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Abstract 

Mode-locked VECSEL systems using SESAMs are a relatively less complex and cost-

effective alternative to state-of-the-art ultrafast lasers based on solid-state or fiber lasers. 

This system has seen considerable progress in device performance in terms of pulse width 

and peak power in the recent years. However, these device characteristics still have to be 

improved greatly and this system has to become more reliable to become commercially 

relevant.  The realization of femtosecond pulses over long periods of time is non-trivial 

due to the high sensitivity of SESAM characteristics to minor drifts in growth or cavity 

conditions. This work focuses on developing novel epitaxial strategies for the growth and 

optimization of SESAMs towards obtaining sub-100fs pulse durations and increasing the 

damage threshold for these devices.  
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As part of this work, we have described in detail a comprehensive growth strategy 

for InGaAs quantum well (QW) -based SESAMs that are capable of supporting 

femtosecond pulses. These SESAMs are characterized for reflectivity, temperature-

dependence, dispersion control and lifetimes. Through this process, we were able to 

achieve pulse durations as short as 128fs from InGaAs QW-based SESAMs. This is one of 

the shortest pulse durations reported to date from mode-locked VECSEL systems. 

However, it is found that the QW-based SESAMs exhibit poor temporal performance. As 

an alternative to this system, the latter part of the thesis explores the possibility of using 

InAs/GaAs submonolayer (SML) quantum dots (QDots) as the saturable absorber for 

SESAMs around 1µm.  Along with higher output power, we were able to realize mode-

locking of VECSELs using SML QDot-based SESAMs with pulses as short as 185 fs. To 

the best of our knowledge, this is the first time SML QDots are used as saturable absorbers 

for SESAMs in the femtosecond regime. We also found that QDot-based SESAMs have 

substantially longer lifetimes compared to QW-based SESAMs.      
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Chapter 1 : Introduction to ultrafast lasers 
 

Ultrafast lasers – lasers generating short pulses with pulse durations in the pico and 

femtosecond ranges – have progressed rapidly in the recent years and have made significant 

impact in the fields of both fundamental science and industrial research [1,2]. Their impact 

on scientific research is reflected in the fact that the field of ultrafast lasers has enabled two 

Nobel-prize awarded research topics including femtochemistry [3] and optical frequency 

combs [4,5] since 1999. Here, we have highlighted some of the numerous applications of 

ultrafast lasers classified based on four of their key features [1]: 

 

a) Ultra-short pulse duration: This is probably the most significant feature of 

ultrafast lasers. Ultra-short pulse durations enable high-resolution measurements in 

the time domain. This allows for improved temporal resolution in observation of 

high-speed phenomena such as chemical reactions (as shown in figure 1.1 below) 

[2,6], carrier relaxation in semiconductors [7] and electro-optical sampling of high-

speed electronics [8,9].  

 

	

Figure  1.1 Femtosecond spectroscopy to access fast chemical dynamics (taken from 
[10])  
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b) High pulse repetition rate: Lasers with high repetition rates (in the multi-gigahertz 

range) are essential components in optical interconnects [11], high-capacity 

telecommunication systems [12] and clocks [13]. In the field of telecommunication, 

development of a mode-locked laser with a high repetition rate and a tunable 

emission wavelength around 1.55µm is significant to keep up with the increase in 

data transmission rates. In the lower wavelength range (around 1µm), sources with 

high average power and high repetition rates (upto 100GHz) can be used for optical 

clocks in integrated circuits.  

 

c) Broad spectrum: Pulses with high peak powers focused on nonlinear fibers create 

a broad optical spectrum, which in turn supports good spatial resolution for 

techniques like Optical Coherence Tomography (OCT- figure 1.2) [14,15]. OCT 

exploits the fact that mode-locked lasers offer considerably higher average output 

power when compared to other broadband sources and a broad spatial resolution of 

a few microns. Pulse trains produced by mode-locked lasers also provide a comb-

shaped optical spectrum which can be used as stable multi-wavelength sources [16], 

all-optical atomic clocks [17] and in highly non-linear processes such as 

photoionization [18].     
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Figure 1.2 OCT used in Cataract surgery [taken from 19] 

 

d) High peak power: The enhancement in peak power compared to average power in 

ultrafast lasers is a consequence of the laser energy being compressed into ultra-

short pulse durations. Therefore, mode-locked lasers are capable of producing a 

record combination of short pulse, high peak power and high average power (Pulse 

energy > 1µJ at 30MHz repetition rate [20,21]). These high peak powers can be 

used in a variety of applications, from multi-photon absorption technologies [22] 

to processing microstructures in solid targets without a corresponding increase in 

temperature [23] (non-thermal ablation). In the medical field, these pulses can be 

used for increased precision in surgical cutting especially for corneal [24] and brain 

tumor surgeries [25]. The threshold for an optical breakdown decreases with the 

pulse duration and so, when used for surgical procedures, these mode-locked lasers 

reduce secondary damage effects in tissues [26].    
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It is to be noted that the description above covers only a few of the numerous applications 

of ultrafast lasers.   

 

1.1 Ultrafast semiconductor lasers 
 

At present, applications requiring stable ultra-short pulses are dominated by Kerr-

lens mode-locked Ti:sapphire laser and directly diode-pumped solid-state lasers (DPSSL) 

mode-locked using SESAMs [27,28].These two systems have enabled the realization of 

high average powers [29,30], pulse energies [20,21] and repetition rates [31] with pulses 

in the femtosecond range. However, despite the high-performance of solid state lasers, they 

are expensive and invariably have complex designs. On the other hand, semiconductor 

lasers are cost-effective for mass production and offer a high level of integration to realize 

compact devices. Furthermore, the characteristics of semiconductor lasers can be easily 

tailored using band gap engineering. With regard to mode-locking, semiconductor lasers 

can be classified into edge-emitters and semiconductor disk lasers (SDLs).  

 

Edge-emitting mode-locked lasers typically have the same epitaxial layer acting as 

both the gain and the saturable absorber. While the gain region is essentially a forward-

biased p-i-n diode, the absorber section is reverse-biased. This takes away the ability to 

optimize both sections independent of each other. On the other hand, it also makes this 

system extremely compact and enables their direct integration into optical circuits.  To 

date, edge-emitting QDot lasers at 1550nm have been able to achieve pulse durations of 

312 fs with a 92 GHz repetition rate and 13.2 mW of average power [32]. However, in 

terms of high average power, most mode-locked edge-emitters have been able to operate 
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in the picosecond pulse duration range with only ~250mW average power [33,34]. In order 

to increase the output power of mode-locked edge emitters, external elements [35] or pulse 

compression have been employed and this increases the complexity of these systems. 

