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Abstract

Graphene saturable absorption is of particular interest for nonlinear photonic applications be-
cause of graphene’s broadband optical response and ultrafast photoexcited-carrier dynamics.
However, saturation intensities reported in the literature differ by several orders of magnitude,
while the weak absorption of an isolated graphene sheet limits the modulation achievable in
a single optical pass. In this context, the purpose of this thesis is to investigate graphene
saturable absorption and apply it to the design of a reflective near-infrared pulse-shaping
device.

To this end, a time-dependent model is employed to describe the evolution of the non-
equilibrium carrier population and the electronic and lattice temperatures during pulsed ex-
citation. Subsequently, the resulting time-dependent optical response of graphene is coupled
to the transfer matrix method, thereby relating the transient carrier dynamics to the reflection,
transmission, and absorption of complete multilayer photonic structures.

As a first step in evaluating the model, published saturation intensities are compared. The
analysis showed that the large spread among reported values persists even after normaliza-
tion using analytical relations derived from the model. Moreover, no clear dependence was
identified on the measurement method, substrate or host material, fabrication route, or Ra-
man ratio I/ I. In addition, comparison with measurements from an electrostatically gated
single-layer graphene (SLG) device showed that a common set of model parameters pro-
vides a reasonable approximation of the main Fermi-level-dependent trends in the nonlinear
transmission.

Building on this evaluation, the model was then applied to the design of an asymmet-
ric Fabry—Pérot cavity consisting of a Bragg reflector, a dielectric spacer, graphene, and
a metallic mirror. The strongest pulse-shaping response was obtained for a cavity with a
PMMA spacer, illumination from the Bragg-reflector side, and three graphene layers. Under
these conditions, at a wavelength of 1579.13 nm, an initially single-peaked Gaussian pulse
was transformed into reflected profiles containing two or three distinct peaks, depending on
the incident peak intensity. This response results from the dynamic variation of the cavity
losses near the critical-coupling condition. Overall, the results demonstrate that, under reso-
nant conditions, the device can convert the relatively weak absorption of graphene into strong
temporal modulation of the reflected field. Finally, the proposed devices are currently be-
ing fabricated with the aim of experimentally validating their predicted operation as passive,
all-optical pulse shapers.
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IHeptinyn

H kopéoiun amoppoenomn tov ypageviov mopovctdlet 1O1aiTePO EVOLUPEPOV Y10 EQAPLLO-
YEG UM YPOUUIKNG QMTOVIKNG, Y&p1 0TV EVPLLMVIKT] OTTIKY TOV OTOKPIGT KO GTNV LITEP-
TAYELL OLVOULKT) TOV POTOJEYEPUEVAOV POPEDY. QGTOGO, Ol EVIAGELS KOPEGHOD TOV OVOL-
eépovtor ot PipAoypagio dStopépovv Katd TOALES TAEELS peyEBovg, Evd M TEPLOPICUET
amTopPPOPTN Y| EVOG ATOLOVOUEVOL PVALOL YPapEVIOL TEPLOPILEL TN SIOUUOPP®CN TOV UTOPEL
va emtevydel o pio LOvo SEAEVOT TOV POTOG. XKOTOC TNG TAPOVGOS OUTAMUOTIKNG EPYL-
olag eivailmn pHeATN TNG KOPESIUNG OTOPPOPNOTG TOV YPAPEVIOV, KAOMOGS Kot 1 a&lomoinon g
Yo TOV GYESOOUO oG S1ATaéNG SopOpPOoNG TAAU®DY GTO £YYHG VITEPLOpPO.

[N tov oKomd avTo YpMoipomoteital Eva xpovikd eE0PTMOUEVO LOVTELO, TO OO0 TEPLYPA-
eeL TNV €EEMEN TOV TANOBVLG OV TOV POPEMVY EKTOG 1IGOPPOTING, KABMS Kl TV OepLoKpACIDV
TOV NAEKTPOVIKOD GUGTNHOTOG KO TOV TAEYUATOC KATA TNV oK o1€yepon. [TapdAinia,
1 TPOKVTTOVGH OTTIKY] OOKPLoN TOV Ypapeviov vtoloyiletat pe ™ pébodo mvlkmv peta-
(POPAG, EMTPETOVTOG TI GUVIEST TNG TAPOIIKNG KATAGTUCTS TOV POPEMV LLE TNV AVAKANGCT,
™ O1EAELON KOl TNV ATOPPOPNGT TOAVGTPMOUATIKOV POTOVIK®V OUTAEEDV.

1 ovvEREwn, To HovTéAo aglomoteital yio Tn 6UyKpIon TGV £VTOoNG KOPEGHOV, ONOo-
olevpéEvev ot BipMoypapio. H avdivon £6ei&e 0TL 1 LeYAAn S10GTOPA TOV TIUMV TOPOUUEVEL
aKOUN KOl LETE TNV KAVOVIKOTO{OT) TOVG LLE T1) (PNOT1 OVOAVTIK®V GYEGEDV TOV TPOKVITOVY
oo 1o poviého. Emmiéov, dev damotadnke capng eEaptnomn amd tn puébodo pétpnong, To
VIOGTPOLA 1) TO VAKO VIOdOYNG, TN LEB0SO Tapackevc 1 Tov Adyo Raman I /1. Enetta,
1 oVYKPIOT LE LETPNOELS OO NAEKTPOSTATIKA pLOUILOUEVT] O14TOEN LOVOSTP®UATIKOV YPOl-
@eviov €5e1Ee OTL éva KOVO GUVOAO TTAPAUETPMY TOL LOVIEAOV UTOPEL VO TPOCEYYIOEL TIC
eCoptdpeveg and to eninedo Fermi kopmvAeg g un ypoppukng StéAevonc.

Téhog, TO LOVTELD EPUPUOCTNKE GTOV GYESOGUO oG ACOUUETPTG KoOTnTag Fabry—
Pérot, n omoia aroteAeiton and avakiaoctipa Bragg, SIAEKTPIKO S10®PIGTIKO GTPM, YPO-
Q&V10 Kol LETOAMKO kdtomtpo. H 1oyvupotepn Stopodppmon ToApdmy emtedydnke yio Koo-
™To LEe SploTikd oTpdpo PMMA, tpodcttwon amd Ty TAEupA Tov avakAactipo Bragg
KOl TPELS OTPAOGELS YPOPEVIOV. g UNKOG KOUaToG 1579.13 nm, £vog apyikd LovoKopueIKog
IMcaovoavdg mOAUOG LETAGYNUOTIOTNKE G OVOKADUEVE TPOPIA e dVO 1 TPELS OLUKPLTEG
KOPLOES, aVAAOYaL LLE TN LEYLOT TTpocTinTovsa £viact. H amdkpion avth opeidetal 6tn dv-
VOLUKN HETAPOAT TOV ATOAEIDV TG KOIAOTNTOG KOVTA 6T cuvOnKn kpioiung oulevéng. Ta
OTOTEAECLATO KATAOEIKVOOVV OTL, VIO GUVONKEG GLVTOVIGLOV, 1] d10TaEN HWTopel va pLetatpé-
YEL TN GYETIKA 0G0V ATOPPOPNON TOL YPUPEVIOV GE LGYVPY| XPOVIKT SLOUUOPPDCT] TOV OIVOL-
KAodpevov mediov. Ot mpotevdpeveg dloTdEels fpickovtal 1on o€ d1adKOGT0 KOTUGKELNG, LE
oTOY0 TNV TEPAUATIKN EMPBeRaimon T TpoPAemduevNS AEITOVPYING TOVS WG TAONTIKAOV, €&
OAOKANPOL OTLTIKAOV SLOUOPPOTMV TOAUDV.
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Chapter 1

Introduction

1.1 Motivation

The temporal control of optical pulses is important in applications including optical com-
munications, ultrafast spectroscopy, optical metrology, and laser material processing [1-3].
In particular, these applications require optical signals whose amplitude, duration, and tem-
poral profile can be controlled over increasingly short time scales [1,2]. Consequently, the
development of methods capable of performing this control directly in the optical domain
constitutes an important objective in nonlinear photonics [2,4].

The suitability of a pulse-shaping method depends strongly on the duration and band-
width of the incident pulse [1,2]. Spectral Fourier techniques provide extensive control over
broadband femtosecond pulses, but become increasingly demanding for picosecond pulses,
whose narrower bandwidth contains fewer spectral components that can be controlled inde-
pendently [1,2]. Alternatively, electro-optic modulation enables pulse shaping directly in the
time domain, although its temporal resolution is limited by the bandwidth of both the mod-
ulator and the associated electronic driving system [4]. In this context, the direct use of an
ultrafast optical nonlinearity offers a complementary route for reshaping picosecond pulses
without requiring an electrical waveform with the same temporal structure [5].

Saturable absorption (SA) is particularly well suited to this purpose because it converts
the instantaneous intensity of an incident pulse into a time-dependent optical loss [6,7]. Ac-
cordingly, saturable absorbers are widely used for passive mode locking and ultrashort-pulse
generation, while they have also been investigated for optical modulation and temporal pulse
reshaping [6-9]. Among the most established implementations, conventional semiconduc-
tor saturable-absorber mirrors provide reliable operation. However, their spectral range and
tunability are constrained by the semiconductor band structure and the design of the multi-
layer structure [6, 7]. These limitations have therefore motivated the investigation of carbon
nanomaterials and two-dimensional materials as alternative saturable absorbers [7, 10, 11].

Graphene is particularly attractive for this role because it combines broadband optical
absorption, electrical tunability, and ultrafast carrier dynamics [8, 12, 13]. Owing to this
combination of properties, graphene saturable absorbers have been demonstrated in free-
space, fibre, and integrated configurations, enabling mode locking over a broad spectral
range [8,9, 14, 15]. Moreover, their nonlinear optical response can be modified through con-

1



2 CHAPTER 1. INTRODUCTION

trol of the Fermi level, providing an additional degree of freedom for tuning the operation of
graphene-based photonic devices [4, 16].

Despite these advantages, the quantitative description of graphene SA remains challeng-
ing. In particular, reported saturation intensities span several orders of magnitude, even
among measurements performed in similar spectral regions 8,9, 16, 17]. This large variation
creates a practical difficulty for device design, since an empirical saturation curve fitted to a
specific experiment cannot generally be expected to remain valid when the pulse duration, ex-
citation wavelength, or carrier-dynamics conditions are changed [16, 18, 19]. Consequently,
a physics-based model is required to relate the intensity-dependent optical response to the
relevant optical and carrier-dynamics parameters, while remaining computationally efficient
enough to be incorporated into repeated simulations of a complete multilayer device.

Existing theoretical studies have established the non-perturbative character of graphene
saturable absorption and examined its dependence on excitation conditions, carrier relax-
ation, and doping [16, 18-20]. Nevertheless, incorporating the transient graphene response
accurately into device-scale simulations requires the optical response and carrier dynamics
to be treated within a common numerical framework. This requirement becomes particularly
important under pulsed excitation, since the electronic state of graphene, and therefore its
optical response, evolves continuously throughout the pulse [13,19,21].

Beyond this modelling challenge, a further limitation arises from the small absolute op-
tical absorption of a single graphene layer. Suspended, undoped single-layer graphene ab-
sorbs approximately 2.3% of normally incident light in the visible and near-infrared interband
regime [12]. Although this absorption is exceptionally large relative to the atomic thickness
of graphene, it limits the modulation depth achievable in a single optical pass. Consequently,
resonant structures, optical waveguides, and photonic cavities have been employed to en-
hance the interaction between light and graphene [22,23].

Among these approaches, Fabry—Pérot and Bragg cavities are especially attractive be-
cause their optical response can be engineered through the cavity geometry and the position
of the active layer within the resonant field [22,23]. Moreover, operation close to critical
coupling can substantially increase the fraction of the incident power absorbed by an atom-
ically thin active layer [23—26]. Under these conditions, even a relatively small change in
graphene absorption can produce a much larger variation in the reflected power [23].

Taken together, these considerations identify two interconnected requirements. The first
is a transient model capable of relating graphene SA to the excitation conditions and the rel-
evant carrier-dynamics parameters. The second is the enhancement of the weak single-pass
light—graphene interaction, so that the intensity-dependent absorption can produce a substan-
tial device-level optical response. Accordingly, this thesis addresses both requirements by
coupling a time-dependent graphene carrier-dynamics model, based on the framework devel-
oped in Refs. [22,27], to a resonant multilayer structure designed for reflective near-infrared
pulse shaping.
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1.2 Scope

This thesis investigates graphene saturable absorption and its application to a reflective near-
infrared pulse-shaping device. More specifically, its central objective is to determine how the
transient carrier dynamics of graphene produce intensity-dependent changes in the reflection
and absorption of a resonant photonic structure. To address this objective, the work com-
bines time-dependent carrier-dynamics calculations, multilayer optical simulations, compar-
ison with published and experimental measurements, and device optimization.

The first objective is to assess the physical consistency of the graphene saturable-absorption
model through comparison with available measurements. To this end, reported saturation in-
tensities obtained using different experimental techniques are collected and normalized with
respect to excitation wavelength, saturable absorbance, and the effective number of graphene
layers. The remaining dispersion is examined in relation to the measurement method, fabri-
cation route, substrate or host material, pulse conditions, and Raman-derived structural char-
acteristics [28-30]. Furthermore, the calculated linear and nonlinear transmission responses
are compared with measurements from an electrostatically gated single-layer graphene de-
vice.

Building on this evaluation, the second objective is to apply the model to the design and
optimization of a reflective pulse-shaping device. For this purpose, the proposed structure
incorporates graphene into an asymmetric Fabry—Pérot cavity consisting of a dielectric Bragg
reflector, a dielectric spacer, and a metallic reflector. Such resonant graphene-loaded cavities
have previously been shown to enhance the interaction between graphene and the incident
optical field [23]. Accordingly, the analysis examines the reflected temporal profiles and
identifies the operating conditions under which a single incident pulse is transformed into two
or three distinct output peaks. Finally, the optimized configurations are evaluated in terms
of their wavelength and incident-intensity tolerances, allowing maximum pulse-shaping per-
formance to be distinguished from operation that is less sensitive to experimental deviations.

1.3 Layout

This thesis is organized as follows:

* Chapter 2 presents the theoretical background on graphene optical properties, photoexcited-
carrier dynamics, optical cavities, and critical coupling.

* Chapter 3 describes the computational methods used for the optical and time-dependent
simulations.

* Chapter 4 presents the graphene SA model, compares reported saturation intensities,
and evaluates the model against experimental transmission measurements.

» Chapter 5 applies the model to the design and optimization of a graphene-loaded re-
flective pulse-shaping device.

+ Chapter 6 summarizes the main conclusions.
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* Appendix A estimates third-harmonic generation and assesses its influence on the op-
tical response of the devices studied.



Chapter 2

Theoretical Background

This chapter establishes the theoretical framework required to describe graphene saturable
absorption and its integration into resonant photonic structures. The electronic band structure
and carrier statistics of graphene are first introduced, as they determine its linear and nonlinear
optical response. The discussion then turns to the generation, thermalization, and cooling
of photoexcited carriers, which govern the transient variation of graphene absorption under
pulsed excitation. Finally, the operating principles of Bragg mirrors, Fabry—Pérot cavities,
and critical coupling are presented, providing the basis for the graphene-loaded reflective
pulse-shaping structures investigated in the following chapters.

2.1 Electronic properties of graphene

2.1.1 Lattice and band structure

The carbon atoms in single-layer graphene are arranged in a two-dimensional honeycomb
network. Despite its hexagonal symmetry, this honeycomb structure is not a Bravais lat-
tice. It is therefore described as a triangular Bravais lattice with a two-atom basis [31,32],
corresponding to the two sublattices A and B, as shown in figure 2.1.

The real-space primitive lattice vectors can be expressed as

a=503.V3),  a=3(,-V), @.1)

where a ~ 1.42 A is the carbon—carbon bond length [32]. The three nearest-neighbour
vectors connecting an atom on one sublattice to the adjacent atoms on the opposite sublattice
are

a a
0, = 5(17 \/§>7 0y = 5(17 _\/§)7 63 = —CL(L 0) (22)
The reciprocal lattice is generated by the primitive vectors
27 27
b, =—(1,Vv3 b, = —(1,—V3). 2.3
1 3a ( ; \/—)7 2 3a ( ) \/_) ( )

These reciprocal lattice vectors define the periodicity of the electronic structure in momentum
space and determine the first Brillouin zone [33]. Its corners contain two inequivalent high-
symmetry points, denoted by K and K’.
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K\
r k,
M //,
K,
\ "

Figure 2.1: Left: real-space lattice of graphene and A and B, the two sublattices. The vectors a; and
a, denote the primitive lattice vectors, while §;, ¢ = 1, 2, 3, represent the nearest-neighbour vectors.
Right: first Brillouin zone of graphene, showing the corners K and K’, together with the reciprocal-
lattice primitive vectors b; and bo.

The electronic properties of graphene are dominated by the 7 and 7* bands, which orig-
inate from the out-of-plane p, orbitals of the carbon atoms [32]. The tight-binding approxi-
mation can be used to describe these bands by assuming that electrons hop between nearest-
neighbour carbon atoms [31,32]. Within this approximation, the energy dispersion is written
as [32]

Ei(k) = +t\/3 + f(k), (2.4)
where
f(k) = 2cos(\/§kya> + 4 cos <§kya> cos (gkxa) . (2.5)

Here, t =~ 2.8 eV is the nearest-neighbour hopping energy, and « is the carbon—carbon bond
length [32]. The plus and minus signs in eq. (2.4) correspond to the upper 7* band and the
lower 7 band, respectively.

Figure 2.2 shows the full band structure of graphene calculated from Eq. (2.4). This ex-
pression is obtained within the nearest-neighbour tight-binding approximation and therefore
neglects further-neighbour hopping terms. When such terms are included, electron—hole sym-
metry is broken and the band structure is modified away from the K and K’ points [32,34].

Expanding eq. (2.4) around the K or K’ point by writing the wave vector as q = K + Kk,
with [k| < |K|, yields [31]

3ta
e(k) = i7|k| = Thvpsic|K|, (2.6)

where vps g = 3ta/(2h) ~ 10° m/s is the Fermi velocity [32]. The K and K’ points are
commonly referred to as the Dirac points. In their vicinity, the valence and conduction bands
display a linear conical dispersion, forming the characteristic Dirac cones [35], as indicated
by the circled region in Fig. 2.2. Within this low-energy approximation, the magnitude of
the carrier group velocity is approximately constant and independent of the carrier energy,
reflecting the massless Dirac-fermion character of charge carriers in graphene [34, 35].
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Figure 2.2: Three-dimensional representation of the 7w and 7* bands of single-layer graphene. Red
markers denote representative K and K’ points, and the inset magnifies the band structure around one
selected K point.

