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ABSTRACT

This thesis investigates the development of an efficient and robust femtosecond laser
which produces mid infrared pulses by employing different mode locking techniques. In
particular, Kerr lens mode locking and graphene saturable absorber mode locking
techniques were successfully applied to the Cr:ZnSe laser which operates around 2.45 pm.
In the second part of the thesis, linear and non-linear optical properties of a gated graphene
based supercapacitor were experimentally characterized, and voltage dependent optical and
ultrafast properties were discussed.

The first part of the thesis is the demonstration of a Kerr lens mode-locked Cr:ZnSe
laser and evaluation of the performance of four different cost-effective and practical
dispersion compensation methods. The highest pulse energy was obtained with a 6% output
coupler and a CaF; prism pair, where as high as 1.81 nJ was obtained with 2 W of pump
power. When a 1% output coupler was used with the CaF, prism pair, higher intracavity
energy led to the generation of pulses as short as 92 fs. Based on the mode locking
parameters of the laser, the nonlinear refractive index (n;) of ZnSe was estimated as
(1.2+0.2)x10"*® m?/W by using the soliton area theorem.

The second part of the thesis involves the demonstration of graphene saturable absorber
mode-locked operation of a stable femtosecond Cr:ZnSe laser. The laser produced 176-fs
pulses at a repetition rate of 78 MHz with an average power of 80 mW. The measured
time-bandwidth product was 0.39 with a 3% output coupler. With a 6% output coupler, 2.4-
nJ, 200-fs pulses were generated near 2.4 um at a pulse repetition frequency of 78 MHz.
The average mode-locked output power was 185 mW. This work was the first
demonstration of a femtosecond Cr:ZnSe laser passively mode locked with a graphene

saturable absorber.



The third part of the thesis focuses on the optical characterization of graphene samples
grown on quartz, YAG and CaF,. We determined the saturation fluence and modulation
depth of the samples as 34 pJ/cm? and 0.6%, 60 pJ/cm? and 0.8%, 39 pJ/cm? and 0.6% for
graphene on quartz, YAG and CaF,, respectively. The final part is the linear and non-linear
characterization of the optical properties of a voltage controlled saturable absorber based
on graphene super capacitors. Pump-probe measurements revealed that the ultrafast
response of the graphene has similar dynamics with an average fast and slow time
constants of 283 fs and 1.9 ps up to 1V of applied voltage. The saturation fluence at 1250
nm monotonically increases with the applied bias, becoming 456 pJ/cm?at 1V and the
modulation depth decreases from 1.09% at 0OV to 0.69% at 1V. Hence, the modulation
depth of the device was adjusted in the range of 1.1-0.7%.0ur results indicate that,
utilization of cost effective dispersion techniques as well as novel saturable absorbers such
as graphene will lead to the development of practical sources of mid-infrared femtosecond

pulse sources suitable for spectroscopic, medical and nonlinear optical applications.



OZET

Bu doktora tezinde farkli kip kilitleme teknikleri kullanilarak gelistirilen, kizil alti
bolgesinde c¢alisan ve femtosaniye siireli darbeler iireten bir laser gelistirilmistir.
Deneylerde Kerr odaklamali kip kilitleme ve doyabilen sogurucu vasitasiyla elde edilen kip
kilitleme yontemleri Cr:ZnSe laserine basariyla uygulanmstir. Tezin ikinci boliimiinde,
grafen tabanli {iretilen siiper kapasitor yapisina sahip ve optik 6zellikleri uygulanan voltaj
ile degistirilebilen bir doyabilen sogurucunun dogrusal ve dogrusal olmayan optik
ozellikleri incelenmistir.

Tezin ilk boliimiinde, Kerr odaklamali kip kilitleme yontemi kullanilarak ¢alistirilan
Cr:ZnSe laserinin farkli dispersiyon kaynaklari kullanilarak calistirilmasi gosterilmistir.
Laserden elde edilen en yiliksek darbe enerjisi 1.8 nJ olup, %6 gecirgenlige sahip ¢ikis
aynasi ile CaF, malzemesinden yapilmis prizma gifti ile elde edilmistir. Laser %1 ¢ikis
aynasi ile calistirildiginda elde edilen darbe uzunlugu 92 fs olarak OSlgiilmiistiir. Kip
kilitleme deneylerinden elde edilen degerler kullanilarak Cr:ZnSe malzemesinin dogrusal

8 m%/W olarak hesaplanmustir. Ayni laser diizenegi bu

olmayan kirilma indisi (1.2+0.2)x10
sefer grafen kullanilarak kip kilitli rejimde ¢alistirilip femtosaniye siireli darbeler basariyla
tiretilmigtir. Laserden, %3 gegirgenlige sahip ¢ikis aynasi kullanilarak, 78 MHz darbe
tekrar frekansinda, 176 fs siireli ve 80mW ortalama giice sahip kararli darbeler elde
edilmistir. Cikis aynas1 gecirgenligi %6 oldugunda, laserin ¢ikisinda elde edilen darbe
enerjisi 1.4 nJ’den 2.4 nJ’e yiikselmistir. Grafen kullanilarak kip kilitli rejimde calistirilan
Cr:ZnSe laseri, literatiirde bu yontemle ¢alistirilmis en uzun dalgaboyuna sahip laserdir.
Tezin sonraki bolimiinde farkli alttaslar (kuvartz, YAG ve CaF;) lizerine kaplanmis
grafen Ornekleri, optik yontemler kullanilarak karakterize edilmistir. Bu ornekler i¢in

belirlenen doyum akis1 ve modiilasyon derinligi kuvartz i¢in 34 uJ/cm2 1%0.6, YAG igin 60
wl/em?® %0.8, ve son olarak CaF2 icin 39 pJ/cm® %0.6 olarak belirlenmistir. Bu béliimiin



devaminda voltaj ayarlamali grafen siiperkapasitor cihazin dogrusal ve dogrusal olmayan
optik Ozellikleri arastirilmistir. Pompa sonda yontemi kullanilarak yapilan Ol¢limlerde,
cihazin yagam siiresinin voltaja ¢ok bagimli olmadigi goézlenmistir ve yasam siiresi
ortalama 1.9 ps olarak dl¢iilmistiir. Cihazin doyum akisinin, uygulanan voltajla monotonik
olarak artis gosterdigi ve uygulanan voltaj 1V oldugunda en fazla 456 pJ/cm® degerine
ciktig1 saptanmistir. Uygulanan voltaj araliginda (0-3V), cihazin modiilasyon derinligi
%1.1 ile %0.7 deger araliginda Olcililmiistiir. Bu tez calismasinda gelistirilen ucuz
dispersiyon dengeleme teknikleri ve grafen tabanli kip kilitleme yontemleri sayesinde,
kizilat1 bolgesinde darbe iiretebilen ve bircok tibbi ve spektroskopik uygulamada
kullanilabilecek  pratik  femtosaniye  darbe  kaynaklarinin  gelistirilebilecegini

ongodrmekteyiz.
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Chapter 1: Introduction

1.1 Near and Mid-Infrared Laser Applications

Nowadays there are many emerging applications, which require lasers to operate in the
near- and mid-infrared portion of the electromagnetic spectrum, in many fields ranging
from bio-medicine to spectroscopy and military applications. Near-infrared light sources
have been extensively researched throughout the years and have been developed into well-
established commercial products. However, in the case of the mid-infrared light sources,
because of a lack of awareness together with the limited resources, it took longer for this
field to gain attention. Soon after the first demonstration of optical frequency combs [1],
the field of high-resolution molecular spectroscopy was revolutionized [2-5]. Especially the
idea of making precise and real-time measurements in the molecular finger print region
stimulated the development of ultrafast mid infrared laser sources based on non-linear
optical conversion methods and direct generation of femtosecond pulses from solid state
and fiber lasers [6-10]. Numerous applications are emerging, which are linked to the
development of such sophisticated laser sources. Some of them are high harmonic
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generation [11-14], atmospheric gas sensing [15] and detection of hazardous gases [16-
18].

The first frequency comb operating in optical frequencies was demonstrated in 1999
which led to the Nobel prize in 2005 [1]. Optical frequency combs based on mode-locked
ultrafast lasers, generate thousands of evenly distributed sharp spectral components over a
broad range, which are frequency calibrated. In other words, it can be regarded as an
optical ruler. Use of optical frequency combs in the field of spectroscopy provides not only
a broadband spectrum with high spectral resolution but also allows simultaneous, real-time
data acquisition. Frequency combs based on mid-infrared laser sources are more
advantageous in comparison with their visible or near-infrared counterparts which can only
detect the overtone signals of the fundamental transitions with considerably lower
excitation and emission efficiencies [19]. Figure 1.1.1 is direct evidence that most of the

transitions of well-known substances occur at mid-infrared. Accordingly, this region is

named the “finger print region” of molecules.

nin

Figure 1.1.1: Absorption spectrum of some common gases in 2-15 um region [20].

Operation wavelength of an optical frequency comb can be extended into mid-infrared

through nonlinear optical conversion methods, difference frequency generation (DFG) [21],
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optical parametric oscillators (OPO) [7] or micro-resonator Kerr combs [22], or direct
generation of femtosecond pulses from a frequency stabilized mid-infrared solid-state and
fiber lasers (see Section 1.2 for a detailed description) [20]. It has been shown that the
sensitivity of the spectroscopic measurement can be dramatically improved by coupling the
output of optical frequency comb into a high finesse optical enhancement cavity, which
contains the sample of interest. Cavity-enhanced direct frequency comb spectroscopy (CE-
DFCS) is now used in the direct measurement of the rotational and vibrational transitions
of molecules and it allows the detection of very small quantities in real time measurements
[23].

Another potentially important application of ultrashort-pulsed mid-infrared lasers is the
high harmonic generation (HHG) where coherent harmonics in the soft x-ray region are
obtained by focusing intense laser pulses into a gas jet. As a result of the theoretical
predictions, the spectral cutoff energy of the generated harmonics are strongly dependent
on the center wavelength of the driving field [12]. Experimental results confirm that in
comparison with near-infrared sources, use of mid-infrared sources has the potential of
increasing the cut-off energy of the x-ray photons generated or attaining a particular cut-off
energy with relatively lower excitation intensities. In a recent study, output of an infrared
frequency comb is converted to deep ultraviolet (UV) light by means of high harmonic
generation (HHG). They focused the high output power of Yb:fiber based frequency comb
into a femtosecond enhancement cavity [24] and obtained harmonics at wavelengths as
short as 40nm. As a result, they successfully measured the absolute transition of argon and
neon atoms at 82nm and 63nm, respectively. [13].

1.2 Mid-Infrared Laser Sources

1.2.1 Nonlinear optical conversion methods
Due to recent advancements in the high-resolution molecular spectroscopy field, different
approaches to generate mid-infrared femtosecond pulses have emerged to build frequency
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combs which also operate in the mid-infrared. As it was mentioned in the earlier section,
nonlinear optical conversion methods such as difference frequency generation (DFG),
optical parametric oscillation (OPQO), micro-resonator Kerr combs, and direct generation
from solid-state lasers are effectively used to produce femtosecond mid-infrared pulses.
Figure 1.2.1 [20] illustrates the spectral coverage comparison of these methods. Although
all the spectral coverage ranges seem similar, power per mode values differ dramatically.
Depending on the application of interest, each technique has its own advantages and
disadvantages. For example among these alternatives, the spectral coverage of DFG is the
largest, however delivered power per mode is relatively low compared to the other
techniques.

Wavenumber (cm*')
7000 6,000 5,000 4000 3000 2000 1,000
L A ' 1 A

Crchalcogenide Fe:chalcogenide
(Im, Ho, Er):glass (Tm, Ho, Er):ZBLAN
PPLN
(Ag)GaSe
PPLN
OP-GaAs
MgF
Ge
15 2 3 s 10 20
Wavelength {(um)

Figure 1.2.1: Wavelength coverage of different approaches to generate mid-infrared
femtosecond pulses. Blue, red, green and yellow represents solid state lasers, DFG, OPO and
micro-resonator based Kerr combs, respectively [20].

It has been shown that DFG can be utilized to convert the operation wavelength of a
near infrared optical frequency comb to mid-infrared where the output of a near infrared
frequency comb is combined with a continuous wave (cw) laser in a phase matched
nonlinear crystal. Each spectral component of the comb undergoes DFG with the cw laser

mode. Depending on the operation frequency of the cw laser the output can be tuned in the
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mid-infrared region as long as the phase matching condition is met. Spectral coverage of
two nonlinear crystals, namely periodically poled lithium niobate (PPLN) and gallium
selenide (GaSe) is shown in Figure 1.2.1 with red color. Although PPLN delivers a better
average output power compared to the GaSe, the intrinsic absorption of PPLN restricts the
access at longer wavelengths [25]. Figure 1.2.2 shows the operation ranges of both GaSe

and PPLN nonlinear crystals where use of GaSe extends the long wavelength edge up to 10

pm.
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Figure 1.2.2: Tuning range comparison between PPLN and GaSe based DFG setups, where (a)
GaSe (b) PPLN case [25].

In the case of optical parametric oscillators (OPO), the frequency of pump photons is
divided as the signal and the idler, depending on the phase matching condition. For
example, in order to obtain 1560nm output from a KTP based OPO, it is pumped with a
1064 nm laser where the idler has the wavelength around 3350 nm. Spectral coverage of
PPLN [10] and orientation patterned gallium arsenide (OP-GaAs) [7] nonlinear crystals
are shown in Figure 1.2.1 with green color. Broadest operation range was reported as 2.6 to
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6.1 um [7]. Even though the operation range of OPO systems seems limited compared to
DFG, it delivers higher output power per mode.
1.2.2 Direct solid-state laser sources

The methods explained in the earlier section use nonlinear optical conversion
techniques which usually have very low conversion efficiencies, i.e. 1-2% for DFG and
around 40% for OPOs. One alternative is the direct generation of femtosecond pulses from
a solid-state or fiber laser [26] to enhance the delivered power per mode. Because the
subject of this thesis is the femtosecond Cr:ZnSe lasers, first 1 would like to provide a
historical overview about the developments in this field.

