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This thesis focuses on nonlinear optical (NLO) properties of two-dimensional (2D)
layered materials and presents the results divided in three parts. The second- and
third-order nonlinear susceptibilities of four different transition metal dichalcogenides
(TMDs) are examined in the first part. The second part focuses on NLO properties of
black phosphorous (BP). The third part examines the utilization of atomic layer de-
position (ALD) for creating novel waveguide structures on silicon on insulator (SOI)
platform. Also, the potential for integrating 2D materials on SOI waveguides for en-
hancing the performance of NLO devices, is presented in the last part.
Monolayers of four different TMDs (i.e. MoS2, MoSe2, WS2 and WSe2) were investi-
gated by measuring second- and third-harmonic generation (SHG, THG) simultane-
ously from all four materials. All four TMDs were found to possess large third-order
nonlinear susceptibilities, 2-4 times larger than that of graphene, which is know to
have very large third-order nonlinear susceptibility. Furthermore, it was found that
the contrast in the THG between the grains and grain boundaries in chemical vapour
deposition (CVD) grown MoS2 is enhanced due to the chemicals commonly used in
the transfer process of 2D materials. This effect provides an opportunity for utilizing
THG microscopy for rapid characterization crystal domains in CVD grown TMDs.
THG microscopy was used to investigate the anisotropic properties of BP. It was
shown that the THG is highly anisotropic and can be used for rapid characterization
of the crystallographic orientations of very large-area BP samples.
Novel waveguide structures were fabricated by coating SOI slot waveguides with
organic/inorganic ALD nanolaminates. This offers potential for integrating 2D ma-
terials with SOI waveguides, as the mode can be concentrated into locations where
the interaction with the 2D material and the propagating mode is maximized.
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 ämletsiviiT

Tässä väitöskirjassa käsitellään kaksiuloitteisten (2D) materiaalien epälineaarisia
optisia (NLO) ominaisuuksia. Väitöskirja voidaan jakaa kolmeen eri kokonaisuu-
teen aiheiden perusteella. Ensimmäisessä osassa esitellään neljän eri siirtymäme-
talli dikalkogeenin (TMD) epälineaarisia optisia ominaisuuksia, toisessa osassa kes-
kitytään mustan fosforin (BP) ominaisuuksiin, viimeisessä osassa esitellään tulokset
liittyen atomikerroskasvatettujen nanolaminaatti rakenteiden integroimiseen piiva-
lokanavien päälle. Viimeisessä osassa esitellään myös mahdollisuus 2D materiaa-
lien integroimiseen piivalokanavien kanssa, epälineearisien ilmiöiden hyödyntämi-
seen perustuvien laitteiden ominaisuuksien parantamiseksi.
Yhden atomikerroksen paksuisista TMD materiaaleista mitattiin toisen ja kolman-
nen kertaluvun epälineaariset suskeptibiliteetit. Kaikkien tutkittujen materiaalien
kolmannen kertaluvun epälineaariset suskeptibiliteetit ovat mittausten perusteella
erittäin suuret, jopa 2-4 kertaa suuremmat kuin grafeenilla, jonka kolmannen kerta-
luvun suskeptibiliteetti on aikaisemmissa tutkimuksissa todettu erittäin suureksi.
Lisäksi todettiin, että kontrasti rakeiden ja raerajojen välillä, CVD-metodilla valmis-
tetussa, MoS2:ssa vahvistuu tavallisesti 2D materiaalien siirtoprosessissa käytettä-
vien kemikaalien johdosta. Tämä ilmiö mahdollistaa THG mikroskopian käyttämi-
seen CVD-metodilla valmistetun MoS2:n kidealuiden karakterisoimiseen. THG mik-
roskopiaa käytettiin BP:n anisotrooppisien optisien ominaisuuksien tutkimiseen. Tu-
lokset osoittavat, että THG on erittäin anisotrooppista ja sitä voidaan käyttää erit-
täin laajojen alueiden kidesuuntien määrittämiseen nopeasti.
Lisäksi tässä väitöskirjassa tutkitaan uudenlaisia valokanavarakenteita, jotka val-
mistettiin atomikerroskasvatusmenetelmällä. Tästä on potentiaalisesti hyötyä myös
2D materiaalien integroimiseen piivalokanavien yhteyteen, sillä tällä menetelmällä
valo voidaan kohdistaa alueelle, jossa 2D materiaalin ja kanavassa etenevän valon
vuorovaikutus on mahdollisimman korkea.
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1. Introduction

Nonlinear optics is the study of interaction between light and matter,

where the properties of the medium are modified due to the presence

of external electric field (i.e. the incident light). In contrast to conven-

tional linear optics, in nonlinear optics the relationship between the elec-

tric polarization of the material and the external electric field is nonlin-

ear. These nonlinear interactions are inherently weak [1], and therefore,

intense laser excitation is typically required for nonlinear optics (NLO)

effects to become observable. In fact, the first NLO phenomenon was

discovered right after the first demonstration of a working laser [2] in

1960, when Franken and co-workers discovered second-harmonic genera-

tion (SHG) in quartz [3]. The theoretical background of NLO was formu-

lated by Armstrong and Bloembergen in 1962 [4].

Today, NLO plays an important role as an enabler of various technolo-

gies widely used in the modern information society. Some key examples

of such technologies include pulsed laser sources (most widely used in

medicine and industrial material processing), optical modulators in large-

scale telecommunication networks and bioimaging technologies. [5]

A wide variety of different NLO materials are available for various ap-

plications. The desirable properties of a given material depend on the

application but in general important properties for a NLO material are:

large nonlinear susceptibility, wide transparency window and possibility

for phase-matching [6]. Most commonly used materials for frequency con-

version are oxide-based dielectric crystals, such as beta-barium borate

(BBO), potassium dihydrogen phosphate (KDP) and potassium titanyl

phosphate (KTP), which can be grown in singly crystal up to very large

size (Fig. 1.1(a)). An example of a common application where these mate-

rials are used, is the green laser pointer, in which a small KTP crystal is

13



Introduction

used to frequency double the output of a Nd:YAG laser to produce output

at 532 nm (Fig. 1.1(b)).

a) b)

Figure 1.1. (a) A very large KDP crystal. Image source [7]. (b) A schematic of a green
laser pointer. Image source [8]

These materials have been highly successful in devices with large phys-

ical size. However, down-sizing the devices and integrating NLO mate-

rials with other material platforms is challenging. Many of the future

applications utilizing NLO phenomena require the integration of NLO

materials on photonic integrated circuits (PICs). For example, the devel-

opment of integrated NLO devices on silicon on insulator (SOI) platform

is hampered by the difficulties in integrating materials with large nonlin-

ear susceptibilities [9–11]. Thus, the quest for better NLO materials is

still ongoing.

Two-dimensional (2D) materials are atomically thin crystals, which are

currently at the center of significant research effort [12]. This research

effort was ignited by the ground breaking work of Novoselov and Geim

on graphene [13]. Since then, the interest towards graphene and other

2D atomic crystals has not only been focusing on the electrical properties

but also towards the optical, mechanical and thermal properties of this

material family [12]. In fact, these 2D materials have many remarkable

properties, which make them well-suited candidates as potential building

blocks of future optical technologies. These properties include ultrafast

broadband optical response [14,15], strong excitonic effects [16], and large

optical nonlinearities [17,18] to name a few. Most recently, increasing re-

search effort have been projected towards nonlinear optical properties of

these nanomaterials, which are not only fascinating from the fundamen-

tal science point-of-view but also intriguing for various potential applica-

tions.

14



Introduction

This thesis is mainly focused on the characterization of NLO properties

of 2D materials in the near-infrared (NIR) spectral region. The necessary

theory of NLO is reviewed in Chapter 2 and the optical properties of the

materials are presented in Chapter 3. The magnitudes of second- and

third-order nonlinearities in various 2D materials are compared to find

the most suitable materials for specific applications, in Chapter 5. Fur-

thermore, nonlinear microscopy is used to characterize the quality of 2D

materials fabricated with mechanical exfoliation and chemical vapour de-

position (CVD) growth. Finally, in chapter 7, the results from integrating

atomic layer deposited few nanometre thick, nanolaminate structure on

slot SOI waveguides and potential for creating hybrid silicon based NLO

devices with 2D materials are presented. The most important results of

this thesis, along with other state-of-the art advances in the field 2D ma-

terials based nonlinear optics, are reviewed in Publication VII.
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2. Nonlinear optics

The basic theory of nonlinear optics and most relevant NLO phenomena

are reviewed in this chapter. NLO phenomena are induced due to the

change in the optical properties of a material system caused by light.

Thus, the efficiency of the NLO processes depends strongly on the proper-

ties of the NLO medium.

2.1 Fundamentals

The optical response of a material to the applied optical field can be ex-

pressed by expanding the resulting polarization, P, as a power series in

terms of the electric field, E, as follows

P̃ (t) = ε0[χ
(1)Ẽ(t) + χ(2)Ẽ(t)2 + χ(3)Ẽ(t)3 + . . .], (2.1)

where ε0 is the vacuum permittivity, χ(2) and χ(3) are the second- and

third-order nonlinear susceptibilities [1]. Here the polarization P and

electric field E are presented as scalar quantities for simplicity (tilde (∼)

denotes a quantity that varies rapidly in time). In reality however, these

are vector quantities and thus the nth-order susceptibility becomes tensor

of rank n + 1. The first term χ(1) describes the conventional linear opti-

cal effects, such as refraction and absorption. However, if the optical field

is intense enough and the nonlinear susceptibility is large, the higher-

order terms become significant [1]. In this case, the higher-order terms

(n ≥ 2) can give rise to radiation at frequencies (e.g., sum- and difference

frequencies of the input light signals) different from the input light fre-

quency. Photon diagrams of selected nonlinear processes are depicted in

Fig. 2.1(a).