Moreover, it is not trivial to increase the output power levels in this system. Edge emitters 

have a long interaction length and this leads to an increase the noise levels and limits mode-

locking stability. It is also important to note that edge-emitters are prone to end facet 

damage at high peak powers in the watt-levels [36]. Edge-emitting semiconductor lasers 

also inherently have strongly asymmetric beam profiles which has been typically corrected 

using lenses.  

 

SDLs or vertical-external-cavity surface-emitting lasers (VECSELs) are the ideal 

choice for mode-locking applications as they merge the positive aspects of DPSSLs and 

edge-emitting semiconductor lasers. Like edge-emitter semiconductor lasers, the design 

can easily be optimized using band gap engineering. However, unlike edge-emitters, 

VECSELs have a short cavity interaction length, which reduces the noise level and makes 

it easier to achieve higher output powers with a symmetric circular beam profile. On the 

other hand, power scaling in VECSELs can be achieved by simply increasing the mode 

size (very similar to DPSSLs). Also, like DPSSLs, a VECSEL chip coupled with a SESAM 

can be used to achieve a self-starting, stable mode-locking state.  Moreover, VECSELs 

open up the possibility of integrating the SESAM within the gain region (explained in 

chapter 5) which is referred to as a mode-locked-integrated external cavity surface emitting 

laser. (MIXSEL) 
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1.2 Motivation and organization of thesis 
	

 The first demonstration of a mode-locked VECSEL was published in 2000 by 

Hoogland et. al [37]. Since then, there has been considerable progress made in all 

characteristics of a mode-locked VECSEL system – pulse duration (107 fs), average power 

(6.4W) and peak power (4.35kW) [38-40]. However, there is still a lot of work to be done 

in order to make mode-locked VECSEL systems competitive with mode-locked DPSSLs. 

For instance, Kerr-lens mode-locked Ti:sapphire lasers can generate pulses as short as 5 fs 

and peak powers of close to 80W. [29,41]. In addition, SESAM-modelocked VECSEL 

systems also suffer degradation of output power over time and this needs to be investigated 

and alleviated in order to achieve stable mode-locking over long periods of time [42]. 

Therefore, this thesis focuses on optimizing SESAM characteristics for a mode-locked 

VECSEL system using a comprehensive epitaxial strategy mainly focusing on shortening 

pulse durations and increasing the lifetime of SESAMs.  

 

This thesis is organized in the following way:   

Chapter 2 reviews fundamental design aspects for a VECSEL and a SESAM in a 

mode-locked system. It discusses the design considerations for the gain chip and explains 

the exact gain structure used for this thesis. We also explore designing the different 

components of a SESAM and describe the measurement of macroscopic properties of a 

SESAM. Finally, we describe the different cavity designs used to characterize the 

SESAMs.  
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 Chapter 3 focuses on obtaining high-performance InGaAs QW-based SESAMs 

with sub-100 fs pulse durations. This includes design considerations, process flow used for 

optimization of devices, various characterizations for the SESAM device and potential 

drawbacks.  

  

 Chapter 4 elaborates on the drawbacks of the InGaAs QW-based SESAMS, 

especially focusing on their damage threshold. Different design parameters and their effect 

on the degradation of SESAMs is studied in detail. 

 

 Chapter 5 explores the use of InAs submonolayer (SML) QDot-based SESAMs as 

a solution to the issues faced with the QW-based SESAMs. All the SESAM macroscopic 

properties are compared between the QW and the SML QDot-based SESAMs including 

SESAM lifetime.  

 

 Chapter 6 discusses conclusions and future work.  
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Chapter 2 : Design considerations for mode-locked VECSELs 
 
2.1 Vertical-external-cavity surface emitting laser 

 

Semiconductor lasers can broadly be classified into two categories based on the 

orientation from which emission of light occurs: edge-emitting and surface-emitting lasers. 

In the case of edge-emitters, the cavity where the light is confined is in the plane of the 

semiconductor and the laser emission occurs from the edge of the chip with the cleaved 

facets used as mirrors. On the other hand, in surface-emitting lasers the laser emission occurs 

in a plane perpendicular to the semiconductor wafer. This difference between the two classes 

of semiconductor lasers is shown in Figure 2.1 below. 

 

 

(a)                                                       (b) 

Figure 2.1: Two categories of semiconductor lasers : (a) Edge-emitting laser (taken from 
[1]) 
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In edge-emitting lasers, a near TEM00 mode can only be realized at low output power levels 

(<1W). [2,3] Surface emitting lasers are great candidates for realizing lasers with both high 

optical power and a good beam quality. Figure 2.2 below shows a schematic of a vertical-

cavity surface emitting laser (VCSEL). VCSELs are comprised of a gain region (typically 

QDots or QWs) sandwiched between top and bottom Distributed Bragg Reflectors (DBRs). 

The DBRs (design considerations explained in later section) are formed by alternating two 

layers with different refractive indices to obtain reflectivities of >99.9% and are doped for 

electrical injection. The laser emission propagates normal to the semiconductor surface from 

the top DBR which has lower reflectivity (~96-99%). Although VCSELs exhibit nearly 

circular TEM00 output mode, the output power is limited to tens of mWs as a virtue of their 

limited lateral dimension. [4]  

 

 

Figure 2.2: Schematic of a VCSEL (taken from [5] ) 

 
 In a VCSEL, if the top DBR is replaced by an external mirror, this formulates a 

VECSEL. [6] Therefore, a VECSEL is essentially a semiconductor laser that comprises a 

highly reflective mirror and a gain region with the cavity being completed by an external 

coupler. Figure 2.3 shows a typical linear VECSEL cavity. The properties of the external 
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mirror (radius of curvature and distance from semiconductor surface) play a significant role 

in controlling the lateral mode size. This makes it fairly straightforward to realize high 

output powers along with a nearly circular beam output by optimizing the cavity dimensions 

and having a similar pump spot size. To obtain uniform pumping in large area, optical 

pumping is best suited. This also makes the power scaling in VECSELs more 

straightforward by simply increasing the diameter of the pump spot while keeping the pump 

density constant. In addition to the ease in control over mode size, the external cavity design 

allows for the integration of intracavity elements such as frequency doubling crystals and 

SESAMs for passive mode-locking.  This is particularly critical to the work done in this 

thesis.  

 

 

Figure 2.3: A typical optically-pumped VECSEL cavity 
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2.2 Design of VECSEL structure 
 
 A typical semiconductor VECSEL structure is shown in figure 2.4 below. It is 

comprised of a DBR mirror, a gain section (active media embedded within barriers) and 

anti-reflection (AR) coating to optimize pump absorption and dispersion control. This 

structure coupled with an external mirror completes the laser cavity.  Figure 2.5 shows a 

band gap structure of a typical QW-based VECSEL with the specific layers in the gain 

section and explains the operating principle.  Assuming optical pumping, the pump 

absorbing barriers - which confine the QWs - absorb the incident pump photons with higher 

photon energy. The carriers formed here diffuse into the QWs (which have a smaller band 

gap) and result in photons emitted with lower energy (corresponding to the band gap of the 

QW). The window layer offers better carrier confinement and prevents the carriers from 

being diffused and recombined non-radiatively at the air-semiconductor interface. The 

following section explains the design considerations for the gain region in a VECSEL. The 

design considerations for the DBR, which is also a part of the SESAM, is discussed later in 

this chapter.  