The first mid-infrared solid-state laser source was a pulsed uranium doped calcium
fluoride laser (U:CaF;) which was operating at 2.6 um [27]. Until 1963 rare earth active
ions were preferred to provide optical gain, which was later replaced with vibronically
broadened transition metal ions. Electronic transitions of these materials are strongly
coupled to lattice phonons, in other words, gain medium supports larger gain bandwidth
which enables tunable laser operation. The first tunable vibronic mid-infrared lasers were
Ni:MgF,, and Co:MgF,, where the broadest tuning was achieved from 1.63 um to 2.08 pm
for Co:MgF, laser [28]. At the time, people faced two main challenges: i) the gain crystals
had low emission cross-section which necessitated cryogenic cooling; ii) flashlamp
pumping scheme was inefficient due to losing excess amount of energy to the non-radiative
decay routes, which caused over heating of the gain medium. In 1978 Moulton’s group
proposed to use laser pumping scheme which improved the over-heating of the gain
crystals and provided a much higher power conversion efficiency. Consequently, the first
tunable and continuous-wave mid-infrared laser which operates at 200K temperature was
demonstrated and tuned between 1.63um and 1.75um [29]. For a long time, the most
popular mid-infrared tunable laser was cryogenically cooled Co:MgF,, until DeLoach and
co-workers proposed that tetrahedral ZnSe crystal structure provides higher transition
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probabilities than the octahedral fluorides. Based on the careful spectroscopic studies they
performed on numerous combinations of hosts (ZnS, ZnSe and ZnTe) and dopants (Cr, Co,
Ni and Fe), they concluded that chromium doped zinc selenide/sulfide (Cr:ZnSe/ZnS) were
the most promising combination for room temperature operation [30, 31]. The ZnSe crystal
has an emission cross-section of 90x102°cm? [30], and a thermal conductivity of
18W/m.°C [32]. Additionally, its low excited state absorption cross section enables
efficient pumping of the crystal [33]. As a result, the first laser operation of Cr:ZnSe as a
laser gain medium was demonstrated in 1996 [31]. The only disadvantage is the fact that
dn/dT value of Cr:ZnSe is relatively high (70x10°/K) which leads to thermal lensing inside
the gain medium [32]. However, a passive water-cooling of the crystal is sufficient to
eliminate possible thermal effects. The broadest continuous-wave tuning range was
obtained from 1.97 um to 3.35 um range for Cr:ZnSe and from 1.96 to 3.20 um for Cr:ZnS
at less than 10 GHz linewidth [34]. Broad gain bandwidth of Cr:ZnSe/ZnS lasers allow the
direct generation of femtosecond pulses. The first mode locking results were obtained with
the Cr:ZnSe laser. An active mode locking technique called acousto-optic mode locking,
generated 4.4 ps pulses with MHz repetition rate [35]. Theoretical models suggest that
careful dispersion management inside the laser cavity may lead to further pulse shortening.
As a result the first dispersion compensated semiconductor saturable absorber mode locked
Cr:ZnSe laser produced pulses around 100fs [36]. After the first demonstration, other mode
locking techniques were successfully applied to the laser by using Kerr effect [37, 38] and
graphene as a saturable absorber [39]. Parallel to the developments in Cr:ZnSe, similar
results were obtained for Cr:ZnS as well. First tunable cw operation was reported in 2002,
it was tuned from 2.19 pum to 2.47 um [40]. Kerr lens mode locking, [41] semiconductor
saturable absorber mode locking [42] and recently graphene saturable absorber mode
locking [43] were demonstrated, and pulses as short as 41fs were produced from the
graphene mode-locked Cr:ZnS laser.
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Another spectral region of interest is covered by iron doped zinc selenide (Fe:ZnSe)
laser which operates in the range of 3-5 micron wavelength. Although the laser transition
energy gap is relatively small and allows multi phonon quenching, by using cryogenic
cooling, the first laser operation was demonstrated in 1999 [44]. Following the first gain
switched operation at cryogenic tempertures, room temperature pulsed operation was
obtained and the output of the laser was tuned from 3.9-4.5 um [45]. Even though it has a
broad gain bandwidth, and operated in cw regime [46], due to practical issues, to date, it
has not been possible to generate femtosecond pulses with Fe:ZnSe lasers.

1.3 Scope of the Thesis
This thesis work consists of five chapters titled as Introduction, Theoretical Background,
Development of the Femtosecond Cr:ZnSe Laser, Non-Linear Optical Characterization of
Graphene, and finally the Collaborative Works, which were done with our group members
and other groups. The theoretical background chapter includes the concepts of optical gain,
loss, and threshold pump power, and proposed theoretical models behind the operation of
continuous wave lasers. In the following section, theory of mode locking by using two
widely used techniques, called the Kerr-lens and saturable absorber mode locking, will be
outlined. The final section of the theoretical background chapter continues with the
introduction of transient absorption spectroscopy method. In Chapter 3, after a brief
introduction to the Cr:ZnSe lasers, the demonstration of Kerr lens mode locked and
graphene mode locked operation of the laser will be described by providing experimental
data. By using this experimental data, the nonlinear refractive index of Cr:ZnSe will be
estimated. Chapter 4 begins with a detailed introduction to linear and non-linear optical
properties of graphene, and continues with the spectroscopic characterization, including the
optical transmission measurements, Raman spectroscopy measurements, pump-probe
measurements, saturation measurements of non-gated graphene samples transferred on

quartz, YAG, and CaF, substrates and a gated supercapacitor based graphene sample.



Chapter 1: Introduction 9

Optically characterized YAG and quartz samples were successfully utilized as a saturable
absorber in mode locking of a Cr:forsterite laser in collaboration with Isinsu Baylam. The
graphene samples transferred on quartz and YAG substrate together with the gated
supercapacitor graphene were prepared in collaboration with Dr. Coskun Kocabas from
Bilkent University, the graphene transferred on CaF;,, which is also used in the mode
locking experiments, was prepared in collaboration with Dr. Fabian Rotermund from South
Korea. In the last chapter, some of the collaborative works done in collaboration with Dr.
Funda Yage1 Acar from Kog University Chemistry Department, and other group members

from Laser Research Laboratory (LRL) will be summarized.
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Chapter 2: Theoretical Background

2.1 Continuous-wave laser operation

A typical solid state laser system consists of three essential components: gain medium,
pumping mechanism, and feedback mechanism. The pumping mechanism excites the
atoms to excited states and creates a population inversion in the gain medium. A resonator
is then required to provide feedback to initiate oscillation based on stimulated emission.
Depending on the output characteristics, lasers show two distinct operation regimes known
as continuous wave (cw) and pulsed operation. In the cw regime, the output power of the
laser is constant over time. However, in pulsed operation, the output power is a function of
time, which has a certain repetition rate, pulsewidth, and pulse energy. Pulsed operation
will be discussed in detail in Section 2.2.

In Section 2.1.1, the ideal 4-level system will be introduced and a theoretical model will
be developed to show the advantages of having a 4-level laser material as a gain medium.
In Section 2.1.2, conditions to achieve laser operation will be discussed and an analytic
equation for threshold power estimation will be derived for Gaussian beams.

2.1.1 Modeling of gain mechanism

When we look at the energy level diagrams of typical rare earth or transition metal
elements, the lowest energy level is called the ground state. Resonant absorption of photons
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can lead to transitions to higher lying excited states. In an ideal 4-level system, additional
metastable states, which are very short lived, are formed close to both ground and excited
states. Figure 2.1.1 represents an ideal 4-level atomic system, where Ny, N;, N,, and N, are
the population densities of the given energy levels. For the ideal case, in order to initiate
amplification by stimulated emission, the population density at the excited energy level has
to be greater than that of the ground state. The population difference between these states is

called population inversion and is denoted as AN.

i} — 00—/~
2} - 000—N,~
stimulated emission
WAAA A WAYAYAVAcg
N\ WAYAA Asg
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1} ———N,=
0} —000———000— |\,
(}} :ground state A k.excited state 11,12} :metastable state

Figure 2.1.1: Energy level diagram of an ideal 4-level laser system.

Under monochromatic pumping, the rate of change for the upper state population (N,) can

be written in the presence of pumping, absorption, spontaneous, and stimulated emission as

%=WPNO—06LN2+%LN1—&. 2.1.1
dt hv hv 5

Here, Wy is the pumping rate, g, is the absorption cross section, o, is the emission cross-
section, and 7, is the fluorescence lifetime. Now, assume that absorption and emission
cross sections are equal (o, = g, = o), and because of short lived metastable states:

N3 = N; = 0. Then, Egn 2.1.1 simplifies to:

I N.
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When we rewrite Equation 2.1.1 by substituting N, = N, — N, and N, = AN, we obtain the
following equation:

Nz _ aw L 213
at TP Ty Pt ™ o
Steady state solution of the rate equation provides us the small signal population inversion

and saturation intensity as:

NthTf
ANy, = ———~—, 1.
T 1+ Wty 214
and,
hv
I, = P (1 + Wpty). 2.15

Figure 2.1.2 compares 3-level and 4-level laser systems in terms of the small signal
population inversion formulas derived in ref [47]. It clearly shows that under similar

pumping, 4-level systems always have positive population inversion.

A\; !/ N,

Figure 2.1.2: Change of small signal population inversion for 3- and 4- level laser systems as a
function of the pumping rate.
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2.1.2 Laser threshold
In the previous section, we concluded that a 4-level laser material always has positive
population inversion when it is pumped with an external source. However, having positive
population inversion does not guarantee gain. In order to achieve amplification, the gain
has to exceed the losses coming from different sources in the cavity, such as scattering
losses, reflection losses, and parasitic absorption losses. In Equation 2.1.4, increasing
pumping rate (Wp) results in a larger population inversion. The laser threshold is reached
when gain resulting from the population inversion is equal to the material and cavity losses.

Figure 2.1.3 illustrates a hypothetical gain medium with thickness of dz and area of A.

1(z) — [(z+dz)

S
dz

Figure 2.1.3: Hypothetical gain medium with thickness of dz and area of A.
The number of photons that leads to laser emission is

(I.(z + dz) — I.(2))A
hv;

O-eIL

= )

Since the intensity is defined as the power per unit area, the fractional change in the beam

) (Ad2). 216
hv;

power is given by

APL _ (IL(Z + dZ) - IL(Z))A
P, IA
where L is the length of the gain medium and P, is the laser power.

= NZO-ELC 21.7
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It can be shown that G and P, satisfy the following coupled differential equations [47]

dG _ G(t) — G, B P, (t)G(t)

TR £ 2.1.8
and
dP, 2G(t) 1
— = — ) 2.19
at Tn P (t) o P (t)

Above, the roundtrip time (Ty), cavity photon lifetime (zp), small-signal fractional power

gain (G,) and, the saturation energy (E,;) are given by the

2L,

Tp = o 2.1.10
- 2Lp/c
L 1 ’ 2.1.11
ZCKLLC + 7111@
0qlpN;
°~ hn Ocdy Ty 2.1.12
and
hv
Egqe = U—LA 2.1.13

respectively. Steady state solution of Eqgn. 2.1.9 (% = 0) at threshold gives the following

relation for the threshold value of the fractional gain:

Gep = — 2.1.14
th 27,
When the above definitions of T, and 7, are substituted into Eqn. 2.1.14, the threshold gain

will be equal to

2.1.15

1
Gth = aLLC + Ell’l RIRZ.
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In summary, once the small signal population inversion is equal to the cavity and material
losses, laser threshold is reached. Once it is reached, laser oscillation is readily observed.
In ref [48], threshold power required to attain laser oscillation for Gaussian beams was

further derived as follows:

_ mhvp(wf + wp)(T + L)

= 2.1.16

414720,
In the above equation, w; and wp are the laser and pump beam waists, respectively, n, is
the fractional absorbed pump power by the gain medium, T is the total transmission of
mirrors, 7, is the spontaneous lifetime, and L is the total passive cavity loss for one round
trip. One can use this equation to estimate the required minimum pumping power to
achieve laser operation.

2.1.3 Continuous-wave operation
It was shown in earlier section that gain (G) and laser power (P,) satisfy the coupled
differential equations in 2.1.8 and 2.1.9. By using steady state solutions of these equations,
one can develop an idea on the continuous wave operation of lasers as well. After finding
the relation between output power and small signal gain, analysis of an efficiency curve,
and what information can be extracted from this curve will be discussed.
i) When we set % = 0 in Equation 2.1.8, the steady state gain is given by
Go

Gs =——p— 21.17
1+ 2k o

PSat
In steady state, saturated gain will be equal to the threshold gain G, = G;,. In a

standing-wave laser cavity, because of forward and backward travelling waves, total
intracavity power is twice the value of P, in Egn 2.1.17. When we rearrange it, we

obtain the relation between the cw output power and small signal gain as:
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Psqe ( Go )
P.,,=T —-1 2.1.18
out 2 Gth )

where T is the transmission of the output coupler from which the laser power is
delivered out of the cavity. By looking at this equation one can easily see that the

output power linearly scales with the small signal gain (G,) defined in Eqn 2.1.12.

In earlier section, by setting % = 0, the threshold gain was obtained as

1 1
Gip = ardg + Eln (R1R2>' 2.1.19

For a typical laser cavity, the above equation can be approximated as G;, =~ 1/2(L +
T), where L accounts for the material losses and T is the transmission of the output
coupler. Now, in order to find the explicit relation between output power and pump
power, substitute G.,, small signal gain (G,) and saturation power (Ps,;) into output
power equation derived in 2.1.23. After simplification, the ratio of output power to

input power has the form

APout T AP
_ _ Ap 2.1.20
T="AP, “T+LA, ™

where 7 is called the slope efficiency and n, = o,N,d,. This result is a very useful tool

in determining the material losses (L) of the laser by simply measuring two slope
efficiencies with two different T values. Figure 2.1.4 shows a typical efficiency curve
and the best fit line.
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Figure 2.1.4: Input vs output power curve with best fit line.

2.2 Pulsed-laser operation

As the name suggests a pulsed laser produces pulses with a certain repetition rate and pulse
duration. Pulsed operation can be categorized under two categories: Q-switched operation
and mode-locked operation. Q-switched operation refers to the pulse formation by
modulating the gain, which can be achieved with either active switches put inside the
cavity (electro-optic modulators) or passive saturable absorbers. For typical Q-switched
lasers, the resulting pulse energies are typically in the range of micro to milli joules.

In the case of mode-locked operation, randomly oscillating longitudinal modes inside the
laser cavity should have a constant phase relation, in other words longitudinal cavity modes
supported by the gain bandwidth should be locked. Similar to g-switching, both active and
passive mode-locking methods exist [49, 50]. In comparison with g-switched lasers,
modelocked lasers produce lower pulse energies but higher peak powers due to having
shorter pulse durations (typically 10 s).

As we mentioned earlier, in a modelocked laser, the longitudinal modes inside the cavity
oscillate with a constant phase relation. The electric field of arbitrary oscillations can be

written as a summation in the form of
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m
21
E(t) = Z E,expi [(a)o + n—) t+ (pn], 2.2.1

Tk
n=-m
where E, and ¢, are the electric field amplitude and phase of the nth mode, w, is the
center frequency of the gain band, Ty is the roundtrip time which equals 2Lg/c. When we
do the summation over all modes supported by the gain medium, we end up with the

following intensity profile:

sin? (NT—T)

sin? (7;—}5) .

Here N is the number of modes that oscillate with constant phase. Figure 2.2.1 shows the

1(t) x EQt)E*(t) = E} 2.2.2

calculated intensity profiles by using the Eqn. 2.2.2 with different number of phase locked
modes (N). By looking at the figure, we can easily notice three features: 1) As we increase
the number of oscillating modes, the duration of the resulting pulses become shorter. 2)
Changing N, does not affect the repetition rate of the output. 3) Pp.,x /Py, iNCreases by N.