The density of states varies linearly with energy and includes the fourfold spin and valley

degeneracy [32]

v(e) = %\d (2.7)

m (hUF,SLG)

Integrating Eq. (2.7) gives the charge carrier density at zero temperature

n(e) = /OE v(e') de' = % (2.8)

m (hUF,SLG)

Therefore, the carrier density can be related to the Fermi level through [32]

EF,SLG = :I:hUF,SLG\/ 7T|n| (29)

The positive sign corresponds to electrons with n > 0, while the negative sign corresponds
to holes with n < 0.

2.1.2 Electrostatic Control of the Fermi Level

Controlling the carrier density in graphene is essential for tuning the position of the Fermi
level relative to the Dirac point. In ideal undoped graphene, the Fermi level coincides with
the Dirac point, where the net carrier density vanishes and electron and hole populations are
balanced. As follows from Eq. (2.9), varying the carrier density shifts the Fermi level above
or below the Dirac point, corresponding to electron or hole doping, respectively [35].

The carrier density can be modified through substitutional incorporation of heteroatoms
during synthesis or by post-synthesis chemical functionalization. These approaches, how-
ever, may introduce disorder, lattice defects, chemical residues, or irreversible structural
modifications [36—38]. By contrast, electrostatic gating varies the carrier density by applying
an external gate voltage across a dielectric layer [39]. Because it does not require chemical
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modification of the graphene lattice, electrostatic gating provides a reversible and compara-
tively non-destructive means of tuning the Fermi level.

In a typical gated graphene structure, the graphene sheet and a metal or doped-semiconductor
gate electrode are separated by a dielectric layer of thickness d and relative permittivity ;..
Within a simple parallel-plate capacitor model, the induced change in carrier density is given
by [39]

_ GV _ el

- : (2.10)

A
" e ed

where C; is the gate capacitance per unit area, Vj, is the applied gate voltage, ¢, is the vacuum
permittivity, and e is the elementary charge.

Combining Egs. (2.9), (2.10), the magnitude of the Fermi level can be related to the ap-
plied gate voltage as

|EF,SLG(Vg)\ = hUF,SLG %&‘VQL (2.11)

This expression assumes the ideal case in which the charge neutrality point occurs at V,, = 0.
In real devices, unintentional charge transfer from the substrate, residues, trapped charges, or
fabrication-induced impurities can lead to a finite carrier density at zero gate voltage. As a
result, the charge neutrality point is reached at a non-zero gate voltage, denoted by Vienp. In
that case, the gate voltage must be measured relative to the charge neutrality voltage Vinp,
and V in eq. (2.11) is replaced by V, — Vinp.

2.1.3 Equilibrium chemical potential

At thermodynamic equilibrium, the occupation probability of electronic states in graphene is
described by the Fermi—Dirac distribution

-1
feoleiu T,) = [exp (5 — ) + 1} , (2.12)
kBTe

where 7, is the carrier temperature and p is the chemical potential [31,40]. The chemical
potential controls the occupation of the electronic bands and therefore determines the electron
and hole densities. At7, = 0, the distribution reduces to a step function: states withe < p are
fully occupied, whereas states with € > y are empty. For 7, > 0, Fermi—Dirac broadening
occurs around /., as shown in Fig. 2.3 (a).

The doping level is conveniently specified through the zero-temperature Fermi energy
Ep. For electron-doped graphene, Fr > 0, the electron and hole densities at 7, = 0 are

(Er,0) = de = ———, Er,0)=0. 2.13
N A ) e.13)
At finite temperature, both conduction-band electrons and valence-band holes are thermally
populated. Their densities are calculated from the graphene density of states, Eq. (2.7),
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(a) (b)
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Figure 2.3: (a) Fermi-Dirac distribution as a function of carrier energy for different temperatures
and Er = 0.3 eV. AtT = 0 K, the distribution has a step-like form, while at finite tempera-
tures the occupation around the chemical potential is broadened. (b) Equilibrium chemical potential
u of electron-doped graphene as a function of carrier temperature 7¢, calculated from the charge-
conservation condition in Eq. (2.16). The curves correspond to different zero-temperature Fermi en-
ergies Er. As T, increases, y shifts towards the Dirac point.

weighted by the Fermi—Dirac distribution

n ) = [ v fio(ein T de 2.1
0

nh(MyTe):/ v(e) frp(g; —p, Tt) de. (2.15)
0

The equilibrium chemical potential at each temperature is obtained by requiring that the net
carrier density remains fixed by the doping level. For electron-doped graphene,

B}
ne(,u/a Te) - nh(u: Te) =

— W. (2.16)

Eq. (2.16) is solved numerically for y at each value of 7...

The behavior shown in Fig. 2.3 (b) follows directly from charge conservation. As the
temperature increases, additional electron and hole states become thermally populated. Since
the difference n. — nj, must remain fixed by the doping level, the chemical potential moves
towards the Dirac point. Therefore,

w(l,) = Ep for T,—0, \w(T.)| < |Ep| for T.>0. (2.17)

2.1.4 Electronic heat capacity

The electronic heat capacity c. quantifies how much energy is required to increase the tem-
perature of the carrier system [40]. Graphene exhibits an exceptionally low electronic heat
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capacity, which leads to large temperature rises even for small absorbed excitation ener-

gies [13,37]. It is defined as the temperature derivative of the carriers’ total internal energy,
U(p, Te), as [40,41]

ou (u, Te,
ce(p,Tc) = (OT)

0

% 2.18)
— 8Te/o v(e) e[ frn(e; i, T.) + frple; —p, To)] de.

The electronic heat capacity depends strongly on the position of the Fermi level relative
to the thermal energy scale k7. There are two limiting regimes usually distinguished. The
first corresponds to a finite-density, or degenerate, carrier system, where the Fermi energy
is much larger than the thermal energy. While, the second one corresponds to the charge-
neutrality regime, where the Fermi energy is small compared with k57,. These two regimes
lead to different temperature dependencies of the electronic heat capacity [41].

In the degenerate finite-density regime, k1. < Er, the electronic heat capacity is given
by [42]

deg 27’(’ E F

e 3(hU F)2
In this regime, the heat capacity is proportional to both the Fermi energy and the carrier tem-
perature. This occurs because only carriers within an energy window of order k7T, around
the Fermi level can be thermally excited. Therefore, a larger E'r corresponds to a larger den-
sity of available electronic states and, consequently, to a larger electronic heat capacity. In

k5T, kT, < Ep. (2.19)

(a) (b)
1 6 T T T T T 1 6 T T T T T
(o] e ne
12 Cc, SLG, CNP Cc‘ SLG, CNP
g ’ Cc, SLG, deg _;: Cc‘ SLG, deg
g g
B 1 2
g g
<.)'J '_:Z
00 T T T T T 00 T T T T T
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

Tesie (K) Tesie (K)

Figure 2.4: Electronic heat capacity of single-layer graphene as a function of carrier temperature
for (a) Er = 0.05 eV and (b)Er = 0.5 eV. The numerical result is compared with the analytical
limiting expressions for the charge-neutral regime, ¢, oc T2, and the degenerate finite-density regime,
Ce X EpTs.

the opposite limit, close to the CNP, where kg7, > EFf, the heat capacity becomes [43]

18¢(3
N = ﬂhc—&k%ﬂ? ., kgT.>> Eyp (2.20)
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here, ((3) ~ 1.202 is Apéry’s constant. In this regime, the electronic heat capacity is inde-
pendent of Er, because thermal excitation dominates over the equilibrium carrier density.
Electron-hole pairs are thermally populated around the Dirac point, leading to the quadratic
temperature dependence ¢, oc T2

Figure 2.4 illustrates these two limiting behaviours by comparing the numerically calcu-
lated electronic heat capacity, Eq. (2.18), with the analytical expressions given in Egs. (2.19)
and (2.20).

2.2 Optical Properties of Graphene

The optical response of a material originates from the motion of its charged particles under
the action of an external electromagnetic field. In conventional bulk media, this response is
commonly described through the induced polarization density P, which represents the electric
dipole moment per unit volume. In the linear regime, the polarization is proportional to the
applied electric field [44],

PO(w) = eoxV (w)E(w), (221)

where YV is the linear electric susceptibility.

The role of the induced polarization becomes evident from the electromagnetic wave
equation. In a non-magnetic medium without free-current sources, Maxwell’s equations
give [44,45] , ,

1 0°E o°pP

VXVXE—i—gﬁ:—MOW.

Equation (2.22) shows that each temporal-frequency component of the induced polarization

acts as a source for an electromagnetic field at the same frequency. In the linear regime,

the polarization contains only the frequencies already present in the applied field. Higher-

order polarization terms can additionally generate new frequency components or modify the

response at the original frequency. For atomically thin graphene, the corresponding elec-

tromagnetic source is more naturally expressed as a surface current density, as introduced
below.

For a harmonic time dependence e ™, the time derivative of the polarization gives rise
to a polarization current density [46,47],

(2.22)

JD(w) = = oW (W)E(w). (2.23)

The quantity USL)G is therefore a sheet optical conductivity, with units of Siemens. If graphene

is treated as an effective thin film of thickness dg; g, its sheet conductivity can be written
as [48]

oW (w) = —iwepds o™ (w). (2.24)

2.2.1 Linear Optical Conductivity

As mentioned before, due to its atomically thin nature, the optical response of single-layer
graphene is described through its complex sheet optical conductivity [46]. This quantity is
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obtained from the Kubo formalism and depends on the angular frequency of the incident field
w, the chemical potential y, and the electronic temperature 7' [46,47]. The total linear optical
conductivity can be separated into an intraband and an interband contribution,

G, o(©)/c0

holng g

Figure 2.5: The real and imaginary parts of the optical conductivity of doped SLG as a function
of photon energy, normalized to the universal value o9 = €2 /4h, for Te s1g = 0 K, 100 K, 300 K,
Topt = 200 fsand Ersig = 0.25 €V,

0O (w; 1, T.) = O (w3 11, Te) + oy (w3 2, T2). (2.25)

nter

The intraband term describes the response of carriers driven within the same band. In the
Kubo formalism it is written as [46,47]

(1) ie’ /Oo5 |:afFD(_5§,U>Te> B 8fFD(5§M,Te)

N de. 2.26

Tintra Wﬁzﬂ 88 65 € ( )
The interband term, on the other hand, accounts for optical transitions between the valence
and conduction bands and is given by [46,47]

JCOR Q/ fen( au, T.) — feo(e; p, T,
Ointer = (E/fl)

Here, ) = w + ZTopt , where 7, 1s an effective optical relaxation time that introduces a
finite broadening of the optical transitions and is commonly related to carrier scattering pro-
cesses [46].

The distinction between the two contributions is illustrated in Fig. 2.6. Interband optical
transitions are vertical in k-space due to energy and momentum conservation [49]. In doped
graphene, however, interband transitions are suppressed for photon energies Aw < 2|ul, be-
cause the required initial and final electronic states are not simultaneously available. This

de. (2.27)
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(a) (b)

Figure 2.6: Schematic illustration of optical transitions in doped graphene for photon energies be-
low the interband threshold. (a) n-doped graphene, where states in the conduction band are partially
occupied. (b) p-doped graphene, where states near the top of the valence band are partially empty.
In both cases, interband absorption can be suppressed by Pauli blocking, because the required initial
or final electronic states are not available. The green marks indicate allowed intraband and interband
carrier excitation, while the red crosses indicate forbidden interband transitions.

suppression is known as Pauli blocking [46]. The onset of interband absorption therefore oc-
curs at iw = 2|u| for T, = 0K. Above this threshold, interband transitions become allowed
and dominate the absorptive part of the optical conductivity.

This behavior is reflected in the frequency dependence of the complex optical conductiv-
ity shown in Fig. 2.5. The plotted quantity is normalized to the universal value oy = ¢*/4h.
For Aw > 2|p|, the real part of the conductivity approaches oy, indicating the onset of the
universal interband optical response of Dirac fermions in SLG [12,47,50]. Just below this
threshold, Re{c")} becomes minimal, corresponding to suppressed absorption and increased
optical transparency.

For photon energies well below the interband threshold, iw < 2|us |, graphene’s opti-
cal response is mainly governed by free-carrier absorption, described by the intraband con-
tribution to the conductivity. In the degenerate regime, where kg7, < |u| = Er, Eq. (2.26)
reduces to a Drude-like form [46,51]

-2
(1) e 12
o) N — 2.28
intra 7Tf12 w iT(;,tl ( )

This low-energy, intraband-dominated regime extends from the mid-infrared down to the THz
spectral range, where the optical conductivity depends strongly on the effective relaxation
time 7o, The latter is influenced by carrier scattering mechanisms associated with impurities,
defects, wrinkles, substrate interactions and other non-uniformities [52].

At T, = 0 K, the transition at iw = 2|u| appears as a sharp step in Re{aélL)G}. At
finite electronic temperature, this edge is broadened because the Fermi—Dirac distribution is
thermally smeared. Increasing 7, therefore widens the transition region around the threshold,
as shown in Fig. 2.5. The imaginary part exhibits a corresponding dispersive feature near the
interband threshold [47].
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By applying Maxwell’s boundary conditions at the graphene interface, the absorbance of

suspended SLG is directly related to the real part of its optical sheet conductivity [53]

Re{oW
o ~ Rele}
€pC

) (2.29)
where ¢ 1s the vacuum permittivity and c is the speed of light in vacuum. When the interband
response reaches the universal conductivity oy = €%/4h, Eq. (2.29) gives a ~ 456200 =To
2.3%, with o = e? /(4rhepc) being the fine-structure constant [12].

2.2.2 Nonlinear Optical Conductivity

The linear optical response discussed in the previous section assumes that the induced polar-
ization is proportional to the applied electric field. This approximation is valid when nonlin-
ear corrections are negligible. When these corrections remain within the perturbative regime,
the induced polarization can be expanded in powers of the applied electric field [45]

P=PY L Pp® L pB® L ... (2.30)

In component form, the first three polarization contributions are [45]

PV =&y X E;, (2.31)
J

P? =20 X E By, (2.32)
ik

P =20 X E BBy, (2.33)
jkl

Here, 4, j, k, [ denote Cartesian components, and y™ is the n-th-order optical susceptibil-
ity tensor. The second-order susceptibility describes processes such as second-harmonic,
sum-frequency and difference-frequency generation. The third-order susceptibility describes
processes including third-harmonic generation, Kerr-type self-action, two-photon absorption
and four-wave mixing [45].

In centrosymmetric media, the local electric-dipole second-order response vanishes [45].
Consequently, for ideal centrosymmetric single-layer graphene, the lowest-order intrinsic lo-
cal electric-dipole nonlinearity is the third-order response. Effective second-order contribu-
tions may nevertheless arise when inversion symmetry is broken, for example by a substrate,
an external dc field or another asymmetric perturbation [54,55].

In the frequency domain, the third-order polarization generated at the output frequency

Wy, = W1 + Wo + Ws (234)
1S written as

PO ) = 20 ) Xih(wsiwnwn.0) By (wn) Bu(w) Bws). - (235)
Gkl
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The frequency arguments wy, wo and w3 may be positive or negative. Because the physical
electric field is real, its frequency components satisfy F;(—w) = £ (w).

The frequency combinations produced by a third-order response can be seen directly by
considering a monochromatic field linearly polarized along the z-direction,

E,(t) = Ey(w)e ™ + B (w)e™!, (2.36)
Its cubic power is
[E.(t)]° = E3(w)e ™" 4 3| B, (w) B, (w)e ™" + c.c. (2.37)

The first positive-frequency term results from the combination w + w + w = 3w and drives
a nonlinear response at the third-harmonic frequency. The second positive-frequency term
results from w + w — w = w and therefore remains at the fundamental frequency.

The third-order sheet-current contribution generated by the frequency triplet (w, ws, w3)
is written as [54-56]

TP (ws) =" ol (wsswi, wa, ws) B (w1) Ei(ws) Ey(ws), (2.38)
jkl
where US’,ZZ is the third-order nonlinear surface-conductivity tensor of graphene. For the

monochromatic field of Eq. (2.36), the third-harmonic surface current is

J®(3w) = 0B (Bw;w,w,w)E3(w), (2.39)

TXXTT

whereas the nonlinear current at the fundamental frequency is

Jz(g) (w) = 30(3) (w; w, w, —w)|Ez(w)\2Ex(w). (2.40)

rrrx

The current Jgg?’)(?)w) acts as a source of radiation at the third-harmonic frequency, whereas

J (w) modifies the optical response at the incident frequency. In the latter case, the real part
of ol¥rs (w; w, w, —w) modifies the absorptive response, while its imaginary part modifies the
phase of the fundamental field [55, 56].

Panels (a) and (b) of Fig. 2.7 show representative time orderings of the interactions
(w,w, —w) that contribute to the nonlinear current at the fundamental frequency. The final
downward transition represents emission of the nonlinear response, both pathways therefore
contribute to J\” (w) [45]. The nonlinear correction at the fundamental frequency is shown
in Fig. 2.8. The spectra were calculated using the perturbative expressions for the third-order
conductivity of graphene reported in Refs. [55,56].

In the low-energy limit Aw < |usLg|, interband transitions are strongly Pauli blocked,
and the response is dominated by intraband carrier dynamics [56,57]. As shown in Fig. 2.8,
at zero electronic temperature, three spectral regimes can be distinguished. For Aiw < |usigl,
both one-photon and two-photon interband absorption are Pauli blocked. In the ideal lossless
limit, the real part of the perturbative nonlinear conductivity vanishes, while its imaginary
part describes a dispersive nonlinear response. At iw = |us G|, the two-photon absorption
threshold is reached. For |usig| < Aw < 2|usig|, two-photon absorption is allowed, while
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Figure 2.7: Representative quantum-mechanical pathways contributing to the third-order optical
response. (a) Two successive absorptive interactions are followed by an interaction with the complex-
conjugate field component and emission of the nonlinear response at w. (b) An alternating absorption—
emission—absorption sequence, followed by emission at w. (c) Third-harmonic-generation pathways
under one-, two-, and three-photon resonance conditions, shown from left to right. In panel (c), the
solid intermediate level identifies the stage at which the accumulated photon energy becomes resonant
with an electronic transition, whereas the dashed levels represent off-resonant intermediate states.

one-photon interband absorption remains Pauli blocked. Finally, for iw > 2|us G|, one-
photon interband absorption also becomes allowed, and aé?;)m(w; w,w, —w) acts as a pertur-
bative correction to an already active linear absorption channel [55]. Increasing the electronic
temperature smooths these thresholds through the thermal broadening of the Fermi—Dirac
distribution [55].

The three pathways in Fig. 2.7(c) represent resonant structures that arise when one, two,
or three incident photons bridge the Pauli-blocking edge 2|us | [45]:

hw = 2’,USLG’a Qhw = Q‘MSLG‘, Bhw = Q‘MSLG‘- (241)

The resonant features of ag)m(?)w; w, w,w) are shown in Fig. 2.9. The conductivity was cal-

culated using the perturbative third-order formalism of Refs. [54,58]. Because the resonance
conditions depend on pg g, electrostatic control of the carrier density shifts the correspond-
ing resonant photon energies and provides a means of tuning the nonlinear optical response
of graphene [41].