The strength of the nonlinear processes typically decreases with n [1].

Therefore the second- and third-order NLO effects are the most commonly

observed interaction and are widely used for a large range of applications
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Figure 2.1. (a) Examples of photon diagrams of second- and third-order NLO processes.
(b) Illustration of various NLO phenomenon and their applications. SA = sat-
urable absorption, rij electro-optic coefficient, SPDC = spontaneous paramet-
ric down-conversion, TPA = two-photon absorption, n2 = intensity dependent
refractive index.

(e.g., imaging [19], frequency conversion [20]). Among them, the second-

order nonlinear effects, including the SHG, sum frequency generation

(SFG), difference frequency generation (DFG), optical rectification, and

the Pockels effect, are described by the second-order nonlinear suscepti-

bility χ(2) in Eq. (2.1). While the third-order nonlinear effects, including

the third-harmonic generation (THG), four-wave mixing (FWM) and the

Kerr effect, are normally depicted by the third-order susceptibility χ(3) in

Eq. (2.1). Different nonlinear optical processes are commonly explained

with photon diagrams, shown in Figure 2.1(a). In general, harmonic gen-

eration is utilized to convert an optical signal to higher frequencies. In

SHG (THG), two (three) incident photons at the frequency ω create radi-

ation at the frequency 2ω (3ω). SHG and THG are the most frequently

used nonlinear optical processes for various applications. Because the

electric field and polarization are vector quantities, the nonlinear sus-

ceptibility is a tensor, which components depend on the symmetry of the

nonlinear optical material. Because of the higher order rank of the non-

linear susceptibilities, the nonlinear response can be anisotropic even if

the material’s linear response is isotropic [21]. This makes nonlinear op-

tical effects (such as SHG or THG) a very sensitive method for probing

the crystal symmetry of a given material [1]. Furthermore, the second-
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order nonlinear effects can only occur in a medium that lacks inversion

symmetry [1]. Thus, the second-order effects, such as SHG, are dipole-

forbidden in centrosymmetric materials. However, second-order effects

are always allowed at the surface (or interface) of a material, even in a

centrosymmetric material due to symmetry breaking [21]. On the con-

trary, third-order nonlinear effects are allowed in all materials regardless

of the crystal symmetry. Nevertheless, the components of all nonlinear

susceptibility tensors strictly depend on the crystal symmetry of the ma-

terials. Thus, SHG, THG and high-harmonic generation (HHG) are very

sensitive to the orientation of the sample and the polarization of the inci-

dent field. For these reasons, nonlinear optical response provides a conve-

nient method for probing the crystal symmetries of various materials.

2.2 Nonlinear optical processes

2.2.1 Second-order processes

As an example of second-order process, a situation where an optical field,

consisting of two frequency components, is incident on a nonlinear crys-

tal with nonzero χ(2) can be considered. The frequency components are

represented as:

Ẽ(t) = E1e
−iω1t + E2e

−iω2t + c.c., (2.2)

where c.c. is the complex conjugate. The resulting second order polariza-

tion (from Eq. (2.1)) is P (2)(t) = ε0χ
(2)E2(t) or more explicitly

P̃ (2)(t) =2ε0χ
(2)[E1E

∗
1 + E2E

∗
2 ] + ε0χ

(2)[2E1E2e
−i(ω1+ω2)t

+ 2E1E
∗
2e

−i(ω1−ω2)t + E2
1e

−2iω1t + E2
2e

−2iω2t + c.c.].
(2.3)

As can be seen from Eq. (2.3), the second-order polarization resulting

from each incident wave, consists of two terms, one without frequency

dependence and one with sum and difference frequency dependence of ω1

and ω2. The latter term gives rise to radiation at the sum and difference

frequencies of ω1 and ω2. This can expressed in more compact form as sum

over positive and negative frequencies (ωn) as

P̃ (2)(t) =
∑
n

P (ωn)e
−iωt, (2.4)

where P (ωn) is the complex amplitude of second-order polarization. In

the case of SHG, i.e. ω1 = ω2 and the incident wave is Ẽ(t) = E1e
−iω1t, the
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complex amplitudes of the frequency components are given by

P (2ω1) = ε0χ
(2)E2

1 . (2.5)

For SFG and DFG the components are

P (ω1 + ω2) = 2ε0χ
(2)E1E2 (SFG),

P (ω1 − ω2) = 2ε0χ
(2)E1E

∗
2 (DFG).

(2.6)

As the SFG produces radiation at the sum-frequency of two input beams,

it can be used to make wavelength tunable light sources, operating in the

UV region by mixing the output of two visible lasers in a NLO crystal.

Whereas, DFG can be used to produce tunable output in the infra-red re-

gion, by mixing two visible lasers. [1] An important difference between

SFG and DFG is that, in DFG process the lower frequency input wave

gets amplified in the process. This is consequence of conservation of en-

ergy, which requires that for every photon created at difference frequency

(ω3 = ω1−ω2), one photon in the ω1 wave must be annihilated and one pho-

ton in ω2 wave must be created. This phenomenon is exploited in optical

parametric amplifiers (OPAs) and optical parametric oscillators (OPOs) to

create tunable output typically at infra-red wavelength range. [1]

As can be seen from equations (2.5) and (2.6), in principle, by apply-

ing two input beams on a χ(2) crystal, four different frequency compo-

nents are created. These are SHG of both input fields, SFG and DFG.

However, NLO processes are very sensitive to phase differences of the

fundamental and harmonic frequencies. Thus, typically the NLO interac-

tion can produce appreciable output only at one wavelength, because the

frequency conversion process is efficient only for one wavelength, where

phase-matching conditions are satisfied. For example, in SFG, the conver-

sion of energy from the ω1 and ω2 waves to the sum frequency wave (i.e.,

ω3 = ω2 + ω1), depends on the mismatch between the wavevectors of the

three fields, Δk = k1 + k2 − k3. Perfect phase-matching is achieved when

this mismatch is compensated, i.e., Δk = 0, causing the generated wave

(at the frequency ω3 ) to maintain a constant phase relation with respect

to the nonlinear polarization thus leading to the most efficient frequency

conversion. The intensity (I3) of the generated sum frequency wave is

typically proportional to the wave-vector mismatch as follows [1]:

I3 ∝ sinc2
(
ΔkL

2

)
(2.7)
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where L is the effective path length though the nonlinear optical crys-

tal. Equation (2.7), therefore, implies that efficient frequency conversion

cannot be achieved without phase-matching. In the case of SHG (i.e.

ω2 = ω1, ω3 = 2ω1), perfect phase-matching requires that n(ω1) = n(2ω1)

which is never achieved with (isotropic) materials that exhibit normal dis-

persion. Since materials that are lossless in the frequency range of ω1 to

ω3 also typically exhibit normal dispersion, other methods need to be em-

ployed to achieve phase-matching. Common phase-matching methods in-

volve the use of birefringent crystals and the use of periodic poling of the

crystal [22]. Eq. (2.7) can also be defined in terms of coherence length,

(Lc=
π
Δk ), which is the distance over which radiation at the harmonic fre-

quency is generated [20]. Thus, when the process is not phase-matched

(i.e. Δk �= 0), the coherence length set upper limit for the practical length

of the crystal, as after propagation of more than Lc, the power starts to

flow from the generated frequency back to the pump beam [20]. With per-

fect phase-matching the intensity of the generated wave is proportional to

L2, until other factors, such as beam walk-off and pump depletion, starts

to limit the conversion efficiency [1].

2.2.2 Third-order processes

Similar analysis that was performed for second-order processes, can be

also carried out for third-order processes. Again by taking the third-order

contribution to Eq. (2.1) and assuming singe frequency (Ẽ(t) = E cosωt)

wave incident onto a χ(3) crystal. With the use of trigonometric identities

the third-order nonlinear polarization can be expressed as

P̃ (3)(t) =
1

4
ε0χ

(3)E3 cos 3ωt+
3

4
ε0χ

(3)E3 cosωt. (2.8)

Here, the first term describes THG process and the second term describes

a nonlinear contribution to the polarization at the frequency ω. Hence,

this terms leads to nonlinear contribution to the refractive index that the

incident wave experiences. This effect is know as intensity dependent re-

fractive index because the nonlinear part of the refractive index is propor-

tional to the intensity of the field. [1] Again, the third-order polarization

can be described with complex amplitudes [analogous to Eq. (2.4)]. For

example, the complex amplitude of THG is

P (3ω) = ε0χ
(3)E3

1 . (2.9)

So far the nonlinear susceptibilities have been taken as scalar quanti-

ties. For accurate description of NLO properties of each material, the ten-
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sorial nature must be taken into account. The components of third-order

susceptibility tensor are defined as [1]

χ(3)(ωo + ωn + ωm, ωo, ωn, ωm). (2.10)

These components relate the amplitudes of the nonlinear polarization to

the amplitudes of the incident field as, [1]

Pi(ωo+ωn+ωm) = ε0
∑
jkl

∑
(mno)

χ
(3)
ijkl(ωo+ωn+ωm;ωo, ωn, ωm)Ej(ωo)Ek(ωn)El(ωm),

(2.11)

where indicies ijk refer to the Cartesian components of the field. The po-

larization dependence of nonlinear response of a material is a consequence

of the equation above. For example, this was utilized in Publication II to

determine the crystallographic orientations of few-layer black phospho-

rous (BP) flakes from a set of THG images. This can be done by starting

with Eq. (2.11) and relating the known non-zero χ(3) components of an

orthorhombic crystal to it. In the case of THG ωo = ωn = ωm = ω ⇒
ωo + ωn + ωm = 3ω

Pi(3ω) = ε0
∑
jkl

χ
(3)
ijkl(3ω;ω, ω, ω)Ej(ω)Ek(ω)El(ω) (2.12)

Since we have the incident wave polarized in the xy-plane and propagat-

ing in the z-direction, the only non-zero χ(3) tensor components for an

orthorhombic crystal are [20]

χ(3)
xxxx, χ

(3)
yyyy,

χ(3)
xyyx = χ(3)

xyxy = χ(3)
xxyy,

χ(3)
yxxy = χ(3)

yxyx = χ(3)
yyxx.