Log Intensity

\
1000}

3T

Figure 2.2.1:Logarithmic intensity vs time plot where N=5,10 and 50 in Eqn. 2.2.2.
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In section 2.2.1 saturable absorber modelocking will be described in detail. In section 2.2.2
another passive modelocking technique called Kerr lens modelocking will be discussed.
2.2.1 Saturable absorber mode locking

Saturable absorption refers to the fact that the transmission of an absorbing material
increases with increasing light intensity. Saturable absorption of different materials, namely
quantum well structures, graphene, carbon nanotubes, is widely used in mode locking
lasers [51, 52]. These materials can be classified under two classes, depending on their
recovery time, as fast or slow saturable absorber (SA). In modeling a slow saturable
absorber, one has to take into account the change in the gain after one pass. However in the
fast saturable absorber case, recovery of the material is so fast that the gain is assumed to
be constant, which is the subject of this thesis work.

The master equation developed by Herman Haus [53], provides a powerful tool in
modeling the output of mode-locked lasers. The master equation for a fast saturable

absorber is the following

19 ¢ l)+g62+||2 223
TRaTa_g a Qéatza )/a a. L.

Here [aJ* corresponds to the instantaneous power. T is the cavity roundtrip time, g and | are
the gain and loss, respectively, Q, is the gain bandwidth, and y is the self amplitude
modulation (SAM) coefficient. Finally, t represents small time scale of the order of
pulsewidth, and T represents large time scales comparable to cavity roundtrip times.

Steady state (d/dT = 0) solution of the differential equation in Eqgn. 2.2.3 is [53, 54]

t
a(t) = Ay sech (;), 2.2.4

which gives the pulse shape of generated pulses from a passively mode locked laser where

A, is the amplitude and  is the pulsewidth.
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2.2.2 Kerr lens mode locking (KLM)
Kerr-lens mode locking is a passive mode locking technique in which the constant phase
relation between longitudinal modes is achieved with a ynonlinear process known as the
Kerr effect. Depending on the value and sign of the nonlinear refractive index (n,), the

refractive index becomes a function of intensity and can be expressed in the form

n(l) = ng + nyl. 2.25

Here, n, is the linear refractive index of the material and n(I) is the modified refractive
index at high intensities. Since laser beams have a Gaussian intensity profile, i.e. center of
the beam is more intense compared to the edges, at high intensities a virtual lens is formed
inside the material. This phenomenon is called self-focusing. Figure 2.2.2 illustrates how
Kerr effect is used to attain constant phase relation which leads to the generation of
ultrashort pulses.

Gain Crystal

Pump _

Input HR oC
Lens

Figure 2.2.2: Schematic of a basic resonator to describe how Kerr lensing is employed to
produce ultrashort pulses.

Figure 2.2.2 shows a simplified laser setup which contains an input lens, 2-mirror
resonator, the gain crystal together with the beam profiles of both pump and laser beams. In
this configuration, an intense spike passing through the gain crystal undergoes self-
focusing due to Kerr effect and overlaps better with the pump beam. Hence, the laser
sustains mode-locked operation as opposed to continuous wave (cw) operation by taking

the advantage of Kerr effect.
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Kerr-lens mode locking can be regarded as a fast saturable absorber mode locking and
modeled by using the following equation:

1 0 _ _ i . 6_2 . )
mear®= (@ —Da+t (Qg +JD> sz at (v —jdlala. 2.2.6
Eqgn. 2.2.7 has a solution in the form of
o/t
a(t) = A, sech'/# (;) 2.2.7

However in the presence of self phase modulation (SPM) due to the Kerr effect, generated
pulses will be distorted in the frequency domain. In order to balance SPM, negative
dispersion should be introduced into the cavity. Figure 2.2.3 (a) shows the phase shift
curves coming from both self phase modulation and dispersion compensation. Figure 2.2.3

(b) shows the combination of both.
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Figure 2.2.3: (a) Phase shift resulting from self phase modulation and dispersion inside the
cavity.(b) total phase shift acquired by the pulse [47].

As it can be seen from the figure, combination of negative dispersion and SPM gives zero
dispersion at the center of the pulse. In this case, generated pulses are called solitons. A
simplified version of the master equation introduced in Eqgn. 2.2.6 can be written by
assuming 1) weak filtering due to having broad gain bandwidth and 2) small SAM
coefficient (y~0):
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10 02
——a=jD—a - j6lal?a. 2.2.8
T 7@ jD 52 jélal*a
Eqgn. 2.2.8 also has a hyperbolic secant solution of the form
t _j5|Ao|2T
a(T,t) = Ay sech (;) e’ 2Tr | 2.2.9
In addition, from the solution of the master equation (Eqn. 2.2.8), it can be shown that

solitons satisfy the area theorem

2ID
A= |22 2.2.10

1)
By squaring both sides and by using W = 2|A4,|%t, one obtains the relation between pulse

energy (W), pulse duration divided by a factor of 1.76 (z) and the group delay dispersion
(D) as
_4|D|
T= W6
2.2.3 Dispersion compensation

2.2.11

By definition, dispersion is the wavelength dependent refractive index of materials. The
well known example of this phenomenon is the formation of rainbows. When white light,
i.e. combination of different colors, passes through a dispersive medium, because of

dispersion each color refracts with a different angle (See Figure 2.2.4).

Blue

Figure 2.2.4: Schematic of a prism showing dispersion due to refraction.
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In literature, empirical formulas are produced to provide the wavelength dependent
refractive index of materials. Such equations are called Sellmeier equations which usually

have the form

n?(2) =1+ 2;_’1261 2212
As we mentioned in earlier section, femltosecond pulse generation cannot be achieved
unless negative group delay dispersion (GDD) is introduced into the cavity to balance the
nonlinear phase shift. In literature, many materials and structures are used for dispersion
compensation, such as slabs, prism pairs, GTls and DCMs. Group delay dispersion (GDD)
for a slab of material is defined as the second derivative of the phase with respect to
frequency as [55]

d*p XL d*n

dw? 2mc?dA?
where ¢ is the phase, w is the angular frequency, L is the length of the slab, c is the speed

2.2.13

of light and n is the refractive index. The second derivative of Sellmeier equation
determines the sign of GDD. It can be either positive or negative for a material, at different
wavelength ranges.

Another way of producing negative GDD is the well known prism pair configuration.

Figure 2.2.5 illustrates a schematic of a pair of prisms which leads to negative dispersion.

Mirror Blue

Figure 2.2.5: Schematic of a typical prism pair configuration.
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GDD generated from a prism pair [55] is given by

d’¢ A d’Z
dw? 2mc?dr?’
where Z is the optical path length and the second derivative of optical path length with

2.2.14

respect to wavelength can be derived as [55]:

ZZTZ =4 % +(2n—-n"3) (Z—Z)Zl Lpsinf —8 (3—2)2 Lp cos . 2.2.15
where Lp is the separation between the tips of the prisms, as shown in Figure 2.2.5and g is
the angular spread of the beam due to dispersion.

2.3 Transient absorption spectroscopy
With the development of robust pulsed laser systems, time resolved spectroscopy
techniques have been developed as well. In the case of transient absorption spectroscopy,
the absorbance of a material is monitored with respect to the time delay between pump and
probe pulses. In Section 2.3.1, details of a transient absorption spectrometer are outlined. In
the Sections 2.3.2 and 2.3.3, lifetime and saturation fitting procedures are described.

2.3.1 Measurement
Transient absorption spectroscopy is a widely used characterization method that measures
the nonlinear absorption of materials. In this technique, the differential absorption (AA) is
recorded as a function of the delay between probe and pump excitation. Figure 2.3.1 shows
a simplified schematic of a typical transient absorption spectrometer. Here, the pump beam
excites the system to an excited state and the spectrometer records the change in absorption
at broadband or single wavelength with the help of the probe pulse as a function of the

delay provided by the translation stage.
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Figure 2.3.1: Simplified schematic illustration of a transient absorption spectrometer.

Differential absorption is defined as

AA = Apumpea — Aunpumped- 2.3.1

As a result, positive AA indicates that pumped absorbance is greater than unpumped case so
that excited state absorption occurs. Negative AA means that the pumped absorbance is
smaller than unpumped case hence resulting in bleaching.
2.3.2 Lifetime fitting

Figure 2.3.2 shows a typical lifetime decay data of a monolayer graphene measured with a
transient absorption spectrometer. In order to extract the time constant from the given
curve, the number of exponentials has to be chosen. In the case of graphene, it is known
from previous studies that it has bi-exponential decay [56]. Hence the following equation is
fitted to the curve:

t_to

T1

t_to]

AA(t) = A exp [— .
2

] + A, exp [—
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where A;and A, are the weighted amplitudes of two exponential decays, t;and t, are the
time constants of the decays.

Time (ps)
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Figure 2.3.2: Transient curve of a monolayer graphene.

Based on the fitting results, fast and slow time constants were determined as 200fs and
1.1ps, respectively.
2.3.3 Saturation fitting

Before using a material as a saturable absorber, four parameters have to be measured:
saturation fluence (Js,;), modulation depth (AT), non saturable losses (T,) and recovery
time (z,) at a specific wavelength. By looking at these parameters, one can judge whether
or not the material of interest is a suitable saturable absorber for a specific laser system.
Figure 2.3.3 shows a typical saturation curve, where modulation depth and non-saturable
loss are 1% and 0.2%, respectively. Here, the saturation parameter defined as S = J/Js4:-

Therefore S = 1 corresponds to the intensity being equal to the saturation fluence (Jsq¢)-
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Figure 2.3.3: A typical saturation curve, showing the transmission as a fuction of the saturation
parameter.

By comparing the pulse duration () of the excitation source and the recovery time (z,) of

the absorber, two types of fit equations are used (See Table 2.3.1).

Table 2.3.1: Different fitting equations based on the type of the saturable absorber and the
excitation source.

Type Reference Equation
[ |
Fast SA qs _1| 1
[57] q(J) = ———=——=tanh Tt dns 233
Tp K1y g /1+/S_at l 1+ﬂJ
]Sat ]
Slow SA
5.5 () =g (1-exp|-L])van 234
Tp > Ty ] ]Sat

Here g(J) is the sum of the saturable (q,) and non-saturable losses (g,s) coming from the
saturable absorber. For the fast saturable absorber case (tp « t,), the recovery time is

longer compared to the excitation source and hence, the temporal pulse profile of the
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excitation should be taken into account. In Refs [57, 58], hyperbolic secant shaped pulse
profile is used in the derivation of Eqn. 2.3.2, tabulated in Table 2.3.1. In contrast, for a
slow saturable absorber, excitation pulse duration is sufficiently short, compared to the
recovery time of the SA. Hence, the pulse shape becomes irrelevant. During our
experiments, pulse duration of the laser was around 100 fs, and recovery time of graphene
was around 1.5 ps. Therefore, graphene was treated as a slow saturable absorber.

When measuring the saturation curves, we used a transient absorption spectrometer and
recorded the differential absorbance as a function of the incident fluence. Hence, by using
the loss equation defined for the slow SA case, we derived a new fit equation in terms of

differential absorbance (AA). Differential absorbance was defined as

A=A =Jp) —A(J = 0), 2.3.5

in Section 2.3.1. When we convert the pumped and un-pumped absorbance to transmission
we get the following expression:
1

ToIn10

where T, is the steady state transmission, T(J = Jp) is the pumped transmission, T(J = 0)

AA =

(TU=Jp) —TJ =0)), 23.6

corresponds to the un-pumped transmission of the sample under investigation. By using the
total loss coming from the absorber (Egn. 2.3.4), pumped and un-pumped total

transmission expressions are

T(J =Jp) = 100 — g(Jp) = 100 — quj—;‘t(1 —exp [—Ji—"J) — Qs 2.37
T(J = 0) = 100 — q(0) = 100 — g5 — qns 2.3.8

For the J=0 case, we used the following approximation for the exponential term:
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J ] J
exp|—-——|=1—— 2.3.9
P [ ]Sat ]Sat
By substituting Equations 2.3.7 and 2.3.8 into Equation 2.3.6, we obtain
1
M= 1o <(100 B qusj_at<1 - P [_]LD N q’”)
° st 2.3.10
- (100 —(qs— %‘LS))
After simplification, the final form of the fit equation becomes
qs ( ]sm( [ JD )
AA = — - 1—exp|——||+1 2.3.11
Toln10 \" ] 1™ Jsat

Figure 2.3.4 shows a typical saturation curve for a mono layer graphene transferred onto a

quartz substrate.
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Figure 2.3.4: Saturation curve of monolayer graphene on quartz.

Saturation fluence (J4:) and modulation depth (AT) values determined from the fit (Eqgn.

2.3.11) are 20 pJ/cm? and 0.75%, respectively.
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Chapter 3: Development of Femtosecond Cr:ZnSe Laser

3.1 Introduction

Since its first demonstration in 1996 [60], Cr:ZnSe has emerged as a versatile solid-
state source of tunable coherent radiation in the mid infrared (mid-IR), covering the
wavelength range 1880-3349 nm [34, 61]. Since the room-temperature luminescence
quantum efficiency at low doping levels is close to unity [62], efficient continuous-wave
(cw) operation [63-71] can be readily obtained. Furthermore, the vibronically broadened
emission band can be utilized to produce mode-locked pulses with picosecond [35] or
femtosecond duration [36-39, 72-74]. In previous studies, two main methods have been
employed to generate femtosecond pulses from Cr:ZnSe lasers: saturable absorber mode
locking [36, 39, 72, 73], and Kerr-lens mode locking (KLM) [37, 38, 74]. Development of
stable, mid-infrared femtosecond sources is needed in numerous emerging applications
which are mentioned in Chapter 1.

In the case of saturable absorber modelocking, the more conventionally used
semiconductor saturable absorber mirrors (SESAMs) were utilized to produce femtosecond
pulses [52]. SESAMs have the drawback of operating only over a limited wavelength range
set by the resonant behavior of the semiconductor quantum well structure and the
bandwidth of the high-reflector coating. To overcome the operation bandwidth and tuning
range limitations, single-walled carbon nanotube saturable absorbers (SWCNT-SAs) and
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graphene saturable absorbers (GSAs) have been used [75, 76]. With SWCNT-SAs, mode-
locked operation in the wavelength range of 800-2070 nm has been demonstrated [77, 78].
Use of SWCNT-SAs at longer wavelengths is limited due to the infrared absorption of the
PMMA host. Furthermore, practical limits in the diameter of currently producible single-
walled carbon nanotubes have kept the corresponding transition wavelengths of the
SWCNT-SASs near or below 2 um [78].

In comparison with SESAMs and SWCNT-SAs, GSAs offer the great potential of
overcoming the spectral limitations discussed above. This is because even a single atomic
layer of graphene, possessing a point-bandgap structure, has been shown to provide
sufficient saturable absorption over an ultra-wide range of wavelengths. Furthermore, no
additional polymer matrix is required to hold the saturable absorber on the substrate. In this
case, the absorption band resulting from graphene extends from the visible to the infrared
with a constant value of ma, where a is the fine structure constant given by 1/137. To date,
many fiber [79] and solid-state lasers [80-82] have been mode-locked by utilizing
graphene as a saturable absorber in a broad wavelength range. Among them, the longest
achieved mode-locked operation wavelength was near 2 um [82].