The perturbative third-order conductivity is useful for identifying nonlinear optical chan-
nels, resonant spectral features, and the leading weak-field correction associated with the on-
set of absorption bleaching. It does not, however, provide a complete description of graphene
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Figure 2.8: (a) Real and (b) imaginary parts of the third-order nonlinear conductivity at the funda-

mental frequency, ag)m(w; w,w, —w), as a function of photon energy for Er = 0.1 eV. The spectra
compare the zero-temperature and finite-temperature responses.

saturable absorption over the full saturation regime. In perturbative density-matrix treat-
ments, the electronic response is expanded about the equilibrium density matrix 5(°), whose
diagonal elements are determined by the equilibrium Fermi—Dirac occupations, and the ex-
pansion is retained only up to third-order in the electric field [54-56]. Consequently, field-
induced changes in the band populations enter only as finite-order corrections, rather than
through a non-perturbative evolution of the carrier populations without truncation in the field
amplitude. This distinction becomes essential in the saturation regime. Interband photoexci-
tation progressively depletes occupied valence-band states and populates the corresponding
conduction-band states, thereby reducing the occupation difference that drives interband ab-
sorption. The resulting Pauli blocking suppresses further optical transitions and drives the
absorption toward an intensity-dependent saturated value. As emphasized by Marini et al.,
graphene saturable absorption is inherently non-perturbative and cannot be accurately de-
scribed over the full saturation range by a standard finite-order expansion of the nonlinear
conductivity [16]. For completeness, third-harmonic generation was also evaluated to de-
termine whether energy transfer to the third-harmonic field could influence the calculated
optical response. Under the conditions considered here, the generated third-harmonic inten-
sity was found to be negligible and therefore does not affect the results or conclusions for the
devices studied, as demonstrated in Appendix ??.

Accordingly, the intensity-dependent absorption considered in the following sections is
calculated from the evolving nonequilibrium carrier distributions and their relaxation toward
thermalized hot-carrier distribution. Carrier redistribution, Pauli blocking, electronic heat-
ing, and relaxation are therefore included explicitly, rather than represented through a fixed
equilibrium third-order conductivity.
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Figure 2.9: Magnitude of the third-order nonlinear conductivity of graphene for third-harmonic

generation, ag’c)m(?)w; w, w,w), normalized to o9 = €2 /(4h), as a function of |usLg|/ (Aw), calculated
for HUSLG = EF = 0.25¢eV and Te,SLG =0K.

2.2.3 Dielectric Function and Refractive Index

Using the effective film thickness dg; , for graphene, introduced previously, the sheet optical
conductivity of single-layer graphene can be related to an effective dielectric function as [46],

ig) (w, 1, T¢.)

€ \w, 7Te =€t
( H ) gowdsrg

(2.42)

Here o) is the complex linear optical conductivity of graphene, ¢ is the vacuum permittiv-
ity, and dspg = 0.335 nm is the thickness of one graphene layer. The parameter ¢, = 5.7
accounts for the high-frequency background contribution used in this effective-film descrip-
tion. In this section, only the linear optical response is considered.

The complex refractive index is defined as [44]

n=n-+:ix, (2.43)

where n is the real refractive index and x is the extinction coefficient. For non-magnetic
media, the dielectric function and the complex refractive index are related through [44]

n? = e. (2.44)
By substituting Eq. (2.43) into Eq. (2.44), one obtains

Re (g) = n? — K?, (2.45)
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and
Im (¢) = 2nk. (2.46)

These relations allow the refractive index of graphene to be calculated directly from its optical
conductivity.

ng , 400K
ng, 200K

1007 — 10K |

SLG

Refractive Index

0.01 0.1 1

ho (eV)

Figure 2.10: Real n and imaginary x parts of the effective refractive index of single-layer graphene
as a function of photon energy Aw. The green, blue and red curves correspond to electronic temper-
atures T, = 10 K, T, = 200 K and T, = 400 K, respectively. The calculation was performed for
Topt = 100 fs and E'r = 0.25 eV.

Figure 2.10 shows the refractive index of single-layer graphene for three electronic tem-
peratures. Both n and s vary with photon energy, reflecting the frequency dependence of
the graphene optical conductivity. The temperature dependence is more pronounced near
the interband absorption threshold, 4w ~ 2|u|, where the optical response changes from an
intraband-dominated regime to interband absorption.

2.3 Photoexcited Carriers in Graphene

2.3.1 Carrier Heating

Optical absorption in graphene initially drives the electronic system out of equilibrium by
generating high-energy carriers. Depending on the photon energy relative to the Fermi level,
this excitation can occur through interband transitions, for 4w > 2| Er|, where electron—hole
pairs are created across the Dirac point, or through intraband absorption, for iw < 2|Er|,
where the optical field mainly accelerates already existing free carriers within the partially
filled band [13,20]. These initially non-equilibrium carriers subsequently redistribute their
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excess energy and momentum mainly through Coulomb-mediated carrier—carrier scattering.
This internal thermalization occurs on time scales of tens of femtoseconds, with ultrafast
pump—probe measurements and microscopic calculations giving a typical electron—electron
relaxation time of 7._. ~ 20 fs [19,21]. After this redistribution, the electronic population
can be described by a hot Fermi—Dirac distribution characterized by an elevated electronic
temperature 7, which exceeds the lattice temperature 7; [13, 59]. The microscopic carrier—
carrier scattering processes responsible for carrier heating can be classified into intraband
and interband channels [13,59]. In doped graphene, where |Er| > kgT., thermalization oc-
curs predominantly within a single band and is governed mainly by intraband carrier—carrier
scattering. In contrast, close to the Dirac point, where |Er| < kg7, interband thermaliza-
tion becomes important, and the electronic redistribution can involve both the valence and
conduction bands [13]. The two main interband Auger-type processes are impact ionization
and Auger recombination [13, 60]. In impact ionization, a high-energy carrier loses part of
its excess energy, while another carrier is promoted from the valence band to the conduc-
tion band, increasing the number of electron—hole pairs. Auger recombination is the reverse
process, in which an electron recombines from the conduction band to the valence band and
transfers its energy to another carrier [60]. These interband processes can contribute to carrier
multiplication, particularly near the charge-neutrality point [13, 19, 60].

Although interband photoexcitation occurs when Aw > 2| E|, the subsequent relaxation
of the generated high-energy carriers does not necessarily proceed through interband thermal-
ization. In this regime, a primary high-energy carrier can relax through intraband inelastic
scattering by transferring part of its excess energy to carriers in the Fermi sea [13,61]. In this
cascade, the total carrier density within the band remains approximately conserved, whereas
the density of hot carriers increases [13, 62]. Since the average energy exchanged in each
scattering event, A¢, follows a distribution that peaks around the Fermi energy, a single pri-
mary carrier can generate several secondary hot carriers before relaxing toward the Fermi
level [13,61]. This process is referred to as hot-carrier multiplication [61,62].

For intraband optical excitation, where fw < 2|Ep|, the initial excitation step is differ-
ent because no direct interband electron—hole pair generation occurs. Instead, the optical
field accelerates free carriers within the partially filled band. These energized carriers subse-
quently redistribute their excess energy through carrier—carrier scattering with the surround-
ing carriers in the Fermi sea, leading again to internal thermalization and to the formation of
a hot-carrier distribution [13,20,63].

The elevated electronic temperature directly affects graphene’s optical response. Since
graphene’s optical conductivity depends on the carrier distribution, carrier heating modifies
the occupation probabilities of the electronic states involved in optical transitions and can
therefore change both intraband and interband absorption.

2.3.2 Carrier cooling

After the rapid carrier—carrier thermalization discussed above, the electronic system of graphene
can be described by a hot Fermi—Dirac distribution with an electronic temperature 7, higher
than the lattice temperature 7; and chemical potential ;(7.) [63—65]. Carrier cooling refers
to the subsequent relaxation of the electronic energy stored in the hot-carrier distribution. In
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contrast to carrier—carrier scattering, which redistributes energy within the electronic subsys-
tem and establishes internal thermal equilibrium, electron—phonon scattering transfers energy
from the carrier bath to phonons and drives 7, towards 7; [13,65-67]. This separation be-
tween ultrafast electronic thermalization and slower energy relaxation has been observed ex-
perimentally in pump—probe spectroscopy and time-resolved THz measurements [63—65,68].
In graphene devices, the hot-carrier energy can relax through different pathways. In de-
vice geometries with non-uniform excitation, the electronic temperature can decrease through
in-plane heat diffusion away from the initially heated region [13]. In supported graphene, an
additional out-of-plane cooling pathway may arise from coupling to substrate phonons, espe-
cially for polar substrates [13,69]. In this context, however, carrier cooling is described only
through electron—phonon energy transfer, namely optical-phonon scattering and disorder-
assisted acoustic-phonon supercollision cooling. The total electron—phonon thermal current

density is therefore written as
Je—ph = Jop + Jsc, (2.47)

where Jop is the thermal current density associated with optical-phonon scattering and Jsc is
the thermal current density associated with disorder-assisted acoustic-phonon supercollisions
[66,70].

The relative importance of Jop and Jsc is not universal, and remains dependent on graphene
quality, carrier mobility, disorder, carrier density, Fermi energy, and electronic temperature
[13,65]. The relative importance of optical-phonon and supercollision cooling depends on
both the electronic temperature and the degree of disorder [13,65]. In high-quality graphene,
disorder-assisted processes are weaker and optical-phonon cooling is often expected to pro-
vide a dominant electron—phonon cooling pathway [65]. In contrast, in graphene with higher
impurity concentration, in graphene supported by conventional dielectric substrates, or in
nanostructured graphene where the effective mean free path is reduced, disorder-assisted su-
percollision cooling can become comparable to or even dominate the electron—phonon cool-
ing pathway [70-72].

Graphene possesses strongly coupled optical phonon modes near the [' and K points
of the Brillouin zone [28, 73, 74]. The corresponding phonon energies are approximately
hQr ~ 196 meV and A2k ~ 161 meV [64,67]. The ['-point optical phonons mainly induce
intravalley scattering, whereas the K -point optical phonons are associated with intervalley
carrier scattering [67]. When the hot-carrier distribution contains carriers with sufficient
energy, optical-phonon emission can efficiently transfer energy from the electronic system
to the optical-phonon bath [65,66]. This cooling mechanism has been observed in ultrafast
pump—probe experiments and supported by microscopic theoretical studies [63—65]. The
optical-phonon cooling thermal current density can be written as [69, 75]

0hQ} (+5)” e, il
J TE’T — —__t ) 1Y N — - N
op (11, Te, 1) = = (hor)' X { (kBT) (kBTlH (2.48)

2

x Fi (1, Te)

where the summation is performed over the optical phonon branches at the I" and K points
[67]. Here, N(z) = (e* — 1)~ " is the Bose distribution, p is the mass density of graphene,
vr is the Fermi velocity, and ~;, is the derivative of the nearest-neighbor hopping energy with
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respect to the carbon—carbon bond length [66,67]. The function F; accounts for the available
electronic phase space for phonon emission and absorption and is given by [75]

o0

Fi(p, Te) =/

lz(1 — $)|{fFD (7 (x — 1); pu, Te] — frp [P p, Tt } dx. (2.49)
For T, > T, the difference between the Bose occupation factors in Eq. (2.48) gives a net
energy flow from the electronic system to the optical phonon bath.

In addition to optical-phonon emission, hot carriers can lose energy through acoustic
phonons [66,75]. In disorder-free graphene, however, momentum-conserving acoustic-phonon
cooling is strongly constrained [75]. Because the Fermi velocity of graphene carriers is much
larger than the sound velocity, vg >> v, only a small amount of energy can be transferred in a
single acoustic-phonon scattering event while simultaneously satisfying energy and momen-
tum conservation [66, 70]. As a result, ordinary acoustic-phonon cooling can be inefficient
and may fail to explain experimentally observed picosecond cooling rates in graphene de-
vices [70,71].

This acoustic-phonon cooling bottleneck can be bypassed by disorder-assisted electron—
phonon scattering, known as supercollision cooling [70]. In a supercollision process, disorder
provides the additional momentum required for the emission of acoustic phonons with larger
momenta and therefore larger energies than those allowed in ordinary momentum-conserving
acoustic-phonon scattering [70, 72]. Consequently, supercollisions can provide an efficient
pathway for transferring electronic heat to the lattice [71,72]. In the degenerate regime, the
corresponding cooling power density is written as [70—72]

Jsc (1, Te, 1) = yse (T2 = T7) (2.50)

where 7sc is the supercollision cooling coefficient. For short-range disorder-assisted scatter-
ing, it can be expressed as [27]

_ 9.62D%k%, 4 (ne + ny + 2n4c)
T 2ps2hkpl 7 (hvp)*

Vsc ; (2.51)

where D is the deformation potential for supercollision scattering, estimated between 10 and
30 eV [59,70], s is the sound velocity, kr is the Fermi wavevector, and [ is the mean free
path associated with short-range disorder [70]. The product k! acts as a disorder parameter:
smaller values correspond to stronger disorder and therefore stronger supercollision cooling
[70-72]. The quantities n. and n; are the electron and hole densities, while n,. denotes
the nonequilibrium photoexcited carrier density. Although the cubic supercollision law is
originally derived in the degenerate limit [70], its use can be extended phenomenologically
to higher carrier temperatures by including the total available carrier density through n.,
np, and n,. [27]. Time-resolved photocurrent and noise-thermometry measurements have
shown cooling dynamics consistent with this cubic temperature dependence, supporting the
role of disorder-assisted supercollisions as an efficient picosecond-scale cooling mechanism
in graphene [71,72].
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2.4 Bragg Mirrors and Fabry—Pérot Cavities

A dielectric Bragg mirror, also known as a distributed Bragg reflector (DBR), is a one-
dimensional photonic crystal formed by a periodic sequence of dielectric layers with dif-
ferent refractive indices [76, 77]. Its operation originates from the periodic modulation of
the dielectric function, which couples forward- and backward-propagating waves through
Bragg scattering and opens frequency intervals where propagating Bloch modes are not al-
lowed in the corresponding infinite periodic structure [76,77]. In the one-dimensional case,
these forbidden frequency intervals are commonly referred to as stop bands, or photonic band
gaps [76,77].

The physical origin of the stop band can be understood by first considering a homoge-
neous medium. In that case, the electromagnetic modes are plane waves with dispersion [77]

w(k) = %\m, (2.52)

where n is the refractive index of the medium. If an artificial period a is assigned to this
otherwise homogeneous system, the same dispersion can be folded into the first Brillouin
zone [77],

T ek< I (2.53)
a

This folding alone does not change the physical modes; it only relabels equivalent wavevec-
tors that differ by integer multiples of 27 /a. At the Brillouin-zone boundary, k¥ = +7/a, the
forward- and backward-propagating waves become degenerate and can equivalently be writ-
ten as standing waves with even and odd spatial profiles, such as cos(7z/a) and sin(7z/a)
[77]. This band-folding picture, together with the corresponding gap opening produced by a
real periodic dielectric modulation, is summarized schematically in Fig. 2.11.

In a real DBR, the periodicity is not artificial but arises from the alternating dielectric
layers, as shown in Fig. 2.11(a). The periodic refractive-index modulation lifts the degen-
eracy between the two counter-propagating waves at the Brillouin-zone edge, as illustrated
in Fig. 2.11(c) [76,77]. The resulting standing-wave modes have different spatial overlap
with the high- and low-index regions: the mode whose electric-field energy is concentrated
more strongly in the high-index regions lies at lower frequency, whereas the mode with larger
weight in the low-index regions lies at higher frequency [77]. The frequency separation be-
tween these two modes forms the stop band of the one-dimensional periodic structure [76,77].

For a finite multilayer stack, frequencies inside the stop band do not propagate efficiently
through the structure. Instead, the optical field decays inside the periodic medium, and inci-
dent light in this spectral range is strongly reflected [77]. Therefore, a DBR can behave as
a high-reflectivity mirror even when all individual layers are transparent dielectrics [76,77].
Increasing the number of layer pairs increases the reflectivity because the partial reflections
from successive interfaces add coherently, while the residual field inside the mirror decays
evanescently with depth [77]. The stop-band width is mainly controlled by the refractive-
index contrast: a larger contrast produces stronger Bragg scattering and therefore a broader
high-reflectivity region [76—78].
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Figure 2.11: Schematic illustration of the formation of a Bragg stop band in a one-dimensional
periodic dielectric structure. (a) A distributed Bragg reflector (DBR) consists of alternating high- and
low-index dielectric layers, with refractive indices ny and np, respectively. (b) In a homogeneous
medium with an assigned period a, the dispersion relation can be folded into the first Brillouin zone
without changing the physical modes. (¢) When a real periodic dielectric modulation is introduced,
the degeneracy of the counter-propagating waves at the Brillouin-zone boundary is lifted, opening a
frequency interval in which propagating Bloch modes are not allowed. This interval corresponds to
the photonic band gap, or stop band, of the Bragg mirror [76,77].

A particularly useful DBR design is the quarter-wave stack. In this case, alternating high-
and low-index layers, denoted by H and L, are chosen so that
Ao
TLHdH = nLdL = Z, (254)
where ny and ny, are the refractive indices, dy and dj, are the corresponding physical thick-
nesses, and ) is the design wavelength [77,78]. Under this condition, the optical thickness
of one bilayer is \y/2, placing )\, near the centre of the first stop band, where the reflected
waves from successive interfaces interfere constructively in reflection [77, 78].

A Fabry—Pérot cavity is obtained when a spacer layer is placed between two reflecting ele-
ments, allowing the optical field to perform multiple round trips inside the spacer region [79].
When the reflecting elements are DBRs, the same structure can also be interpreted as a one-
dimensional photonic crystal with a deliberately introduced defect [76,77]. The spacer inter-
rupts the periodic sequence of the multilayer and can support a localized optical mode whose
frequency lies inside the DBR stop band [76,77]. Since propagation through the surrounding
DBRs is forbidden at this frequency, the defect mode remains confined near the spacer and
decays evanescently into the Bragg mirrors [76,77].

The resonance condition is determined by the total phase accumulated during one round
trip inside the cavity [78,79],

chdc + ¢r,1 + gbr,? = 2mm, (255)

where k. = 2mn./\ is the wavevector in the spacer, d. is the spacer thickness, ¢, ; and
¢, 2 are the reflection phases of the two mirrors, and m is an integer. For DBR mirrors, the
reflection phases cannot generally be neglected, because the field penetrates a finite distance
into the multilayer before being reflected [77,78]. When Eq. (2.55) is satisfied, the fields
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generated after successive round trips interfere constructively and the intracavity intensity is
enhanced, while for wavelengths away from resonance, the round-trip phase is mismatched
and the constructive build-up is suppressed [79].