 

Figure 2.4: Schematic of a typical VECSEL semiconductor structure 
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Figure 2.5: Schematic band-gap diagram for an optically pumped VECSEL chip showing 
its operating principles. (taken from [1]) 

 
There are two different configurations in which a VECSEL can be assembled. In a 

“top-emitter” configuration as shown in figure 2.6(a), the DBR is grown first on the 

substrate followed by the active region, onto which the heat spreader is capillary bonded. 

Therefore, as the figure shows, the heat spreader in this configuration is placed inside the 

optical cavity and therefore it has to be of optical grade and has to be capillary bonded. 

However, the interaction of the emission with intra-cavity heat spreaders introduces losses 

into the system and limits the performance of these lasers. The highest power CW VECSELs 

based on InGaAs QWs using a top-emitting geometry is ~ 20 Watts CW [7]. On the other 

hand, in the “bottom-emitter” configuration, the active region is grown first on the substrate 
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and is followed by the growth of the DBR as shown in figure 2.6(b) below. This puts the 

heat spreader outside the optical cavity and therefore, there is no need for a complex bonding 

process and it could simply be soldered to the top of the DBR. However, a requirement of 

such an approach is that the substrate has to be removed post-growth with no etch damage 

to the active region. Thus only materials with very high etch contrast and consequently 

excellent etch stop layers can make use of such an approach [8]. In the case of VECSEL 

structures used in this study (InGaAs QW VECSELs grown on GaAs) such an etch stop 

layer exists and thus in the bottom emitting geometry, the same gain medium allows for the 

scale of power by almost an order of magnitude compared to the top-emitter. This has been 

evidenced by the demonstration of a 106-Watt CW VECSEL by Stolz et al [9].  

 

 

(a)                                                                                       (b) 

Figure 2.6: Two configurations in which a VECSEL can be formulated: Top emitter (a) 
and Bottom emitter (b). The lasing direction and the placement of the heat spreader 
differentiates the two configurations. 
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2.2.1 Design of VECSEL gain region 
 
 The design of the gain region is crucial to the lasing characteristics and the formation 

of ultra-short pulses. The lasing threshold condition for a VESCEL requires that the 

intracavity optical field is duplicated in one round-trip inside the cavity:  

 

𝑅"#$𝑅%&𝑇()**𝑒(-./0123454) = 1																																																								 (2.1) 

where,  

RDBR & ROC are the reflectivities of the DBR and the output coupler, respectively, Tloss 

corresponds to the transmission factor due to round-trip cavity loss, gth is the threshold 

cavity gain, Nw and Lw are the number and length of the quantum wells, Γz is the longitudinal 

confinement factor.  

 

                  The number of quantum wells (Nw) determines the total gain of the active region. 

Since Lw is on the order of ~8-12nm, the gain to an optical wave propagating in a VECSEL 

cavity normal to the plane of the quantum wells is small. Therefore, more than one QW is 

required to obtain enough gain for lasing. The longitudinal confinement factor Γz is a 

measure of the overlap between the standing optical wave in the cavity and quantum well 

placement. As shown in figure 2.5 in the previous section explaining VECSEL operating 

principles, typically a QW (or any active media) is placed at an antinode of the standing 

wave to achieve maximum gain (i.e. maximize Γz). This configuration leads to a strong 

coupling between the quantum confined carriers and the intracavity standing wave in the 

active region and is called the Resonant Periodic Gain (RPG) arrangement [10,11]. It is 
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important to note that multiple QWs could be placed at the same antinode. Along with the 

placement of the QW, it is also significant to align the air-semiconductor interface with the 

standing electric field. This determines if the structure is in resonant or anti-resonant 

configuration. Along with other benefits such as high selective gain and relative immunity 

to cavity losses, the resonant structure is better suited for integration of intra-cavity elements 

such as SESAMs. This thesis primarily focuses on improving the performance of a mode-

locked VECSEL system by exploring novel epitaxial strategies for the growth of SESAMs. 

A standard VECSEL structure (described below) is used and is not optimized as part of this 

study. Therefore, an in-depth discussion on the growth optimization of VECSELs in general 

is not included here. 

 

2.3 Description of VECSEL structure used for study 
 

The designed emission wavelength used for the study is 1030nm. As mentioned 

above, the major building blocks in a VECSEL structure (refer to schematic in figure 2.4) 

are the DBR, the gain region and the AR coating. The DBR section of the VECSEL structure 

used for this study consists of a hybrid metal-semiconductor mirror. The semiconductor part 

of the mirror comprises of 12 pairs of AlAs/GaAs 1/4 λ layers. The rest of the reflectivity 

needed is obtained by a pure gold reflector with the procedure followed in [12]. The use of 

a hybrid mirror is advantageous as it provides high reflectivity at both the pumping and the 

lasing wavelength and therefore helps with recycling the pump without having a separate 

DBR [10]. With the integration of the metal DBR, we also need fewer AlAs/GaAs pairs (12 
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instead of 23 or 30) in the semiconductor part of the DBR to obtain the reflectivity needed.  

In addition, it also offers lower thermal impedance and a broader bandwidth [13].  

 

The active region consists of 12 layers of strain-compensated InGaAs QWs placed 

non-uniformly at different antinodes of the standing electric field as shown in figure 2.7[14]. 

The InxGa1-xAs composition is adjusted so that the emission wavelength is lined up at 

~1030nm. Based on Photoluminescence(PL) results, this composition turns out to be ~ 

In0.19Ga0.81As. The QWs are pumped through GaAsP barriers with a 808nm fiber-coupled 

pump diode. This non-uniform distribution of QWs is critical to the system being able to 

support ultra-short pulses. It leads to a flat field intensity enhancement spectrum which, in 

turn gives a broader modal gain and increases the saturation fluence for the gain region. The 

semiconductor structure is coated with a bi-layer dielectric coating of Ta2O5/SiO2 with 

thicknesses optimized to obtain a flat group delay dispersion (GDD). The significance of 

GDD to being able to obtain shorter pulses is discussed later in this chapter along with 

SESAM properties.  
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Figure 2.7: Design of the VECSEL structure used in this thesis [14] 

  

For better thermal management, the structure discussed in this study (Figure 2.7 

above) is grown as a bottom-emitter and is bonded to diamond [15]. The VECSEL structures 

described in this study are grown at the Phillips Universitat in Marburg, Germany. It is to 

be noted that the VECSEL structures described in this study are not grown or characterized 

as part of this study. They are, however, used in conjunction with the SESAMs grown for 

this thesis in a mode-locked cavity to characterize properties of the SESAM and the mode-

locked system in general.   
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2.4 Design considerations for SESAMs 
 
              A typical SESAM design consists of one or more absorber layers (bulk, QW or 

QDot) grown on top of a highly reflective Distributed Bragg Reflector (DBR) mirror. It also 

includes a spacer layer between the DBR and the absorber and a cap on top of the absorber 

(as shown in figure 2.8).  