Irrespective of the mode locking method used, careful dispersion management of the
resonator is very crucial in order to balance the nonlinearities stemming from the Kerr
medium and/or the saturable absorber. To manage the group delay dispersion (GDD),
various types of optical elements, including prism pairs [37, 39, 74], dispersion
compensating mirrors (DCM) [73], Gires—Tournois interferometer (GTI) mirrors, and slabs
[36, 38, 72, 74] can be used. The ideal choice of the dispersion compensator depends on
several factors including the amount of negative GDD that can be produced, the level of
residual third-order dispersion, and the insertion loss of the compensator. Commercial
DCMs and GTI mirrors are available for femtosecond lasers in the visible and near

infrared. However, at present, such dispersion compensators are not readily available
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commercially at mid-IR wavelengths. If slabs or prism pairs are used as an alternative, the
emission band of the laser should coincide with the transparency window of the materials
that will be used as slabs or prisms. These considerations show that, it is important to
develop cost effective dispersion management methods for lasers that operate in the mid-IR
range. Hence it is important to evaluate the viability of various low-cost dispersion
compensation methods.

In the following Sections 3.2 experimental details and results of graphene mode locked
Cr:ZnSe laser will be discussed. In addition, evaluation of different dispersion
compensation methods applied to a Kerr-lens mode locked Cr:ZnSe laser will be presented
in Section 3.3.

3.2 Graphene mode-locked operation

3.2.1 Experimental
The saturable absorber based on high-quality monolayer graphene is usually fabricated on
quartz substrates, which is a limiting factor in extending the operation wavelength of
graphene mode locked lasers beyond 2 um [51, 83]. This can be remedied by using an
infrared-transparent substrate: calcium fluoride (CaF;). The saturable absorber based on
high-quality monolayer graphene used in our experiments was fabricated by employing a
similar method described in ref [81]. The monolayer graphene was synthesized on a Cu
film by chemical vapor deposition (CVD) technique. After rapid cooling, poly-methyl
methacrylate (PMMA) was deposited on the grown graphene as a supporting material. The
graphene/PMMA layer was then separated from the Cu film by wet etching and transferred
onto a CaF, substrate of 1 inch diameter. Subsequently, the PMMA layer was completely
removed by using acetone.

A schematic of the laser setup used in the mode-locking experiments is shown in Figure
3.2.1. A 24-mm long Cr:ZnSe crystal was positioned between two highly reflecting

concave mirrors (radius of curvature=100mm) at Brewster’s angle and was water-cooled at
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21°C. The crystal was pumped with a 5-W Tm:fiber laser (IPG Photonics, TLR-5-1800-

LP) operating at 1.8 um.

Tm-Fiber Laser

M1

Cr:ZnSe

@1.8 um

HR

|
v

M2

ocC

Figure 3.2.1: Experimental setup of the GSA mode-locked Cr:ZnSe laser. M1, M2, M3, and M4
are highly reflecting concave mirrors (ROC=100mm), OC is 3% and 6% output coupler. L is the
pump focusing lens (f=7.5cm). P1 and P2 are the CaF, dispersion compensation prisms.

The high reflector (HR) and output coupler (OC) arm lengths were 62 cm and 120 cm,

respectively, resulting in a total cavity length of around 2 meters. Two Brewster cut CaF,

prisms (P1 and P2) were placed at minimum deviation in the HR arm for dispersion

compensation. The GSA was put at Brewster’s incidence between two curved mirrors (M3

and M4, each with ROC=100mm).
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Figure 3.2.2: Continuous-wave efficiency curves of the Cr:ZnSe laser operating with (a) 3%
and (b) 6% output couplers (OC).
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Figure 3.2.2 shows the efficiency curves taken with the Cr:ZnSe laser with 3% and 6%
transmitting output coupler. In the continuous wave (cw) regime, the laser with the 6% OC
delivered as high as 300 mW of output power at the input pump power of 2 W. By
comparing the slope of the efficiency curves with that of the empty cavity, the insertion
loss of the GSA and focusing optics (M3 and M4) was estimated to be 4.2%. Because the
single-pass transmission of GSA at 2500nm was measured as ~2.1% (see Figure 3.2.3), the
estimated roundtrip passive loss of 4.2% agrees well with the optical transmission data
displayed in Figure 3.2.3.

During the mode-locking experiments, we utilized a pair of CaF, prisms for dispersion
compensation. Taking into account the dispersion of the Cr:ZnSe crystal, prism pair
(separation=22cm), substrate of GSA (2mm-CaF,), and insertion of prisms (13mm-CaF,),
the overall group delay dispersion of the cavity was estimated to be -2609 fs>. To initiate
mode-locking, GSA was translated through the beam waist produced by M3 and M4.
Stable mode-locked operation was readily observed and could be sustained for several
hours. The minimum output power to initiate mode-locked operation was measured to be
50mW, when the laser was pumped at 1.1W (from Figure 3.2.2). Stable, single-pulse
mode-locking was obtained up to 80 mW, beyond which cw peaks appeared in the
spectrum. The spectrum was measured with a scanning spectrometer. In the autocorrelation
measurements, two-photon absorption in a germanium photo detector was employed.

3.2.2 Results and Discussion

To test the quality of the fabricated sample we measured the optical transmission
spectrum and Raman spectrum. As can be seen from the optical transmission curve
displayed in Figure 3.2.3, the monolayer graphene shows the zero bandgap behavior with a
nearly constant absorption of < 2.3% above 900 nm up to the mid-infrared spectral region.
The amount of absorption is in very good agreement with the theoretically expected value

of ma for graphene.
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Figure 3.2.3: Optical transmission of the high-quality monolayer graphene transferred onto
CaF,.

Information regarding the quality and number of graphene layers can be inferred from
Raman spectrum measurements [84]. Figure 3.2.4 shows the Raman spectrum of our
sample measured with a Renishaw Invia Raman microscope at the pump wavelength of 532
nm.
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Figure 3.2.4: Measured Raman spectrum of the monolayer graphene on CaF,.
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The well-known D, G, G* and G’ (2D) bands were clearly observed as expected. From the
measured spectrum, the estimated value of the I/l ratio and the linewidth of the G” band
came to 0.36 and 33 cm™, suggesting that the transferred graphene was nearly a
monoatomic layer. Similar values were reported for monolayer graphene on other
substrates in previous studies [85]. In addition, the Ip/lg ratio is well below 0.3, indicating
that the layer is nearly defect free.

The estimated spot size on the sample came to 47 um, which gives a threshold intracavity
fluence of 312 pJ/cm?® for mode-locking at the output power of 50 mW. At the highest
mode-locked average output power of 80 mW, the corresponding intracavity fluence on the
GSA was determined to be 500 pJ/cm?. Up to this fluence level, no damage occurred on the
surface of the GSA sample. Based on our measurements at other wavelengths above 1000
nm where the linear absorption is nearly constant, we expect a modulation depth of < 0.4%
and a saturation fluence of < 14 pJ/cm? for the monolayer GSA near 2500nm [80].

Figure 3.2.5 and Figure 3.2.6 show the spectrum, autocorrelation trace and RF spectrum of
the generated pulses shown for the 3% and 6% output couplers, respectively. The spectrum
was measured with a home-made scanning spectrometer. The spectral bandwidth (43nm)
and center wavelength (2400nm) for both cases showed similar results. In the
autocorrelation measurements, the two photon absorption signal was measured in a Ge
detector. By assuming a sech?-shaped pulse profile, the pulsewidth was determined to be
176 fs and 202 fs with the 3% and 6% OC, respectively. Moreover, RF spectra of the
fundamental tone, measured with a resolution bandwidth of 1 kHz, show that the side band
noise level was 65 (55) dB below the carrier for the 3% (6%) output coupler.
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Figure 3.2.5: The optical spectrum, autocorrelation, and RF spectrum of the femtosecond pulses
generated with 3% output coupler.
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Figure 3.2.6: The optical spectrum, autocorrelation, and RF spectrum of the femtosecond pulses
generated with 6% output coupler.
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In conclusion, we demonstrated the operation of a stable 2.5-um femtosecond Cr:ZnSe
laser, passively mode-locked with high-quality, monolayer graphene coated on a CaF,
substrate. The laser produced 176-fs pulses at a repetition rate of 78 MHz with an average
power of 80 mW. The measured time-bandwidth product was 0.39 with 3% OC. With a 6%
OC, 2.4-nJ, 200-fs pulses were generated near 2400 nm at a pulse repetition frequency of
78 MHz. The average mode-locked output power was 185 mW. To the best of our
knowledge, this represents the first demonstration of a femtosecond Cr:ZnSe laser

passively mode locked with a graphene saturable absorber.
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3.3 Kerr-lens mode-locked operation

3.3.1 Experiment
In this work, prism pairs made of CaF, and MgF,, and slabs of BK7 and YAG were
investigated for dispersion compensation. The schematic of the experimental setup is
shown in Figure 3.3.1. The Cr:ZnSe laser was configured as a standard, astigmatically
compensated x-resonator with two curved high reflectors (M1 and M2, R=10 cm) around
the 2.4-mm-long, single-crystal Cr:ZnSe gain medium, a flat end high reflector (HR) and a
flat output coupler (OC). Two different output couplers with 1% and 6% transmission at
2400 nm were used in the experiments. The high reflector and the output coupler arm
lengths were 65 cm and 84 cm, respectively, giving an estimated beam waist of 35 um near

the center of the cavity stability range.

Cr:ZnSe
Tm-Fiber {\ M1
@1.8um U

L

M2

S

HR oc

Figure 3.3.1: Experimental setup of the Kerr-lens mode-locked Cr:ZnSe laser containing a slab
(S) or a prism pair (P1 and P2) for dispersion compensation.

The total small-signal absorption of the Cr:ZnSe gain medium at 1800 nm was 94%. To
remove the unused pump power, the crystal was surrounded with indium foil and held
inside a copper holder whose temperature was maintained at 21°C by water cooling. The
Cr:ZnSe laser was longitudinally pumped with a continuous-wave (cw) Tm-fiber pump
laser operating at 1800 nm. The pump beam was focused inside the gain medium with a
converging lens of focal length 10 cm (L in Figure 3.3.1). During KLM operation, either a
prism pair (P1 and P2) or a slab (S) was used for dispersion compensation. In the initial

phase of the experiments, the cw power performance of the resonator was evaluated in the
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absence of dispersion compensation elements. As can be seen from Figure 3.3.2, as high as
158 mW of output power was obtained with the 1% output coupler when the input pump

power was 2.58 W.
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Figure 3.3.2: Continuous-wave power efficiency curves of the Cr:ZnSe laser containing 6 mm-
BK7, 6 mm-YAG, and 9mm-YAG slabs. The transmission of the output coupler is 1%.

The corresponding slope efficiency (ns) was measured to be 6.7%. In the case of the 6%
output coupler, the slope efficiency was 14.5% and a maximum output power of 370 mW
was obtained with 2.82 W of pump power (See Figure 3.3.3).

400 -
W 6% u
— [ |
=2 300 {4 A 6%+CaF2Pair -
£ L A
5 A
2 200 - A
g ",
= [ |
£ 100 A LY
=] m A
(e} " A
0 —" T T T 1
0 750 1500 2250 3000

Input Power (mW)

Figure 3.3.3: Continuous-wave power efficiency curves of the Cr:ZnSe laser with a CaF,
prism pair and 6% output coupler.

In the experiments, soft-aperture Kerr-lens mode locking was employed to initiate the

pulse train by optimizing the focusing inside the gain medium and by translating the output
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coupler. During mode-locked operation, dispersion compensation elements (prism pair or
slab) were placed at Brewster incidence in the high reflector arm of the laser. Figures 3.3.2,

3.3.3, and 3.3.4 also show the power performance of the laser with these elements.
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Figure 3.3.4: Continuous-wave efficiency curves of the Cr:ZnSe laser with MgF, and CaF,
prism pairs . The transmission of the output coupler is 1%.

The cavity was further purged with N, gas to maintain a relative humidity level around
30% and to minimize instabilities due to water absorption. The spectral and temporal
characteristics of the mode-locked pulses were measured with a mid-IR scanning
spectrometer and an intensity autocorrelator. Two-photon absorption in a Ge detector was
utilized to measure the intensity autocorrelation of the pulses.

3.3.2 Results and Discussion
The power performance of the mode-locked Cr:ZnSe laser was first evaluated with
different intracavity dispersion compensation slabs (S in Figure 3.3.1), and prism pairs (P1
and P2 in Figure 3.3.1). Table 3.3.1 lists the estimated insertion loss of the compensation
element, net group delay dispersion (GDD) of the resonator containing the compensation
element, mode-locked pulsewidth, repetition rate, and time-bandwidth product for each

configuration.
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Table 3.3.1: Output coupler transmission (T'), slope efficiency (n,), estimated insertion loss
(Lpc), pulsewidth (), spectral width (AA), central wavelength (1), time-bandwidth product
(zp.Av), calculated group delay dispersion (GDD), third order dispersion (TOD), average output
power (F,,), repetition rate (f,.,), and output pulse energy (Ws,,.) of the KLM Cr:ZnSe laser
operated with different dispersion compensation schemes. GDD and TOD values were estimated by
using the Sellmeier data [86] and dispersion equations [55].

Dispersion T s Loc tp(fs) Ak dp(m) 7, Av  GDD TOD Pav fren Wyt
Element (%) (%) (%) (nm) (fs9) ()  (mwW) (MHz) (nJ)

6mm-YAG 1 54 0.7 116 69 2450 0.404 -1092 14149 31 190 0.16
Imm-YAG 1 5.0 1.0 121 61 2427 0374 -2164 20068 41 91 0.45
6mm-BK7 1 1.7 83 385 27 2361 0556 -1758 16738 22 91 0.22
MgF2 pair 1 3.7 2.3 95 69 2421 0.335 -1606 18029 40 100 0.40
CaF2 pair 1 5.0 1.0 92 76 2459 0.348 -1767 20550 31 95 0.33
CaF2 pair 6 11.2 23 121 63 2451 0379 -1773 20343 165 95 1.81

The loss introduced by each dispersion compensation element was estimated in two
steps (See Chapter 2 for further details on the slope efficiency formula). First, the round-
trip loss L. of the resonator was estimated by comparing the slope efficiencies obtained

with two different output couplers in the free-running regime and by using the equation

33.1

here, T, and T, are the power transmission of the two different output couplers and n, is the
ratio of the slope efficiencies measured with these two output couplers. In our case,
T, = 1% and T, = 6%. By using the measured slope efficiencies and Eqn. 3.3.1, L, was
determined to be 1.79%. In the next step, we compared the slope efficiency of the original
free-running laser (operated with the output coupler having transmission of T1) with that of
the resonator containing the same output coupler and also the dispersion compensation
element. The round-trip loss of the compensator was assumed to be L. From the ratio n,

of the measured slope efficiencies, Ly was estimated by using the equation
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_n

T, +L

N2 = 1T2 <
Ty + Lc+ Lpc

3.3.2

As can be seen from Table 3.3.1, the worst cw and mode-locked performance was obtained
when the 6 mm long BK-7 slab was used for dispersion compensation. In this case, the
estimated loss introduced by the slab was 16.3 % and, as can be seen from Figure 3.3.2,
only 32 mW of cw output power could be obtained with 2 W of pump power
(corresponding slope efficiency=1.72%). Excess loss limited the mode-locked pulse energy
to 0.22 nJ and the shortest obtained pulsewidth was 385 fs.