The spectral selectivity of a cavity resonance is quantified by the quality factor [79]

_ Yo
Q= AL’ (2.56)

where wy is the resonance angular frequency and Aw is the full width at half maximum of
the resonance. The same quantity can also be interpreted as

Q=21 energy stored in t}.1e cavity 7 (2.57)
energy lost per optical cycle

showing that high-() resonances correspond to long photon storage times and narrow spec-
tral linewidths [79]. In a DBR cavity, increasing the reflectivity of the Bragg mirrors reduces
radiative leakage and therefore increases (), whereas absorption and scattering introduce ad-
ditional loss channels that reduce @ [77,79].

2.5 Ciritical Coupling

Critical coupling is a resonant absorption condition in which the rate at which energy leaks
out of a cavity is matched to the rate at which energy is dissipated inside it [23,24,26]. Under
this condition, destructive interference can suppress the outgoing wave from the structure and
strongly enhance the absorbed fraction of the incident power [23,25].

Temporal coupled-mode theory (CMT) provides a reduced description of this process by
replacing the full resonant structure with a single resonant mode coupled to external radiation
channels [25, 26, 80]. In this context, a port denotes an independent input-output channel
through which optical power can enter or leave the resonator [25,26]. A structure illuminated
from one side is a two-port system if the incident power can leave through both reflection
and transmission channels. If a back reflector suppresses transmission, the system becomes
effectively one-port, because reflection is the only remaining radiative output channel [23,
26].

The complex amplitude of the resonant mode is denoted by «(¢) and is normalized so that
|a|? is the energy stored in the cavity. The incoming, reflected, and transmitted wave am-
plitudes are denoted by u, yg, and yr, respectively, and are normalized so that their squared
magnitudes correspond to optical powers [25, 26, 80]. The two basic configurations con-
sidered here are shown in Fig. 2.12: a one-port resonator, where a back mirror suppresses
transmission, and a two-port resonator, where energy can leave through both reflection and
transmission channels [23,26].

2.5.1 One-port resonant absorber

We first consider the one-port geometry of Fig. 2.12(a). The cavity has a resonance frequency
wy, a radiative decay rate -4, and an absorption rate 7,. The rate 7,4 describes leakage of
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Figure 2.12: Coupled-mode theory representation of a lossy resonant absorber. (a) One-port geom-
etry, where a back mirror suppresses transmission and reflection is the only radiative output channel.
(b) Two-port geometry, where the resonator is coupled to both reflection and transmission channels.
The resonant mode amplitude is denoted by «, with stored energy |a|2, while u, yr, and yr denote
the incoming, reflected, and transmitted wave amplitudes, respectively [23,26].

the resonant mode into the external reflection channel, whereas ~, describes dissipative loss
inside the cavity, including absorption in the active absorbing layer [23,26].

With the time-dependence convention e*?, the one-port resonator is described by the
temporal coupled-mode equations [23,26]

d
=5 = iwea = (a+ 70 a+ /2, (2.58)
and

Yr = —U+ /27400 (2.59)

The first term on the right-hand side of Eq. (2.58) represents the free oscillation of the resonant
mode at wy. The second term represents the decay of the mode amplitude due to radiative
leakage and material absorption, while the last term represents excitation of the resonant
mode by the incident wave.

The factor /27, follows from the normalization and energy conservation. If there is
no incident wave and no material absorption, the stored energy decays as |a(t)]? oc e™ 27,
Therefore, the power emitted into the single available output channel is 274||? and since
the emitted field amplitude is proportional to «, the corresponding coupling amplitude is
V274 [23,25,26]. The same coefficient appears in the input term of Eq. (2.58) because, for
a reciprocal resonator, coupling from the external channel into the cavity and coupling from
the cavity back into the external channel are related by time-reversal symmetry [25,26].

Equation (2.59) expresses the reflected wave as the coherent sum of two contributions.
The term —u is the direct, nonresonant reflection pathway, with the sign fixed by the cho-
sen reference plane and phase convention. The term /2740 is the resonant contribution,
corresponding to the field that couples into the cavity and is re-emitted into the reflection
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channel [23,25]. Critical coupling is therefore an interference effect between the direct and
resonant reflected fields.

For monochromatic excitation at angular frequency w, the cavity amplitude follows the
same harmonic time dependence as the input field. Thus, substituting a(t) = ae™? and
u(t) = ue™" into Eq. (2.58) converts the differential equation into an algebraic equation for
the steady-state mode amplitude. Solving for the ratio between the stored-mode amplitude
and the incident-wave amplitude gives

274

(e}
— = . 2.60
v i(w—wo) +Ya+ Va (2.60)

This expression is the Lorentzian response of the resonant mode. The numerator sets how
efficiently the incident wave excites the cavity, while the denominator contains both the de-
tuning from resonance, w — wy, and the total decay rate, v; + 7, [23,25,26].
Substituting Eq. (2.60) into Eq. (2.59) gives the complex reflection coefficient,
YR _ Ya—Ya — i{w — wo)

— . 2.61
u et Yt i(w —wo) A

The corresponding reflectance is obtained by taking the squared modulus of this amplitude
ratio:

= . (2.62)
(va +7a)” + (@ — wo)*

Since the back mirror suppresses transmission, the only possible outgoing power is reflection.

Therefore, the absorption is

R= ‘y_R‘Z (4 = ) + (W — wp)’
u

A=1-R= 2o . (2.63)
(’Yd + 7(1) + (W - WO)

Equation (2.63) shows that complete absorption requires two simultaneous conditions [23,
26]:

w = wp, Yd = Ya- (2.64)

The first condition means that the incident wave is resonant with the cavity mode, so the
detuning term w — wy vanishes. The second condition means that the radiative leakage rate is
exactly matched to the absorption rate. Under these conditions, the numerator of Eq. (2.62)
becomes zero, so the reflected field vanishes.

The regimes away from critical coupling can also be read directly from Eq. (2.63). If 4 <
va» the system is undercoupled: the cavity is too lossy compared with the rate at which energy
is fed into it. If 74 > ~,, the system is overcoupled: energy leaks back out of the resonator
faster than it is dissipated. In both cases, the destructive interference in the reflection channel
is incomplete, and the absorption remains below unity [23,24].

2.5.2 Two-port resonator

The importance of the back mirror becomes clear by comparing the one-port absorber with
the two-port geometry of Fig. 2.12(b). In a symmetric two-port cavity, the resonant mode
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can radiate through both sides of the structure, so transmission remains an available output
channel [23,26]. For the simplified symmetric case, the CMT equations are [26]

dae
T wea — (Va + va) @+ Vau, (2.65)
with output relations
Yr = —u+ VT, (2.66)
and
Yr = \/Vd . (2.67)

The structure of these equations is the same as in the one-port case, but the coupling amplitude
is different. In the symmetric two-port case, the resonant mode radiates into two equivalent
output channels. Therefore, the emitted power is split between reflection and transmission,
and the coupling amplitude associated with each channel is /74, rather than /27, [26].
The reflected wave again contains a direct term and a resonant re-emission term, while the
transmitted wave in this simplified model is produced by resonant emission into the second
port.

For monochromatic excitation at angular frequency w, the same steady-state substitution
used above gives

a Al (2.68)

u o i(w—wo) +Yat Ve
Inserting this result into the two output relations gives the reflected and transmitted amplitude
ratios. Taking their squared moduli gives

724 (w— wo)?

R= 2 2
(Va +7a)” + (W — wo)

, (2.69)

and

2
T = ld . (2.70)
(Ya +7a)” + (w — wo)
The absorption is obtained from energy conservation as the part of the incident power that is
neither reflected nor transmitted:

A=1-R-T= 2% . .71
(Ya +7a)” + (w — wo)

At resonance and for matched rates, w = wy and 4 = 7,, Eq. (2.71) gives

1
A=_. 2.72
: @72)

Thus, under single-sided illumination, a symmetric two-port resonator cannot absorb more
than 50% of'the incident power, even when the radiative and absorptive rates are matched [23].
The reason is that the resonator still has two output channels. At the matched condition, only
half of the incident power is dissipated, while the remaining power is distributed between the
two radiative output channels. By adding a back mirror, the transmission channel is removed,
and the system becomes a one-port resonator in which the only remaining outgoing wave can
be canceled interferometrically [23].




Chapter 3

Computational Methods

The computational framework used in this work combines three numerical components. First,
the optical response of the multilayer cavity is calculated with the transfer matrix method
(TMM). This provides the instantaneous reflectance, transmittance, total absorption, and
graphene-specific absorption of the structure. Second, the time evolution of the graphene
carrier variables, under pulse excitation, is obtained by solving the coupled rate equations for
the non-equilibrium carrier density, electronic temperature, and lattice temperature. These
equations are integrated in time using a fourth-order Runge—Kutta scheme. Third, the energy-
dependent quantities entering the graphene model, such as carrier densities, heat capacities,
and optical conductivities, are evaluated numerically using the composite Simpson rule.

3.1 Transfer Matrix Method

The transfer matrix method was used to calculate the optical response of the planar multilayer
structures considered in this work. The method is particularly suitable for one-dimensional
stratified media, where each layer is laterally uniform and is described by its thickness and
complex refractive index [78, 81]. Under these assumptions, the electromagnetic field in
each layer can be written as the superposition of a forward- and a backward-propagating
plane wave [78].

Figure 3.1 illustrates the two elementary operations used in the TMM formulation. Fig-
ure 3.1(a) shows an interface between two media with refractive indices n, and ns. The
incident and reflected waves in the first medium are denoted by £ 4 and E, while the for-
ward and backward waves in the second medium are denoted by E- and Ep, respectively.
Figure 3.1(b) shows propagation inside a homogeneous layer of refractive index n, and thick-
ness d, where the forward and backward waves acquire opposite propagation phases [78,81].

For normal incidence, taking the z-axis along the propagation direction, the electric field
inside layer j is written as

Ej(z) = Efe** + B e %, 3.1)

J

where E;r and " are the forward- and backward-propagating field amplitudes, respectively,

and
w

k’j = k?o’flj = Enj. (32)

29
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Figure 3.1: Schematic representation of the two elementary steps used in the transfer matrix method.
(a) Interface between two media with refractive indices n; and no, where E 4 and E'g are the forward
and backward waves in the first medium, while £~ and Ep are the corresponding waves in the second
medium. (b) Propagation through a homogeneous layer of refractive index n; and thickness d. The
symbols ® and © indicate magnetic-field directions into and out of the page, respectively.

Here k is the vacuum wavenumber, w is the angular frequency, c is the speed of light in
vacuum, and n; is the refractive index of layer j [44,78].

The corresponding magnetic field follows from Maxwell’s equations. For non-magnetic
media and normal incidence, the forward- and backward-propagating waves have opposite
magnetic-field signs,

Hj(z) =Y, (Efe™* — Ere™%) (3.3)
where
/”L .
Y, = 4
J ZO (3 )

is the optical admittance of the layer and Z, = /puo/eo is the impedance of free space
[44,78]. The minus sign in the backward-wave term is a direct consequence of the reversed
propagation direction, as also indicated by the opposite magnetic-field orientations in Fig. 3.1.

First, consider propagation through a homogeneous layer of thickness d;, as shown schemat-
ically in Fig. 3.1(b). During propagation, the forward wave acquires the phase factor e?i%
while the backward wave acquires the phase factor e =% [78]. Therefore,

(Bii)=n(E0) 03

with the propagation matrix

eik:jdj 0
Pj = ( 0 ikjdj) ‘ (3‘6)
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Next, consider the interface between layer 5 and layer j + 1, as shown in Fig. 3.1(a). At
an interface without free surface charge or free surface current, the tangential components of
the electric and magnetic fields are continuous [44, 78]. For normal incidence, this gives

E;“ +E; = Ejtrl + E i, (3.7)
and
Yj (E;r - EJ_) =Y (E]trl - Ej_ﬂ) : (3-8)
Solving Egs. (3.7) and (3.8) for the amplitudes in layer j + 1 gives
E: EF
JtH) — 7. . J
(EM) <E> ’ 9
where the interface matrix is
1 (1+35 1-¢5
L = 51y K ) el (3.10)
Y Yj1

For non-magnetic media, Y;/Y; 1 = n;/n;1, and therefore

nj+1tn;  nj41on;

R 2nj41 2nj41

Ij,j+1— Nj41—n;  Njp1+n; | - (3-11)
2nj41 2nj41

For a multilayer stack, the total transfer matrix is obtained by multiplying the interface
and propagation matrices in the order in which the wave encounters the layers [78,81]. For
a stack of V internal layers between an incident medium 0 and an exit medium N + 1, the
total matrix can be written as

M:[N,N+1PN[N—1,N"'P1[O,1- (312)

E, E;
(0> :M(ET), (3.13)

where F;, E,, and E; are the incident, reflected, and transmitted field amplitudes. The second
component on the left-hand side is zero because no wave is assumed to be incident from the
output side [78].

From Eq. (3.13), the amplitude reflection coefficient of the full structure is

With the convention used here,

Er M21
=Z=_—" 3.14
and the amplitude transmission coefficient is
E,  det(M
g B detM) (3.15)

Ez' M22
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The corresponding reflectance and transmittance are

R=|r? (3.16)
and n
T = L2, (3.17)
No

The total absorptance of the structure is then calculated from energy conservation as
A=1-R-T. (3.18)

If the absorption of a specific layer is required, it can be obtained from the radiative energy
flux through the multilayer structure. More specifically, the absorptance of the j-th layer is
calculated from the decrease of the electromagnetic flux across that layer,

Ay =5 — S, (3.19)

where S]i-" and S¢" are the radiative fluxes at the entrance and exit of layer j, respectively.

To calculate the radiative flux inside an arbitrary layer, both the forward- and backward-
propagating waves must be taken into account. Denoting the corresponding field amplitudes
in layer j by E;r and I, the radiative flux can be written as [78, 82]

S; = é}t(ﬁ) (E/1? - |E; ) - 2<5<@)<5(EJ.+E;*). (3.20)
o o

where n refers to the incident medium, while n; refers to layer j. The first term describes
the net contribution of the forward and backward waves, whereas the second term accounts
for their interference in absorbing media.

3.2 4" order Runge-Kutta method

The temporal evolution of graphene during pulsed excitation is described by a set of coupled
rate equations for the non-equilibrium carrier density n,, the electronic temperature 7., s G,
and the lattice temperature 7; 1 . These variables are collected in the vector

e (1)
y(t) = | Tesia(t) | - (3.21)
Tisia(t)

The coupled equations can then be written as the initial-value problem

D= Py, w0 = (.22)

The function f contains the generation of photoexcited carriers, carrier thermalization, elec-
tronic heating, and cooling through electron—phonon processes and the initial values ¢y, yo
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are known. The system is integrated using the classical fourth-order Runge—Kutta method
(RK4) [83,84]. For a time step h > 0, the update from ¢, to ¢,,.1 = ¢, + h is

Ynt1 = Yn + /6 (k1 + 2k + 2k3 + ky) . (3.23)
where
ki = f (tn, yn), (3.24)
ko= f (tn + g,yn + gkl) , (3.25)
ks = f <tn + g Yn + gk2> : (3.26)
ky = f (tn + h,yn + hks), (3.27)

The method has a total error of order O(h*) [83]. It therefore provides a good compromise
between accuracy and computational cost for the repeated time-domain simulations required
in this work.

3.3 Composite Simpson’s rule

Several quantities entering the graphene model are defined through energy integrals. These
include, for example, carrier densities, electronic heat capacity, and the optical conductivity.
Since these quantities are evaluated repeatedly the numerical integration scheme must be both
accurate and computationally efficient.

The composite Simpson rule was used for numerical integration over finite intervals [83].
For an interval [a, b] divided into an even number N of subintervals with Ax = (b — a)/N,
the integral is approximated as

b Az N/2 N/2-1
/a f(z)do = == f(xo)+4;f(ﬂfzj—1)+2 D flasy)+flan) |, (328)

J=1

where z; = a + jAuz.

For integrals over infinite or semi-infinite domains, a change of variables was used to
map the integration range to a finite interval before applying Simpson’s rule. For integrals
over the whole real axis,

dr = du. 3.29
- [ f(l_u2) g (3:29)
For semi-infinite intervals,
Hoo ! u du
dx = .
) (v) dx /0f<a+1_u) o (3.30)

and

a 1 _ d
/ f(x)dx:/of(a—luu) U—Z (3.31)
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Chapter 4

Saturable Absorption Model and
Experimental Comparison

4.1 Model formulation

Saturable absorption is the nonlinear optical phenomenon in which the absorption of a ma-
terial decreases as the incident optical intensity increases. In graphene, absorption saturation
can originate from both intraband and interband transitions [13, 16]. Intraband saturation
is mainly associated with carrier heating, which modifies the carrier distribution and can re-
duce the intraband optical conductivity [13]. Interband saturation, by contrast, is primarily
governed by band filling: photoexcited nonequilibrium carriers change the occupation of the
electronic states involved in the optical transition, thereby inducing Pauli blocking [13, 18].
Carrier heating can also modify the interband response by broadening the Fermi—Dirac dis-
tribution and changing the electronic temperature-dependent optical conductivity. For the
near-infrared interband excitation regime considered here, the model used in this work there-
fore focuses on the dominant band-filling contribution, while also accounting for the effect
of the electronic carrier temperature on the graphene optical response [16, 18].

The finite linewidth of the interband transition is introduced through the effective optical
dephasing time 7o, As discussed in Sec. 2.2.1, this is implemented in the Kubo conductivity
of Egs. (2.27) and (2.26) by writing the complex frequency as 2 = w + 2:I", with 2I" = 7'0;3.
The parameter 7., phenomenologically accounts for the loss of coherence of the interband
excitation due to scattering processes, including electron—phonon, impurity, defect, and other
disorder-related scattering mechanisms [52]. Therefore, the interband transition is broadened
over a finite energy interval rather than being infinitely sharp, as schematically illustrated in
Fig. 4.1. The corresponding energy broadening is AE = 2AL = h/Tpy.

For an optical pulse with finite spectral bandwidth, as in femtosecond-duration excitation,
an additional broadening should be considered. If 7, denotes the characteristic pulse duration,
this contribution can be represented phenomenologically through an additional frequency
width I, with 2", ~ 7" [1]. The pulse contribution can therefore be incorporated into an
effective linewidth by writing A Eey = 24T + AL, Thus, (Toptetr) " = 1/7opt + 1/(27,) and
Fep = I' + T',/2. For picosecond or longer pulses, the pulse bandwidth is much narrower,
and the excitation can be treated as quasi-CW [16].

35
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hw > 2p
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Figure 4.1: Interband excitation in doped graphene for iw > 2|u|. The optical transition occurs
between valence- and conduction-band states centered around —%w/2 and +hw/2, respectively. The
shaded regions represent the finite transition linewidth associated with the effective optical dephasing
time Top.

