-layer graphene flakes formed by inkjet-printing of the graphene ink creates a
conductive channel and displays gate controllable source-drain current and a dip

in conductivity similar to the Dirac point in SLG. However, iGraphene has very
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low charge carrier mobility prg ~ 3 cm?/Vs due to the vastly increased scattering
introduced by the network of randomly orientated flakes and potential barriers

introduced by gaps between flakes.

The iGraphene FET was used to make a hybrid perovskite NC/iGraphene
photodetector with relatively low responsivity, R ~ 15 A/W and response time
T ~ 8 s similar to SLG-based detectors of the same geometry. iGraphene can also
be used to make Ohmic contacts with other materials. Here, we demonstrated its

use as contacts to bulk InSe in a fast (7 < 1 ms) UV-Vis photodetector.

The dominant transport mechanisms involved in the network of flakes for
iGraphene is still a topic that is up for debate. We showed that the device can
behave very differently depending on the density of flakes and the deposition
technique (individual droplets or stripes). We also observed a strong negative
magnetoresistance in an externally applied magnetic field and a quantum weak

localisation effect.

It is important to note that we are at an early stage of iGraphene develop-
ment. There is still a number of open questions, such as the dominating type of
conductivity and its temperature dependence, which is in good agreement with
variable range hopping model in stripe devices, but very different in the droplet
ones. Preliminary results presented here demonstrate that iGraphene is a novel
material with pronounced quantum behaviour and potential for a large number of

possible applications.
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9 Conclusions and outlook

The primary objectives of this PhD thesis were to investigate the function-
alisation of graphene field effect transistors with perovskite NCs and demonstrate
their potential for UV-Vis photodetection applications. However, the scope of
the project has widened and adapted considerably as a number of new phenom-
ena, such as the ‘giant’ R(V}) hysteresis of perovskite/graphene devices and the
optically-induced Stark effect associated with perovskite NCs were uncovered dur-
ing in-depth material and device studies. We also significantly expanded the
breadth of studied low-dimensional materials and fabrication techniques from con-
ventional lithography, exfoliation and CVD towards additive manufacturing and
inkjet printing. These novel materials and devices required a new approach to
their modelling, leading to the development of a 2C model for perovskite/graphene
FETs and new transport models (still under development) for iGraphene. The key
findings that I consider the most important and prospective for future studies are

summarised below:

(i) We found that graphene functionalised with all-inorganic halide perovskite
NCs shows high photoresponsivity (R > 107 A/W) in the UV-Vis range and we
were able to tune the spectral range of the detectors through the halide content of
the perovskite NCs. The CsPb(Br/Cl); NC/graphene device provides an almost
UV-specific silicon-compatible photodetector and with some more composition en-
gineering of the perovskites a UV-only detector is just over the horizon. However,
silicon-compatible UV-detection might not be the best route to take as through-
out these studies we found parasitic photocurrent caused by Si/SiO, substrates
detrimental to device performance under high illumination powers. Thus, further
investigations into graphene/perovskite device performance on other substrates,

such as sapphire, would be beneficial for high sensitivity UV detectors.

(ii) We discovered that planar perovskite/graphene devices exhibit anomolously
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large R(V,) hysteresis and through temperature dependence studies of the hys-
teresis we uncovered an activation energy of ~0.3 eV. The activation energy was
found to be consistent for all CsPbX3 NCs measured and independent of the halide
composition. This result coupled with measurements of a device with Sn-doped
NCs, which showed a significantly different activation energy of ~0.6 eV, led us to
believe that the deep defect level was associated with Pb-related states in the NCs.
The R(V,) hysteresis present in these devices required us to rethink the charge dy-
namics within the graphene FET and motivated the development of the 2C model.
This model has become a powerful tool in describing the behaviour of graphene
functionalised with not just perovskite NCs, but other materials such as the fer-
roelectric CIPS. Further studies on charge dynamics at the graphene/perovskite
interface, such as the effects of different ligands on the charging/discharging time
could allow further development of the model to determine the roots of the RC
fitting parameter. In turn, perhaps the 2C model can then be used to predict the
behaviour of various 2D systems with slow charge traps and thus can be used for

engineering of hybrid functionalised graphene devices.

(iii) High magnetic field measurements allowed us to complete the picture in terms
of perovskite charging/discharging times. In this thesis I have determined 3 char-
acteristic times for perovskite NC/graphene systems: optical (~ 10 s); electrical
(~300 s); and magnetic (~500 s). This approach provides versatile tools for exper-
imental studies of complicated charge dynamics responsible for the performance

of these novel materials and devices.

(iv) Another key result from these studies is the fully reversible optically induced
Stark effect observed in CsPbX3 NCs. This effect is caused by the formation
of positive charges on the surface of the NCs and results in a quenching of the
PL signal that is accompanied by a red shift of the PL peak position. This ef-
fect is supported by the behaviour of photocurrent in perovskite/graphene hybrid

devices and provides another tool for probing the charge dynamics of these sys-
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tems. Further investigations including simultaneous microPL and photocurrent
measurements on a single layer of perovskite NCs on graphene or a single NC on
a narrow (~ 20 nm) graphene strip would help to deepen our understanding of
how the charge dynamics in the NC affects the hybrid device. This would give a
method of directly comparing the possible relationship between PL quenching of
the NCs and photocurrent in the graphene, as well as enabling an investigation of

the effects of gate voltage on the extraction of charges from individual NCs.

(v) We have presented an additive manufacturing approach to device fabrica-
tion using inkjet-printed iGraphene. Characterisation of iGraphene FETs found
a comparable gate voltage dependence of resistance to SLG, which is strongly af-
fected by the layer thickness of iGraphene. In the iGraphene networks the ~ 10*
times lower charge carrier mobility compared to CVD graphene can be explained
by the increased resistance due to the combination of inter- and intra-flake trans-
port within the network of flakes. These systems are still in their infancy and
a comprehensive transport model has not yet been developed. Nonetheless, we
successfully produced a hybrid perovskite NC/iGraphene photodetector with sim-
ilar properties to the perovskite/SLG devices, albeit with low responsivity (~ 15
A/W) due to the low iGraphene mobility. We also showed that iGraphene can
be used as an Ohmic contact for other materials such as exfoliated InSe, which
has fast photoresponse (7 < 1 ms) in the UV-Vis range. Interestingly, we also
found that iGraphene exhibits strong negative magnetoresistance with a distinct
peak at zero magnetic field that is described in literature as weak localisation.
There are many possible routes for further studies with these iGraphene devices.
More in-depth and rigorous temperature studies are required to help determine
the dominant transport mechanisms in order to develop a model for these flake
network systems, which could direct efforts into better quality graphene inks that
can emulate single or few layer graphene. Another avenue is to incorporate per-
ovskite NCs into the iGraphene ink to make a hybrid photosensitive ink that can

be printed on flexible or wearable substrates. The possibility of quantum effects
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such as weak localisation in the iGraphene networks is also intriguing and further
magnetic field studies to probe the intra-flake transport could be key to under-

standing this effect.

Overall, the studies presented in this thesis have helped to deepen our un-
derstanding of functionalised graphene systems and graphene-based UV-Vis pho-
todetection. These hybrid perovskite NC/graphene devices display complex charge
dynamics and we have attempted to unravel and model their behaviour under ex-
citation with optical, electrical and magnetic fields. They offer great potential for
photon detection with already excellent optoelectronic properties including high
photoresponsivity and tunable spectral response. With further development of the
perovskite/graphene interface through perovskite composition, ligand engineering

and the new possibilities of inkjet printing, who knows what the future holds?
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