The cw performance of the laser was dramatically improved by going to YAG slabs which
have low absorption loss in the operating wavelength range of the Cr:ZnSe laser. For
example, the estimated insertion loss of the 6-mm and 9-mm YAG slabs was 1.4 and 1.9%,
respectively. In the case of the 6-mm-long YAG substrate, the net GDD of the cavity (-
1092 fs?) was not sufficient to balance the Kerr nonlinearities and double pulsing was
routinely observed in the autocorrelation trace. Addition of an extra 3-mm-long YAG plate
nearly doubled the net GDD to -2164 fs® In this case, double pulsing disappeared and 41
mW of average output power was obtained, corresponding to 0.45 nJ of pulse energy. For
the mode-locked resonator containing 9-mm-long YAG slab, the measured spectrum and
autocorrelation of the pulses are shown in Figures 3.3.5 (a) and (b), respectively.
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Figure 3.3.5: (a) Measured spectrum and (b) autocorrelation of the pulses generated from the
KLM Cr:ZnSe laser containing a 1% output coupler and a 9-mm Y AG slab.

By assuming a sech? pulse profile, the pulsewidth (FWHM) was determined to be 121 fs.
The spectral bandwidth was 61 nm, giving a time-bandwidth product of 0.374.

Although a single-crystal YAG slab can be used with very low insertion loss to compensate
for dispersion around 2400 nm, the fixed length of the substrate prevents continuous
adjustment of the total GDD. This can be obviated by using prism pairs where GDD can be
varied by changing the prism separation and/or prism material insertion. In our
experiments, we tested the performance of two types of prism pairs (MgF, and CaF;) which
have high transmission around 2400 nm. In each case, the prisms were inserted at Brewster
incidence on the high reflector arm of the cavity. They were further mounted on translation
stages to control the material insertion. Figure 3.3.4 shows the cw power performance of
each prism pair taken with the 1% transmitting output coupler. As can be seen from Table
3.3.1, the insertion loss of the CaF, prism pair (2.0%) was lower than that of the MgF,
prism pair (4.6%) due to the better surface quality of the former. In particular, the resonator
containing the CaF, prism pair and 1% output coupler produced 73 mW of output power
with 1.97 W of pump power, which was 6 mW higher than that obtained with the MgF,
prism pair. For both cases, the net GDD of the cavity was in the range of —(1600-1800) fs?,
resulting in the generation of sub-100-fs pulses. With the CaF, prism pair, slightly shorter
pulses with a duration of 92 fs were generated. The pulse energy and time-bandwidth
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product were 0.33 nJ and 0.348, respectively. For the mode-locked resonator containing the

CaF, prism pair, the measured spectrum and autocorrelation of the pulses are shown in

Figures 3.3.6 (a) and (b).
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Figure 3.3.6: (a) Measured spectrum and (b) autocorrelation of the pulses generated from the
KLM Cr:ZnSe laser containing a 1% output coupler and a CaF, prism pair.

Finally, in order to extract higher pulse energies from the laser, the 1% output coupler was
replaced with a 6% output coupler while keeping the CaF, prism pair in the high reflector
arm of the laser. As can be seen from Table 1, this gave as high as 165 mW of average
output power during mode-locked operation, corresponding to 1.81 nJ of pulse energy at
the pulse repetition frequency of 95 MHz. As can be seen from the autocorrelation and
spectrum measurements displayed in Figures 3.3.7(a) and (b), the temporal and spectral

width of the pulses were 121 fs and 63 nm, giving a time-bandwidth product of 0.379.
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Figure 3.3.7: (a) Measured spectrum and (b) autocorrelation of the pulses generated from the
KLM Cr:ZnSe laser containing a 6% output coupler and a CaF, prism pair.
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In this case, no double pulsing was observed with a fast detector that monitored the pulse

train in the nanosecond time scales or with the autocorrelator.

The KLM operating point of each configuration can be analyzed by using the soliton area

theorem that relates the output pulsewidth to the pulse energy, GDD, and nonlinear

refractive index [53]. In particular, we can determine the nonlinear refractive index n, from

the experimentally measured parameters of the mode-locked laser by using the well known

equation

_4|D|
wé'

Here, 7 is the pulsewidth divided by 1.76, W is the intracavity pulse energy, D is the net

T 3.3.3

GDD of the cavity, and 9 is the nonlinear coefficient given by

3.34

In Eqgn. 3.4, A is the center wavelength of the spectrum, L. is the single-pass length of the
gain medium, and A, is the effective area of the laser beam inside the gain medium given
by

A _ nonwgms
eff — 2 :

3.35
In Eqn. 3.5, n, is the linear refractive index and w,.,s is the root-mean-squared
spotsize of the laser beam. In the calculation of w,.,s, we employed the standard
ABCD analysis to first determine the beam waist (w,) inside the gain medium. Here,
it was assumed that the cavity configuration remains near the center of the stability

region during KLM operation and w,,,s Was calculated by using the equation

1 (ke Z— Zr\?
wrms=\/zf w§<1+( - f) >dz. 3.36
0
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Above, z¢ is the location of the laser beam waist within the crystal and z, is the
Rayleigh range (z, = nomwj/4). The parameters wy, and w,,,; were determined to
be 34.9 and 35.5 um, respectively. By using this procedure, the nonlinear refractive
index n, was determined for each of the six KLM configurations tested in the

experiments and the results are tabulated in Table 3.3.2.

PIpersion oc () e (/W)
6mm-YAG 1 1.49x10®
Imm-YAG 1 1.01x10™
6mm-BK7 1 5.12x10™°
MgF2 pair 1 1.07x10™
CaF2 pair 1 1.52x108
CaF2 pair 6 1.55x108

Average: 1.2x10®

Table 3.3.2: The nonlinear refractive index (n,) values determined by using the soliton area
theorem for the different mode-locking configurations tested in the experiments.

The nonlinear refractive index n, came to (1.2 + 0.2) x 10~*¥m? /W which is close to
the previously reported value of 1.7 x 10~¥m?/W [73].
In conclusion, we have utilized four different cost-effective and practical dispersion
compensation methods for Cr:ZnSe lasers operated in the Kerr-lens mode-locked regime.
Our results show that, in the case of BK7, although material dispersion has the correct sign
to compensate for Kerr nonlinearities, the excessive material absorption leads to poor
power and mode-locked performance. The highest pulse energy was obtained with a 6%
output coupler and a CaF, prism pair, where as high as 1.81 nJ was obtained with 2 W of
pump power. When a 1% output coupler was used with the CaF, prism pair, higher

intracavity energy led to the generation of the shortest pulses (duration of 92 fs FWHM) in
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the experiments. Overall, YAG slabs could be used with lower insertion loss in comparison
with prism pairs. On the other hand, the prism pair allowed for continuous adjustment of
the cavity dispersion. Finally, by using the soliton area theorem, we estimated the nonlinear
refractive index (n,) of ZnSe as (1.2+0.2)x10*® m?/W, which comes close to the previously
reported value of 1.7x107*% m4/W.
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Chapter 4: Nonlinear optical characterization of graphene

4.1 Introduction
Graphene is the name of a carbon allotrope in which carbon atoms form a two dimensional

honeycomb lattice structure as illustrated in Figure 4.1.1.

Figure 4.1.1: lllustration of honeycomb atomic structure of graphene.

Until 2004, it was believed that any 2-dimensional structure cannot remain stable in its free
form, due to the tendency to evolve into a thermodynamically more stable 3 dimensional
form [87]. In 2004, two scientists from Manchester University, Geim and Novoselov,
successfully showed that few-layer graphene can be isolated from bulk graphite [88]. In the
following years, researchers revealed many remarkable physical properties of graphene,
which have found wide variety of applications in many fields [89].

Graphene has unique optical properties owing to the point gap E-k diagram as illustrated in
Figure 4.1.2.
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Conduction
Dirac Point Band k

Figure 4.1.2: E-k diagram of graphene near Dirac point.

Electrons and holes in graphene obey the Dirac relativistic equation for 2 spin particles.
So, they have the following dispersion relation near the Dirac point [90]:

Eop(ky ky) = hvp JkZ + k2, 4.1.1
where v is the Fermi velocity (~ 10°m/s) and k,, k, are the wave vectors of the
electrons. Notice that the dispersion relation of electrons in graphene is similar to E(k) =
hck, which is the dispersion relation of a photon, hence electrons and holes in graphene
have zero effective mass near Dirac point, and they are called massless Dirac fermions.
Due to this unique zero band gap energy as well as the linear dispersion relation, the
absorption of a single layer free standing graphene is nearly independent of wavelength and
can be expressed as [91]:

A=na = 2.3%, 41.2
where a = 1/137 is the fine structure constant. Therefore, one can roughly estimate the
number of transferred graphene layers by simply measuring the optical absorption of a
prepared sample. In 2006, Ferrari et al. proposed the use of Raman spectroscopy in the
characterization of the quality of produced graphene layers [84]. In Raman spectroscopy, a

sample is illuminated with a monochromatic light source and the amount of energy lost due
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to the excitation of vibrational modes (phonons) is determined by simply measuring the
wavelength shift of the scattered light. Before proceeding on the description of the Raman
spectrum of graphene, crystal structure and phonon properties of graphene will be
summarized. Figure 4.1.3 (a) shows the Brillouin zones of graphene where the zone centers
are labeled as the I'-points, corners as K-points, the middle of corners as M-points, and a;,
a, are the unit vectors [92, 93]. Dirac cones shown in Figure 4.1.2 are formed at the

corners of each unit cell (See Figure 4.1.3 (b)).
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Figure 4.1.3: (a) Schematic illustration of the Brillouin zones of graphene, (b) together with the
Dirac cones at K- and K’-points. (c) Calculated and measured phonon dispersion curves for
monolayer graphene [92, 93].

In all ordered crystalline structures, atoms oscillate around an equilibrium position, which
gives rise to mechanical waves that propagate through the lattice with a definite energy and
momentum. The number of normal modes resulting from lattice vibrations is governed by
the number of atoms (N) contained in the unit cell of the crystal. In the case of single-layer

graphene, it contains two carbon atoms in the unit cell (N = 2), hence it has four in plane
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and two out of plane modes at I' (3N = 6), two of which is doubly degenerate (E,, and
B,4 symmetry) [93]. Calculated and measured phonon dispersion curves at K-, M- and
zone center I'-points are plotted in Figure 4.1.3 (c), which is a useful tool in interpreting the
Raman spectrum of graphene. LO and TO stands for longitudinal and transverse optical
phonons, LA and TA stands for the longitudinal and transverse acoustic phonons in the
figure [92].

A typical Raman spectrum of a monolayer graphene sheet is plotted in Figure 4.1.4 [39]. It
contains four distinct peaks which are commonly labeled as the G, G’(2D), G* and D
bands.
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Figure 4.1.4: A typical Raman spectrum of a monolayer high quality graphene transferred on
CaF,.

The only first order Raman scattering peak matches with the doubly degenerate zone center
(T-point) phonon in Figure 4.1.3 (c) which is the G peak at 1580 cm™. D and G’ (2D) peaks
originate from second order processes. Ideally, in a sample with no defects, the TO phonon
near the K point is forbidden (1350 cm™), i.e. Raman inactive. However, for defected edges
of the sample, a defect assists the transition and it becomes visible in the Raman spectrum.
Hence, a small D peak in the Raman spectrum indicates that the sample under investigation
has good crystal quality. G’ peak results from the two TO phonons near the K point (2700
cm™). For monolayer graphene, the G’ peak can be fitted with a single Lorentzian
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distribution function. As the number of layers increases, the full width half maximum
(FWHM) increases and the intensity of the peak decreases due to having an increasing
number of Lorentzians. By inspecting the FWHM of G’ (2D) peak and the intensity ratios
of the G and G’ (2D), one can precisely determine the number of layers. In summary,
simply by looking at the Raman spectrum of a graphene sample, one can determine the 1)
number of layers and 2) the crystal quality. The ratio of the intensities of G/G’ together
with the linewidth of G’ peak provide the number of transferred layers, where the intensity
ratio of D/G provides information about the crystal quality.

In earlier discussions, we introduced the lattice structure as well as the E-k diagram of
graphene, and noted that its conduction and valance bands form bandgapless Dirac cones at
K and K’ points (See Figure 4.1.3 (b)), which provides a constant linear absorption from
the visible to the infrared with a little deviation from 2.3% [91]. It is important to evaluate
the non-equilibrium dynamics of electrons and holes in understanding the optical properties
of graphene [94]. Ultrafast transient spectroscopy is a suitable tool for probing the carrier
dynamics. In this technique femtosecond pulses excite the electrons from valance to
conduction band through dipole allowed m-7 transition, while probe pulses at a certain
photon energy monitor the changes in the transmission of the sample as a function of the
delay between pump and probe pulses.

1.2

Time (ps)

Figure 4.1.5: Typical pump-probe trace of a monolayer graphene.



Chapter 4: Nonlinear optical characterization of graphene 54

In Figure 4.1.5, a typical measured transient absorption trace as a function of time is plotted
together with the bi-exponential fit. Here AT /T, = (T — Ty)/T, , where T and T, are the
transmission values of the sample with and without the excitation pulse, respectively.
Photo-excited carriers relax to equilibrium in two distinct time scales, given by the fast (,)
and slow (t,) time constants. Typical fast and slow time constants for monolayer graphene
are measured in the range of 100-200 fs, 0.4-1.7ps, respectively [56]. The following model
is proposed in describing the pump-probe curve plotted in Figure 4.1.5. After photo-
excitation takes place, excited carriers block the further absorption of pump photons due to
Pauli blocking and hence, the transmission of the sample at the probe photon energies
increases rapidly and reaches the peak of the transient curve, which corresponds to stage
(b) in Figure 4.1.6. Following excitation, because of high carrier density in the conduction
band, electrons collide with each other and lose most of their energy through intraband
carrier-carrier scattering, which is represented as (c) in Figure 4.1.6. Later, in step (d)
carriers lose their remaining energy to lattice vibrations through carrier-phonon scattering

and equilibrate at their initial state [56].
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Figure 4.1.6: (a) An illustration of the interband and intraband transitions in graphene, and
(b)(c)(d) temporal evolution of photo-excited carriers [56].
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Until now, we have assumed that the Fermi level is located at the center of the conduction
and valance bands (Dirac point). However in reality because of unintentional doping,
which could be due to the interaction between the graphene layer and the substrate or the
excess carriers coming from the production stage, the Fermi level can be shifted into the
valance or conduction band, depending on the type of dopant (n or p) [95-97]. Figure 4.1.7
can be used in describing the effect of carrier doping on the optical properties of graphene,
where (a) and (b) show the undoped and doped E-k diagram of monolayer graphene,
respectively. In state (a), photons with photon energy of 2Er are readily absorbed.
However, in the case of state (b), because of electron doping, Fermi level is shifted into the
conduction band and further absorption of photons with photon energy of 2E is blocked
due to the Pauli blocking (Er < EF,).

Er

L

k

2E;

(a) (b)
Figure 4.1.7: (a) Undoped and (b) doped E-k diagram of monolayer graphene.