The linewidth 241 ¢ determines the energetic spread of the photoexcited carrier popula-
tion [1,18]. To describe this broadened interband excitation, the photoexcited non-equilibrium
electrons in the conduction band are described by a Lorentzian distribution. This Lorentzian
profile is motivated by the resonant structure of the interband Kubo conductivity (Eq. (2.27)),

H°Toy

Le)= (6 — hw/2)” + #T2 @1

This function has unit peak value at ¢ = fw/2, a full width at half maximum equal to 2/[ .,
and, when the transition energy is much larger than the linewidth, an integral fooo L(e)de ~
s hFeff.

During optical excitation, the nonequilibrium carrier density, n,., increases due to photon
absorption and decreases due to carrier—carrier scattering, which redistributes the optically
injected carriers towards a thermalized hot-carrier distribution [18]. The time evolution of
npe 18 described phenomenologically by the rate equation [27,41]

dnne ainterI Tpe
= - 4.2
dt hw Te—e,eff ’ ( )

where [ is the incident optical intensity, avye: 1S the instantaneous interband absorbance, and
Te—eeff 18 the effective lifetime of the optically generated nonequilibrium population. This
effective lifetime is introduced to account phenomenologically for the fact that the photoin-
duced occupation responsible for band filling may be reduced by carrier—carrier relaxation
as well as by additional disorder-related processes. It is implemented through a Matthiessen-
type addition of rates [85], 1/Te_c et = 1/Te—e + 1/7Top, Where 7._. is the electron—electron
relaxation time. The first term of Eq. (4.2) represents the generation rate of nonequilibrium
carriers: qunerd 1s the interband absorbed power per unit area, and division by the photon
energy Aw gives the number of interband absorbed photons per unit area and unit time, while
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the second term describes the removal of carriers from the nonequilibrium population. Under

steady-state conditions, the total density of photoexcited nonequilibrium carriers is obtained
by [27]

fiw

where v(¢) is the graphene density of states (Eq. (2.7)) and g = ¢([) is the height of the
Lorentzian, taking values between 0 and 1.

Since in the near-infrared regime the transition energy is much larger than the linewidth,
the density of states varies only weakly over the broadened excitation window. For example,
at A = 1550 nm, Aw/2 ~ 400 meV, whereas for 7o, ~ 100 fs to ~ 15 fs the intrinsic
linewidth is 24" ~ 6.6 and ~ 44 meV, respectively, which remains significantly smaller
than the transition energy. Therefore, v(e) ~ v (hw/2) , using the graphene density of states
introduced in Eq. (2.7), v (hw/2) = w/mhv%, together with the Lorentzian integral over
energy, Eq. (4.3) becomes

in er] e—e,e >
Npe = inter Te—epefl _ / v(e) gL(e) de. (4.3)
0

w
Npe = §—5———. 4.4
© g 2”]2:’Topt,eff ( )
Equating this expression with Eq. (4.3) gives
20&1 IU2
g= ﬂTe—e,effToppeff- (45)

hw?

Thus, the amplitude g of the photoinduced occupation increases with the absorbed intensity,
with the carrier—carrier relaxation time, and with the effective optical broadening time.
The intensity dependence of the absorbance is commonly described by the phenomeno-
logical saturable-absorption expression [11, 15,86, 87]
ainter([) = —— + Qu;, (46)
where « is the low-intensity absorbance, I is the saturation intensity, and «, represents a

nonsaturable absorbance contribution which is neglected in the present thesis. Substituting
Eq. (4.6), with o,y = 0, into Eq. (4.5) gives

- go
g(I) = T4 LT 4.7)

where gy = 200103 Te—e efTopt efr/ iw?. Solving for the saturation intensity gives

gohw?

p— 2 .
2CVO’UF7—e—e,eff7—opt,eff

I,

(4.8)

This expression can be rewritten in terms of the carrier density associated with a Fermi level
located at the resonant transition energy. Using the graphene density of states, the carrier
density up to Er = hw/2 is n (%) = w?/47v%. Therefore, Eq. (4.8) can be written in the

compact form
h
I, =n (%") , (4.9)
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where
2mhgo

= (4.10)
Qo Te—e,effTopt,eff
This form shows that, within the approximations of the model, the saturation intensity scales
with the carrier density associated with the resonant interband transition.

The above relations determine the amplitude g of the photoinduced carrier population.
The total carrier distribution can therefore be written as the sum of the equilibrium Fermi—
Dirac distribution and a nonequilibrium contribution associated with the optically generated
electron—hole pairs:

fin(€) = fen(e; i, Te) + g [L(e) — L(—¢€)]. (4.11)

The first term is the equilibrium carrier occupation, while the second term describes the
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Figure 4.2: (a) Equilibrium Fermi—Dirac distribution (dashed curve) and modified distribution f},
(solid curve) and (b) Interband absorbance as a function of photon energy, for ny,e = 0 (dashed curve)
and 10'* cm™? (solid curve). The calculation was performed for Er = 0.1 eV, for a photoexcitation
energy hw = 0.8 eV and 7op = 100 fs.

photoinduced modification of the distribution. Specifically, gL(¢) corresponds to the ad-
ditional electron occupation around the conduction-band transition energy +#Aw/2, whereas
—gL(—¢) describes the corresponding depletion of valence-band states around —/w /2. This
behavior is illustrated in Fig. 4.2(a), where the modified distribution [}, is compared with
the equilibrium Fermi—Dirac distribution. The photoinduced modification reduces the occu-
pation difference fi,(—¢) — fip(€) entering the interband optical conductivity of Eq. (2.27).
As aresult, further interband absorption is suppressed through Pauli blocking, leading to the
reduced interband absorbance shown in Fig. 4.2(b). In this way, Eq. (4.11) provides the mi-
croscopic link between photoinduced band filling and the macroscopic saturable-absorption
response.

To complete the description of the optical response during photoexcitation, carrier heating
must also be taken into account. In the presence of the photoinduced nonequilibrium popu-
lation, the carrier-dependent quantities entering the model, including the optical absorbance,
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electrical conductance, and electronic heat capacity, are evaluated using the modified dis-
tribution function fi, of Eq. (4.11). The absorbance is therefore treated as a function of
the chemical potential, the electronic temperature, and the nonequilibrium carrier density,
a = a(u, Te,nye). The dependence on n,. accounts for Pauli blocking due to band filling,
whereas the dependence on 7, accounts for the thermal broadening of the carrier distribution.
The temporal evolution of the electronic and lattice temperatures is described using a
two-temperature model [22,27,88]. The electronic temperature satisfies [27]

dT,
dt

where c, is the electronic heat capacity (Eq. (2.18)), [ is the incident optical intensity, .J,, is

the energy-transfer rate from carriers to optical phonons (Eq. (2.48)), and J is the disorder-

assisted acoustic-phonon cooling contribution (Eq. (2.50)).
The graphene lattice temperature evolves according to [27, 88]

Ce(,U7Te) = a(ﬂaTeanne)[ - Jop - JSC7 (412)

dT;
Cl(ﬂ)d_tl - Jop + Jsc - FSLG—sub (T’l - ﬂub) ) (413)
where ¢; is the lattice heat capacity,c; = —1.4 x 107° + 1.9 x 1077; Jm—2K~! [27,89],

Ty 1s the substrate temperature. The parameter ['s; s represents the effective thermal
coupling between the graphene lattice and its surrounding environment, usually taking values
of ~ 20 MW m~2K~! for Si or SiO, substrates [27, 88, 89]. The first two terms of Eq.(4.13)
represent the energy received by the lattice from the electronic subsystem, while the last term
describes heat dissipation from graphene to the substrate.

Equations (4.2), (4.12), and (4.13) form the dynamical part of the model. During a ps
pulse, the instantaneous intensity /() generates nonequilibrium carriers, modifies the carrier
distribution through ¢(t), heats the electronic subsystem, and changes the absorbance through
a(p, Teynpe). At the same time, the cooling terms in the electronic- and lattice-temperature
equations determine the subsequent relaxation of the system. In this way, the model separates
the band-filling contribution from the carrier-heating contribution, while retaining carrier
cooling in the transient saturable-absorption dynamics.

However, for femtosecond-pulse excitation, the absorbed power entering the electronic
heat bath is treated more explicitly. Since the interband excitation first creates a nonequilib-
rium electron—hole population, not all absorbed interband energy is assumed to thermalize
instantaneously into the hot Fermi—Dirac carrier bath. The electronic-temperature rate equa-
tion 1s therefore written in the form
dT. Npehlw

e
— = Qinral () +
dt ntra ( ) Te—e,eff

ce(p, Tt) — Jop — Jse- (4.14)
The additional term represents the energy transferred to the thermalized hot-carrier distribu-
tion as the optically generated nonequilibrium carriers relax towards a Fermi—Dirac distribu-
tion over the characteristic time 7,_ ef.

The transient response is obtained by solving the carrier and thermal dynamics self-
consistently with the instantaneous optical response of the structure. At each time step of
the incident pulse, the optical response of the system is calculated using the transfer matrix
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method, with the graphene optical properties updated from the instantaneous carrier distri-
bution. The total graphene absorbance, «, is then separated into interband and intraband
contributions according to the relative contribution of the real parts of the corresponding op-
tical conductivities, since optical loss is governed by the real part of the optical conductivity

or, equivalently, by S {esrc} [27,90]
Re {Ui(nltztr}

Re {ai(rllt)ra + Ui(lqlt)f:r} .

The intraband contribution is obtained in the same way. The coupled rate equations for n,
T.,and T; (Egs. (4.2), (4.12) or (4.14) and (4.13) respectively) are integrated in time using a
fourth-order Runge—Kutta method.

Qipter = &

(4.15)

4.2 Comparison of Reported Graphene Saturation Intensi-
ties

Graphene saturable absorption has been investigated using a wide range of sample configura-
tions and experimental techniques [8,9,17,86,91,92]. However, the reported saturation inten-
sities, I, span several orders of magnitude [14,93-96]. Part of this dispersion arises from
differences in excitation wavelength, pulse duration, layer number, saturable absorbance,
sample morphology, carrier-relaxation dynamics, and optical environment [16,92,96]. Con-
sequently, the reported I values are not always directly comparable. The purpose of this
section is therefore to express the available literature data on a common, model-guided basis
and to examine whether systematic trends occur after normalization. The analysis follows
the physical picture detailed in Section 4.1.

According to Eq. (4.8), the frequency dependence of the saturation intensity is approx-
imately quadratic, I, oc w?. Consequently, in order to compare measurements performed
at different wavelengths, each reported saturation intensity was first referred to 1550 nm, a
standard reference wavelength in fiber-optic systems and optical communications [97,98]. A
second normalization was then introduced to account for the saturable part of the absorbance
and for the effective number of graphene layers participating in the optical interaction

Lo 7 AN (4.16)
mom TS\ 1550 nm ) N '

where ay denotes the saturable part of the absorption and N, is the effective number of
graphene layers participating in the optical interaction. The factor N is introduced to ac-
count for the approximately linear scaling of graphene absorbance with the number of lay-
ers [8,9]. For continuous chemical vapor deposition (CVD)-transferred, epitaxial, or mechan-
ically exfoliated graphene films, N.¢ can be associated with a physical number of graphene
layers [8,9,93,95,99,100]. In contrast, in flake-based polymer composites, liquid dispersions,
and other effective graphene media, N is only an effective optical quantity and does not
correspond to a well-defined stack of continuous graphene monolayers [14,92,96,101,102].
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Figure 4.3: Normalized absorbance-weighted saturation intensity Iom extracted from the literature
and classified according to: (a) experimental method, (b) substrate or host medium, (c) graphene
fabrication route, and (d) Raman disorder ratio Ip /I, where available.

The literature data used in the comparison are listed in Table 4.1 and grouped according to
experimental method, substrate or host medium, graphene fabrication route, and Raman dis-
order ratio Ip/I.

The reported saturation parameters were also extracted using different fitting expressions.
Most studies employ the rational saturable-absorption model given by Eq. (4.6), whereas Lu
et al. used the exponential bleaching law

a(l) = aoe™ " + an, (4.17)

to describe the power-dependent transmission [17]. Tan et al. used the related, but mathe-
matically distinct, transmission model

T(I) = Ael=w7m], (4.18)

while other studies included an additional two-photon-absorption or optical-limiting term,
typically proportional to 51, to reproduce the reduction in transmission at high intensities [96,
103,107]. These models do not assign exactly the same numerical meaning to /,, the saturable
contribution of the rational model decreases asymptotically as 7!, whereas the exponential
model approaches its high-intensity limit more rapidly. When a clear saturation plateau is



CHAPTER 4. SA MODEL AND EXPERIMENTAL COMPARISON

42

Table 4.1: Literature data used for the normalization of graphene saturation intensity.

Index  Reference Fabrication Experimental method Substrate A(mm) Pulse(ps) Ner Ip/la Is [MW/cm?] ag Tnorm [MW/cm?]
1 [17] CVD Power-dependent transmission  Quartz substrate 800 0.100 3 0.100 7.91 x 103 0.00731 5.13 x 10°
2 [17] CVD Power-dependent transmission  Quartz substrate 800 0.100 1 0.200 2.77 x 103 0.01690 1.25 x 10t
3 [92] Liquid-phase-exfoliated ~ Z-scan Quartz substrate 1030 0.340 5 0.500 8.51 x 10* 0.11900 8.94 x 102
4 [96] (CVD-GR) CVD Z-scan Quartz substrate 1030 0.300 1 - 6.20 x 103 0.01700 4.65 x 10!
5 [92] (G/NMP) Liquid-phase-exfoliated ~ Z-scan Polymer matrix / dispersion 1030 0.340 5 1.000 6.71 x 10* 0.16100 9.54 x 102
6 [103] CVD Z-scan Quartz substrate 1086 0.125 3 0.150 3.00 x 103 0.06700 3.29 x 10t
7 [92] (G/PVA) Liquid-phase-exfoliated ~ Z-scan Polymer matrix / dispersion 1030 0.340 5 1.000 5.99 x 10% 0.17600 9.31 x 102
8 [91] Epitaxial Z-scan SiC substrate 800 0.200 1 0.100 4.00 x 102 0.00710 7.57 x 100
9 [95] CVD Z-scan Quartz substrate 1550 3.800 3 0.150 7.40 x 10t 0.04850 1.20 x 109
10 [9] Mechanically exfoliated ~ Power-dependent transmission ~ Optical fiber 1550 0.500 8 - 9.00 x 10! 0.08000 9.00 x 10~1
11 [104] CVD Power-dependent transmission  Quartz substrate 800 0.060 1 0.100 9.92 x 102 0.01800 4.76 x 10°
12 [93] Mechanically exfoliated ~ Power-dependent transmission ~ Optical fiber 1550 0.400 1 0.000 6.20 x 10~1  0.01470 9.11 x 103
13 [14] Liquid-phase-exfoliated ~ Power-dependent transmission ~ Polymer matrix / dispersion 1558 0.450 1 0.700 1.00 x 102 0.02000 2.02 x 10°
14 [99] Epitaxial Power-dependent transmission ~ Sapphire substrate 1040 0.500 1 0.080 5.10 x 101 0.02100 4.82 x 1073
15 [94] Laser-induced Power-dependent transmission ~ Optical fiber 1562 1.500 6 0.050 9.70 x 10° 0.07000 1.15 x 1071
16 [86] CVD Power-dependent transmission  Optical fiber 1550 1.000 1 0.200 5.30 x 1071 0.01570 8.32 x 1073
17 [8] CVD Power-dependent transmission ~ Optical fiber 1550 1.000 3 0.200 7.10 x 10~1  0.04480 1.06 x 10~2
18 [105] CVD Pump-probe Quartz substrate 1250 0.160 1 - 8.52 x 10! 0.00540 2.99 x 1071
19 [100] CVD Pump-probe Quartz substrate 800 0.100 1 0.042 1.00 x 10* 0.02150 5.73 x 10t
20 [106] CVD Pump-probe Quartz substrate 1040 0.200 1 - 2.35 x 102 0.00750 7.93 x 1071

The last column reports the normalized absorbance-weighted comparison quantity I;,,m, calculated from Eq. (4.16).
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resolved, the choice of fitting law generally changes the extracted scale only by a factor
of order unity. If only the initial nonlinear increase in transmission is measured, however, [
becomes strongly correlated with the modulation depth and may be poorly constrained, while
the inclusion of competing nonlinear absorption introduces additional parameter correlations.

The experimental methods considered in Fig. 4.3(a) include power-dependent or balanced
transmission, open-aperture Z-scan, and pump—probe spectroscopy. The first two probe the
intensity- or fluence-dependent nonlinear transmission: in Z-scan, the incident intensity is
varied by translating the sample through the beam focus [108], whereas in power-dependent
transmission the sample remains fixed and the incident power is varied [8]. Pump—probe
spectroscopy instead records the pump-induced change in probe transmission as a function
of the relative delay between the two pulses. At complete spatial overlap and zero delay,
fluence-dependent pump—probe measurements have been shown to converge with single-
pulse saturation measurements [109]. When the normalized values are grouped according
to experimental method, no clearly separated clusters emerge. Several open-aperture Z-scan
values remain in the upper part of the distribution, although many correspond to heteroge-
neous effective media, for which scattering and host contributions may affect the measured
response [92,96]. Power-dependent transmission measurements span almost the entire nor-
malized range, from below 1072 to above 10 MW /cm?, while the fewer pump—probe entries
also remain broadly distributed. The residual spread therefore cannot be attributed to a sys-
tematic difference between Z-scan and power-dependent transmission alone, consistent with
the same-sample study of Miao et al., who observed qualitatively similar saturable-absorption
behavior using open-aperture Z-scan and balanced transmission [110].

Panel 4.3(b) groups the normalized values according to the substrate or host medium,
including continuous graphene films on quartz, sapphire, or SiC, fiber-integrated absorbers,
and effective media such as polymer composites and liquid dispersions. Quartz-supported
samples extend over several orders of magnitude despite sharing the same nominal substrate,
whereas polymer composites and liquid dispersions include several of the highest normal-
ized values. In these effective media, the measured response also depends on material con-
centration, aggregation, host properties, and optical path length [92,96,102]. Several fiber-
integrated absorbers appear near the lower end of the distribution, however, this should not be
interpreted as an intrinsic effect of silica, since the inferred intensity and measured transmis-
sion may also depend on the specific optical configuration, coupling conditions, and effective
light—graphene interaction [10, 111].