Due to intrinsic permutation symmetry, for THG, the χ
(3)
ijkl components are

invariant when the relative positions of jkl subscripts are interchanged

[23]. The notation of χ(3) tensor components can be contracted to χ
(3)
jj and

χ
(3)
jk where {j, k} = {x, y}, j �= k.

Thus the equations for the x- and y-components of the third-order non-

linear polarization vector are

Px(3ω) = ε0

[
χ(3)
xxEx(ω)Ex(ω)Ex(ω) + 3χ(3)

xy Ex(ω)Ey(ω)Ey(ω)
]

(2.13)

Py(3ω) = ε0

[
χ(3)
yy Ey(ω)Ey(ω)Ey(ω) + 3χ(3)

yxEy(ω)Ex(ω)Ex(ω)
]

(2.14)

Now we can define θ as an angle between the x-direction (along armchair

(AC) direction, see details in Section 3.1.2) and the polarization of the
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fundamental wave. Thus, we get

Ey(ω) = |Ein| sin θ (2.15)

Ex(ω) = |Ein| cos θ (2.16)

|Ein|2 = Ex(ω)
2 + Ey(ω)

2 (2.17)

⇒

P (3)
x = ε0

[
χ(3)
xxEx(ω)

3 + 3χ(3)
xy Ex(ω)Ey(ω)

2
]

(2.18)

= ε0

[
χ(3)
xx |Ein|3 cos3 θ + 3χ(3)

xy |Ein| cos θ|Ein|2 sin2 θ
]

(2.19)

= ε0|Ein|3
[
χ(3)
xx cos3 θ + 3χ(3)

xy cos θ sin2 θ
]

(2.20)

Similarly we get

P (3)
y = ε0|Ein|3

[
χ(3)
yy sin3 θ + 3χ(3)

yx sin θ cos2 θ
]

(2.21)

and

P (3) =

√
(P

(3)
y )2 + (P

(3)
x )2. (2.22)

Intensity is proportional to the square of the electric field [1]

I = 2nε0c|E|2

and the intensity of the generated nonlinear field is proportional to the

square of the third-order polarization P (3), I(3ω) ∝ (P (3))2, thus the in-

tensity of the emitted THG can be expressed as

I(3ω) ∝ I(ω)3
[(

χ(3)
xx cos3 θ + 3χ(3)

xy cos θ sin2 θ
)2

+
(
χ(3)
yy sin3 θ + 3χ(3)

yx sin θ cos2 θ
)2

] (2.23)
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3. Two-dimensional (2D) layered
materials

Different linear and nonlinear optical characteristics of the 2D materials

studied in this work are presented in this chapter. Also the methods that

were used for sample fabrication in this work are briefly discussed.

3.1 Materials

3.1.1 Transition metal dichalcogenides (TMDs)

Transition metal dichalcogenides (TMDs) are atomically thin semiconduc-

tor materials of type MX2, where M refers to transition metal atom (Mo,

W) and X to chalcogen atom (S, Se, Te,...). In TMD crystals, one transition

metal atom, occupying trigonal prismatic sites, is sandwiched between

two layers of chalcogen atoms. Weak van der Waals forces bind each MX2

monolayer together. As a result, similar exfoliation methods developed

for graphene can be used to fabricate atomically thin TMD crystals (as

well as other layered materials) [24]. As TMDs are typically semiconduc-

tors, their optical response is drastically different from that of graphene.

For example, single layer of TMDs can absorb even 20% of the light at a

specific resonance energy [25]. Furthermore, the bandgap of monolayer

group-VI TMDs (i.e. molybdenum disulphide (MoS2), molybdenum dise-

lenide (MoSe2), tungsten disulphide (WS2), tungsten diselenide (WSe2))

is between 1.55 eV and 1.9 eV [26, 27]. Interestingly, the bandgap of

these TMDs is layer-dependent. In bulk form, these TMDs are indirect

bandgap semiconductors, but at single atomic layer the bandgap becomes

direct [26]. Furthermore, some TMDs have direct bandgap in the bulk

form (e.g., ReS2 [28]). Because of the direct bandgap, TMD monolayers

can be used as light emitters [16].

The photoluminescence (PL) of TMDs is dominated by excitons [16]. Ex-
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citons consist of an electron and a hole, that form a hydrogen-like bound

state due to Coulomb attraction [29]. In typical bulk semiconductors (e.g.

silicon), the exciton binding energies are small because of strong dielectric

screening and small quasiparticle effective mass. At room temperature,

the exciton contribution to optical and electric properties of bulk semicon-

ductors is insignificant due to much stronger thermal fluctuations [29].

However, in 2D TMDs, the dielectric screening is much reduced, leading

to large exciton binding energies and enhanced light emission.

Furthermore, charged excitons consisting of two electrons and hole (neg-

ative trion) or two holes and an electron (positive trion), that are bound

together due to the reduced dielectric screening have been observed in PL

spectra of TMD monolayers [30] and heterostructures [31]. Moreover, in

bulk, TMDs belong to the centrosymmetric D4
6h space group, but in few-

layer form they belong to either D3
3d or D1

3h space group, depending on

the parity of the layer number. Monolayer and any odd-number of layers

of TMDs belong to the noncentrosymmetric D1
3h space group while even-

number of layers belongs to the centrosymmetric D3
3d space group [32].

Since monolayer TMD materials have no inversion symmetry, valley de-

pendent optical selection rules arise [33]. This interesting property can be

used in spintronic and valleytronic applications to excite different valleys

of the Brillouin zone by changing the excitation laser polarization [34].

Furthermore, the lack of inversion symmetry gives rise to strong SHG

which is not present in graphene or TMD crystals with even number of

layers [32].

(b)(a)

Figure 3.1. Illustration of crystal structure of group-VI TMDs. Green = (S, Se), gray =
(Mo,W). The crystal structures were drawn using VESTA software [35].

3.1.2 Black phosphorous (BP)

BP is a layered material consisting of phosphorus atoms. In contrast to

graphene and TMDs, BP has its own unique properties. For example, its

direct electronic bandgap depends on the number of layers and therefore

can be tuned from approximately 0.3 to 2 eV (corresponding to the wave-

length range from 4 to 0.6 μm) [36]. BP also compares favorably to the
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semiconducting transition metal dichalcogenides (TMDs), which gener-

ally have direct bandgaps only at singlelayer, and have charge carrier mo-

bilities far inferior to BP. This is particularly interesting for mid-infrared

photonics and optoelectronics, as the bandgap of BP can bridge the gap be-

tween the zero bandgap graphene and the relatively large bandgap TMDs.

Furthermore, the BP lattice has a puckered structure with two principal

in-plane crystal directions (labeled armchair (AC) and zig-zag (ZZ)). A BP

monolayer consists of two atomic layers with two different P–P bonds.

The shorter bond length connects the nearest P atoms in the same plane

(ZZ direction), while the longer bond length connects P atoms between

the top and bottom of a monolayer (AC direction). Due to the puckered

crystal structure, the effective mass of carriers along the ZZ direction is

approximately 10 times larger than that along the AC direction [37]. This

leads to strong in-plane anisotropy in the optical, electrical and thermal

properties of BP [38]. As a result, BP is a birefringent and dichroic ma-

terial which is especially interesting for optical applications requiring the

polarization control of the light. Similar to graphene and TMDs, BP can

also be utilized as an excellent nonlinear optical material due to its high

nonlinear susceptibility [39, 40]. However, the lack of sufficient stability

under oxygen and water, leads to the rapid degradation of the electronic

and optical properties of BP [41,42]. To improve the long-term stability of

BP some strategies including capping layer protection by using h-BN lay-

ers, atomic layer deposition (ALD) and ligand surface coordination have

been demonstrated [41,43–46].

(b) (a)

Figure 3.2. Illustration of the crystal structure of BP (three layers). Isometric view (a)
and AC edge (b). The ZZ direction is out of the page in (b).The crystal struc-
tures were drawn using VESTA software [35].

3.1.3 Graphene

Even though graphene was not in the focus of this work, the properties of

graphene are briefly presented as it was used as a reference material for

comparing the NLO properties of TMDs and BP. Furthermore, graphene

is the first and the most widely studied member of the 2D material fam-
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ily [12]. It has many remarkable physical properties, e.g. ultra-high elec-

tron mobility, ultrafast broadband optical response, and high mechanical

strength combined to large flexibility) [12]. Despite the fact that graphene

is a semimetal, it is also an interesting material for optics. For instance,

single layer graphene absorbs 2.3% of the incident light (defined by the

fine-structure constant [47]) over a very broad wavelength range. This

linear absorption can be tuned with a gate voltage for optical modula-

tors [48]. Furthermore, graphene is good material for ultrafast optics

since the charge carrier recombination processes occur in a picosecond

timescale due to the zero bandgap [49]. Graphene is also a promising

platform for plasmonics in the mid-IR spectral range [50–53]. Graphene

plasmons can be tuned with gate voltage [51]. Also utilization of graphene

plasmons for enhancing nonlinear effects has been proposed [54, 55] The

nonlinear optical properties including saturable absorption [14,15,56–68],

THG [69,70] and Kerr effect [71] have also recently gathered interest.

3.2 Fabrication methods

The fabrication methods that were used to fabricate the samples studied

in this work are briefly presented in this section. The samples in Publica-

tions II, III and IV were produced by mechanically exfoliating flakes from

a bulk crystal, which were transferred to a desired substrate. The mono-

layer MoS2 flakes studied in publication I were grown with CVD method.