Such a mechanism can be effectively used in altering the optical properties of graphene. To
date, Fermi level was shifted up to 0.45eV by means of a gated graphene based optical
modulators [98]. Because of the limitations resulting from the dielectric breakdown of
materials, further shift in the Fermi level corresponding to the transitions in the visible and

near infrared range cannot be controlled by using dielectric capacitors [99].
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Electrolyte gating of graphene by using supercapacitors was proposed to overcome the
limitations mentioned above [100, 101]. In this scheme, an ionic liquid is sandwiched in
between monolayer graphene-coated quartz plates as shown in Figure 4.1.8 (a), where
graphene plates act as electrodes. Applied gate voltage polarizes the ionic liquid, hence few
nanometer thick electrical double layers (EDLs) are formed near the graphene surfaces as
shown in Figure 4.1.8 (b).
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Figure 4.1.8: (a) Schematic illustration of electrolyte gating of graphene (b) electrical double
layer (EDL) formation near graphene plates.

Notice that the top and bottom EDLSs act as capacitors connected in series, both have few
nanometer separation and large surface area which generate very large electric fields. As a
result, the graphene plates are electrostatically doped with either electrons or holes
depending on the polarity of the applied voltage. Therefore, the magnitude of the Fermi
level shift into the conduction or valance band can be controlled by changing the applied
bias voltage. The amount of the shift is given by
Ej — Ep = AEp = hvpvVnn, 4.1.3

where vgis the Fermi velocity (1.1 X 108 cm/s), n is the carrier density, and & is the

Planck’s constant [99]. Due to Pauli blocking, this shift in the Fermi level completely
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suppresses the absorption of the device for wavelengths (1) with photon energy below
2|Eg|, in other words for A < hc/2|Eg|. The resulting voltage dependent change in the
optical transmission occurs at relatively low bias voltages of a few volts, due to the use of
an electrolyte with a high dielectric constant. The reversible doping scheme alters the
linear/nonlinear absorption, and saturation characteristics of the graphene [57].
In the following Section, the experimental setup that we used during the nonlinear optical
characterization experiments will be described. Later, in Sections 4.3.1 and 4.3.2, we
evaluated the nonlinear absorption and transient characteristics of monolayer graphene on
different substrates, and graphene-based supercapacitor device, respectively.

4.2 Nonlinear optical characterization experiments with graphene and graphene-
based supercapacitors

4.2.1 Graphene on different substrates
Three samples, investigated in the experiments, were synthesized with a similar method
described in [102]. Prepared samples were transferred onto yttrium aluminum garnet
(YAG) and quartz substrates in collaboration with Dr. Coskun Kocabas at Bilkent
University and transferred on calcium fluoride (CaF;) substrate in South Korea, in
collaboration with Prof. Fabian Rotermund. The optical characterization of three samples
was performed at Ko¢ University Surface Science and Technology Center (KUYTAM).
In order to characterize the linear and non-linear optical properties of monolayer graphene
samples coated on quartz, YAG and CaF, substrates, steady-state optical transmission,
Raman, and ultrafast transient absorption spectroscopy methods were used. The linear
optical transmission data were measured with a typical spectrophotometer (Shimadzu
3101-PC) in the 700-2500 nm range. In order to check the quality of the samples, we
further measured the Raman spectrum of each sample by using Renishaw inVia Raman
microscope at the pump wavelength of 532 nm. And finally, in order to measure the

transient absorption and saturation of the samples, we used a commercial transient
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absorption spectrometer (Ultrafast Systems, HELIOS). Figure 4.2.1 shows a schematic of
the setup where pump pulses were generated from an OPA system, and for the probe
pulses, a near-infrared continuum spanning from 900nm to 1400nm was used. In order to
generate the infrared continuum, 800 nm light coming from a Ti:Sapphire laser was

focused on a CaF, substrate (by using a lens labeled as L2 in Figure 4.2.1).
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Figure 4.2.1: Schematic illustration of transient absorption spectrometer setup.

4.2.2 Voltage controlled graphene
The voltage controlled graphene based supercapacitor structure was prepared at Bilkent
University in collaboration with Dr. Coskun Kocabas. The graphene supercapacitor was
fabricated by using two monolayer large-area graphene electrodes, each synthesized via
chemical vapor deposition and transfer-printed onto a 1-mm-thick, 1-inch-diameter quartz
substrate. The 100-um spacing between the two graphene electrodes was filled with an
electrolyte, (Diethymethyl (2-methoxyethyl) ammonium bis (trifluromethylsulfony) imide
[DEME][TFSI]), which has a relative dielectric constant of €, = 14 [103]. A sketch of the
graphene supercapacitor is shown in Figure 4.1.8. We measured the voltage dependent

optical transmission, pump-probe response, and absorption saturation of the sample.
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4.3 Results and Discussions
In this section, the results we obtained will be discussed in two sub sections titled as:
graphene on different substrates and voltage controlled graphene.

4.3.1 Graphene on different substrates
First, we measured the optical transmission of each sample to roughly determine the
number of layers transferred on the samples. By looking at Figure 4.3.1, it turns out that all
three samples have almost constant transmission from visible to infrared. When we subtract
the average background coming from the substrate (Fresnel reflections), the remaining

transmission resulting from the graphene samples are 2.1%, 1.3% and 1.8% for quartz,
YAG, and CaF; substrates, respectively.
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Figure 4.3.1: Optical transmission data of different samples coated on (a) quartz, (b) YAG and,
(c) CaF,.

From the literature, we know that the steady state transmission of the free standing
graphene was ideally 2.3%. However, studies showed that the total transmission can
slightly deviate from the theoretical value due to the interactions between the substrate and
the graphene [95, 104].

As we mentioned in the Introduction section, Raman spectroscopy is a widely used tool in

further characterizing the quality of graphene samples [84]. Measured Raman spectra of the
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samples on quartz, YAG and CaF, substrate were plotted in Figure 4.3.2 (a), (b) and (c),
respectively.
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Figure 4.3.2: Measured Raman spectra of different graphene samples transferred on (a) quartz,
(b) YAG, and (c) CaF.

Typical graphene peaks around 1350 cm™, 1580cm™ and 2700cm™ are observed as
expected. These peaks are labeled as the D, G, and G’ (2D) peaks, respectively. The quality
of the graphene sample can be deduced from the D/G and, G/G’ peak ratios together with
the linewidth of G’ (2D) peak. Calculated values of the ratios and the linewidth of G’(2D)
and G peaks are tabulated in Table 4.3.1.

Table 4.3.1: Tabulated peak ratios and linewidth of 2D and G peaks for graphene transferred on
quartz, YAG and CaF, substrates.

Substrate DIG G/G>  Avof2D(cm™) AvofG (cm™)
Quartz 0.26 0.5 37 15
YAG 0.07 0.36 35 14
CaF; 0.12 0.36 33 15

By looking at the values of G/G’ ratio and the linewidth of G’ (2D) peak, transferred
graphene layers are nearly monolayer in all three cases. Also D/G ratios suggest that the
graphene transferred on quartz substrate has poor crystal quality compared to the others.

Furthermore by inspecting the peak positions of G, and 2D peaks, we can easily monitor
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the level of unintentional doping [95, 96]. Unintentional doping blocks the absorption of
incoming photons at infrared wavelengths due to Pauli blocking. Hence, it is an undesirable
effect during the production. Table 4.3.2 summarizes the measured Raman peak positions
of graphene on each sample together with the free standing values reported in ref [60].

Table 4.3.2: Tabulated peak positions for graphene transferred on quartz, YAG and CaF,

substrates.
Substrate D (cm™) G (cm™) G’ (2D) (cm™)
Free-standing™™ 1350 1580 2700
Quartz 1344 1595 2686
YAG 1345 1590 2684
CaF, 1344 1592 2680
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Figure 4.3.3: (2) G and (b) G’ (2D) peak positions for monolayer graphene on quartz, YAG, and
CaF; substrates.

According to the literature, the peak position of the G band red-shifts for increasing doping
concentration independent of the type of dopant (n or p) [95, 96]. Hence from Table 4.3.2,
graphene transferred on quartz substrate is the most unintentionally doped sample
compared to the others. Such doping can result from both interactions between the
substrate and the graphene layer, as well as during the production stage. Similarly, the
intensity of G peaks doesn't change with the doping, where the intensity of G’ (2D) peak

decreases. As a result, the peak intensity ratio of G/G’ increases with increasing doping
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concentration. Table 4.3.1 lists the calculated intensity ratios of G/G’, as expected from the
earlier results. The highest value was obtained for the graphene transferred on quartz
substrate. In summary, Raman analysis showed that the graphene layer transferred on the
quartz substrate had the poorest crystal quality.

The measured transient absorption curves at 1250 nm for monolayer graphene on quartz,
YAG and CaF; substrates are shown in Figure 4.3.4 (a), (b) and (c), respectively.
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Figure 4.3.4: Transient absorption curves measured at 1.25um for graphene on (a) quartz, (b)
YAG, and (c) CaF, substrates.

As we introduced in the introduction section, graphene exhibits a bi-exponential lifetime
decay. The fast time constant is related to the fast cooling of the excited carriers through
carrier-carrier scattering, and the slow time constant is associated with carrier-phonon
scattering and the recombination of electrons and holes. From literature, the fast time
constant for monolayer graphene was measured as 200fs [56, 94]. Since the excitation
pulse duration (=100 fs) is comparable with the fast time constant of graphene (=200 fs), it
cannot be resolved. Hence, we kept the fast time constant as 200fs and obtained slow time
constants around 1ps for all three decay curves as a result of the bi-exponential fit to the
data.

Finally, in order to determine the saturable absorber properties of the samples, such as the

modulation depth (AT), saturation fluence (Js,:), insertion loss (L), and non-saturable loss
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(T,s), we measured the saturation curves of the samples which are plotted in Figure 4.3.5

together with the theoretical fits (See Section 2.3.3 for further details on the fitting
procedure).
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Figure 4.3.5: Measured saturation curves of the samples on quartz, YAG and CaF, substrates.

Note that the modulation depth is basically the difference in the transmission under low and
high incident fluence, which is also called as the saturable loss. The non-saturable loss is
the remaining loss coming from the absorber that cannot be saturated. Finally, the insertion
loss (L) is the sum of modulation depth and the non-saturable loss. The results that we have
obtained from the theoretical fits are summarized in Table 4.3.3.

Table 4.3.3: Summary of the saturation fluence, modulation depth, non-saturable loss and
insertion loss results extracted from the theoretical fit to the saturation data.

Substrate Saturation Modulation Non-saturable  Insertion loss
fluence (Jsqt) depth (AT) loss (Tys) (L)
Quartz 34 pl/em’ 0.6% 1.5% 2.1%
YAG 60 pJ/cm’ 0.8% 0.5% 1.3%
CaF, 39 wl/em? 0.6% 1.2% 1.8%

By looking at these results, graphene transferred on quartz and CaF, substrate has
comparable saturation fluence and modulation depth with the literature [13]. However in

the case of the YAG substrate, the saturation fluence increased by a factor of two in
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comparison with the quartz and CaF; results. We further used the samples on quartz and
YAG in the mode locking of an extended cavity Cr:forsterite laser [105, 106]. Since the
intracavity power of the laser was well above the saturation fluence determined for both
samples, we did not see any difference in the mode locking results.

4.3.2 Voltage controlled graphene

The change in the optical transmission of the voltage controlled saturable absorber
(VCG-SA) as a function of applied voltage is shown in Figure 4.3.6 (a). In this figure,

AT /T, is the normalized change in the transmission with respect to the transmission T, at

zero bias.
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Figure 4.3.6: (a) The variation of the normalized change of the optical transmission of the
graphene electrodes as a function of wavelength at different bias voltages in the 0-3V range. (b)
Measured variation of the fractional change in the optical transmission as a function of the bias

voltage at the wavelengths of 950, 1064 and 1200 nm. (¢) The estimated Fermi level shift of the
device as a function of the bias voltage.

From Figure 4.3.6 (a), the maximum change in the fractional transmission of two
graphene layers was determined to be 3% at 1200nm. Figure 4.3.6 (b) further shows the
variation of the normalized transmission at 950, 1064 and 1200 nm as a function of the bias
voltage. In the actual supercapacitor, a more complicated two-step response of the
transmission was observed as a function of the applied bias voltage, which could be

probably attributed to the asymmetric ionic strengths and different ionic radii of the cations
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and anions of the electrolyte [99, 107]. Figure 4.3.6 (c) shows the variation of the effective
Fermi energy shift (AEr) of the device as a function of the bias voltage, which was
deduced from the fractional optical transmission data. The effective Fermi energy shift
linearly scales with the applied voltage, meaning that higher applied bias voltages are
required to modulate the transmission at shorter wavelengths. With this specific electrolyte,
the effective Fermi level of the device could be shifted by up to 1.2 eV at a voltage bias of
only 3V, enabling the use of this supercapacitor as a modulator down to the wavelength of
500 nm in the visible range.

The ultrafast and nonlinear optical responses of the VCG-SA were investigated by
using a time-resolved pump probe spectrometer (HELIOS, Ultrafast Systems). Pump
(Apump=700nm) and probe (Aprone=1250nm) pulses were obtained from a tunable optical
parametric amplifier (TOPAS, Spectra Physics), both were pumped with 2 mJ, 100 fs
pulses at a pulse repetition rate of 1 kHz from a commercial Ti:sapphire chirped-pulse
amplifier (Spitfire ACE, Newport-Spectra Physics).
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Figure 4.3.7: (a) Ultrafast response of the graphene-based supercapacitor at the probe
wavelength of 1250 nm for different bias voltages. (b) Measured change of the optical transmission
as a function of the incident light fluence at 700 nm. (c) Measured variation of the saturation
fluence and modulation depth at 1250 nm as a function of the bias voltage.

Pump-probe measurements are shown in Figure 4.3.7 (a) for applied bias voltages from 0.5
to 1V. Up to an applied voltage of 1V, the ultrafast response of the graphene has similar

(%) yadap uonenpoy
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dynamics with an average fast and slow time constants of 283 fs and 1.9 ps. For voltages
beyond 1V, however, the device had more complicated dynamics, possibly because of the
mixed role of intra-band and inter-band transitions at 1250 nm [108]. Figure 4.3.7 (b) also
shows the measured saturation curves at bias voltages of 0, 0.25, 0.5, 0.75 and 1V. Since
the relaxation of graphene, 1.9ps, is slower than the excitation pulses of 100fs, we used the
slow SA equation [59] in theoretical fitting to the data. According to the results obtained
from the theoretical fits, which are plotted in Figure 4.3.7 (c), the saturation fluence at 1250
nm monotonically increases with the applied bias, becoming 456 pJ/cm? at 1V and the
modulation depth decreases from 1.09% at OV to 0.69% at 1V. Hence, we were able to
adjust the modulation depth of the device in the range of 1.1-0.7%.