Panel 4.3(c) classifies the data according to fabrication route, including CVD-transferred,
direct-grown or epitaxial, mechanically exfoliated, liquid-phase-exfoliated, and laser-induced
graphene. No fabrication category forms a distinct cluster after normalization, CVD-transferred
samples alone span several orders of magnitude. This shows that nominally similar contin-
uous films can exhibit substantially different saturation parameters because of variations in
layer number, doping, transfer residues, grain structure, substrate interaction, and fitting con-
ditions. Liquid-phase-exfoliated and other flake-based samples include several of the highest
values, but their normalization by N, is less direct, since the number of layers within an in-
dividual flake does not generally correspond to the number of graphene sheets sampled along
the optical path.

Panel 4.3(d) shows no monotonic relation between /., and the Raman ratio I /. Ra-
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man spectroscopy is widely used as a nondestructive probe of graphene structural quality,
with Ip /I commonly employed as an indicator of disorder-related scattering [28-30]. The
G band originates from the in-plane bond-stretching mode, whereas the D band is defect-
activated through intervalley double-resonance scattering [28,30]. Comparing I /I with
Ihom therefore provides a qualitative test of whether the normalized saturation intensity is re-
lated to Raman-inferred disorder. No clear trend is observed, suggesting that Raman-inferred
disorder is not the dominant parameter controlling /., across the compiled studies.
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Figure 4.4: Model-calculated saturation intensity /5 as a function of the optical relaxation time 7o
for a quartz/graphene/quartz structure with Er = 0.2 eV, excited by a 1 ps pulse at A = 1550 nm.
The saturation intensity decreases by nearly two orders of magnitude over the considered range of

Topt .

To illustrate the sensitivity of the saturation response to the optical dephasing time, Fig. 4.4
shows the calculated dependence of I, on the optical relaxation time 7. Over the full range
considered, [, decreases by nearly two orders of magnitude. A similar qualitative trend was
reported by Marini et al. [16]. At A ~ 1550 nm, their model predicts a decrease from the order
of 102 MW /em? at 7 = 50 fs to below 1 MW /cm? at 7 ~ 700 fs, whereas the present model
yields a weaker decrease, from approximately 290 to 27 MW /cm? over the same interval.
This quantitative difference may partly arise from the distinct treatment of carrier relaxation:
Marini et al. assume 7' = 0 K and use a single effective relaxation time, while the present
model includes carrier thermalization and the evolution of a hot Fermi—Dirac distribution.

Overall, the persistence of the wide spread after normalization indicates that the reported
saturation intensities are governed by several coupled physical and methodological factors
that are not captured by wavelength, saturable absorbance, and layer-number scaling alone.
Differences between reasonable fitting laws or spatial and temporal pulse conventions can
shift the extracted I, but are not sufficient by themselves to explain the full multi-order
spread. Much larger discrepancies can arise when average and peak intensities are not con-
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sistently distinguished, or when intensity and fluence are compared without accounting for
pulse duration. The remaining dispersion could therefore be understood as the combined re-
sult of genuine sample-to-sample variation and the broad diversity of experimental conditions
and reported observables.

4.3 Comparison with Experiment

The saturable-absorption model developed in Section 4.1 is now compared with experimental
measurements performed on an electrically gated single-layer-graphene free-space device.
The purpose of this comparison is not only to reproduce the measured nonlinear transmission
curves, but also to examine whether the model captures the gate-dependent transition between
the low-power Pauli-blocked regime, saturable absorption, and reverse saturable absorption
(RSA).

As discussed in the previous sections, when 2| | < Aw, interband transitions at the excita-
tion photon energy are allowed. Optical absorption then generates non-equilibrium electron
and hole populations around +#Aw/2. At sufficiently high incident intensity, the occupa-
tion of these optically active states reduces the probability of further interband transitions
through Pauli blocking. As a result, the graphene absorbance decreases and the transmission
increases, giving rise to saturable absorption. In contrast, when 2|u| 2 Aw, the low-power
interband absorption is already suppressed by Pauli blocking and the linear absorbance of
graphene is small. However, the residual absorption, due to thermal broadening of the car-
rier distribution, can still heat the electronic system during the incident pulse. The resulting
increase in electronic temperature broadens more the Fermi—Dirac distribution and partially
restores the availability of optically active interband transitions near the photon energy. This
thermal broadening can therefore increase the absorbance with increasing incident intensity.
When this heating-induced increase in absorption dominates over the bleaching caused by
non-equilibrium band filling, the device exhibits RSA [112].

All experimental measurements and figures presented in this section were provided by the
collaborators at the Cambridge Graphene Centre, University of Cambridge. The contribution
of the present work is the numerical analysis and comparison of the experimental results with
the saturable-absorption model of Section 4.1.

4.3.1 Experimental device and linear characterization

The experimental device, shown in Fig. 4.5(a), consists of a gate-tuned CVD single-layer
graphene sample in a free-space transmission geometry. The device configuration and mea-
surements follow the same general approach as previous ionic-liquid gated SLG optical de-
vices reported by the same group [113]. Figure 4.5(b) illustrates the device layout, the optical
stack, and the gating geometry. The active region consists of CVD single-layer graphene
transferred onto a quartz substrate, covered by an ionic-liquid layer and a top quartz cover.
Au source—drain contacts define the electrically accessible graphene channel, while a sepa-
rate Au gate electrode is used together with the ionic liquid to electrostatically tune the carrier
density of graphene. The ionic liquid covers both the graphene channel and the gate elec-
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trode, forming a continuous electrolyte layer between them. This enables the graphene Fermi
level to be tuned over a wide range, as explained in Subsection 2.1.2, thereby modifying both
the low-power optical absorption and the nonlinear transmission response of the device. The
optical beam is transmitted through the central gated graphene region, away from the metal
contacts. Therefore, the measured transmission is dominated by the optical response of the
gated SLG channel and its surrounding dielectric environment.

S m w0z
- lonic liquid (~50 pm)
Gate electrodes(~50 nm Au)
] Source-drain electrodes(~50 nm Au)
e | =— Graphene

Quartz (1 mm)

Drain

SLG/SiO,

Figure 4.5: Experimental electrically gated SLG free-space device used for the nonlinear transmis-
sion measurements. (a) photograph of the sample mounted in the optical setup. (b) Schematic top
view, cross-sectional views along the indicated directions, and optical image of the fabricated device.
The active optical stack consists of CVD single-layer graphene transferred onto a 1 mm-thick quartz
substrate, an ionic-liquid layer of thickness 50 pm, and a top quartz cover 0.2 mm. Au source—drain
contacts and an Au gate electrode, each with thickness 50 nm, are used for electrical access and elec-
trostatic gating. Experimental figure provided by the Cambridge Graphene Centre.

Figure 4.6 presents the low-power optical transmission at A = 1566 nm, together with the
electrical transfer characteristics of the gated SLG device. Figure 4.6(a) shows the raw trans-
mission measured for both a reference device without SLG and the complete SLG-containing
device. The transmission of the reference device remains nearly independent of gate volt-
age, confirming that the passive optical stack does not introduce appreciable gate-dependent
modulation. In Fig. 4.6(b), the transmission of the SLG device is normalized by that of the
reference device, such that the transmission of the passive stack corresponds to 100%.

The electrical transfer curve shown in Fig. 4.6(b) was measured by applying a small
source—drain bias, Vsp = 50 mV, between the metallic contacts and recording the gate-
dependent resistance of the graphene channel. The resistance reaches a pronounced maxi-
mum at the charge-neutrality point, corresponding to the minimum-conductivity region of
graphene [32]. Since a positive gate voltage is required to reach this point, the graphene
is p-doped at V;; = 0 [114]. The displacement between the forward and backward volt-
age sweeps reveals pronounced hysteresis, which is commonly observed in electrolyte- and
ionic-liquid-gated devices and is mainly associated with the finite ionic response time and
the reorganization of ions within the electric double layer at the graphene—ionic-liquid inter-
face [115,116]. As the gate voltage moves away from the charge-neutrality point, the channel
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resistance decreases because of the increasing electron or hole density. At the same time, the
optical transmission increases as interband absorption is progressively suppressed by Pauli
blocking.
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Figure 4.6: Linear transmission and electrical transfer measurements of the gated SLG free-space
device. (a) Transmission as a function of gate voltage for the reference device without SLG and for
the device with SLG. (b) Normalized gate-dependent transmission of the SLG device, obtained by
using the reference device without SLG as the 100% transmission level (blue), together with the elec-

trical resistance measured at Vgp = 50 mV (pink). Experimental figure provided by the Cambridge
Graphene Centre.

4.3.2 Raman-based Fermi-level calibration

Raman spectroscopy was used to calibrate the gate-voltage dependence of the graphene Fermi
level. The Raman spectra shown in Fig. 4.7(a) were acquired from the CVD-grown SLG
transferred onto quartz at gate voltages corresponding to those used in the nonlinear trans-
mission measurements. The G peak originates from first-order Raman scattering by the
in-plane Es, optical phonon at the Brillouin-zone centre I' [28, 30, 117]. Its position and
linewidth are sensitive to charge doping through the doping-dependent renormalization of
the phonon energy and lifetime, and are therefore widely used to probe the electronic state
of graphene [30, 114, 118]. However, the G peak can also be affected by strain and disorder,
so its interpretation is usually combined with the behaviour of the 2D peak and the inten-
sity/area ratios of the Raman bands [30, 117]. The 2D peak is a second-order, two-phonon
Raman feature associated with a double-resonance process involving phonons near the K
point [28,30,117]. Unlike the defect-activated D peak, the 2D peak does not require defects
to be observed, because the two-phonon process satisfies momentum conservation without
defect scattering [28,30]. Its lineshape is particularly important for identifying single-layer
graphene because in SLG, it is well described by a single Lorentzian component [28].
At the most strongly doped states, the G peak is located at 159441 cm~!, with FWHM(G)

14 & 1 cm™!, while the 2D peak is located at 2693 & 1 cm~!. Near the charge-neutrality re-
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Figure 4.7: (a) Raman spectra of CVD-grown SLG transferred onto quartz at different gate voltages.
Experimental data provided by the Cambridge Graphene Centre. (b)—(d) Doping-dependent calibra-
tion curves for Pos(G), Pos(2D), and 1(2D)/1(G), respectively, adapted from Das et al. [114].

gion, the G peak shifts to 1585 4+ 1 cm™! and broadens to FWHM(G) = 21 + 1 ¢cm™!, while
the 2D peak shifts to 2687 &1 cm~!. This evolution is consistent with the established Raman
response of gated graphene. Increasing the carrier density stiffens and narrows the G mode,
whereas near charge neutrality the G peak softens and broadens because electron—hole-pair
generation by phonon decay is no longer suppressed by Pauli blocking [114, 118]. The mea-
sured I(2D)/1(G) ratio reaches its largest value near the charge-neutrality region and de-
creases at large |V — Venp|. This behaviour is associated with the doping-induced increase
in the electronic scattering rate of the photoexcited carriers involved in the resonant Raman
process, which reduces the probability of completing the multistep process responsible for
the 2D peak [118].

The carrier-density magnitude was estimated by comparing the fitted Raman parameters
with the doping-dependent calibration reported by Das et al. for electrochemically top-gated
graphene [114]. In that work, the G-peak position, the 2D-peak position, and the intensity
ratio /(2D)/1(G) were measured as functions of gate-induced carrier density, providing em-
pirical calibration curves for the corresponding Raman observables.

For the present CVD SLG/quartz sample, the experimentally extracted values of Pos(G),
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Figure 4.8: Raman-derived Fermi energy as a function of Vg = Vg — Venp. The green, blue, and
yellow points denote the estimates obtained from Pos(G), Pos(2D), and I(2D)/I(G), respectively,
while the pink points show their arithmetic mean. Experimental analysis and figure provided by the
Cambridge Graphene Centre.

Pos(2D), and 1(2D)/I(G) were mapped separately onto the calibration curves shown in
Fig. 4.7(b)—(d), yielding three estimates of the carrier-density magnitude. Because these
Raman observables are primarily sensitive to the magnitude of the carrier density, the carrier
type was assigned using the position of the applied gate voltage relative to the electrically
determined charge-neutrality point. Accordingly, Vg < 0 was assigned to hole doping and
Vig > 0 to electron doping, where Vig = Vg — Venp.

Each carrier-density estimate was converted into a signed Fermi energy using Eq. (2.11)
of Subsection 2.1.2. The resulting gate-dependent estimates of £/ are shown in Fig. 4.8. The
final Raman-derived Fermi energy at each gate voltage was taken as the arithmetic mean of
the values obtained from Pos(G), Pos(2D), and 1(2D)/I1(G).

4.3.3 Experimental nonlinear transmission curves

The nonlinear transmission of the gated CVD SLG device was measured using a fibre-based
setup operating at 1566 nm, with a pulse duration of 120 fs. The incident beam was divided
into sample and reference arms. The sample arm illuminated the device, and the transmitted
pulse energy was recorded by a detector, while the reference arm monitored the incident pulse
energy.

For each applied gate voltage, corresponding to a Raman-derived Fermi energy Er, the
incident pulse energy was varied and the resulting transmission was determined. Figure 4.9
shows the measured transmission as a function of incident fluence for the different Fermi-
energy states.

At the most negative Fermi energies, the low-fluence transmission is high, consistent with
the suppression of interband absorption by Pauli blocking. As the incident fluence increases,
the transmission decreases, revealing reverse saturable absorption. This behaviour is most
pronounced for the highly hole-doped states, with Fr between approximately —0.74 and
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Figure 4.9: Experimental nonlinear-transmission curves of the gated CVD SLG device measured at
1566 nm with a pulse duration of 120 fs. The transmission is plotted as a function of incident fluence
and peak power intensity for different Raman-derived Fermi energies. Experimental data and graph
provided by the Cambridge Graphene Centre.

—0.62 eV.

At intermediate Fermi energies, the fluence dependence becomes weaker and, in some
cases, non-monotonic, indicating a crossover between the competing effects of carrier heat-
ing and non-equilibrium band filling. Closer to the charge-neutrality region, as well as for
the measured electron-doped states, the transmission increases with incident intensity. This
behaviour corresponds to saturable absorption and is attributed to the progressive bleaching
of interband transitions through photoinduced Pauli blocking. The measurements therefore
show that electrostatic gating controls not only the low-power transmission of the device, but
also the sign and magnitude of its nonlinear optical response.

4.3.4 Linear-regime optical simulation

The low-power transmission of the gated SLG device was simulated using the transfer ma-
trix method. The simulated structure reproduced the experimental free-space geometry and
consisted of a 1 mm-thick quartz substrate, the CVD SLG sheet, a 50 pm-thick ionic-liquid
layer, and a 0.2 mm-thick quartz cover. The wavelength-dependent refractive index of quartz
was calculated using the dispersion relation reported by Malitson [119], while the refractive
index of the ionic liquid was taken from previous work on a similar device by the experi-
mental group [113]. At 1566 nm, the corresponding values are approximately ng ~ 1.44 and

For each Raman-derived Fermi energy, the linear transmission of the multilayer stack was
calculated and compared with the low-fluence experimental transmission extracted from the
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nonlinear measurements. Because the Raman calibration yields discrete signed Fermi-energy
values on both sides of the charge-neutrality point, the comparison is presented as a function
of |Er|, rather than directly as a function of gate voltage.

Figure 4.10 compares the experimental low-fluence transmission with the TMM predic-
tion. The calculated transmission increases with | E |, reflecting the progressive suppression
of interband absorption by Pauli blocking. The experimental data exhibit the same overall
trend, although their absolute transmission baseline is lower than that predicted by the linear
TMM calculation. To account empirically for this baseline difference, a constant additive
offset of 0.4 percentage points was applied to the experimental transmission values. The
same offset was applied consistently to all experimental transmission curves used in both the
linear-regime comparison and the subsequent nonlinear-model analysis.

00—+ 4+
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Figure 4.10: Linear-regime comparison between experiment and transfer-matrix simulation as a
function of the Raman-derived | Er|. The black points show the corrected experimental low-fluence
transmission values extracted from the nonlinear measurements, with horizontal error bars indicating
the uncertainty in the Raman-derived Fermi energy. A constant additive offset of 0.4 percentage points
wasapplied to the experimental transmission values; the same offset was also used in the nonlinear
analysis. The red curve shows the TMM calculation.

The corrected experimental data show an overall increase in transmission with |Er|, in
qualitative agreement with the TMM prediction. However, the experimental transition is
broader and occurs at larger | Er| than predicted by the calculation. Since the applied con-
stant offset affects only the absolute transmission baseline, it does not modify the shape of
the experimental dependence. Therefore, the remaining discrepancies are more likely asso-
ciated with uncertainty in the Raman-based Fermi-level extraction. Overall, the comparison
supports the qualitative gate-dependent trend inferred from the Raman calibration, but does
not quantitatively validate the absolute ' scale.
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4.3.5 Nonlinear transmission simulation

Following the qualitative agreement obtained in the linear regime, the full nonlinear saturable-
absorption model was used to simulate the fluence-dependent transmission curves. The sim-
ulations were performed at the experimental wavelength of 1566 nm, using a Gaussian pulse
duration of 120 fs. The transient optical response was obtained by solving the coupled rate
equations for the electronic temperature (Eq. (4.14)), the lattice temperature (Eq. (4.13)),
and the non-equilibrium carrier density (Eq. (4.2)). The pulse-duration-dependent effective
times Topq cfr and Tee oy Were used to account for the finite temporal width of the excitation
pulse. For each simulation, the incident fluence was calculated by integrating the incident
intensity profile over time, .
F, = / Iin(t) dt. (4.19)
—0oQ
The transmitted pulse energy per unit area was obtained by integrating the transmitted inten-
sity over time, and the simulated transmission was therefore calculated as

Tim = Low x 100. (4.20)
F;
This procedure allows direct comparison with the experimental transmission curves reported
as a function of incident fluence.

As in the linear-regime comparison, a constant additive offset of 0.4 percentage points
was applied to all experimental transmission values before comparison with the nonlinear
simulations. A global parameter set was used for all measured Fermi energies and incident
fluences, rather than fitting each nonlinear-transmission curve independently.

To quantify the agreement between simulation and experiment, the root-mean-square er-
ror (RMSE) and a range-normalized RMSE (NRMSE) were used [120,121]. The RMSE
was calculated over all experimental points included in the comparison as

N
1 Z 2
RMSE = N [Tsim<-Fi; EF,Z) - Texp(-Fia EF,Z)] ) (421)

i=1

where F; is the incident fluence of the i-th experimental point, £, is the Fermi energy
corresponding to that curve, and N is the total number of points included in the comparison.
Since the transmission is expressed in percent, the RMSE is reported in percentage points.
The range-normalized error was defined as

RMSE
NRMSE = x 100%, (4.22)

Tmax,exp - Tmin,exp

where Tiax exp and Tinin exp are the maximum and minimum experimental transmission values
over the full data set.