3.2.1 Mechanical exfoliation

The sample fabrication process used in this work (Publications II, III and

IV) is similar to that reported in Refs. [24] and [72]. In brief, MoS2, MoSe2,

WS2 or WSe2 flakes were micromechanically exfoliated directly onto a vis-

coelastic polydimethylsiloxane (PDMS) stamp. Then, an optical micro-

scope was used to identify thin flakes on the PDMS stamp. The selected

flakes were pressed against the substrate (285 nm thick SiO2 layer on

silicon substrate) with a micromanipulator. Due to the viscoelastic prop-

erties of PDMS, the exfoliated flakes adhere to the target substrate when

the PDMS stamp is gently lifted off.
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3.2.2 Chemical vapour deposition

Monolayer MoS2 crystals, studied in Publication I, were grown by an at-

mospheric pressure thermal CVD method. A horizontal tube furnace with

1 inch-diameter quartz tube was used. MoO3 powder (30 mg) was placed

in a ceramic boat and the SiO2/Si substrate was faced down and mounted

on top of the boat. A separate ceramic boat with sulfur powder (50 mg)

was placed next to the MoO3 powder in an upstream position. During

the synthesis of MoS2 crystals, the reaction chamber was heated to 700
◦C in 50 sccm Ar and kept there for 5 min for MoS2 crystal growth. The

fabricated flakes are then transferred on another SiO2/Si substrate using

polymethyl methacrylate (PMMA). The PMMA is then removed by a 30

min acetone treatment followed by a 5 min isopropanol treatment (ace-

tone + isopropanol treatment).
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4. Optical characterization methods

The experimental methods that were used for obtaining the results in this

thesis, are presented here. SHG and THG microscopies were the main

characterization methods, thus this chapter mainly focuses on nonlinear

microscopy. In addition, polarized transmission/reflection spectroscopy is

presented as it was employed in Publication VI.

4.1 Nonlinear optical microscopy

Nonlinear optical microscopy is a laser-scanning microscopy technique

that relies on detection of signals generated from various NLO processes.

Traditionally multiphoton microscopy (MPM) is used in biological imag-

ing of living cells because it is non-invasive and the penetration depth

is far superior to confocal fluorescence microscopy [19]. More recently,

nonlinear optical microscopy has been proved to be a convenient tool for

characterizing various 2D materials [69, 70] and other nanostructures,

such as plasmonic metal arrays [73, 74] and nanowires [75]. The image

is formed by raster-scanning the excitation laser beam over the sample

and recording the intensity of the generated light at each location. Two-

photon excited fluorescence is the most common signal source in biological

imaging, although three-photon excited fluorescence, SHG and THG are

also utilized in MPM [19,76]. Titanium-doped sapphire (Ti:Sa) laser is the

workhorse of MPM. Standard Ti:Sa lasers are tunable in the NIR spectral

region and capable of producing sub 100 fs pulses with repetition rates

around 100 MHz and pulse energy in the range of 20-30 nJ [77]. How-

ever, in the NLO microscopy performed in this work, excitation laser was

an erbium-doped fiber laser, mode-locked using carbon nanotube based

saturable absorber [78]. The center wavelength of the excitation laser

was 1560 nm, which enables to detected also the THG with a photomulti-
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plier tube (PMT). Furthermore, it is possible to probe the NLO properties

of the 2D materials at wavelengths that are important for applications in

the standard telecommunication wavelength range. Two different lasers

with 50 MHz and 8 MHz repetition rates were utilized. The parameters

of the lasers are shown in Tab. 4.1.

Table 4.1. Parameters of the lasers used in this work.

Rep. rate Pulse duration Average power Peak power Pulse energy

50 MHz 150 fs 30 mW 4 kW 0.6 nJ

8 MHz 100 fs 38 mW 47 kW 4.88 nJ

A schematic of the measurement setup is shown in Fig. 4.1. The power

incident on sample is controlled with a variable attenuator (VA) and the

polarization can be rotated with a half-wave plate (HWP). A quarter-wave

plate (QWP) can be inserted into the beam path to transform the linearly

polarized excitation light into elliptically polarized light (in Publications

III and IV). A 2D galvoscanner steers the beam and the beam is relayed to

the back aperture of the objective with scan and tube lenses. A longpass

dichroic mirror with 870 nm cut-off wavelength separates the SHG and

THG signals from the fundamental beam. Second dichroic mirror with

562 nm cutoff is used to separate the SHG and THG from each other.

Narrow-band bandpass filters are placed in front of the PMTs so that only

SHG and THG are detected.

PMT

PM
T Bandpass filter 

(520 nm)

Bandpass filter 
(780 nm)

Figure 4.1. Schematic of the NLO microscopy setup that was used in this work. Adapted
from Publication II.
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4.2 Polarization-resolved transmission microscopy

Polarization-resolved transmission microscopy is a method that can be

used to determine the birefringence of anisotropic crystals. Here, the light

sources were three different monochromatic continuous wave lasers in the

visible range. The wavelengths of the lasers were 520 nm, 642 nm and

720 nm. The basic principle is as follows. A polarizer is inserted between

the laser source and the sample to obtain an approximately linearly (with

extinction ratio >30 dB) polarized beam. The samples are placed on a ro-

tation stage to change the sample orientation. After passing through the

sample, the polarization of the transmitted light is examined through a

polarization analyzer. By rotating the analyser, the maximum and min-

imum transmitted powers are recorded by a powermeter to analyze the

ellipticity of the transmitted light. The polarization ellipticity (i.e., the in-

tensity ratio between the long and short axes) of the polarized transmitted

light can be measured from the intensity ratio.

Firstly, the polarization direction of the incident light is measured with-

out the sample. Then, the sample is rotated as the incident light passes

through it. The corresponding polarization direction of transmitted light

as a function of rotation angle of the sample is recorded. The rotation an-

gle of the incident light’s polarization-plane induced by the birefringence

of the sample can be obtained from the difference between the polariza-

tion direction of the incident light and the polarization direction recorded

after the sample, as a function of the sample rotation angle. The same

measurement setup that was used for birefringence measurements of BP

(schematic in Fig. 4.2a), can also be used for other reflectance/transmittance

measurements. For example, in Publication VIII nanowires were charac-

terized with the same setup.

(a) (b) (c)

Figure 4.2. (a) Schematic of the setup that was used in Publications VI and VIII. (b)
Schematic illustartion of the birfringe measurement of BP. (c) An example of
results from the birefringe measurements of BP. Adapted from Publication
VI.
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5. Nonlinear optical responses of TMDs

TMDs are promising candidates for NLO applications requiring extremely

small device footprints, due to their large nonlinear susceptibilities and

possibility of integration with existing fabrication technologies. However,

the nonlinear responses of different TMDs at different wavelengths and

the effect of the substrate need to be determined reliably before they can

be utilized in any application. Furthermore, the material quality is ex-

tremely important for all potential applications, where these materials

can be utilized. Therefore, rapid methods that enable characterization of

large-area samples are desired. The related results are presented in this

chapter.

5.1 Second-, third- and fourth-harmonic generation from MoS2

The physical origin of these processes is the nonlinear polarization in-

duced by an electromagnetic field E. This gives rise to higher harmonic

components, the nth harmonic component amplitude being proportional to

|E|n [1]. Harmonic generation consists of annihilation of n pump photons

and generation of a photon with n times the pump energy. Because an nth

order nonlinear optical process requires n photons to be present simulta-

neously, the probability for higher-order processes is lower than for lower

order [1]. Thus, higher-order processes are typically weaker and require

higher pump intensities [1]. However, it was found that in monolayer

MoS2, the third harmonic is thirty times stronger than the second, and

the fourth is comparable to the second. The output spectrum in Fig. 5.1c)

further confirms that we observe SHG, THG and FHG. Peaks for THG and

SHG at 520 and 780nm can be seen, as well as at 390nm, corresponding

to a four-photon process. This is detected only in 1L-MoS2. Its intensity

is∼5.5 times lower than SHG, and two orders of magnitude smaller than
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a) SHG b) THG
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Figure 5.1. a) SHG and b) THG map of monolayer MoS2 flakes. c) Optical spectrum of
the nonlinear signal from 1L-MoS2 with a peak irradiance ∼30GW cm−2.
Adapted from Publication IV.

THG. SHG signals on areas with N = 3, 5, 7 have nearly the same inten-

sity as 1L-MoS2, Fig.5.2a). This contrasts Ref. [32], where a pump laser

at 810nm was used. We attribute this difference to the fact that pho-

tons generated in the second-order nonlinear process in our setup with a

1560nm pump have an energy∼1.6 eV (780 nm), below the band gap of 1L-

MoS2 [79], therefore are not adsorbed, unlike the SHG signal in Ref. [32].

The SHG and THG power dependence follows quadratic and cubic trends,
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Figure 5.2. a) SHG and THG intensities as functions of number of layers. b) Power de-
pendence of SHG and THG in monolayer MoS2. c) Experimental and theoret-
ical THG/SHG irradiance ratio as a function of pump power. Adapted from
Publication IV.

Fig. 5.2b). At the experimentally attainable power levels, THG is up to

30 times stronger than SHG. 1L-TMDs have strongly bound excitons that

can modify their optical properties [30,80,81]. The exciton resonances also

affect their nonlinear optical responses [18,82,83]. Refs. [84,85], reported

that when the SHG energy is above the A and B excitons, resonance ef-

fects are not observed. With 1560 nm (0.8 eV) fundamental wavelength,

the energy of 3ω photons is above the A exciton but does not directly over-

lap with the A or B excitons. Thus, the large THG/SHG intensity ratio

is not assigned entirely to an excitonic enhancement, but to the approxi-

mate rotational invariance of the monolayer MoS2 band structure at low
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energies, which is broken by trigonal warping [17]. With low incident pho-

ton energies (0.8 eV here), SHG is weaker than expected for MoS2 due to

near-isotropic bands contributing to the SHG signal. Only trigonal warp-

ing breaks the approximate rotational invariance of the monolayer MoS2

band structure, causing the SHG.