Moreover, we also measured the change in the optical transmission under the presence of a
pump of 700nm as a function of bias voltage in Figures 4.3.8 (a) and (b). Figure 4.3.8 (a)
clearly shows that by applying a bias voltage, the transitions beginning from 1450nm to
850nm become forbidden due to Pauli blocking. Similar to Figure 4.3.6 (b), in Figure 4.3.8

(b), we observed the two step-like behavior due to the asymmetric doping of two graphene

electrodes.
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Figure 4.3.8: (a) Transmission change of VCG-SA as a function of wavelength and applied
voltage. (b) Measured variation of the transmission change as a function of the bias voltage at the
wavelengths of 950, 1064 and 1250 nm.
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In conclusion, we have characterized the optical properties of graphene samples on quartz,
YAG and CaF,. Graphene on CaF, was used in mode locking of Cr:ZnSe laser (2.5um).
Graphene on quartz and YAG substrate were used in mode locking of Cr:Forsterite laser
(1.25um) in collaboration with Isinsu Baylam. Since quartz has parasitic absorptions above
2 um and the graphene on YAG sample showed unintentional doping, we could not initiate
pulsed operation in Cr:ZnSe laser. We determined the saturation fluence and modulation
depth of samples as 34 pJ/cm? and 0.6%, 60 plJ/cm? and 0.8%, 39 pl/cm® and 0.6% for
graphene on quartz, YAG and CaF,, respectively. We did not observe any significant
dependence on the type of the substrate, the only effect of the substrate is that it has to be
transparent in the operation range of the laser.

Furthermore, we have characterized the linear and non-linear optical properties of a
voltage controlled saturable absorber based on graphene super capacitors. One of the most
favorable characteristics of the graphene supercapacitor, in comparison with its solid-state
counter parts, is the possibility of shifting the Fermi level by several eV (in our case |2AER|
by as much as 2.4 eV) with relatively low bias voltages of the order of several volts. Pump-
probe measurements revealed that the ultrafast response of the graphene has similar
dynamics with an average fast and slow time constants of 283 fs and 1.9 ps up to 1V of
applied voltage. The saturation fluence at 1250 nm monotonically increases with the
applied bias, becoming 456 pJ/cm? at 1V and the modulation depth decreases from 1.09%
at OV to 0.69% at 1V. Hence, we were able to adjust the modulation depth of the device in
the range of 1.1-0.7%. In comparison with other conventional nano-structured carbon-
based saturable absorbers, the most important advantage of the current scheme is that the
proposed graphene supercapacitor architecture enables the flexibility of adjusting the
overall device loss with reasonably low bias voltages while still enabling mode-locked
operation. We believe that this superior characteristic makes the voltage controlled

graphene saturable absorber device (VCG-SA) a potentially important candidate for the
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mode-locking of a wide range of low-gain lasers in the visible and near-infrared. In our
experiments conducted with a multi-pass cavity Cr**:forsterite laser, we could successfully

generate sub-100-fs, nearly transform-limited pulses near 1255 nm [109].
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Chapter 5: Other Collaborative Works

5.1 Linear and non-linear optical spectroscopy of Ag,S quantum dots

5.1.1 Introduction
Quantum dots, a type of semiconductor nanocrystals, have unique optical properties due to
the quantum confinement resulting from the nanometer size of the particles. Quantum dots
exhibit wavelength tunable emission under ultraviolet excitation which makes it a
promising material in many fields ranging from quantum computation to linear and
nonlinear in vivo imaging [110-113].
As the number of atoms increases in a crystalline structure, resulting energy levels evolve

into continuous bands from discrete levels due to the interactions between neighboring

atoms (Figure 5.1.1).

A e .
. J Conduction
—_—
e . Band
AY
\
&l s Band-gap
B ——
e )
o——
N Band
\\:
uantum
Atom Molecule Q _ Bulk
Dot Semi-conductor R

Number of Atoms

Figure 5.1.1: Energy level illustration of an atom, a molecule, a quantum dot and a bulk
semiconductor material.
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Due to the quantum confinement resulting from the size of the particles, it can be modeled
by using the particle in a box model where the energy levels are dependent on the size of
the box. As the size of the box increases, the resulting emission peak red-shifts.
Combination of group 11-V1 semiconductor compounds, such as CdS, CdTe and CdSe, are
usually used in the synthesis of colloidal quantum dots which emit in the visible region of
the electromagnetic spectrum. As the size of the quantum dots is increased, the peak of the
emission signal shifts to longer wavelengths (See Figure 5.1.2, the image was taken from

PlasmaChem websit).

Figure 5.1.2: Band-gap tunable emission from colloidal quantum dots under ultra-violet
excitation.

To date, many groups reported size-tunable photoluminescence from different types of
quantum dots in the visible region [114-116]. Lately, there is a tremendous demand for
near infrared (NIR) emitting quantum dots (NIR QDs), especially in biological applications
and in efficient solar energy conversion [117]. This can be fulfilled with the development
of quantum dots which emit at the near-infrared portion of electromagnetic spectrum [118,
119]. In literature CdSeTe [120], CdSeTe/Cd, CdHgTe/CdS [121], CdTe/CdSe/ZnSe [122]
and PbS [123] based QDs exhibit near-infrared emission. Among these alternatives, Ag,Se
and AgQ»S based QDs show very low toxicity [124] which enables the in vivo imaging in the

near infrared region.
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In this section, we measured the photoluminescence and nonlinear absorption properties of
AQ,S based near-infrared emitting quantum dots. The samples were prepared in
collaboration with Dr. Funda Yagci1 Acar from Chemistry Department of Kog¢ University
[125].

5.1.2 Experimental Setup

Quantum dots were synthesized in water with the following reaction:

Ag;NO3 50+ NaySqq) = Ag2S(s)+NaNO3z g

During the reaction, the capping agent, 2-mercaptopropionic acid (2-MPA), is added in

order to prevent aggregation of the produced nanoparticles and provides an aqueous

solution.
Curved
gold Dichroic
mirror mirror
F KTP Nd:Vanadate
SiPD
<
o
>
o
LIA =
o
3
=
o /Dichroic
PC P mirror
Chopper

Reference signal

Figure 5.1.3: Photoluminescence setup, where PD, LIA, PC, and KTP stands for photodiode,
lock-in amplifier, personal computer and potassium titanyl phosphate, respectively.

Experimental setup that was used in characterization of photoluminescence of the
produced particles at different reaction temperatures and at different stages of the reaction

is shown in Figure 5.1.3 which is a typical photoluminescence setup which includes an
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excitation source, a monochromator and a detection part. In our experiments we used a
frequency doubled continuous wave Nd:Vanadate laser operates at 532 nm. The excitation
beam was chopped at 24Hz to provide a reference signal to the lock-in amplifier. The
emitted luminescence was then collected with a concave gold reflector and imaged into a
0.5 m Czerny-Turner monochromator.

An amplified silicon detector sensitive over the wavelength range of 400-1100 nm was
used together with a lock-in amplifier. The excess pump light was blocked by using a long-
pass filter that had a transmission of 90% from 550 to 1100 nm.

For the detection although photomultiplier tubes (PMT) are more sensitive compared to
the photodetectors, we used a silicon photodetector due to the wavelength limited detection
of PMT. Figure 5.1.4 shows the photoluminescence signals which were recorded with both
PMT and silicon photodetector, above 850 nm the response of PMT vanishes due to the

limited work function of the metal (photocathode) inside the tube.
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Figure 5.1.4: Comparison between the photomultiplier tube (PMT) and silicon photodetector
detection.
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5.1.3  Results and Discussions

In this section | will briefly summarize our photoluminescence measurements that have
been done in collaboration with Ibrahim Hocaoglu, further details of this work on
biomedical applications can be found in the following reference: [125].

Reaction temperature dependent absorption and emission spectrum of Ag,S coated with
2-MPA are shown in Figure 5.1.5 where the molar ratios of Ag/S and 2-MPA/Ag is 4 and
5, respectively. These ratios were chosen as it provides the least amount of non-radiative
decay and therefore high quantum yield. All three samples were collected at the 3rd hour of
the reaction. Increasing the reaction temperature caused a red shift in the absorption spectra
of the particles in Figure 5.1.5 which indicates that the produced particles have larger
crystal sizes. Also the photoluminescence measurements plotted in Figure 5.1.5 shows that

the intensity of the emission peak was improved as the reaction temperature was increased.
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Figure 5.1.5: Prepared nanoparticles at different reaction temperatures. Arrows indicate the
increasing reaction temperature which are 30, 50 and 90° C (Ag/S=4, 2MPA/Ag=5) [125].

Notice that above 50° C the peak of the emission signal red shifts which can be
attributed to the decomposition of the 2-MPA at elevated temperatures. Having higher peak
intensity in photoluminescence measurements suggests that the produced nanoparticles

have better crystal quality, which prevents non-radiative transitions.
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In the second case, samples at different reaction times are collected and absorption and
photoluminescence spectra of these samples were plotted in Figure 5.1.6 in order to
evaluate the optimum reaction time at 50 °C of reaction temperature. Similar to the earlier
findings, longer reaction durations lead to larger crystals, hence the absorption of the
particles is red shifted (See Figure 5.1.7, arrow indicates the increasing reaction time). In
the case of the photoluminescence measurements, the optimum reaction time was
determined as 7 hours where the photoluminescence quantum yield was calculated as 27%.
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Figure 5.1.6: Photoluminescence signal of samples which are collected at different reaction
times when the reaction temperature was 50°C. Arrows indicate the increasing reaction duration in
the range of 1 to 22 hours (Ag/S=4, 2MPA/Ag=5) [125].

In summary, the best reaction parameters to obtain a high quality Ag,S based quantum
dot were determined as the molar ratios of Ag/2-MPA and Ag/S should be 4 and 5,
respectively, and the reaction temperature and duration should be 50°C and 7 hours,

respectively.
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5.2 Temperature sensitive CAS/DMAEMA quantum dots
5.2.1 Introduction

Quantum dots are a type of semiconductor nano-crystals, in which a few number of
atoms forms a sphere shaped structure. Colloidal quantum dots, meaning suspended in a
solution, are composed of a semiconductor core and an organic coating. Use of an organic
coating provides stability, biocompatibility, and depending on the type of the coating
response to an external stimulus. Stimuli responsive materials are interesting materials
because it changes its properties under certain conditions [126]. In this work, we have
demonstrated a temperature dependent photoluminescence from poly(2-(N,N-
dimethylamino)ethyl methacrylate) (PDMAEMA) coated CdS quantum dots. The samples
were synthesized by Hande Ozturk from Funda Yagci Acar’s group at Chemistry
department of Kog¢ University.

5.2.2 Experimental Setup

For temperature dependent photoluminescence measurements, we used a home-made
source of 355-nm coherent radiation. The output of a 1064-nm Q-switched Nd:YAG laser
was first frequency doubled in a potassium titanyl phosphate (KTiOPO,4, KTP) crystal to
convert a portion of the fundamental beam to its second harmonic at 532 nm. The beams at
1064 nm and 532 nm were then focused inside a 20-mme-long lithium triborate (LiB3Os
LBO) crystal to produce 355-nm radiation via sum frequency generation. Prepared
guantum dot samples were placed in a temperature controlled cuvette and the temperature
sensor of the controller (Newport Corp. MODEL 325) was dipped into the sample cuvette
in order to collect more accurate data between 25 to 80 °C. As the temperature of the
samples was varied, the emitted luminescence was collected with a concave gold mirror
and focused into a 0.5-m Czerny-Turner type monochromator. The emission spectra were
recorded between 400 and 750 nm with a photomultiplier tube (PMT).
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Figure 5.2.1: Experimental setup to measure the temperature dependent photoluminescence
signal.

5.2.3 Results and Discussions

The samples were heated up to 65°C from room temperature. Measured photoluminescence

signals at different temperatures are shown in Figure 5.2.2.
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Figure 5.2.2: Measured temperature dependent photoluminescence signal from room
temperature up to 65° C.
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The photoluminescence intensity of the sample decreased about 52% as the temperature
increased from room temperature to 65°C. In order to test the reversibility of this behavior
we slowly cooled the samples back to room temperature, where the initial emission
strength is fully recovered even after 3rd cycle shown in Figure 5.2.3. The hysteresis in the
heating and cooling curves can be attributed to the time required for the disentanglement of
collapsed polymer coating.
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Figure 5.2.3: Third heating and cooling cycle of the sample.

Finally we have measured the stability of the emission at constant temperature for 200
mins, which corresponds to almost 3.5 hours. The measurement shown in Figure 5.2.4
proves that the produced particles are stable under continuous excitation at 355nm. In
summary, all the measurements indicate that the produced temperature sensitive CdS based

guantum dots exhibit excellent response to temperature in a reversible manner.
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Figure 5.2.4: Peak intensity of photoluminescence signal at constant temperature as a function
of time.
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5.3 Injection seeding of Cr:ZnSe laser

5.3.1 Introduction

Cr:ZnSe lasers with broad tunability in the 2-3 um find a multitude of applications in
the pumping of parametric oscillators in the mid-IR [127], in the generation of frequency
combs for vibrational spectroscopy of molecules [5], and in remote sensing [128]. All of
these applications require a coherent light source that has a defined spectral output and that
is tunable. Because the high stimulated emission cross section, four-level energy structure,
and absence of excited-state absorption in Cr:ZnSe, it is quite straightforward to obtain
efficient lasing with a low threshold pump power [31, 60, 61, 129, 130]. However,
especially during gain-switched operation where the gain far exceeds the losses, this also
leads to simultaneous lasing over a very broad spectral bandwidth (of the order tens of
nanometers, often exceeding 100 nm) and limits the effective use of the laser in the
applications mentioned above. An alternative approach employs injection seeding, whereby
the spectral characteristics of the gain-switched laser are controlled by the seed laser having
a narrower spectrum. Since the seed laser is coupled into the oscillator via an end mirror,
no intracavity wavelength-selective elements are needed and no additional losses are
introduced.

5.3.2 Experimental Setup

Figure 5.3.1 shows the experimental setup of the injection seeded, gain-switched
Cr:ZnSe laser. As the seed laser, we used a continuous wave (cw) tunable Cr:ZnSe laser
pumped by a Tm:fiber laser. The resonator of the cw seed laser consisted of two curved
mirrors, each with a radius of curvature of 10 cm (M1 and M2), a flat high reflector (M3),

and a flat 3% transmitting output coupler (OC1).
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Figure 5.3.1: Schematic of the injection-seeded, gain-switched Cr:ZnSe laser.

A 2.5 mm long Cr:ZnSe crystal (C1) was positioned between M1 and M2 at Brewster
incidence. The crystal had a small-signal absorption of 94% at pump wavelength of 1800
nm. The crystal was surrounded with indium foil and clamped between two copper holders
which was kept at 21 °C by water cooling. The pump beam was focused to an estimated
beam waist of 23um inside the crystal with a convex lens (L1, f=7.5cm). A Brewster-cut
CaF2 prism (P) was placed in the high reflector arm of the resonator to tune the output. An
adjustable slit (S) was positioned between the prism and the end high reflector to reduce the
spectral width of the seed laser. The high reflector and output coupler arm lengths were

65.5 and 83 cm, giving an estimated laser waist of 35 um near the center of the stability
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region. The total cavity length of the seed laser was 160 cm, corresponding to a free
spectral range of 93.8 MHz. The output of the cw seed laser was collimated with a curved
mirror (M4, R=2m) and passed through a Faraday isolator to protect the CW Cr:ZnSe laser
from back reflection as well as from pulses originating from the gain-switched laser. The
Faraday isolator part includes two thin-film polarizers (TFP1 and TFP2), a half-wave plate
(HWP1), a Faraday rotator (FR), and a flat aluminum retro reflecting mirror (M5).