To determine the parameter set that best reproduces the measured nonlinear transmis-
sion, separate two-dimensional parameter sweeps were performed for three fixed values of
the electron—electron scattering time, 7..o = 20, 15, and 7 fs. For each value of 7, the
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Figure 4.11: NRMSE obtained from the nonlinear-transmission comparison as a function of the
effective optical dephasing time 7, o and the disorder-limited electronic mean free path £, for 7ec o =
7 fs, which produced the lowest NRMSE among the examined electron—electron thermalization times.
Within the sampled parameter grid, the minimum occurs at 7oy eff = 14 s and £ = 3 nm.

NRMSE was evaluated as a function of the effective optical dephasing time 7,p cfr and the
disorder-limited electronic mean free path ¢. The optical dephasing times were selected so
that the corresponding effective values were 7oy cr = 7, 10, 12, 14, 15, and 17 fs. Each can-
didate parameter set was evaluated simultaneously against all experimental saturation curves
of Fig. 4.9.

For 7. o = 20 {5, the minimum error was obtained at 7oy .ir = 10 fs and £ = 3 nm, with an
NRMSE of 3.6%. For 7. o = 15 fs, the corresponding minimum occurred at 7o cr = 10 fs
and ¢ = 3 nm, with an NRMSE of 3.2%. The lowest error among the examined cases was
obtained for 7eeg = 7 fs, Toprerr = 14 f5, and £/ = 3 nm, with an NRMSE of 3.1%. This
combination was therefore selected as the best-fit parameter set within the explored parameter
space.

The effective optical dephasing time 7 o¢r determines the energetic width of the optically
generated nonequilibrium carrier distribution. A shorter dephasing time produces a broader
distribution, whereas a longer value concentrates the photoexcited carriers more strongly
around the optically active energies. It therefore affects the spectral sharpness of the in-
terband excitation and the strength of band-filling-induced Pauli blocking. In the present
parameterization, however, varying 7, cfr does not modify the excitation linewidth alone,
but also 7¢.cr. The scattering processes represented phenomenologically by 7, provide an
additional relaxation pathway for the optically generated nonequilibrium population. Conse-
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quently, shorter values of 7, o are accompanied by shorter 7. ofr, reducing the persistence
of nonequilibrium band filling and transferring the absorbed interband energy more rapidly
to the thermalized electronic bath. The dependence along the 7oy cfr axis of Fig. 4.11 there-
fore represents the combined influence of excitation broadening and nonequilibrium-carrier
relaxation, rather than either effect in isolation.
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Figure 4.12: Comparison between the corrected experimental nonlinear-transmission data and the
simulations obtained using the best-fit parameter set. Dots show the experimental data, while solid
lines show the simulated transmission curves. The simulations were performed with 7eco = 7 fs,
Topteff = 14 fs, and £ = 3 nm.

The intrinsic electron—electron thermalization time 7. controls the rate at which the
optically generated nonequilibrium carrier population relaxes toward a hot Fermi—Dirac dis-
tribution. A shorter 7. o accelerates this redistribution, reducing the lifetime of the nonequi-
librium population and therefore weakening the band-filling contribution to Pauli blocking.
At the same time, the absorbed energy is transferred more rapidly to the thermalized elec-
tronic bath, increasing the relative importance of carrier heating. Conversely, a longer 7 o
allows the photoexcited population to persist for longer, strengthening nonequilibrium band
filling and the associated bleaching of the interband absorption.

The disorder-limited electronic mean free path £ controls the strength of disorder-assisted
acoustic-phonon cooling. A shorter ¢ corresponds to stronger supercollision cooling, whereas
a longer ¢ weakens this cooling pathway and allows the electronic temperature to remain
elevated for longer.

Using the best-fit parameter set, the simulated nonlinear-transmission curves are com-
pared with the experimental data in Fig. 4.12. The simulations reproduce the main gate-
dependent evolution of the nonlinear response, but point-to-point experimental scatter re-
mains across the examined doping range.
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For Fermi energies below the one-photon Pauli-blocking threshold, |Er| < hw/2, the
simulated transmission increases monotonically with fluence. In this regime, the optically
active interband transitions are initially allowed, while photoinduced band filling progres-
sively suppresses the absorption through Pauli blocking. At the experimental wavelength
of 1566 nm, Pauli-blocking threshold is #w/2 ~ 0.396 eV. The curve at Er = 393 meV
therefore lies close to this threshold and its transmission varies only weakly at low and in-
termediate fluences. Above the threshold, the calculated response becomes non-monotonic.
For Er = 446, 505, and 528 meV, the transmission initially decreases with fluence, reaches
a minimum, and subsequently recovers. In this regime, equilibrium interband absorption
is partially Pauli blocked. Electronic heating broadens the Fermi—Dirac distribution and re-
stores optically allowed transitions, increasing the absorption and producing reverse saturable
absorption. At higher fluence, nonequilibrium band filling becomes increasingly important
and suppresses these restored transitions, causing the transmission to recover. Finally, at
Er = 686 meV, the calculated transmission remains nearly independent of fluence. At this
doping level, the interband transition is strongly Pauli blocked throughout the examined flu-
ence range. Thermal broadening therefore restores only a limited fraction of the interband
absorption, resulting in a substantially weaker nonlinear response than at the intermediate
Fermi energies.

The minimum NRMSE values obtained for ..o = 15 fs and 7 fs, namely 3.2% and
3.1%, respectively, are very close. Although the latter value gives the lowest error among
the examined cases and was therefore selected for the final comparison, the present analysis
does not uniquely determine the intrinsic electron—electron thermalization time.
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Chapter 5

Design of a Pulse-Shaping Device

The aim of this chapter is to use the nonlinear graphene model developed in the previous
chapter as a design tool for a reflective pulse-shaping device. The underlying concept is to
place graphene inside an asymmetric Fabry—Pérot cavity, where resonant field enhancement
increases the effective light—graphene interaction. When the cavity is operated close to crit-
ical coupling, discussed in Sec. 2.5, small intensity-induced changes in graphene absorption
can produce large variations in the reflected optical power. In this way, the microscopic
saturable-absorption dynamics of graphene are converted into a macroscopic temporal re-
shaping of an incident optical pulse.

5.1 Bragg Reflector

The first step of the device design was the analysis of the optical response of the fabricated
DBR, which was provided by experimental collaborators. The measured reflectivity spec-
trum was compared with transfer matrix simulations, as shown in Fig. 5.1, in order to validate
the passive DBR used in the subsequent cavity design. The DBR consists of six alternat-
ing Si0,/Ta,0s pairs deposited on a quartz substrate. The layer thicknesses were taken as
dsio, =~ 274 nm and dr,,0, ~ 193 nm, while the refractive indices were set to ngio, ~ 1.44
and nr,,0, =~ 2.04, based on literature optical data for fused silica and tantalum pentoxide,
respectively [119,122].

Figure 5.1 compares the measured reflectivity spectrum of the DBR with the TMM calcu-
lation. The simulation reproduces the main features of the experimental response, including
the broad near-infrared stop band and the peak reflectivity of approximately R ~ 0.95. The
agreement is particularly good inside the stop band, which is the spectral region relevant
for the cavity design. Deviations are observed mainly outside the stop band, especially at
longer wavelengths, and can be attributed to fabrication tolerances, small deviations of the
deposited layer thicknesses from the nominal values, material dispersion, surface roughness,
and residual substrate-related reflections.

57
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Figure 5.1: Experimental and simulated reflectivity spectra of the fabricated six-pair SiO; /Ta;05
dielectric Bragg reflector on a quartz substrate. The red curve shows the measured reflectivity, while
the black curve corresponds to the transfer matrix method calculation. The calculation reproduces the
broad near-infrared stop band validating the passive DBR description used in the cavity design.

5.2 Cavity design

After validating the passive DBR response, the same transfer matrix framework was used to
design graphene-loaded Fabry—Pérot cavities. The general structure consists of the fabricated
Si0,/Ta,05 DBR, a dielectric spacer layer, graphene, and a metallic Ag mirror. The last
layer of the DBR is part of the optical boundary of the cavity and contributes to the effective
phase condition, together with the spacer layer and the Ag mirror. The role of the cavity
is to enhance the optical field at the graphene position and therefore increase the effective
light—graphene interaction compared with single-pass propagation.

Two illumination geometries were examined, as shown schematically in Fig. 5.2. In the
bottom-side geometry, Fig. 5.2 (a), light is incident through the quartz substrate and the DBR.
In this case, the DBR acts as the input mirror, while the Ag layer serves as the back reflector.
In the top-side geometry, Fig. 5.2 (b), light is incident from the Ag side of the structure. The
metallic layer must therefore be thin enough to allow coupling of the incident field into the
cavity, while remaining sufficiently reflective to support resonant field buildup.

Three spacer materials were considered: PMMA, Al,O3, and oligofluorene. The wavelength-
dependent refractive indices of these materials were obtained from optical characterization
performed by experimental collaborators and were used as input to the transfer matrix cal-
culations. Near the target wavelength A\ = 1572 nm, the corresponding refractive-index
values are approximately npmma =~ 1.477, naj,0, ~ 1.60, and ngjigofiuorene =~ 1.68, while the
refractive index of Ag was taken from the literature [123]. The different refractive indices
of the spacers mainly affect the physical spacer thickness, of the cavity, required to satisfy
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Figure 5.2: Schematic representation of the two illumination geometries considered for the
graphene-loaded Fabry—Pérot cavity.(a) Bottom-side incidence, where light is incident through the
quartz substrate and the SiO, /Ta;Os DBR, while the Ag layer acts as the back reflector. (b) Top-side
incidence, where light is incident through the thin Ag layer, which acts as a partially transmitting input
coupler.

the resonance condition at the target wavelength. In addition, the refractive-index mismatch
between the spacer and the adjacent Si0O, layer introduces a small reflection at their interface.
Since the refractive index of PMMA is closest to that of SiO,, the Si0,/PMMA is expected
to produce the smallest reflection.

To model structures containing Ng graphene layers, the graphene stack was treated within
an independent-layer approximation. All layers were assumed to have the same Fermi level,
electronic temperature, and lattice temperature. In the transfer matrix calculations, the stack
was represented as a single graphene film with total thickness Ngdsi g, where ds; g is the
thickness assigned to single-layer graphene. Consistently, the areal density of states entering
the carrier-dynamics model was scaled according to Ngv(e), where v(¢) is given by Eq. (2.7).

The design criterion was operation close to critical coupling. For a reflective one-port
cavity, transmission is strongly suppressed by the back reflector, and the minimum in re-
flectivity corresponds to maximum cavity absorption. Critical coupling is reached when the
radiative leakage rate through the input mirror matches the total internal loss rate of the cav-
ity. In the present structures, the internal loss includes the absorption in graphene and the Ag
mirror, while the dielectric layers are lossless in this spectral range. Therefore, the design
problem requires simultaneous control of the mirror asymmetry, the cavity phase condition,
and the graphene-induced internal loss.

The cavity design was carried out at the target wavelength \y = 1572 nm. For each
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Figure 5.3: Graphene absorption as a function of the number of graphene layers for the different
cavity designs. The blue curves show the fraction of the incident power absorbed in graphene when
graphene is embedded inside the Fabry—Pérot cavity, Ag cay. The red curves show the corresponding
graphene absorbance for the same number of layers in air, Ag ,ir, without cavity enhancement. Panels
(a), (c), and (e) correspond to bottom-side illumination for PMMA, Al,03, and oligofluorene spacers,
respectively. While, panels (b), (d), and (f) correspond to top-side illumination for the same spacer
materials.
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spacer material and illumination geometry, the cavity geometry was optimized for single-
layer graphene at \q. The optimized cavities differ in their resonance linewidths, with the
bottom-side designs generally exhibiting narrower resonances than the corresponding top-
side designs. For example, in the PMMA-based cavities, the extracted quality factors are
Qbottom =~ 205 and Qyop ~ 66. The number of graphene layers was then varied while keeping
the remaining structural parameters fixed. This fixed-geometry scan was used to isolate the
effect of graphene loading on the cavity response and to identify the number of graphene
layers for which the graphene absorption is maximized, as shown in Fig. 5.3.

Figure 5.3 shows that the graphene absorption inside the cavity, Ag cay, 1S strongly en-
hanced compared with the corresponding absorbance of graphene in air, Ag ;. In air, the
graphene absorbance increases monotonically with the number of layers [8]. Inside the cav-
ity, however, the absorbed fraction is not determined only by the intrinsic graphene absorp-
tion, but also by the cavity coupling condition. Increasing the number of graphene layers
initially increases the internal loss and drives the structure closer to critical coupling, thereby
increasing Ag cay. This trend is most clearly observed in the top-side geometries, shown in
Figs. 5.3(b), (d), and (f). Beyond the optimum, however, the cavity becomes over-lossy:
the quality factor is reduced, the photon lifetime becomes shorter, and the resonance broad-
ens [79]. As aresult, the intracavity field buildup weakens and the fraction of incident power
absorbed in graphene decreases.

The same scan, shown in Fig. 5.3, also highlights the difference between the two illumi-
nation geometries. In the bottom-side devices, the maximum graphene absorption is reached
with fewer graphene layers. This is related to the fact that the bottom-side structure behaves
more closely as a reflective one-port absorber. In this geometry, transmission is strongly sup-
pressed, so the field is more efficiently confined inside the cavity and a larger fraction of the
circulating power can contribute to graphene absorption. In the top-side devices, part of the
incident power remains unabsorbed through finite reflection and finite transmission, while
another fraction is dissipated in the Ag input mirror. These channels reduce the resonant field
enhancement at the graphene position, so each graphene layer contributes less effectively to
the cavity loss balance, therefore, a larger number of graphene layers is required to approach
the optimal coupling condition. The same mechanisms also prevent the graphene absorption
from reaching 100%, as illustrated in Fig. 5.4 for the PMMA spacer.

Table 5.1: Optimized geometrical parameters and linear power balance for the top-side and bottom-
side cavities with single-layer graphene at A\g = 1572 nm.

Geometry Spacer material  dgpacer (NM)  dpg (nm) R (%) T (%) Asig (%) Aag (%)

Top-side PMMA 219.35 11.62 0.44  40.45 43.88 15.23
Top-side ALO; 173.11 12.63 0.61 39.71 43.08 16.60
Top-side Oligofluorene 192.21 13.13 0.80 39.46 42.81 16.93
Bottom-side PMMA 239.95 177.89  0.79  0.00 90.07 9.14
Bottom-side Al,O5 216.08 193.94 097  0.00 88.19 10.84

Bottom-side Oligofluorene 209.05 177.78 1.16  0.00 87.42 11.42

The two-parameter optimization was performed for all spacer materials and for both il-
lumination geometries by varying the spacer thickness and the Ag thickness. The spacer
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Figure 5.4: Two-parameter optimization of the PMMA-based cavity at Ao = 1572 nm with single-
layer graphene. Panels (a)—(d) correspond to the bottom-side geometry, while panels (e)—(h) corre-
spond to the top-side geometry. The maps show the graphene absorption Agp g, reflection R, the
transmission 7" and Ag absorption A, as functions of the PMMA spacer thickness and the Ag thick-
ness. The graphene absorption map identifies the region where the incident optical power is most
efficiently dissipated in graphene.

thickness controls the cavity phase condition, while the Ag thickness controls the input cou-
pling strength, top-side geometry, the metallic loss, and the transmission in the bottom-side
configuration. Since the optimized responses of the three spacer materials were found to be
qualitatively similar, the PMMA-based cavities are used as representative examples in the
main text. The bottom-side and top-side PMMA optimization maps are shown in Fig. 5.4,
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while the optimized geometrical parameters for all spacer materials are summarized in Ta-
ble 5.1.

The PMMA optimization maps in Fig. 5.4 provide a visual confirmation of the cavity de-
sign criterion. In the bottom-side geometry, the selected operating point lies in a region where
the graphene absorption is maximized, Fig. 5.4(a), while both reflection and transmission re-
main strongly suppressed, Figs. 5.4(b) and 5.4(c). The remaining non-graphene absorption is
associated with the Ag mirror, Fig. 5.4(d), indicating that the optimized structure approaches,
but does not reach, ideal graphene-only absorption.

In the top-side geometry, the optimum corresponds to a different compromise. The
graphene absorption is still enhanced, Fig. 5.4(e), but a significant fraction of the incident
power is transmitted through the structure, Fig. 5.4(g), while an additional fraction is ab-
sorbed in the thin Ag layer, Fig. 5.4(h). This behavior is consistent with the role of Ag as
a partially transmitting input coupler in this illumination direction. Therefore, the PMMA
maps support the conclusion drawn from Table 5.1: after optimization, the bottom-side con-
figuration is more effective for concentrating the absorbed power in graphene. This behavior
is also consistent with the extracted quality factors discussed above, since Qpottom =~ 3Qiop-

5.3 [Extreme Pulse-Shaping

After the linear optimization of the graphene-loaded cavities, their nonlinear time-dependent
response under pulsed excitation was investigated. The aim is to exploit graphene saturable
absorption in order to dynamically tune the cavity through the critical-coupling condition
during the pulse, thereby reshaping the temporal profile of the reflected signal.

The essential idea is to start from a cavity that is intentionally loaded with a larger number
of graphene layers than the one required for critical coupling in the linear regime. Therefore,
at low intensity pulse excitation the internal loss of the cavity is larger than the leakage rate
through the input mirror, vi,ss(0) > 7ieak- As the instantaneous pulse intensity increases,
graphene absorption decreases due to saturable absorption and can therefore drive the cav-
ity dynamically towards the critical-coupling condition. Whenever graphene’s absorption
brings the total cavity loss close to the radiative leakage rate, the reflected signal is strongly
suppressed as shown in Fig. 5.5.

The extreme reshaping of the pulse can then be achieved by the number of times and the
position the pulse drives the cavity through critical coupling. Let /.. denote the incident in-
tensity at which the saturated graphene absorption reduces the cavity loss to the critical value.
If I is approximately equal to ., the cavity reaches critical coupling at the maximum of
the incident pulse, its central part is then almost completely absorbed by the cavity, producing
a deep minimum in the reflected signal at the pulse center. Consequently, the single-peaked
incident pulse is transformed into a reflected pulse with two side peaks Fig. 5.6(b).

A different response occurs when I < Ipeak. In this case, the critical-coupling condi-
tion is crossed twice: first on the rising edge of the pulse and then again on the falling edge.
Between these two crossings, the graphene absorption is further saturated, the internal loss
becomes smaller than the leakage rate, and the cavity moves away from critical coupling
towards an under-lossy state. Reflection is therefore partially restored around the pulse max-
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Figure 5.5: Temporal evolution of the nonlinear cavity response for a representative three-peak
pulse-shaping case. The dashed red curve shows the instantaneous cavity absorption, while the blue
curve shows the reflected output power. The reflected signal is suppressed when the graphene ab-
sorption reaches the maximum. Since this condition is crossed twice during the pulse, two reflection
minima are formed and the reflected pulse splits into three.
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Figure 5.6: Pulse shaping in the optimized bottom-side PMMA cavity containing three graphene
layers at A = 1579.13 nm. Panels (a)—(d) show representative reflected pulse profiles for incident
Gaussian pulses with peak intensities iy peak = 2.0, 5.95, 8.56, and 10.9 MW / cm?, respectively. The
reflected pulse evolves from a single peak in (a), to a two-peak profile in (b), and subsequently to
three-peak profiles in (c) and (d). Panel (e) shows the normalized reflected intensity Ioy;/fin peak as
a function of time and incident peak intensity. The horizontal dashed lines indicate the intensities
corresponding to the pulse profiles shown in panels (a)—(d).
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imum and the output reflected signal, develops two temporal minima and can split into three
local maxima Fig. 5.5.