 

 

Figure 2.8: Schematic illustrating a typical SESAM design consisting of the Bragg mirror 
and the absorber. 

 

2.4.1 Design of DBR region (for VECSELs and SESAMs) 
 

 A DBR mirror is composed of alternating high and low index layers that are 

each grown in a way that their thicknesses are equal to quarter of the design wavelength. 

This causes the Fresnel reflections from each interface of the two constituting materials to 

interfere constructively leading to a high reflectivity at the design wavelength. The width of 

the DBR stopband and the magnitude of reflectivity are determined by the contrast in the 
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refractive indices of the two constituting materials. The reflectivity intensity (R) and 

frequency bandwidth (Δf) can be estimated using [16] : 

 

𝑅	 = 	(<=
=>?<@=>	)

(<==>A	<@=>	)
	
-
         (2.2) 

 

 

BC
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	= 	 D

E
×𝑎𝑟𝑐𝑠𝑖𝑛	(M=?<@

M=A<@
)	   (2.3) 

 

where n1 and n2 are the refractive indices of the two alternating materials of the DBR and N 

is the number of periods.  

 

For a design wavelength of around 1µm, GaAs and AlAs provide a high enough 

refractive index contrast (Δn = 0.25) that 25-30 pairs are sufficient to result in a theoretical 

reflectivity >99.99%. Figure 2.9 in the following page shows the reflectivity spectrum for a 

DBR designed for 1030nm using 25-pairs of GaAs/AlAs simulated using VERTICAL [17].  
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Figure 2.9: Reflectivity spectrum for a 25-pair GaAs/AlAs DBR mirror designed for 
1030nm simulated using VERTICAL [17]. 

 
2.4.2 Design of SESAM absorber region 
 
 The electric field pattern in a SESAM structure can be predicted using a well-known 

transfer matrix algorithm for multilayer structures with an incident plane wave [18]. At a 

distance ‘z’ (measured from the substrate side), the electric field intensity is given by: 

I 𝑧 = 𝑛 𝑧 	.		 𝜀 𝑧 -	. 𝐼Q<R                                                                                    (2.4) 

where n is the refractive index, ε is the electric field (normalized to 1), Iinc is the incident 

intensity and the term  |ε(z)|2 is defined as the field enhancement. 

 At the absorber position, the strength of the standing electric field pattern determines 

some of the macroscopic parameters of the SESAM. Figure 2.10 below shows the refractive 
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index and field enhancement profiles in a standard SESAM. As the figure shows, the 

absorber region can be designed to operate either in an antiresonant or a resonant regime in 

terms of field enhancement. In both cases, the spacer layer between the absorber and the 

DBR is designed such that the absorber is positioned at the antinode of the standing wave 

pattern of the electric field. On the other hand, the cap layer controls the field enhancement 

at the absorber position and essentially controls the SESAM being resonant or anti-resonant. 

If the round-trip phase change is π (2n-1), it is in the anti-resonant regime and if it is 2πn, 

the structure is resonant.  In case of SESAMs based on nanostructure absorbers, the spacer 

and the cap layers also provide effective optical confinement for the QWs or the QDots.  

 

 

(a)                                                                  (b) 

Figure 2.10: Difference in field enhancement between a resonant and anti-resonant design 
[taken from 1] 

 
 The strategies worked on as part of this thesis for SESAM development mainly focus 

on anti-resonant SESAM structures.  Anti-resonant structures offer a broad spectral range 

of operational stability (resonant designs are highly wavelength-selective) with almost 

constant saturable absorber parameters. They also show a higher damage threshold for lasers 
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with high pulse energies as the field intensity is minimized inside the structure, thus reducing 

non-saturable losses. 

 

2.5 SESAM characterization  
 

As mentioned earlier, this thesis focuses on optimizing the characteristics of a mode-

locked VECSEL system by developing novel epitaxial strategies for the growth of SESAMs. 

In order to quantify this optimization process, characterization of macroscopic parameters 

of the SESAM is indispensable. In the following subsections, the different parameters 

characterized as part of the thesis are described along with the corresponding setups used: 

 

Spectral Reflectivity: The reflectivity spectrum for a SESAM can be used to determine the 

central wavelength of the DBR stop-band and the spectral position of the absorber. For our 

designs, in order to obtain maximum reflectivity and better dispersion control (explained in 

a later subsection), the central wavelength for the DBR is to be aligned at the emission 

wavelength of the laser. The absorption wavelength of the QWs (or QDots) can be observed 

as a dip in the reflectivity spectrum and is typically at the center of the DBR stopband 

(shown in figure 2.11 below). The magnitude of the dip in reflectivity depends on the 

position of the absorber in the standing electric field. The spectral alignment of the DBR 

and the absorber is extremely critical to achieving a mode-locked state. The reflectivity 

spectrum for SESAMs described in this thesis are measured using a typical Fourier-

transform infrared spectrometer setup with a white light source and an InGaAs detector, 

using a gold-mirror as a reference.    
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Figure 2.11: Typical reflectivity spectrum for a 1030nm SESAM with a dip in reflectivity 
labeled at the absorber wavelength. 

 
Group Delay Dispersion (GDD): GDD has a strong influence on the pulse duration 

obtained from a mode-locked VECSEL [19]. The strong saturation observed in mode-locked 

VECSELs within both the gain and the absorber sections leads to a total temporal phase 

change. Matching this phase change with an appropriate positive GDD leads to the 

formation of pulses. [18] An asymmetric dependence exists between the pulse duration and 

GDD as shown in figure 2.12(a) (from [1]). It has been shown that a positive GDD leads to 
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the formation of substantially shorter pulses and that the effect of a higher positive GDD on 

the pulse duration is lower compared to a higher negative GDD. [20] GDD measurements 

are made using a ChromatisTM – Dispersion measurement setup from KMLabs. Figure 

2.12(b) below shows a typical GDD measurement for a QW-based SESAM.   

 

 

(a)                                                                      (b) 

Figure 2.12: (a) Dependence of pulse width on GDD (from [1]) (b) Typical GDD measured 
on a QW SESAM. The goal is to obtain a flat GDD profile on the positive side at the lasing 
wavelength. 