The output of the isolator was then directed with a flat aluminum mirror (M6) to the gain-
switched oscillator. The x-type resonator of the gain-switched laser consisted of two curved
mirrors (M8 and M9, R=20cm) and two flat output couplers having transmission values of
6% and 26% (OC2 and OC3 in Figure 5.3.1, respectively). The output coupler OC2 was
used to couple the cw seed beam into the gain-switched resonator while the injection-
seeded output was taken from OC3. Inside the gain-switched resonator, a 6.6 mm long
polycrystalline Cr:ZnSe (C2) sample was used at Brewster incidence. The crystal had a
small-signal absorption of 92% at a pump wavelength of 1570 nm. The gain-switched
Cr:ZnSe oscillator was pumped by a 1570 nm optical parametric oscillator (OPO), which,
in turn, was pumped by a 1kHz-Q-switched Nd:YAG laser at1064 nm. The OPO pump
beam was focused inside the crystal with an input lens (L2) which has a focal length of 20
cm. During the experiments, the spectrum of the gain-switched pulses was measured with a
0.5 m Czerny-Turner-type monochromator that had a resolution of 0.05 nm.

5.3.3 Results and Discussions

Figure 5.3.2 shows the spectra of the unseeded and seeded gain-switched Cr:ZnSe laser
for three different seed wavelengths. In the absence of the cw seed laser, the gain-switched
oscillator had an output spectral width (FWHM) of 125 nm centered around 2360 nm.
When the cw laser beam with a bandwith (FWHM) of 0.3 nm was injected into the gain-
switched laser cavity, the spectral width of the gain-switched laser was narrowed down to
about 0.3 nm. In other words, the spectral brightness of the laser was improved by a factor
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of 417. When the gain-switched laser was pumped with 600uJ of input pulse energy, the
seeded laser was producing output pulse energies in the range of 100-130uJs, depending on
the operation wavelength of the seed laser. Below 1 mW of seed power, the residual

spectrum of gain-switched laser was reappeared in the output spectrum (See Figure 5.3.2).
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Figure 5.3.2: Spectra of the unseeded and injection-seeded gain-switched Cr:ZnSe laser.

The wavelength of the injection-seeded laser could be successfully tuned in the range of
2250-2483 nm by tuning the operation wavelength of cw seed laser. Figure 5.3.3 (a)
further shows the tuning curve of the injection-seeded Cr:ZnSe laser between 2255 and
2455 nm when the input pump pulse energy was 600uJ. In this spectral range, the residual
unseeded gain-switched laser spectrum was not present. The highest pulse energy was
obtained at 2360 nm, which was also the wavelength of peak emission from the unseeded
gain-switched Cr:ZnSe laser.

Figure 5.3.3 (b) shows the efficiency curves of the unseeded and injection-seeded
Cr:ZnSe laser. The output pulse energy was measured after the 26% output coupler (OC3).
The slope efficiency of the unseeded gain-switched laser was determined to be 22.5% with

respect to the incident pump pulse energy. Above 480u] of incident pump energy,
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saturation was observed in the output energy of the unseeded oscillator. This is due to the

depletion of the ground-state population, resulting in a reduction of the pump absorption.
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Figure 5.3.3: (a) Tuning curve of the injection-seeded, gain-switched Cr:ZnSe laser. (b)
Efficiency curve of the injection-seeded and unseeded Cr:ZnSe laser as a function of the incident
pump pulse energy.

However, in the case of the injection seeded laser, saturation of pump was observed at
higher incident pump energies (around 600uJ). This can be best explained by the fact that
due to injection seeding, gain-switched laser pulses evolve from the seed laser light rather
than noise. As a result, a higher rate of stimulated emission, initiated by the evolving laser

pulse, replenishes the ground-state population more effectively and reduces the saturation

of pump absorption.
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5.4 Chirped-pulsed amplification of Cr:ZnSe pulses

5.4.1 Introduction

Chirped pulse amplification (CPA) is a widely used technique to increase the pulse
energy as well as the peak power of typical femtosecond laser sources [131]. It has been
applied to well known tunable solid state lasers, such as the Nd:Glass [131], Alexandrite
[132], Cr:LiSAF [133, 134] Ti:Sapphire [135, 136], Cr:forsterite [137-140], where the nano
joule pulses produced from femtosecond sources amplified up to millijoules of pulse

energies. A typical CPA has four main stages which are depicted in Figure 5.4.1.

MHz mode- kHz gain-
locked Stretcher switched Compressor
oscillator amplifier

Figure 5.4.1: Evolution of generated pulses through four stages of a chirped pulsed amplifier.

The seed laser is a MHz repetition rate femtosecond laser which provides the nano joule
seed pulses. In order to prevent any damage during amplification, and overlap better with
the nano second pulses circulating inside the amplifier, femtosecond pulses are stretched to
picoseconds by travelling through a dispersive delay line such as a pair of grating. After
amplification stage, by applying oppositely signed delay to the pulses, the amplified
picosecond pulses are compressed to the initial state. Compressed pulses usually have
millijoules of pulse energy together with femtosecond pulse durations which provides
gigawatts of peak power. Such high peak power values cannot be produced from a single
laser cavity due to the possibility of damaging gain crystal and cavity components as well.
Cr:ZnSe laser is a suitable candidate to construct a chirped pulsed amplifier to extend
the operation wavelength of CPAs to mid-infrared region of the spectrum. It has a broad

operation bandwidth [34] which enables femtosecond pulsed operation [36-39, 72, 74].
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5.4.2 Experimental Setup

In order to produce the nano joule, femtosecond seed pulses we used a Kerr-lens mode-
locked Cr:ZnSe laser, which was described in Section 3.3, in detail. As shown in Figure
5.4.2, continuous-wave (cw) thulium fiber laser operates at 1.8 um was focused inside the
Cr:ZnSe crystal by using the input lens (L) which has a focal length of 7.5 cm. 2.4mm long
crystal was positioned between two curved dichroic mirrors, M1 and M2 (R=10cm), at
Brewster angle to minimize the reflection losses. The laser cavity is a typical astigmatically

compensated four mirror x-cavity which has a 3% output coupler.
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Figure 5.4.2: Schematic illustration of the femtosecond Cr:ZnSe laser as the seed laser.

High reflector (HR) and output coupler (OC) arm lengths were 62 cm and 85 cm
respectively, giving a repetition rate of 95 MHz. To evaluate the power performance of the
laser, the slope efficiency curve was measured as plotted in Figure 5.4.3. It produces
300mW of cw output power at an input power of 2.5W, and has a slope efficiency of 15%.
In order to balance the nonlinearities inside the cavity and obtain soliton mode locking, a
prism pair made of CaF, is added to the HR arm of the cavity (P1 and P2 in Figure 5.4.2).
Overall group delay dispersion (GDD) of the cavity was calculated as -1770 fs°.
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Figure 5.4.3: Continuous wave efficiency curve of the Cr:ZnSe laser.

By translating the OC, femtosecond pulses are readily obtained. Typical output
spectrum and autocorrelation trace of the pulses are plotted in Figure 5.4.4 (a) and (b),
respectively. Pulses as short as 83 fs were produced with an average output power of
130mW that corresponds to a pulse energy of 1.3 nJs. The time bandwidth product is
calculated as 0.35 by assuming a sech? shaped pulses, which is in a good agreement with
the theoretical value of 0.315.
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Figure 5.4.4: (a) Output spectrum and (b) auto correlation trace of the generated pulses from the
femtosecond seed laser.
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Femtosecond pulse spectrum and autocorrelation measurements were done by using a
homemade scanning spectrometer, and a homemade autocorrelator. Produced femtosecond
pulses are stretched in time domain by using a grating based stretcher and then aligned into
the regenerative amplifier by using the apertures shown in Figure 5.4.5. Vertically
polarized picosecond seed pulses reflected from the TFP started to circulate inside the
amplifier.

We used an optical parametric oscillator (OPO) pumped gain-switched Cr:ZnSe laser

which operates at 1 kHz as the amplifier.

L M4  CriZnSe

M3

Q-switched

Nd:Vanadate laser PO

Seed beam L3 /

path

Figure 5.4.5: Schematic illustration of the gain-switched Cr:ZnSe laser as the regenerative
amplifier.

Output of the OPO, which operates at 1.56um wavelength, was focused into the Cr:ZnSe
crystal with an input lens of L (f=12.5cm) as seen in Figure 5.4.5. 6.6 mm-long crystal was
placed between two curved dichroic mirrors, M3 and M4, (R=20cm) at Brewster angle.
Measured efficiency curve of the laser with a 26% output coupler is shown in Figure 5.4.6.
The laser was producing 1 kHz pulses with a maximum average output power of 149mW
when the input pump power was 560mW. The slope efficiency of the gain-switched laser

was determined to be 28%.
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Figure 5.4.6: Efficiency curve of the empty gain-switched Cr:ZnSe laser with 26% output
coupler.

The most crucial part of the amplifier setup is the correct operation of the Pockels cell.
Pockels cell is an optoelectronic device which basically rotates the polarization of the light
by applying a high voltage to a nonlinear crystal, in our case lithium niobate (LiNbO3).
When it is used together with a quarter wave plate and a thin film polarizer (TFP) as shown
in the Figure 5.4.5, depending on the on/off state of the Pockels cell, pulses circulating
inside the cavity are trapped or cavity dumped, respectively. By using a delay generator, on
and off time durations are easily adjusted with respect to the trigger coming from the pump

source (Figure 5.4.7).

A < q
A
Trigger Signal from
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\\ ’
B-A=x
OFF ON t
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dumped become amplified

Figure 5.4.7: Graphical illustration of Pockels cell timings.
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Amplified output power was optimized both with the alignment of the amplifier mirrors
and the delay timings of the delay generator.

5.4.3 Results and Discussions

While the stretched seed pulses circulate inside the amplifier, by using the correct
timings of the Pockels cell, they become amplified. Time required to extract maximum gain
from the gain-switched laser was around 200-300ns, which corresponds to 20-30
roundtrips. Figure 5.4.8 (a) shows the amplified output power of the pulses with respect to
the input power of gain-switched laser. The laser was producing maximum 45 mWs of
average output power, which corresponds to 45 uJ of pulse energy with picoseconds pulse
duration. Figure 5.4.8 (b) shows the spectrum of the amplified pulses, which has a spectral
FWHM of only 14 nm where the seed pulses were having 80nm bandwidth. Such spectral
narrowing can be due to spectral narrowing inside the amplifier, or the atmospheric
absorption which exists at the operation range, or narrow line reflectivity of the thin film
polarizers (TFPs).
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Figure 5.4.8: (a) Amplified output power as a function of the input power provided from the
OPO setup. (b) Amplified spectrum of the pulses together with the spectrum of atmosphere.



Conclusion 90

Chapter 6: Conclusions

In this thesis work, we focused on the development of an efficient and robust
femtosecond pulse producing mid infrared laser by utilizing different mode locking
techniques. In particular, we successfully applied Kerr lens mode locking and graphene
saturable absorber mode locking techniques to the Cr:ZnSe laser which operates around
2.45 pum. In the second part of the thesis, we discussed linear and non-linear optical
characterization of a gated graphene based supercapacitor.

First, we demonstrated the Kerr lens mode locking of Cr:ZnSe laser and evaluated the
performance of four different cost-effective and practical dispersion compensation
methods. Our results show that, in the case of BK7, although the material dispersion has
the correct sign to compensate for Kerr nonlinearities, the excessive material absorption
leads to poor power and mode-locked performance. The highest pulse energy was obtained
with a 6% output coupler and a CaF, prism pair, where as high as 1.81 nJ was obtained
with 2 W of pump power. When a 1% output coupler was used with the CaF, prism pair,
higher intracavity energy led to the generation of the shortest pulses (duration of 92 fs
FWHM) in the experiments. Overall, YAG slabs could be used with lower insertion loss in
comparison with prism pairs. On the other hand, the prism pair allowed for continuous

adjustment of the cavity dispersion. Finally, by using the soliton area theorem, we
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estimated the nonlinear refractive index (ny) of ZnSe as (1.2+0.2)x107*® m%W, which
comes close to the previously reported value of 1.7x107 m?/W.

Later, we demonstrated the graphene saturable absorber mode-locked operation of a stable
femtosecond Cr:ZnSe laser. The laser produced 176-fs pulses at a repetition rate of 78 MHz
with an average power of 80 mW. The measured time-bandwidth product was 0.39 with
3% OC. With a 6% OC, 2.4-nJ, 200-fs pulses were generated near 2400 nm at a pulse
repetition frequency of 78 MHz. The average mode-locked output power was 185 mW. To
the best of our knowledge, this represents the first demonstration of a femtosecond Cr:ZnSe
laser, passively mode locked with a graphene saturable absorber. We have characterized
the optical properties of graphene samples on quartz, YAG and CaF,. Graphene on CaF,
was used in the mode locking of Cr:ZnSe laser (2.5um). Graphene on quartz and YAG
substrate were used in the mode locking of Cr:Forsterite laser (1.25um) in collaboration
with Isinsu Baylam. Since quartz has parasitic absorption above 2 pm and the graphene on
YAG sample showed possible unintentional doping, we could not initiate pulsed operation
in Cr:ZnSe laser. We determined the saturation fluence and modulation depth of samples as
34 pJ/em’ and 0.6%, 60 pl/cm®and 0.8%, 39 pl/cm®and 0.6% for graphene on quartz, YAG
and CaF,, respectively. We did not observe any significant dependence on the type of the
substrate, the only effect of the substrate is that it has to be transparent in the operation
range of the laser.

Finally, we have characterized the linear and non-linear optical properties of a voltage
controlled saturable absorber based on graphene super capacitor. One of the most favorable
characteristics of the graphene supercapacitor is the possibility of shifting the Fermi level
by several eV (in our case |2AER| by as much as 2.4 eV) with relatively low bias voltages
of the order of several volts. Pump-probe measurements revealed that the ultrafast response
of the device has similar dynamics with an average fast and slow time constants of 283 fs

and 1.9 ps up to 1V of applied voltage. The saturation fluence at 1250 nm monotonically
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increases with the applied bias, becoming 456 pJ/cm® at 1V and the modulation depth
decreases from 1.09% at OV to 0.69% at 1V. Hence, we were able to adjust the modulation
depth of the device in the range of 1.1-0.7%. In comparison with other conventional nano-
structured carbon-based saturable absorbers, the most important advantage of the current
scheme is that the proposed graphene supercapacitor architecture enables the flexibility of
adjusting the overall device loss with reasonably low bias voltages while still enabling
mode-locked operation. We believe that this superior characteristic makes the voltage
controlled graphene saturable absorber device (VCG-SA) a potentially important candidate
for the mode-locking of a wide range of low-gain lasers in the visible and near-infrared. In
our experiments conducted with a multi-pass cavity Cr**:forsterite laser, we could

successfully generate sub-100-fs, nearly transform-limited pulses near 1255 nm.
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