Figure 5.6 summarizes this behavior for the configuration that gives the strongest out-
put performance, namely the bottom-side PMMA cavity with three graphene layers. The
calculation was performed at A = 1579.13 nm, different from the original design wave-
length, \y = 1572 nm, because the cavity was first optimized for single-layer graphene.
Figures 5.6(a)—(d) show representative reflected pulse profiles extracted from the map in
Fig. 5.6(e). The incident pulse is a Gaussian pulse, and its peak intensity is varied while
keeping the wavelength fixed. At I, peak = 2.0 MW /cm?, the reflected signal remains single-
peaked, Fig. 5.6(a). Increasing the peak intensity to [inpeax = 5.95 MW/ cm? drives the
cavity close to critical coupling near the pulse maximum, producing a central reflection min-
imum and splitting the output into two peaks, Fig. 5.6(b). At Iy peax = 8.56 MW /cm? and
Linpeak = 10.9 MW /em? the critical-coupling condition is crossed twice during the pulse,
leading to a three-peak reflected profile, Figs. 5.6(c) and (d).

The pulse-shaping performance of all optimized configurations is summarized in Ta-
ble 5.2. For each geometry, spacer material, graphene-layer number, and target number of
reflected peaks, the table lists the wavelength s and incident peak intensity /. }:;teak that give
the clearest pulse-splitting response. The wavelength tolerance Ayjerance denotes the approx-
imate spectral range around A over which the same two- or three-peak response remains
identifiable. The quantity /oy / /i peak Tepresents the normalized reflected output, of the clear-
est response and is used here as a measure of the output efficiency of the pulse-shaped signal.

Table 5.2 reveals a trade-off between output efficiency and operational tolerance. The
bottom-side configurations generally provide the highest normalized reflected output, with
the best cases reaching Ioy/ Pinpeak =~ 8%. These structures are therefore more efficient for
producing strong pulse-shaped reflected signals, consistent with the stronger resonant field
buildup and more efficient graphene absorption obtained in the bottom-side geometry. By
contrast, the top-side configurations generally require larger incident peak intensities and
provide lower output efficiency. However, they usually exhibit larger wavelength tolerances.
Thus, although the top-side geometry is less efficient in terms of output intensity, it is more
forgiving with respect to experimental uncertainties, such as wavelength detuning, and small
deviations of the fabricated layer thicknesses.
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Table 5.2: Summary of the optimal wavelength, incident peak intensity, wavelength tolerance, and
maximum normalized reflected output for each geometry, spacer material, graphene-layer number,
and number of reflected peaks.

Geometry Spacer NG Peaks A°'(nm) IP®t  (W/em?) A°rance (nm)  Joy/Iin peak (%)

in,peak

Bottom Al O3 1 2 1572.96 6.0 x 10° 0.5+0.1 0.3
Bottom Al O3 1 3 1572.86 7.7 x 10° 0.5+0.1 0.2
Bottom Al O3 2 2 1575.96 3.2 x 106 2.0£0.2 3.7
Bottom Al O3 2 3 1576.12 5.0 x 106 2.24+0.2 3.2
Bottom Al O3 3 2 1579.06 6.4 x 106 3.3£0.3 8.1
Bottom Al O3 3 3 1579.06 8.8 x 106 3.3+0.3 6.0
Bottom  Oligoluorence 1 2 1573.24 6.1 x 10° 0.5+0.1 0.3
Bottom  Oligoluorence 1 3 1573.39 9.6 x 10° 0.5+0.1 0.4
Bottom  Oligoluorence 2 2 1576.15 3.2 x 106 20+0.2 3.8
Bottom Oligoluorence 2 3 1576.32 5.0 x 106 2.0+£0.2 2.9
Bottom  Oligoluorence 3 2 1579.13 6.4 x 106 3.5+0.2 8.0
Bottom  Oligoluorence 3 3 1579.13 8.8 x 106 3.1+0.2 6.0
Bottom PMMA 1 2 1572.93 4.8 x 10° 0.4+0.2 0.3
Bottom PMMA 1 3 1572.93 7.3 x 10° 0.4+0.2 0.2
Bottom PMMA 2 2 1575.96 3.0 x 106 2.3+£0.2 3.7
Bottom PMMA 2 3 1575.76 4.3 x 106 2.1+0.2 2.6
Bottom PMMA 32 157913 6.0 x 106 3.3+0.2 8.3
Bottom PMMA 3 3 1579.13 8.6 x 106 3.6 £0.2 5.9
Top Al O3 4 2 1582.61 1.7 x 107 49+0.3 3.4
Top Al O3 4 3 1582.32 4.1 x 107 4.1+0.3 1.5
Top Al O3 5 2 1585.61 2.3 x 107 4.9+0.3 4.7
Top Al O3 5 3 1585.03 5.5 x 107 494+0.3 2.0
Top AL O3 6 2 1588.68 2.5 x 107 7.0£04 6.9
Top Al O3 6 3 1587.21 6.0 x 107 5.5+0.4 29
Top  Oligoluorence 4 2 1582.61 1.8 x 107 41+0.3 3.6
Top Oligoluorence 4 3 1582.61 5.3 x 107 3.8+0.3 1.3
Top Oligoluorence 5 2 1585.69 2.3 x 107 5.1+0.3 5.1
Top Oligoluorence 5 3 1585.05 6.4 x 107 4.5+0.3 1.9
Top Oligoluorence 6 2 1588.63 2.9 x 107 6.3+04 6.3
Top  Oligoluorence 6 3 1587.37 7.2 x 107 5.5+ 0.4 2.6
Top PMMA 4 2 1582.88 1.8 x 107 5.0+ 0.3 3.2
Top PMMA 4 3 1582.62 4.3 x 107 4.2+0.3 1.4
Top PMMA 5 2 1585.92 2.1 x 107 5.6 +0.3 5.0
Top PMMA 5 3 1585.58 5.7 x 107 5.3+£0.3 2.0
Top PMMA 6 2 1588.68 2.5 x 107 7.54+04 6.9
Top PMMA 6 3 1587.58 6.0 x 107 6.5+ 0.4 2.9




Chapter 6

Conclusions

The results of this thesis show that the saturation intensity of graphene should not be treated
as a universal material constant. The large variation among reported values persists even
after normalization with respect to excitation wavelength, saturable absorbance, and the ef-
fective number of graphene layers. No systematic dependence was identified on the exper-
imental method, fabrication route, substrate or host material, or Raman ratio //I5. The
measured saturation response should therefore be interpreted as the combined outcome of
carrier dynamics, excitation conditions, optical environment, graphene morphology, and the
definitions and fitting conventions used to extract the saturation parameters.

Comparison with the gated-graphene measurements showed that a common set of carrier-
dynamics parameters can reproduce the main doping-dependent evolution of the nonlinear
transmission. The agreement is strongest at lower Fermi energies, where non-equilibrium
band filling dominates the response, while larger deviations appear at higher Fermi energies,
where carrier heating plays a greater role. The comparison therefore supports the physical
consistency of the model and its ability to describe the crossover between saturable and re-
verse saturable absorption, although it does not constitute a complete quantitative validation
of all thermal processes included in the model.

The device-design calculations demonstrated that resonant enhancement can overcome
the weak single-pass interaction between light and graphene. When graphene is incorporated
into an asymmetric Fabry—Pérot cavity, its intensity-dependent absorption can produce strong
temporal modulation of the reflected optical signal. In particular, operation close to critical
coupling can transform a single incident pulse into reflected profiles containing two or three
distinct peaks. The strongest pulse-shaping performance was obtained for the bottom-side
PMMA cavity containing three graphene layers.

More generally, the bottom-side structures provided stronger graphene absorption, higher
reflected output intensities, and operation at lower incident intensities. The top-side struc-
tures produced weaker output modulation but preserved the desired pulse profiles over broader
wavelength and incident-intensity ranges. The two geometries therefore exhibit a clear trade-
off between maximum pulse-shaping performance and tolerance to experimental deviations.
Overall, the results demonstrate how the transient carrier dynamics of graphene can be trans-
lated, through resonant cavity engineering, into a substantial and controllable temporal mod-
ulation of a reflected optical pulse.
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Appendix A

Estimate of third-harmonic generation

The main nonlinear mechanism considered in this thesis is the intensity-dependent saturable
absorption of graphene at the fundamental frequency. Nevertheless, graphene also possesses
a third-order nonlinear optical response and can therefore generate radiation at the third-
harmonic frequency [54-56]. This process was examined separately in order to verify that
the generated third-harmonic signal is negligible compared with the optical power remaining
at the fundamental frequency.

The field at the fundamental frequency is first calculated with the transfer-matrix method.
The local field at the graphene position is then used to evaluate the nonlinear sheet current
at 3w. Finally, this current is treated as a source term and the emitted third-harmonic field is
propagated through the surrounding multilayer structure using the transfer-matrix formalism.

For a normally incident plane wave at the fundamental frequency w, the incident intensity
1y 1s related to the incident electric-field amplitude by

1
[O = Eningoc |Einc<w)|2 ) (Al)

where n;, 1s the refractive index of the incident medium. The transfer-matrix calculation at
the fundamental frequency gives the local field enhancement at the graphene sheet,

Eg(w)
Fo, ==L A2
Einc (W) ( )
where F,(w) is the total electric field acting on graphene. Hence,
21
Ey(w) = Foy | =2, (A3)
Nin€oC

The nonlinear sheet current generated at the third-harmonic frequency is written as [54—56]
AL (Bw) = ol (Bwsw, w,w) [Ey(w)]”. (A4)

Substituting Eq. (A.3) into Eq. (A.4) gives

2] 3/2
J§?<3w>=aéi£<3w;w,w,w>f3( 0) . (A.5)

Nin€oC
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Figure A.1: Source-current transfer-matrix configuration used for the calculation of the emitted
third-harmonic field. The nonlinear sheet current J = JISF’L) (3w) is embedded in a layer of refractive
index ny and radiates outgoing waves Jyg and Jvys towards the left and right sides of the structure,
respectively. No third-harmonic wave is incident from either side. The amplitudes A, B and C, D

denote the counter-propagating fields immediately to the left and right of the source.

The optical stacks on the two sides of the source are described by two transfer matrices,
denoted by L and R. The matrix L connects the field amplitudes at the graphene position to
the outgoing wave on the left side of the structure, while R connects the field amplitudes at
the graphene position to the outgoing wave on the right side. The total transfer matrix is

M = RL. (A.6)

The electric-field amplitudes immediately to the left of the nonlinear source are denoted by
E 4 and Eg, while those immediately to the right are denoted by E~ and Ep, as shown in
Fig. A.1. The outgoing third-harmonic waves emitted by the source are written as

Erou(3w) = 12 (3w)vs, (A7)
and
Es ou(3w) = Ji7 (3w)ys. (A.8)

Here, v and g are the transfer coefficients from the nonlinear sheet current to the emitted
third-harmonic fields on the two sides of the structure.

At the source position, the nonlinear surface current produces a discontinuity in the tan-
gential magnetic field [44]. For normal incidence, this condition can be written in terms of
the forward and backward electric-field amplitudes as

(3)
H —H =J = E*-E _ N (A.9)
nyeoC

where n; is the refractive index of the layer in which the source is embedded and § =
2nyeoc. The electric-field amplitudes on the two sides of the source are then related by
J(3)
EC:EA+%, (A.10)
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and
J®)
ED:EB—%. (A.11)
Since there is no incident third-harmonic wave from either side, as shown in Fig. A.1, the
source problem is written as
E4 0
=1L A.12
(0) = (i) @12
and )
INovs) Z g (Fe A3
(M) =n(50). (A13)
where
Lll L12 Rll R12
L= , R = : A.14
(L21 ng) <R21 R22> ( )
Eq. (A.12) gives
Ex = L vm, (A.15)
and
EB = LQQJIEI?L)’)/R. (A16)
Using Eqgs. (A.10) and (A.11), the fields on the right side of the source become
(3) 1
Ec =\ | L2y + £) (A.17)
and
_ B 1
ED = JNL LQQ’}/R — E . (A18)
Combining Egs. (A.12), (A.13), (A.15) and (A.16) we get
1 Ry — Ry
= —= A.19
TR ¢ My ( )
and R R
Vs = Migyg + —— 2 : 2. (A.20)

where Mgg = R21L12 + R22L22 and Mlg = R11L12 + R12L22. Equations (A19) and (A20)
give the transfer of the nonlinear sheet current into outgoing third-harmonic waves on the
two sides of the multilayer device.

The emitted intensity on either side ¢ = R, S may be written as

1 2 21y \°
1) = Sngou(3w)eoc Il | ol (3w; w,w, )| |fw|6( . ) - (A21)
Nin€oC

The total emitted third-harmonic intensity is

Ityg = I + 1%, (A.22)
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The corresponding conversion efficiency is defined as

I ](3“)) I(3w)
g = 9 = R s (A.23)
Iy Iy

Since the emitted third-harmonic intensity scales as I, the conversion efficiency scales as
nug o 15 (A.24)

The transfer-matrix source implementation was verified against finite-element simulations
performed in COMSOL Multiphysics. The FEM validation follows the standard frequency-
domain formulation of Maxwell’s equations for electromagnetic waves [124, 125]. The val-
idation was carried out in the simplified free-standing air/graphene/air geometry shown in
Fig. A.2, and not in the full Bragg-cavity device. The purpose of this comparison was
to benchmark the nonlinear sheet-current treatment and the corresponding emitted third-
harmonic power.

I,

THG,, T f

air

graphene J 3)

air

e, |

Figure A.2: Geometry used for the FEM validation of the third-harmonic source-current implemen-
tation. A graphene sheet is placed between two semi-infinite air regions. The incident fundamental
intensity Iy drives a nonlinear surface current J () (3w), which radiates third-harmonic fields towards
the top and bottom sides, with emitted intensities It(Sw) and Iégw), respectively. This simplified ge-
ometry is used only for validation; the actual device calculation is performed for the full Bragg-cavity

multilayer structure.

In the FEM validation, the calculation was performed in two frequency-domain steps.
First, the air/graphene/air geometry was solved at the fundamental frequency w. In the sur-
rounding air domains, the linear field satisfies

V x p1g'V x E, — w?epe,E, = 0. (A.25)
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At the graphene sheet, the linear optical response was introduced through the surface-current
boundary condition using the graphene sheet conductivity calculated from the Kubo formal-
ism [46,47],

i x (Ha, — Hi) = 0y (@)Ey(w), (A.26)

where E4(w) is the local electric field at the graphene interface. This first solve was used
only to obtain the local fundamental field that drives the nonlinear current.

The third-order sheet conductivity Jéi)c}(?)w; w,w,w) was calculated externally using the
nonlinear conductivity formalism for graphene [54—56] and was then used to define the non-
linear surface current

IR (3w) = 0§16 (3w 0,0, 0) [By(@)]° (A27)

In the second step, the electromagnetic problem was solved at the third-harmonic fre-
quency 3w. At the graphene sheet, the total surface current at 3w was written as the sum of
the linear graphene response at the generated frequency and the externally imposed nonlinear
source current:

i X (Hys, — Hig,) = 04 (3w)Es, 4+ 35 (3w). (A.28)

Thus, in the validation problem, graphene acts both as a linear conductive sheet at 3w and as
a nonlinear source radiating at the generated frequency.

The emitted third-harmonic power was obtained from the outward time-averaged Poynt-
ing flux,

w 1 .
P — /a 3Re [Es, x H ] -0dS. (A.29)

For the same symmetric air/graphene/air geometry, the emitted third-harmonic power
density calculated from the transfer-matrix source formulation is

o1 2
189 = Seoc | (Bw) | (A.30)
and . )
1 = Seoc| I (3w)s] (A31)

Due to the symmetry of the validation geometry, the two emitted powers are equal. The
validation was carried out at

Aw = 1550 nm, Er=0.2¢eV. (A.32)
For these parameters, the source coefficient satisfies
[VR,s€0¢| =~ 0.50, (A.33)

as expected for a symmetric source radiating into two air half-spaces.

The transfer-matrix source calculation and the FEM power outflow agree within approx-
imately 10% over the full intensity range. The comparison also preserves the expected cubic
dependence of the emitted third-harmonic power on the incident field amplitude.

After this validation, the same modified transfer-matrix formulation was used to estimate
the third-harmonic emission in the actual structures studied in this thesis. As a representative
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Table A.1: Comparison between the transfer-matrix source calculation and the FEM power outflow
for the free-standing air/graphene/air validation geometry. The third-harmonic power density corre-
sponds to the emitted power outflow from one side of the graphene sheet.

Iy (W/mz) ITHG,TMM (W/m2) ]THG,FEM (W/m2)

1 x 108 4.24 x 1071 4.68 x 10~1°
2 x 10? 3.39 x 10~ 3.75 x 10~
3 x 100 1.15 x 1077 1.26 x 1077
4 x 10t 2.71 x 1074 3.00 x 104
5 x 102 5.30 x 107! 5.85 x 107!
6 x 1013 9.16 x 102 1.01 x 103

case, the bottom-side PMMA cavity with single-layer graphene was considered at an incident
intensity Iy = 2 x 10" W/cm? = 2 x 10'* W/m?. This intensity is higher than the inten-
sity at which the three-peak pulse shape appears for the corresponding single-layer graphene
structure, as discussed in Chapter 5.

For this structure, the transfer coefficients obtained at the third-harmonic frequency were

[7r| = 5.96 x 10%, |[vs| = 2.92. (A.34)

The much larger value of |yr| shows that the generated third-harmonic radiation is emitted
mainly towards one side of the structure. The calculated generated third-harmonic power
density was

189 =122 x 10° W/m?. (A.35)

gen
This value represents the total power density transferred from the fundamental field to the
third-harmonic field. Therefore, it gives the relevant measure for possible pump depletion.
Comparing it with the incident fundamental intensity gives

I3 122 % 10°

-~ -7
= o 261X 07 (A.36)

Therefore, even for a deliberately high incident intensity in the bottom-side PMMA single-
layer graphene structure the generated third-harmonic power remain more than seven orders
of magnitude smaller than the incident fundamental intensity. The third-harmonic channel
therefore removes only a negligible fraction of the optical power from the fundamental wave.
Consequently, third-harmonic generation is not included as a coupled mechanism in the main
pulse-shaping model.
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