 
Recovery time: The temporal response of SESAMs is also an important characteristic that 

determines the minimum achievable pulse duration. The recovery dynamics of SESAMs are 

measured using a standard pump-probe setup as shown in figure 2.13(a) below [21]. A 

pump-probe setup first splits the beam from a mode-locked laser at the design wavelength 

in two parts: a pump beam and a probe beam. The pump beam is of relatively high energy 

sufficient enough to saturate the absorber and the probe beam is of lower power (at least 10 
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times lesser than pump beam) to make sure that it does not affect the measurement. A 

controlled time delay is introduced to the probe pulses with respect to the pump pulses by 

using an optical delay line. Both beams spatially overlap on the SESAM. For each different 

time delay introduced in the probe beam, the changes in the probe pulse introduced by the 

pump pulse is measured. This technique allows resolution in the time scale shorter than the 

resolution of the photodiode and other elements used in the experiment (which usually 

operate in the micro or nano-second range).  The pump and probe beams are chopped at 

different frequencies and lock-in detection is used to achieve better resolution and good 

signal-to-noise ratio.  

 

 

Figure 2.13: Non-linear Pump-probe setup used to quantify the temporal response of 
SESAMs.[taken from 21] 
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Figure 2.14 : Pump-probe measurements showing recovery dynamics for a typical 
SESAM(taken from [21]) 

. 

Figure 2.14 shows the recovery dynamics for a typical QW SESAM at 1030nm 

[from 21].  This curve from most SESAMs can be fit to a bitemporal impulse response with 

two time constants given by:  

∆𝑅TT 𝜏 = 𝐴𝑒
WX

XYZ[4 	+ (1 − 𝐴)𝑒
WX

X^_Y1                                                               (2.5) 

 

where τslow is the slow component of the decay with an amplitude of A and τfast is the fast 

component of the recovery dynamics with an amplitude of (1-A).  The fast recovery 

component is usually attributed to intraband “carrier-carrier scattering processes that lead to 

thermalization within the bands” [1]. This component is usually in the range of 100s of 
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femtoseconds. On the other hand, the slow recovery time is due to recombination or 

interband trapping. This usually is in the order of 1-100 picoseconds. Mid-gap states formed 

due to defects can usually serve as traps to improve the slow recovery time. This advantage 

is exploited in QW SESAMs where the QW is grown at a low-temperature (as low as 2500C) 

to improve the temporal response. However, it is to be noted that this faster recovery time 

comes at the expense of higher non-saturable losses due to the defects.    

 

2.6 Cavity design 
 
 The SESAMs characterized as part of this thesis are tested for mode-locking in a 

symmetric ring cavity: 

Ring cavity: 

               The design of the ring cavity used is shown in figure 2.15 [14]. The VECSEL chip 

(gain wafer) is placed at ¼ of the total cavity length L = 92mm from the SESAM. This offers 

a symmetrical amplification of the two pulses traveling in the two different directions and 

makes sure that the pumping duration and gain recovery are equal for both pulses. A highly 

reflective concave mirror with r = 50mm and a flat output coupler with a reflectivity of 

99.2% complete the cavity. This design provides a mode radius of 127µm on the gain chip 

and 67µm on the saturable absorber. The angle of incidence on both the VECSEL and the 

SESAM is adjusted to ~7o.  
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Figure 2.15: Ring cavity setup used to characterize SESAMs grown in this thesis(from 
[14]) 
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Chapter 3 : Development of InGaAs QW-based SESAMs 
 
 3.1 State-of-the-art QW-based SESAMs around 1µm 

 

Most SESAMs used for mode locking of various laser types in the 1µm 

wavelength range consist of InGaAs QWs as the saturable absorber [1-5]. The indium 

content (x) in the InxGa1-xAs QWs and the composition of the barrier material can be 

adjusted to tailor the absorption wavelength for different pumping and lasing 

wavelengths. A tunable range of over 80nm has been demonstrated with emission 

wavelength of QW laser structures using QWs of different widths. [6] The low gain 

saturation fluence of the QWs allows passive mode-locking at several GHz repetition 

rates with little or no propensity towards Q-switching. Also, QWs exhibit a sufficiently 

wide gain bandwidth of ~30nm to be able to support subpicosecond pulses. [7]  

 

The first optically-pumped passively mode-locked VECSEL was demonstrated in 

2000 using an InGaAs QW gain and absorber region with the generation of 22ps pulses 

at 1µm [7].  This result was improved to obtain femtosecond pulses by 2002 [8]. In terms 

of pulse duration, pulses as short as 107fs (100mW power) and 60fs pulse bursts have 

been achieved to date. [9,10] The power levels with QW-modelocked VECSELs have 

been pushed as far as 6.4W (average output power) with 682 fs pulses leading to a peak 

power of 4.35kW. In addition, repetition rates as high as 50GHz has been achieved with 
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QW-modelocked VECSELs at 960nm. Table 3.1 summarizes record results obtained in 

the recent years from QW-modelocked VECSELs.[11]  

 

Table 3.1: Summary of device characteristics of state-of-the-art QW-based SESAMs 

 

From the literature survey presented above, it is apparent that the InGaAs QW-

based SESAM is a well-established system for mode-locking VECSELs around 1µm. 

However, to the best of our knowledge, there hasn’t been a study carried out to optimize 

SESAM properties (modulation depth, recovery time & GDD) based on a comprehensive 

growth strategy.  Therefore, the following sections of this chapter focuses on epitaxial 

strategies for growth of SESAMs in general, leading to optimization of device properties 

for InGaAs QW-based SESAMs.  

 

 Record Value Gain Medium Wavelength 

Pulse duration 107 fs 4 InGaAs QWs   1030nm 

Average power 5.1W 10 InGaAs QWs 1030nm 

Rep. rate Highest: 50GHz 

Lowest: 85.7MHz 

7 InGaAs QWs 

16 InGaAs QWs 

958nm 

989nm 

Peak power 4.35kW 10 InGaAs QWs 1013nm 
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3.2 Epitaxial growth of SESAMs  
 

The epitaxial growth process of SESAMs and its appropriate optimization is 

critical for the realization of high-performing SESAMs. This section introduces the 

epitaxial growth process using molecular beam epitaxy (MBE) and elaborates on a few 

aspects of growth that are relevant to this study.  