5.2 Nonlinear response comparison of TMDs

As already discussed in previous chapters, 2D materials have very re-

cently attracted much attention due to their several appealing electri-

cal and optical properties, e.g. extraordinarily high NLO susceptibilities.

However, these materials are very sensitive to the interaction with the

substrate and to the specific measurement conditions, thus rendering the

comparison of second- and third-order optical nonlinearities of monolayer

TMDs problematic. Here, this limitation is circumvented by placing all

different materials in close proximity allowing the NLO properties to be

obtained from a single measurement. More precisely, we measure second-

harmonic generation (SHG) and third-harmonic generation (THG) from

these materials with a multiphoton microscope using linearly and ellipti-

cally polarized 1560 nm excitation. We focus on four TMD (MoS2, MoSe2,

WS2 and WSe2) materials, that have clearly different NLO responses.

Monolayers of the four materials are mechanically exfoliated and trans-

ferred (onto a Si/SiO2 (285 nm) substrate) in close proximity of each other,

using a state-of-the-art dry-transfer technique. All four materials are

shown in the optical image in Fig. 5.3, monolayer areas are indicated

with white dashed contours. The effective NLO susceptibilities are then

determined for all of the materials from a single set of multiphoton im-

ages. MPM images gathered from all different exfoliated TMD materials

are presented in Fig. 5.4. Each different area (located within a distance of

< 150μm from each other) possesses exfoliated TMD flakes, the thickness

of which ranges from one to a few atomic monolayers. The locations of

the MP images are indicated by dashed rectangles in the optical image

in Fig. 5.3. The average powers of second- and third-harmonic signals

from monolayers of all four materials are shown in Fig. 5.5 (a) and (b).

From this comparison it is interesting to note that intensity levels of THG

and SHG signals are clearly different for different TMD materials. For

instance, THG is largest from MoS2 and smallest from WSe2. In contrast,

SHG from MoSe2 is ∼ 4–40 times larger than from the other materials.
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Figure 5.3. (a) Optical image of four different TMDs positioned close to each other. Opti-
cal images show the magnifications of areas marked in (a) with colored rect-
angles for (b) MoS2, (c) WSe2, (d) MoSe2 and (e) WS2. White dashed areas in
(b-e) indicate the ML areas. Adapted from Publication III.
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Figure 5.4. SHG (left) and THG (right) images from the areas marked with colored
dashed rectangles in the optical image of Fig. 5.3(a). Blue: MoS2. Purple:
WSe2. Orange: MoSe2. Yellow: WS2. Monolayer areas are shown with white
dashed lines in Fig. 5.3(b-e). Adapted from Publication III.

This can be attributed to resonant enhancement in MoSe2 because the

energy of the A exciton in MoSe2 (∼ 1.57 eV, 790 nm [27]) matches well

with the wavelength of the SHG signal (780 nm, 1.59 eV). The spectral

overlap of excitonic PL and SHG is well visualized in Fig. 5.5 (c), which

shows the PL spectrum measured with 532 nm excitation, and the mul-

tiphoton (MP) excited spectrum [containing SHG, THG and two-photon

excited luminescence (2PL)] for MoSe2.

We estimate the effective second- and third-order nonlinear susceptibil-

ities |χ(2)
eff | and |χ(3)

eff | of all TMDs from the measured average SHG and

THG powers. The sheet susceptibility values, χ(n)
s , are estimated with the

methods as described in Ref. [86], by fitting the measured average powers
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Figure 5.5. (a) and (b): measured average powers of second- and third-harmonic signals
from monolayers of all four materials with 20 mW pump power. Comparison
between PL and multiphoton spectrum of (c) MoSe2 and (d) WS2. Note that
the intensities of PL and multiphoton spectra in (c) and (d) are not to scale.
Adapted from Publication III.

to the following two equations

P2ω =
16
√
2S|χ(2)

s |2ω2

c3ε0fπr2τ(1 + n2)6
P 2
ω (5.1)

P3ω =
64
√
3S2|χ(3)

s |2ω2

c4ε20(fπr
2τ)2(1 + n2)8

P 3
ω , (5.2)

where S = 0.94 is the shape factor for Gaussian pulses, τ is the temporal

pulse width, Pω is the incident average power of the pump beam, f is the

repetition rate, n2 is the refractive index of the substrate at the pump

wavelength, ω is the angular frequency of the pump, c is the speed of light

and ε0 is the vacuum permittivity. The effective bulk-like second-order

susceptibility of TMDs is obtained from the sheet susceptibilities as

|χ(n)
eff | =

χ
(n)
s

t
,

where t is the thickness of the TMD monolayer, 0.65 nm.

Table 5.1 lists the |χ(2)
eff | and |χ(3)

eff | values measured from different TMDs

in this work. In addition to our experiments, we present for comparison

values from other measurements reported in the literature for various

monolayer TMDs. Note that |χ(2)
eff | values obtained in this work range
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between 5− 27× 10−12 mV−1 for all ML-TMDs. These values are in good

agreement with those reported in the literature for TMDs when they have

been measured from SHG and THG signals with excitation wavelength in

the IR region. For instance, the literature values of |χ(2)
eff | for MoS2 range

between 2.2×10−12 mV−1 and 29×10−12 mV−1 [86–88] and thus are in the

same range as the value of 5.5×10−12 mV−1 obtained in this work for 1560

nm excitation. Strikingly, some earlier works [32, 83] report that |χ(2)
eff |

for MoS2 is two orders of magnitude larger than that measured in this

work, but these values are not comparable because they were obtained

by using a different excitation wavelength ∼ 800 nm. On the other hand,

|χ(3)
eff | values for all characterized TMDs range between 1.0×10−19 m2V−2

– 3.6×10−19 m2V−2 and thus are in the same range as that reported for

graphene. For instance, Cheng et al. [89] report a theoretical |χ(3)
eff | value

between 3.25 × 10−19 m2V−2 and 6.00 × 10−19 m2V−2 (depending on the

doping level) for 1720 nm wavelength excitation. We also find excellent

agreement with previous literature values for |χ(3)
eff | when measured at

a similar wavelength. For instance, the magnitude of the |χ(3)
eff | values for

MoS2 is of the order of 10−19 m2V−2 (see Refs. [86,90]) and therefore in the

same range as the value of 3.6×10−19 m2V−2 reported in this work. The

effect of the substrate should also be taken into account when comparing

the values. In ref. [86] the bulk-like χ(2) and χ(3) of MoS2 was measured

on glass and on Si/SiO2 substrates. It was found that the χ(2) did not

exhibit significant change but the χ(3) was enhanced by a factor of 5 due

to interferometric effect caused by the multilayer structure. However, this

does not affect the comparison between the four materials as the effect is

the same for all of them.
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Table 5.1. Bulk-like |χ(2)
eff | and |χ(3)

eff | values of different TMD materials measured in this
work and comparison to the values reported in literature. Adapted from Pub-
lication III.

Material χ
(2)
eff

[
m
V

]
χ
(3)
eff

[
m2

V2

]
λω Ref.

Graphene – 1.03× 10−19 1550 nm This work

MoS2 5.4×10−12 3.6×10−19 1560 nm This work

MoSe2 37.0×10−12 2.2×10−19 1560 nm This work

WS2 16.2×10−12 2.4×10−19 1560 nm This work

WSe2 16.5×10−12 1.0×10−19 1560 nm This work

MoS2 5× 10−12 1560 nm [87]

MoS2 29× 10−12 2.410−19 1560 nm [86]

MoS2 5× 10−12 1560 nm [88]

WSe2 15× 10−12 1550 nm [91]

MoSe2 25× 10−12 1560 nm [87]

MoS2
∗ ∼ 10−19 1700 nm [90]

MoSe2 (10− 15)× 10−12 1560 nm [84]

WS2 9× 10−9 832 nm [92]

WSe2 10× 10−9 816 nm [93]

MoS2 321× 10−12 810 nm [32]

MoS2 123× 10−12 885 nm [83]

MoS2 ∼ 10−7 810 nm [70]

WS2
† 2.61× 10−17 [94]

MoSe2
‡ 1.53× 10−17 [95]

∗Obtained from ∼ 5 nm thick flakes
†Data obtained using two-wave mixing method
‡Data obtained using self-phase modulation method