 

All structures described in this thesis are grown using MBE in a VG V80H 

Semicon reactor. MBE is a technique for growing thin, epitaxial films of compound 

semiconductors with a highly precise control of composition and interfaces during 

growth. Over the years, this capability of MBE has been exploited to realize a wide range 

of extremely complicated structures including superlattice (SLS) devices, solar cells, 

VECSELs and SESAMs [12-16]. It uses localized ultra-high purity beams of atoms or 

molecules - produced from effusion cells - incident on a heated substrate in ultra-high 

vacuum (UHV) conditions (background pressures between 10-10 and 10-11 mbar). The 

UHV conditions avoid contamination of the growth and also ensure a collision-free path 

for the atomic or molecular beams. The reactor used for this study is equipped with group 

III (Ga, Al, and In), group-V (As and Sb) and dopant (Be as p-dopant; GaTe as n-dopant) 

sources. Shutters present in front of each source control the arrival of a flux of certain 

atoms or molecules on the heated substrate. The substrate is loaded in a wafer holder 

which is in close proximity to a substrate heater.  The entire assembly can then be rotated 

during growth to reduce the effects of a non-uniform flux profile on the substrate due to 

the sources being at different incident angles. The substrate has sufficient thermal energy 
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for the arriving flux of atoms to migrate over the surface and locate their specific lattice 

site, thus forming a crystalline layer in registry with the substrate i.e. an epitaxial film. 

The flux of atoms from a given source is a function of the cell temperature which in turn 

depends on the amount of material in the cell. Figure 3.1 below shows a schematic [17]  

of  a typical MBE growth chamber.  

 

 

Figure 3.1 : Schematic of a typical MBE growth chamber (taken from [17]) 

 

 MBE growth of SESAM structures described in this thesis is done on (100) epi-

ready GaAs substrates. The substrates do not undergo any pre-treatment before being 

loaded into the machine. They are first introduced into the MBE-load lock chamber which 

is a small chamber completely isolated from the preparation and growth chambers and 

can be exposed to atmosphere to load samples and can quickly be evacuated to moderately 

high vacuums. Once the load-lock is evacuated, the substrates are transferred to a 
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preparation chamber (under high-vacuum) where they are outgassed at ~4000C for 30 

minutes to remove water vapor and other contaminants. This also ensures that 

consequently when the substrate is transferred into the growth chamber, heating it will 

not contaminate the UHV conditions. In the growth chamber, the substrate is first heated 

up to ~6200C (specifically for GaAs) for thermal desorption of the surface oxide. The 

oxide desorption is carried out for 30 min with the substrate kept under a constant As-

supply. An optical pyrometer looking directly at the substrate through a view-port 

mounted on the source flange is used to measure its temperature. Additionally, a 

technique (explained in detail in the following sections) called Reflection high energy 

electron diffraction (RHEED) is used to monitor the surface of the substrate during oxide 

desorption and during growth. At the oxide desorption temperature, the RHEED pattern 

changes from a diffuse scatter showing oxide rings to a distinct 3-D spotty pattern. Oxide 

desorption is carried out for ~30 min to ensure the removal of oxide layer over the entire 

wafer area and then, the substrate temperature is brought down to 5800C for the growth 

of the structure. The structures for the different SESAMs and the specific growth process 

will be discussed in the relevant chapters. This thesis does not include an in-depth 

discussion on the process of MBE growth and its different components such as pumps, 

sources and gauges. General references for this are available from multiple sources. 

However, we have identified (based on our results), two aspects of growth using MBE 

that are relevant to the realization of SESAMs described in this thesis – RHEED 

oscillations and pyrometry. The following sections discuss in detail these two techniques 

and their significance towards the growth of SESAMs. 
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3.2.1 RHEED oscillations  
  

RHEED is a tool used for in-situ surface characterization of epitaxial growth and 

is extensively used in MBE. It offers real-time detailed information regarding the growth 

surface such as growth modes, roughness, crystal quality and even surface temperatures. 

[18]. The RHEED setup, as shown in figure 3.2(a), consists of an electron gun, the wafer 

surface and a phosphorescent screen.  The electron gun produces a small and highly-

collimated electron beam that is accelerated at high voltages (operated at ~12kV on our 

reactor) incident on the epitaxial sample at a grazing angle. The diffraction pattern from 

the sample is analyzed on the phosphorescent screen. Our setup also includes a camera to 

capture different diffraction patterns during growth and to record the time dependence of 

these diffraction features.   

 

The wavelength of high-energy electrons is much smaller than the lattice spacing 

and the grazing incidence angle on the surface is sufficient to create diffraction 

conditions. “The diffracted electrons interfere constructively at specific angles according 

to the crystal structure and spacing of the atoms at the sample surface and the wavelength 

of the incident electrons” [19]. Some of the electron waves created by constructive 

interference collide with the phosphorescent screen, creating specific diffraction patterns 

according to the surface features of the sample (as shown in figure 3.2(b)). The resulting 
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diffraction patterns can be analyzed to determine crystallographic information such as 

growth modes or roughness of the sample surface. However, by far, the most practical 

application of RHEED is the ability to calibrate growth rates based on time-resolved 

analysis of the intensity of the diffraction features.  

 

(a) 

 

 

(b) 
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Figure 3.2 : (a)Schematic of a typical RHEED setup in MBE (b) typical RHEED pattern 
- this shows a 4 X GaAs pattern ( taken from [20]) 

  

                The number of atoms (or molecules) that incorporate into an epitaxial layer 

depends on the number of atoms arriving at the surface (i.e. growth rate) and the sticking 

coefficient of the species. Group V species such as As and Sb do not have a unity sticking 

coefficient i.e. not all the atoms (or molecules) arriving at the surface actually incorporate 

into the epitaxial layer. On the other hand, group III species such as Ga, In and Al have a 

unity sticking coefficient and so, the growth rate for typical III-V growth is group-III 

limited and the growth is carried out with an overpressure of Group-V. The growth rate 

can be calibrated for each Group-III based on their temperatures and this can be done 

using RHEED oscillations. In the Frank-van der Merwe growth mode (layer-by-layer 

growth), the intensity of a bright spot on RHEED oscillated as the growth occurs and the 

period of these oscillations correspond to the growth of a complete monolayer. For an 

atomically flat surface, the intensity of the RHEED spot is maximum. As the atoms arrive 

at the surface, they first start nucleating as 2-dimensional islands and the resulting 

roughening of the surface causes the intensity of the RHEED spot to decrease as it causes 

more diffuse scattering of the electron beam. At the deposition of exactly half a 

monolayer, the intensity of the RHEED beam is minimum. However, as the growth 

progresses, the atoms arriving now can migrate to the existing step edges to complete the 

growth of a complete monolayer and restore the intensity of the RHEED beam. Figure 

3.3 (a) shows this trend in the RHEED spot intensity corresponding to the state of the 

surface being analyzed. This variation in RHEED spot intensity can be recorded using a 
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camera and analyzed to determine the growth rate. Each oscillation in the intensity 

corresponds to one monolayer and by averaging over 30-40 oscillations the growth rate 

can be determined. As shown in figure 3.3(b), a computer program can be used (ksa 400 

used here) to fit the oscillation data to either a Fast Fourier transform or a damped sine –

wave (shown here) to accurately calculate the growth rate of a given Group-III in 

monolayers/sec.   