5.3 Applications of multi-photon processes for crystal
characterization

The size and orientation of different crystal domains have a major effect

on the physical properties of CVD grown two-dimensional layered mate-

rials. However, the physical properties of the grain boundaries (GBs) in

2D materials have been challenging to measure accurately [96]. Thus,

plasmons that are scattered and reflected from GBs have been used for

accurate visualization GBs in CVD-graphene [96]. Publication I presents

an alternative method for rapid visualization of GBs in monolayer CVD-

MoS2. In contrast to Raman and photoluminescence imaging, THG mi-
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croscopy provides excellent sensitivity and high speed for GB visualiza-

tion regardless of the degree of crystal axis rotation. The CVD grown

Figure 5.6. (a) SHG and (b) THG images of CVD grown monolayer MoS2. An area of
25×30 μm2 is first exposed (the red dashed box) by scanning with a fluence of
21 mJ cm−2. After exposure, the SHG and THG images have been captured
using a laser fluence of 11 mJ cm−2. Similar THG images of (c) as-grown
MoS2 sample without any post treatments and (d,e) as-grown MoS2 samples
after acetone and IPA treatment. The laser fluence in c–e was 177 mJ cm−2.
Scale bars, 25 μm (a,b) and 50 μm (c–e). [Publication I]

samples were transferred onto a Si/SiO2 substrate and were character-

ized with a multiphoton microscope as described in Section 4.1. The mea-

surements were preformed with several different fluences of the excita-

tion laser and it was found that the contrast associated with GB visibility

in THG imaging is considerably enhanced by the combination of intense

laser irradiation and solvents commonly used in the transfer process of

2D materials. The fabrication and transfer process is described in more

detail in Section 3.2. Figure 5.6 (a) and (b) presents SHG and THG im-

ages of CVD grown monolayer MoS2, respectively. The square with a red

dashed border shows an area that has been first irradiated with a flu-

ence of 21 mJ cm−2. Consequently, the whole area was measured with

the same excitation laser but with a lower fluence of 11 mJ cm−2. A clear

difference between areas that were and were not exposed to higher flu-

ence laser can be observed in the THG image (Fig. 5.6b). The GBs are

visible only in the area that was irradiated with higher fluence (the area

inside the red dashed box). The THG signal has decreased on the grains

inside the area that has received a pre-exposure to higher fluence exci-

tation laser before imaging. However, there is no THG signal decrease

on the GBs and therefore the GBs can be seen as bright lines inside the
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illuminated area. In the SHG image (Fig. 5.6a), the exposed area is not

observable, indicating that the SHG signal is not affected by the high flu-

ence laser pre-exposure. We assume that the THG signal on the GBs and

grains that were irradiated during the laser scanning only with lower flu-

ence, is enhanced by adsorbed molecules on the surface. These molecules

can be removed from the grains but not from the GBs by laser irradiation,

which results in the observed decrease in the THG signal on grains but

not on GBs. The GBs contain more dislocations and defects that can act as

strong adsorption sites for molecules [97]. These adsorbed molecules orig-

inate from chemicals typically used in transfer process where the PMMA

is removed using acetone + isopropyl alcohol (IPA) treatment. Similar

Figure 5.7. (a) Multiphoton spectra with increasing input fluence, (b) optical image with
labeled grains (A1, A2, B1 and B2) and GBs (GB1, GB2, GB3 and GB4),
(c) experimental unpolarized SHG image, (d) experimental SHG image with
parallel polarized excitation and detection (polarization direction indicated
by a double-headed arrow), (e) unpolarized experimental THG image, (f) sim-
ulated unpolarized SHG image, (g) simulated SHG image with parallel po-
larized excitation and detection and (h) simulated unpolarized THG image.
Scale bars are 10μm. [Publication I]

measurements, with even larger fluence, were performed on as-grown and

chemically treated flakes. Figure 5.6c shows a THG image of an as-grown

MoS2 sample, which was not transferred or chemically treated. THG im-

ages in Fig. 5.6d,e were measured from an as-grown MoS2 sample that

was first treated in acetone followed by a IPA treatment. After that, the

sample was blown dry using compressed air and imaged with multipho-

ton microscope with a fluence of 177 mJ cm−2. The GBs are not visi-

ble in Fig. 5.6c, showing that the THG signal on the GBs is identical

to that on grains without chemical treatment. However, after acetone +

IPA treatment, the GBs become clearly visible in the THG images (Fig.

5.6 (d) and (e), fluence of 177 mJ cm−2). Therefore, the increased THG

signal on GBs is attributed to acetone + IPA treatment and laser irradi-

ation. The adsorbed molecules can affect the THG signal from GBs by
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two possible mechanisms. First, the third-order response of the molecules

is non-negligible, thus they will also emit some THG. Second, adsorbed

molecules can change the electronic properties of the MoS2 layer, increas-

ing the THG efficiency. Therefore, the chemisorbed molecules (leftovers

from acetone + IPA treatment) will also play a key role in the stronger

THG signal on the GBs.

The effect described above can be utilized for rapid visualization of grains

and GBs in CVD grown monolayer MoS2. Raman spectroscopy and PL

mapping are conventional methods for obtaining information about the

GBs. However, the nonlinear microcopy is approximately four orders of

magnitude faster compared with the Raman and PL techniques. THG

and SHG imaging can be done in a few seconds, whereas the Raman and

PL mapping can easily require hours of data acquisition. As an example,

the full Raman mapping of the sample shown in Figs. 5.8(b)-(e) consists

of 210 × 180 pixels (70 × 60 μm2). The Raman spectrum was recorded in

each of the pixels and the measurement time of a single Raman spectrum

was 0.2 s, yielding total measurement time of 7560 s (2 h 6 min). As a

comparison, the THG and SHG images in Fig. 5.7(c) and (e) consist of

1000 × 1000 pixels (260 μm×260 μm2). The acquisition rate was 20 μs per

pixel, producing total measurement time of 20 s. Thus, the image acqui-

sition time for THG and SHG images is around four orders of magnitude

smaller than that for Raman mapping. Further, THG microscopy can be

used to visualize GBs, which have only a small crystal axis rotation be-

tween the grains. For example the difference between the crystal axes in

grains B1 and B2 (Fig. 5.7(b)) is only ∼ 0.4◦, yet the GB can be detected

with THG imaging but it is not visible in the Raman images.
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Figure 5.8. (a) Raman spectrum. (b) intensity of E1
2g peak. (c) centre position of E1

2g

peak. (d) intensity of A1g peak and (e) centre position of A1g peak, (f) PL
spectra from the middle of the grain (red curve, taken from the area marked
with red box in g and from the middle of the flake (black curve, taken from
the area marked with a black dashed line in g. (g) PL intensity image of the
680 nm peak and (h) centre position of the 680 nm peak. Scale bars, 10μm.
Colour scale bars are in CCD counts (Raman and PL intensities), in cm−1

(Raman peak positions) and in nm (PL peak position). [Publication I]
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6. Nonlinear optical responses of black
phosphorous

In some applications BP is more favorable than TMDs and graphene [98].

In contrast to semi-metallic graphene, BP has a thickness-tunable di-

rect bandgap (∼1.7 to 0.3 eV) [36], spanning the visible, near-infrared,

and mid-infrared spectral regimes. BP also compares favourably to the

semiconducting TMDs, which generally have direct bandgaps only at a

single layer, and have charge carrier mobilities far inferior to BP. These

unique properties enable a large range of high-performance electronic and

optoelectronic devices [37], such as transistors [99–101], photodetectors

[102–104], and ultrafast lasers [72]. Further, it has been demonstrated

that various properties of BP (such as mobility [38], linear [36, 105] and

nonlinear [72] absorption, Raman response [106] and luminescence [107])

strongly depend on its crystalline orientation because of the anisotropic

bonding in its crystal structure. Emerging nanomaterials have exhibited

interesting fundamental physical phenomena in nonlinear light-matter

coupling at the nanoscale. These properties also may be utilized in tech-

nological applications, such as all-optical signal processing in telecommu-

nications, for novel and high-performance nanoscale devices [63]. Fur-

thermore, rapid and reliable characterization methods are imperative for

evaluating homogeneity in large scale materials synthesis and for iden-

tifying materials of interest in randomly oriented and polydisperse sam-

ples, such as those obtained from mechanical exfoliation and chemical va-

por deposition. The results related to NLO properties of BP are presented

and reviewed in this chapter.

6.1 Third-harmonic generation of BP

Publication II demonstrates that THG microscopy can be used as a rapid

characterization method to determine crystallographic orientations of ex-
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foliated BP flakes. By correlating polarized THG with polarized Raman

measurements, it is shown that the anisotropic THG arises from the crys-

tal structure of BP and can therefore be used reliably for this purpose.

The fast scanning rate of this multiphoton technique, allows for rapid and

detailed characterization of mechanically exfoliated BP samples by deter-

mining the crystallographic orientations of a large number of BP flakes

in a single field of view. In contrast to Publication I, where the GBs of

monolayer MoS2 were visualized with THG microscopy and the crystal

directions were obtained from a series of SHG measurements, here the

crystal directions can be directly obtained from a set of THG images.

Firstly a power series and the spectrum of emitted light are measured

for confirming that the measured signal is THG. From the spectrum in

Figure 6.1(a), it can be seen that the observed peak is located at ∼ 521

nm, corresponding well with the expected value of 520 nm (third of the

fundamental wavelength). The excitation power dependence confirms the

cubic dependence on the optical power of the pump laser (Figure 6.1b),

thus the detected light is confirmed as THG emitted from the BP flake. In

Figure 6.1. THG spectrum (a) and THG power dependency (b) of a 30 nm thick BP flake.
[Publication II]

addition, the exciton resonances have been reported to have a significant

effect on the nonlinear processes when the energy of the fundamental pho-

tons is closer to the resonance. In [108] a laser-thinning method was used

to measure the THG emitted from a BP as the flake thickness decreases.

A substantial increase in the THG intensity was observed in very thin

(few-layer) regions, which was attributed to increased effect of the exciton

resonance. This effect peaked when excitons were on resonance with the

pump photon energy (∼ 0.8 eV). In ref. [108] the authors measured the

|χ(3)
eff | of BP to be ∼ 10–20 × that of graphene. To gain further insight into

properties of BP as a nonlinear material the effective bulk-like nonlinear
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susceptibility was quantified. by comparing the detected TH signal to the

results from monolayer graphene on a similar substrate. The calculation

is done with the following equation [69]

|χ(3)
eff | =

dgr
dBP

√
P3ω;BP

P3ω;gr
|χ(3)

gr |, (6.1)

where dgr = 0.33 nm and dBP are the sicknesses of monolayer graphene

and BP, respectively. P3ω;gr is the measured average power of THG from

graphene monolayer and P3ω;BP is the THG power from the measured

BP flake. Using graphene reference |χ(3)
gr | = 3.25 × 10−19 m2V−2 (from

Ref. [89]), a value of |χ(3)
BP | ≈ 1.64 ×10−19m2V−2 was obtained for a 9.5 nm

thick flake. For graphene [109], MoS2(Publication IV) and GaSe [110], at

thicknesses of fewer than ∼ 15 layers, the THG power is reported to de-

pend quadratically with the layer number, therefore producing a constant

χ
(3)
eff from Equation (6.1). However, in ref. [111] it was calculated that

greater absorption can lead to decay in the THG power. Because the ab-

sorption of pump and THG signals and the effect of the coherence length

is not taken into account in Equation (6.1), the calculated values in Figure

6.2(b) decrease as the flake thickness increases. The measured |χ(3)
eff | of BP

is ∼ 2× lower than |χ(3)| of graphene and comparable to other well known

3D crystals that exhibit strong third-order nonlinearity, such as CdS and

ZnSe [1]. In ref. [40] a similar value, 1.4 ×10−19m2V−2, was reported

for a 14.5 nm thick BP flake, at similar pump wavelength as here. The

non-resonant |χ(3)
eff | measured in Publication II is less than half of that of

graphene. Thus, the results obtained in ref. [108] and the measurements

reported in Publication II strongly imply that exciton resonance effects

play a significant role in the nonlinear frequency conversion process of

BP. The band gap of the flakes examined here ranged from ∼0.4–0.47 eV

(calculated from the thicknesses according to Ref. [36]), requiring a pump

laser with a wavelength of more than 2.5 μm to fully probe the effect of

the exciton resonance.