 

 

     (a) 
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(b)  

Figure 3.3 : (a) Trend in idealized RHEED intensity corresponding to the state of the 
surface being analyzed during the growth of a complete monolayer [taken from 12]. (b) 
Using the ksa400 program, RHEED oscillations data for a Group-III species is fit to a 
damped sine-wave to determine exact growth rates [taken from 20] 

  

            As the upcoming sections will illustrate in more detail, growth rate calibrations 

are critical to the growth of SESAMs. The device properties of SESAMs are highly 

sensitive to variation in intended thicknesses and therefore there is a need to be able to 

accurately determine growth rates. The devices discussed in this study are grown on GaAs 

and mostly contain either GaAs or AlAs layers. Therefore, RHEED calibrations for Ga 

and Al sources are performed before each growth on a 0.4 X 0.4 cm piece of GaAs 

mounted on a Molybdenum plate at typical growth temperatures for GaAs. (580-6000C) 
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3.2.2 Pyrometry 
 
 In the MBE setup described above, the temperature of the substrate is measured 

using an optical pyrometer. Apart from determining oxide desorption temperature, the 

pyrometer is extensively used to adjust the growth temperature of different materials. In 

the context of growth of SESAMs, pyrometry is especially significant for the growth of 

the absorber. The optical properties and the temporal response of carrier dynamics in the 

absorber are highly dependent on the growth temperature of the absorber region.  

 

A pyrometer essentially measures thermal radiation intensity of a target in a given 

wavelength range which depends on the target temperature. From the intensity, the 

temperature is calculated using Planck’s black body radiation formula. It is important to 

note that the measured emission spectrum depends on the substrate material and 

transmissivity of the port window that the pyrometer is mounted on. Also, a pyrometer is 

only useful in a given wavelength range which translates to a given temperature range. 

We have used a pyrometer with a response above the band gap of the substrate as it allows 

the measurement of radiation from the substrate, not radiation being transmitted through 

the substrate from the heater assembly behind the substrate. For the SESAMs discussed 

in this study, we use a Ircon Modline 3 pyrometer with a wavelength range of 0.91-

0.97µm which is well-suited for the growth temperatures of the SESAM. However, we 

have also attempted to grow the absorber layers at lower temperatures (< 4000C) and it is 

to be noted that the sensitivity of the pyrometer considerably drops at these temperatures. 

We have used an emissivity of 0.687 for growths on GaAs substrates. 
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 In general, the growth temperature of all of the sections of the SESAM are critical 

for optimum optical properties. In addition, as explained in the section regarding recovery 

dynamics of SESAMs in the previous chapter, the growth temperature of the QW itself is 

highly significant to the temporal response of the SESAM.    

 

3.3 DBR growth optimization 
  

A significant challenge for optimization of the SESAM growth involves the 

development of epitaxial strategies for the growth the DBR. The optical quality of the 

DBR is critical to the SESAM device characteristics such as the modulation depth and 

saturation fluence.  Moreover, the position of the DBR stopband with respect to the lasing 

wavelength determines the effective GDD in the cavity.  

3.3.1 Epitaxial growth process for the DBR 
 

The typical growth process for a GaAs/AlAs DBR (and SESAMs in general) is as 

follows. Prior to epitaxial growth, the native oxide on the GaAs substrate is removed by 

thermal desorption of the substrate at ~6200C for 30 min under an As2 overpressure. This 

is followed by the growth of a 200nm thick GaAs smoothing layer at 5800C. Once the 

GaAs is smoothened out, (confirmed by RHEED transforming to a 2X4 pattern) the 

growth of the DBR layers  consisting of 0.25λ thick AlAs/GaAs is initiated. For a design 

wavelength of 1030nm, the GaAs and AlAs thicknesses turn out to be 88.2 and 74.4nm, 

respectively. Although 24-25 pairs would yield sufficient reflectivity, for the SESAMs 

described in this thesis, we have used a 29-pair DBR to minimize the non-saturable losses. 

This makes the DBR layer ~5-6µm thick and for moderate growth rates of 0.3-0.5ML/sec, 
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it becomes critical to control the growth rates of GaAs and AlAs over long periods of 

time.  

 

3.3.2 Growth rate stability over time 
 

The growth rates for Ga and Al are calibrated pre-growth using RHEED 

oscillations. To quantify the stability of the growth rates over long periods of time, the 

RHEED oscillations are repeated over a period of ~16 hours which would be the typical 

growth time for a SESAM. As seen in figure 3.4, while the Ga growth rate stays fairly 

stable over the 14 hours, the Al growth rate decreases at a rate of ~0.43%/hour and 

effectively decreases by ~3.5% over a period of 14 hours. This anomalous behavior of 

the Aluminum effusion cell, as compared to Ga can be explained on the basis of difference 

in behavior of the source material. As the source material melts, while Ga (Tmelting = 

~300C) and In (Tmelting = ~1500C) form a puddle of liquid at the bottom of the crucible, 

Al (Tmelting = ~6600C) is known to wet the surface of the crucible [21,22]. This makes the 

geometry of the crucible critical and complicates the process of stable evaporation of 

source material over a long period of time.  The effect of the crucible geometry is 

discussed later in this chapter.  
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Figure 3.4 : Growth rate stability for Ga and Al effusion cells used to grow a 29-pair 
DBR over a period of 14-16 hours. 

 
 In order to overcome the slow decrease in growth rate of Aluminum, the 

temperature of the source is ramped up slowly during the growth. The data collected for 

the growth rate over 16 hours is fitted to a straight line and based on the slope of this line, 

the ramp rate for Al over the course of a DBR growth is determined. Figure 3.5 shows 

the reflectivity spectra for a 29-pair GaAs/AlAs DBR.  The black curve shows the 

reflectivity spectrum with no correction for the drift in Al growth rate. As the growth 

proceeds, the AlAs layers get progressively thinner for each stack and this leads to an 

effective blue shift of the DBR stop-band (~8%) and skews the interference fringes in the 

lower wavelength range.(This effect is verified by VERTICAL simulations.) The red 
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curve in the figure below is the DBR stop-band with the Aluminum source temperature 

being ramped up over the course of the growth at an extremely (0.010C/min) small ramp 

rate. Although the interference fringes on the lower wavelength side are still slightly 

skewed, the DBR stop-band is now centered at 1030nm. Aside from ramping up the Al 

source temperature over time, we also investigated the possibility of using a different Al 

source geometry. The source used for the measurements discussed above is an Al effusion 

cell with a conical shaped crucible. A new generation of Al effusion cells named “SUMO” 

® cells with a different crucible geometry (explained in the following section) have been 

shown to have a better growth rate stability over time [23].  Therefore, instead of having 

to ramp up the Al source to correct for the drift in growth rate, we attempted the use of 

SUMO® cells. The following section of this chapter describes the results from this change 

and the challenges we faced.  