6.1.1 Thickness dependence of THG

The thickness dependence of the THG was examined in Publication II.

THG power as a function of flake thickness is shown in Figure 6.2(a).

Below 20 nm, the THG first increases with the flake thickness. At sick-

nesses around 25 nm, the THG power starts to decrease. The observed

thickness dependence can be explained by the differences in absorption at

the TH and fundamental wavelengths. As shown in ref. [72], the absorp-
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tion coefficient of BP is substantially smaller at 1550 nm than at 520 nm.

Thus, part of the pump is absorbed in the flake and THG is generated

throughout the flake. The measured THG is backward generated, thus

it has to propagate through the flake experiencing significant absorption

for thicker flakes. On the other hand, the intensity of the generated TH

signal increases as more material takes part in the frequency conversion

process. Thus, the thickness dependence of THG signal is a combination

of three processes: weak absorption of the pump beam, absorption of the

THG signal and layer dependent increase in the detected THG power.

Figure 6.2. (a) THG power as a function of flake thickness. (b) Measured third-order
susceptibility of several BP flakes with varying thickness. The dashed line is
an exponential decay fit to the data. [Publication II]

6.2 Determination of crystallographic axis oritentation of BP

Emerging 2D nanomaterials are typically first studied by mechanically

exfoliating small flakes from bulk layered crystals. Mechanical exfoliation

technique produces samples with high-quality, which is critical to evalu-

ate the potential of various 2D materials, for existing and future techno-

logical applications. It also produces samples with high polydispersity in

thickness and random crystallographic orientations. For an anisotropic

material such as BP, the latter factor can bear significant variations in

observed device metrics due to anisotropy in the optical and electrical con-

ductivities. Fast and large-scale characterization techniques to determine

the crystallographic orientations of flakes are highly important. Conven-

tional Raman and PL methods have been used for detecting GBs and crys-

tallographic orientation. However, these techniques are more suitable for

detection of GBs with a large crystal axis rotation between neighbouring

crystal domains. Recently, the SHG of 2D materials has been demon-
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strated as a rapid and reliable characterization method [32, 112]. Such

methods are imperative for evaluating quality of 2D materials and for

identifying materials of interest in randomly oriented and polydisperse

samples, such as those obtained from mechanical exfoliation.

6.2.1 Nonlinear optical microscopy

The polarization dependent THG measurements were performed by ro-

tating the polarization of the fundamental beam with a half-wave plate.

Peak fluence of 56 mJ cm−2 (average power of 12 mW) was used in the

measurements. A measured polarization dependence of THG from a rep-

resentative BP flake is shown in Figure 6.3(a). The red and purple arrows

indicate the AC and ZZ crystal directions obtained from Raman measure-

ments. Corresponding THG images are shown in Figure 6.3(c) and (d),

displaying the clear difference between the generated TH signal when

the incident light polarization is along the AC or ZZ direction.

The anisotropic nature of THG from BP is originated from the crystal

structure of BP. Based on the orthorhombic crystal structure of BP, the

generated TH intensity (I3ω) can be expressed by the following equation

[see section 2.2.2, Eq. (2.23)]:

I3ω ∝ I3ω[
(
χ(3)
xx cos3 θ + 3χ(3)

xy cos θ sin2 θ
)2

+
(
χ(3)
yy sin3 θ + 3χ(3)

yx sin θ cos2 θ
)2

],

(6.2)

where subscripts 3ω and ω refer to the fields at TH and fundamental fre-

quencies, respectively. The angle between the polarization direction of the

fundamental wave and the AC-axis of the BP crystal is defined as θ. The

different components of the third-order susceptibility tensor are repre-

sented with χ
(3)
jj and χ

(3)
jk , where {j, k}={x, y}. The details for the derivation

of Eq. (6.2) are presented in the supporting information of Publication

II. After measuring the THG signal with varying polarization of the fun-

damental, the intensity of the THG signal can be fitted to Eq. (6.2) to

obtain the AC-direction of the BP crystal. An example of results of the

fitting is shown in Fig. 6.3(a). The black solid line corresponds to the fit-

ted total THG intensity and the red and purple dashed lines correspond

to the x- and y-components of the 3-order polarization vector, respectively.

From Figure 6.3(a), it can be seen that the measured data agrees very

well with the model based on Eq. (6.2). Furthermore, it can be seen that

the maximum intensity does not occur when the incident polarization is

along AC-direction. Based on the values obtained from the fit, the χ
(3)
xy
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Figure 6.3. (a) Polar plot of the measured angular dependence of the THG from a 26 nm
BP flake on a glass substrate. The red and purple arrows indicate the AC
and ZZ crystal directions obtained from polarized Raman measurements. (b)
Optical image of exfoliated BP flake measured in a). The yellow arrows in (b)
are the x- and y-axes corresponding to radial (lab) coordinates in a). c) and
d) THG images obtained with incident polarization along AC (c) and ZZ (d).
Scale bar in b)-d) is 10 μm. [Publication II]

component is almost zero but the χ
(3)
yx -component is comparable to χ

(3)
yy

which results in the four-fold polarization dependence. Because the χ(3)

components are obtained by fitting, care must be taken when compar-

ing their relative magnitudes as slightly different values can be obtained

with fairly good overall fit. However, the crystallographic orientation can

be obtained from the fit with good confidence even though the individual

tensor components may vary.

Figure 6.4 displays the THG emission from eight BP flakes in a ∼
260×260 μm2 area. The image consists of 1000 × 1000 pixels and was

acquired at a rate of ∼20 μs/pixel, yielding total measurement time of 20

s. The fast scan rate allows for this region to be characterized at many

different excitation polarizations, enabling the crystallographic orienta-

tions of all exfoliated BP flakes in single field of view to be determined in

minutes. The AC directions of 8 different flakes were obtained from a set
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Figure 6.4. (a)-(d) THG images with varying input polarization direction. (e) THG image
with overlayed AC crystal directions of the 8 different flakes. Total image
size 260×260 μm. [Publication II]

of measurements with varying polarization. The obtained AC-directions

are overlaid with green arrows in Figure 6.4(e). The flakes visible on

the image can be classified to three different groups that originated from

different crystallites. These groups are displayed in Figure 6.4(a) with

yellow dashed boxes.

Corroborative polarized Raman mesurements were performed on same

flakes to index the crystallographic orientations. The assigned AC direc-

tions from Raman and THG measurements are approximately within 5◦

from each other, demonstrating good agreement between the THG and

Raman methods. By combining the thickness dependent THG and po-

larization dependent THG, it may be possible to accurately measure the

thickness and the crystallographic orientation of large-area BP samples,

which would make the characterization process of mechanically exfoliated

BP much faster.

6.2.2 Linear optical methods

In addition to multiphoton microscopy, also linear optical methods can be

employed to study the anistropic optical properties of 2D materials. In

Publication VI polarized micro-reflectance and transmittance measure-

ments were used to measure the birefringency of BP. Fig. 6.5 shows a

series of images of BP flake as a function of the flake rotation angle. Here,

the polarizer and the analyser are set perpendicular to each other. As

shown, the transmitted intensity is periodic with the flake rotation an-

gle and repeats after rotation of 90◦. The transmitted intensity reaches
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minimum value when the BP flake has been rotated either 0 or 90 de-

grees. This corresponds to the incident light polarization either along

the ZZ or the AC direction causing that transmitted light experiences no

birefringence. However, when the flake is rotated 45◦ compared to the in-

cident light polarization, the contrast from the BP flake is the strongest,

as clearly illustrated by the brightest colour in Fig. 6.5. It can also be seen

that the flake colour varies at different locations, which can be attributed

to the interference as the different colours are visible from the locations

corresponding to the different flake thicknesses. In order to quantitatively

Figure 6.5. Transmitted cross-polarized optical images (the polarizer and analyser are
set perpendicular) with BP flake rotation by 165◦. [Publication VI]

characterize the anisotropic properties of BP, measurements with three

monochromatic lasers (at 520 nm, 642 nm, and 730 nm) were performed.

A polarizer is used to linearly polarize the incident light. The BP sample

is placed on the rotation stage to control the angle between the polariza-

tion direction of the incident light and the ZZ direction of the flake. After

propagating through the flake, the transmitted light intensity is recorded

by a powermeter. A polarization analyzer is placed in front of the de-

tector, which allows the ellipticity of transmitted light to be measured.

Thus, the maximum and minimum intensities, and the corresponding an-

alyzer rotation angle are recorded. The ratio between measured maxi-

mum and minimum intensities, is calculated from the recorded data to

characterize the transmitted light polarization state. The refractive in-

dex difference (Δn) between the two crystal axes can be obtained from the

intensity ratio with fitting method described in detail in Publication VI.

The measurements were performed for flakes with several thicknesses,

ranging from 50 nm to 220 nm. Based on the measurements the Δn of

BP is 0.245 ± 0.04, 0.196 ± 0.055 and 0.202 ± 0.05 at wavelengths of 520

nm, 642 nm and 730 nm, respectively. The maximum measured phase

retardance was 38◦ for a 220 nm thick BP flake at 520 nm. This corre-

sponds to a polarization-plane rotation of ∼0.05◦ per atomic layer. These
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results show that the relatively large birefringence of anisotropic (2D)

layered materials can enable accurate manipulation of light polarization

with atomically controlled device thickness for various applications where

integrated, nanoscale polarization-controllers are required.
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7. Hybrid 2D material integrated silicon
devices

One of the most promising platform for NLO properties of 2D materi-

als is their integration with PICs. Conventional NLO materials are in

crucial role in creating devices for all-optical signal processing [113, 114]

and sensing [115, 116]. Furthermore, quantum light sources that pro-

duce entangled photon pairs are essential for emerging quantum tech-

nologies [117, 118]. Polarization-entangled photon pairs can be produced

with bulk NLO crystals such as BBO [119].

However, the development of chip-scale NLO devices is hampered by

the low nonlinear susceptibilities and difficulty of integrating conven-

tional bulk NLO materials on PICs [11, 120]. Thus, the possibility of

integrating layered 2D materials on PICs posses exciting prospects. Al-

ready it has been shown that the nonlinear responses of 2D materials

can be enhanced with waveguides [121] and photonic crystals [120]. An-

other possibility is to integrate 2D materials on whispering gallery mode

(WGM) resonators, such as ring resonators, to create novel on-chip light

sources based on generation of frequency combs. This has already been

shown with conventional bulk materials [122] by making use of FWM in

silicon nitride Si3N4 waveguides. Chip-scale single photon sources have

been demonstrated by integrating layered materials (GaSe) on Si3N4 rib

and slot waveguides [123]. In addition, on-chip OPOs based on paramet-

ric down-conversion in monolayer TMDs integrated on a Fabry-Perot mi-

croresonator have been theoretically proposed recently [124].

7.1 Nanolaminate ring resonator

Organic materials have been widely used for various photonic and opto-

electronic devices, because they possess properties that are desirable for

optical communications. These properties are for example large and ultra-
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fast nonlinear responses, high optical cross-sections and a broad spectral

tuneability [125]. A silicon-organic hybrid (SOH) approach has been used

to demonstrate high-speed signal processing with a combination of slot

waveguides and organic materials [113]. Ring resonators are one of the

basic building blocks for numerous different applications in silicon pho-

tonics (e.g., modulators [126–128], optical delay lines [129], filters [130]

and sensors [131]). In Publication V, ALD was employed to create high-

Figure 7.1. scanning electron microscope (SEM) images of a fabricated device. (a)-(c)
before the ALD and d) after ALD of Ta2O5/PI nanolaminate. Inset in (d):
enhanced image of the nanolaminate film. [Publication V]

performance slot waveguide devices with hybrid organic/inorganic mate-

rials. Slot waveguide ring resonators were fabricated on SOI wafer with a

220 nm thick silicon device layer on top of a 2 μm thick buried oxide. Sub-

sequently, the ring resonators were covered with an ALD grown nanolam-

inate consisting of alternating layers of tantalum pentoxide (Ta2O5) and

polyimide (PI). The total number of layers in the nanolaminate structure

is 14 (8 × Ta2O5 and 6 × PI) with actual layer thicknesses, measured from

SEM images in Fig. 7.1(d), for Ta2O5 and PI, 8 nm and 7 nm, respectively.

The nanolaminate coating acts as a metamaterial having a refractive in-

dex depending on the thickness of each layer. Thus the effective index of

the propagating mode and the field confinement can be accurately tuned
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by varying the layer thicknesses without changing the slot material. With

Figure 7.2. Simulated mode profiles of the TE (a) and TM (b) modes at 1550 nm. c) and
d) normalized x and y- components of the electric field along dashed lines
in a) and b). Slot mode characteristics can also be seen in the electric field
distribution of the TM mode. [Publication V]

these ALD nanolaminates the mode can be squeezed into several sub-10

nm vertical slots in addition to the central air slot (Fig. 7.2. Furthermore,

the effective index is determined by the layer thicknesses, which means

that after selecting the materials for the nanolaminate, the effective in-

dex can be tuned between the refractive indices of the two materials. The

highest measured intrinsic Q-factor was 14 000. Propagation losses were

calculated from the measured Q-factors. The lowest propagation loss was

19.3 dB/cm and average propagation loss was 29.5 ± 5.1 dB cm−1, which

shows that the devices are fully functional. Similar waveguides were

coated with 160 nm of Al2O3 as a reference. The propagation loss mea-

sured from the reference waveguides was 20 dB cm−1, which shows that

the nanolaminate structure does not cause significant extra loss. With

more optimal quality of the underlying SOI waveguide, the propagation

loss of the nanlaminate waveguide can be significantly lowered.

The nanolaminate structure demonstrated in Publication V gives extra

degrees of freedom for engineering the mode profile of slot waveguides for

different applications and possibly with integration with layered 2D ma-

terials. Different organic and inorganic materials and layer thicknesses

can be combined to create multitude of different nanolaminate structures.
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7.2 Integration of 2D materials with silicon devices

One of the prospects for utilizing the NLO properties of 2D materials for

relevant technological applications lies in the chip-scale devices. Further-

more, this provides an opportunity to enhance the NLO processes with

resonant structures such as WGM resonators or photonic crystal (PhC)

cavities. The use of such resonators is already demonstrated to make

nanolasers based on excitonic PL of TMDs [132–134]. Thus, it might be

possible to also enhance the NLO effects in 2D materials. One attrac-

tive option would be to utilize FWM in BP for creating a frequency comb

around 1550 nm pump. BP is more suitable for this than TMDs since

the bandgap of BP is always direct and can be tuned with the number

of layers. With suitable number of layers the bandgap can be tuned to

coincide with 1550 nm [108]. By integrating BP with a waveguide res-

onator (example shown in Fig. 7.3b) compact on-chip frequency combs

could be fabricated for utilization in sensing or to produce several wave-

length channels for wavelength division multiplexing.

a) b)

Figure 7.3. a) Illustration of a frequency conversion device based on monolayer MoS2 and
a SOI slot waveguide ring resonator. b) False color image of a fewlayer BP
flake transferred ontop of a SOI ring resonator. Silicon waveguide is shown
with red and the BP flake with light blue.
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8. Summary and outlook

Characterization of the nonlinear optical properties of various 2D layered

materials has been presented in this thesis. The first part (Chapter 5) pre-

sented the results on the comparison of second- and third-order nonlinear

susceptibilities of four different TMDs (MoS2, MoSe2, WS2 and WSe2).

The second- and third-order nonlinear susceptibilities of all four materi-

als were determined by measuring second- and third-harmonic genera-

tion simultaneously. The results clearly show that MoSe2 has the highest

second-order nonlinear susceptibility, in the wavelength that was used

(1560 nm). Furthermore, all four TMDs was found to possess exception-

ally large third-order nonlinear susceptibilities. Comparison to graphene

was performed and it was found that the χ(3) of the investigated TMDs

are 2-4 times larger than that of graphene, which is know to have very

large third-order nonlinear susceptibility [69, 135]. Furthermore, it was

found that the THG in MoS2 is extremely sensitive to solvents commonly

used in the transfer process of 2D materials. The contrast in the THG

between the grains and GBs in CVD grown MoS2 is enhanced due to the

adsorbed molecules from the solvents. These molecules can be removed

from the grains but not from the GBs with the intense laser exposure

from the excitation laser. This effect provides an opportunity for utilizing

THG microscopy for rapid characterization crystal domains in CVD grown

TMDs.

In the second part (Chapter 6), THG microscopy was used to investigate

the anisotropic NLO properties of BP. It was shown that in addition to it’s

linear optical response, also the THG of few-layer BP is highly anisotropic.

Furthermore, it was shown that the anisotropic THG can be used for rapid

characterization the crystallographic orientation of very large area BP

samples produced by mechanical exfoliation. This can potentially be ad-
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vantageous for material characterization in future applications utilizing

2D BP.

In the final part (Chapter 7), novel waveguide structures, that were fabri-

cated by coating SOI slot waveguides with alternating sub-10 nm layers of

Ta2O5 and polyimide, were characterized. The results demonstrate that

the propagating mode and the field confinement can be accurately tuned

by varying the layer thicknesses without changing the slot material. Fur-

thermore, the electric field is significantly enhanced in the slots, without

inducing severe extra propagation loss. This can potentially be used for

integrating 2D materials with SOI waveguides, because the interaction

with the 2D material and the propagating mode can be controlled.

The field of 2D materials based nonlinear optics is still in its infancy, even

though it has gained an increasing amount of attention because it may

allow the realization of a vast number of technologically relevant appli-

cations. For example, the integration of NLO materials with PICs is de-

sired for many applications, ranging from on-chip light sources for silicon

photonics [11] to emerging integrated quantum technologies [117]. But

there are substantial challenges to integrate the traditional NLO mate-

rials with other material platforms for on-chip applications that typically

require miniaturized device footprint. Thus the possibility of integrating

2D materials with other platforms, such as SOI waveguides may provide

a solution for many technological challenges. With the integration of 2D

materials on resonator structures, such as ring resonator or PhC cavities,

it is also possible to address the problem of limited interaction length,

which is required for more efficient NLO effects.

The results presented in this thesis can advance utilization of 2D mate-

rials towards feasible NLO devices. Yet, plenty of research is required in

order to find the best materials and methods for integration into operating

devices.
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