 

Figure 3.5 : Comparison of reflectivity spectra for a 29-pair GaAs/AlAs DBR mirror (at 
1030nm) for a drift in Al growth rate uncorrected (black) and corrected (red). 
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3.3.3 Growth rate stability over wafer area 
 

As mentioned in the previous section, in order to obtain better growth rate stability 

over time, we installed a state-of-the-art Al effusion cell with a novel design (“SUMO”® 

cell) instead of our conventional Al conical cell. Figure 3.6 illustrates the difference 

between effusion cells using conical and SUMO® crucibles. While the geometry of the 

conical crucible is exactly what the name suggests (a cone), the SUMO® crucible 

“incorporates a constricted orifice and an exit cone that extends beyond the front heat 

shielding of the cell”[24]. The SUMO® crucibles were designed as an upgrade to the 

existing conical crucibles and are supposed to result in:  

• Relatively larger thermal gradient between base and tip to reduce Al 

creeping along walls of the crucible. 

• Increased capacity to load a larger charge of Aluminum for increased 

operating time.  

• High growth rate stability over time 
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Figure 3.6 : Schematic showing geometrical differences between a conical and 
“SUMO” crucibles 

 

The use of the SUMO® effusion cells certainly helped with the growth rate 

stability over time. The growth rate drift over 14-16 hours was measured using RHEED 

oscillations to be a mere ~0.9% (compared to 3.5% with conical cells) and the DBR stop-

band could be aligned to be centered at 1030nm without ramping up the Al cell 

temperature during the growth of the mirror. However, the SUMO® cell posed a different 

challenge for optimized growth of the SESAM. This cell was found to have extremely 

poor uniformity of the Al flux over the entire area of the wafer (2” diameter). Figure 3.7 

shows the variation of the reflectivity spectra for a 1030nm DBR over a 2” wafer. The 

DBR stop-band blueshifts by ~11% at a distance of 3 cm (1inch) from the center of the 

wafer. This indicates that the Al flux decreases pretty quickly as we move from the center 

of the wafer towards the edges. This leads to thinner (than 0.25λ) AlAs layers at the edges, 

which in turn leads to the blueshift of the DBR stop-band. In order to verify this, RHEED 

oscillations are performed across a 2” GaAs wafer moving from center to edge and the 

Conical	crucible SUMO	crucible 
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growth rate is found to decrease by 10.3%.  This drift in growth rate and consequently a 

drift in the DBR stop-band essentially leads to an enormous decrease in the yield of usable 

devices that can be realized over a 2” wafer.   

 

Figure 3.7 :Reflectivity spectra showing the variation of DBR stop-band over a 2” 
diameter wafer. The drift in Al growth rate causes a corresponding blueshift of the DBR 
stop-band 

 
Various approaches including varying the growth rate and varying the temperature 

gradient between the base/tip of the cell were attempted to alleviate this drift in growth 

rate over the area of the wafer. However, none of these methods seemed to be making a 

difference to the poor uniformity of the Al flux. Finally, on careful analysis of the 

specifications of the SUMO effusion cell, we realized that the design of the cell was 
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calibrated for a newer generation of reactors where the substrate-source distance is larger 

than the substrate-source distance on the VG V80H MBE reactor that is being used for 

this study. Assuming a conical profile for the source flux, it is apparent from figure 3.8 

that if the source designed for a source-substrate distance of “L” is operated at a lower 

source-substrate distance, the uniformity of the flux is going to be affected. The width of 

the flux profile cone determines the extent of uniform flux over the wafer and at smaller 

distances, the uniformity is lower. This explains the significantly lower Al growth rates 

at the edges of the wafer.  

 

Figure 3.8 : Schematic showing the effect of the substrate-source distance on the flux 
profile. The source is designed for a distance equivalent to “Substrate (1)” (which is L) 
and the distance in our reactors is at “Substrate (2)” 

 

To correct for this, we measured the exact distance between the source and the 

substrate for our reactor and added a spacer of appropriate length to pull the source back 
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and effectively increase the source-substrate distance to as close to “L” as possible. Figure 

3.9 shows the effect of the retracted Al cell on the variation of DBR stop-band between 

the center and edge of a 2” wafer.  The drift in the center of the stop-band is brought down 

to ~3% from the previous 11% with a smaller substrate-source distance. With the issue 

of growth rate stability over time and over the wafer solved, we were now able to grow 

precise DBRs for the SESAM designs.  

 

 

Figure 3.9 : Reflectivity spectra showing the variation of DBR stopband over a 2” 
diameter wafer between the center and the edge. The drift is brought down to ~3% by 
adding a spacer.   
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3.4 Epitaxial growth process for the absorber region 
 

Once the growth of the DBR is optimized, the growth structure and process for 

the rest of the SESAM is fairly straightforward. Following the growth of the 29-pair 

GaAs/AlAs DBR, a 22nm GaAs spacer layer is grown at the DBR growth temperature 

(5800C). As mentioned before in this chapter, this spacer layer controls the position of the 

QW with respect to the standing wave pattern of the electric field. The substrate 

temperature is then brought down to 4750C for the growth of the QW. The composition 

and thickness of the QW are In0.18Ga0.82As and 8.35nm respectively. After the growth of 

the QW, a 1.5nm thick cold GaAs cap is grown to protect the QW. For the growth of the 

rest of the GaAs cap, the substrate temperature is brought back up to 5800C. The total 

thickness of the cap is kept at 7nm. This thin GaAs cap, along with ensuring optical 

confinement for the QW, also leads to a faster recovery time as the carriers have access 

to surface states through tunneling. Figure 3.10 shows the structure used for the InGaAs 

QW SESAM. The growth rates of In and Ga (calibrated by RHEED oscillations) were 

0.06ML/sec and 0.3ML/sec respectively (in a ratio of rIn / rGa = 0.18/0.82 for the 

composition of the QW) and a constant As: Ga flux ratio of 13 is maintained. As 

mentioned before, this structure is used as a baseline for the rest of the structures discussed 

in this thesis. 



 
56 

 

Figure 3.10: Schematic of the exact structure used for growth of the InGaAs QW 
SESAM at 1030nm. 

 

3.5 Alignment of absorber wavelength using Photoluminescence (PL) 

Before growing the rest of the SESAM structure on a DBR, the InGaAs QW layer 

(8.35nm) is grown on a GaAs substrate with a 7nm GaAs cap on top (typical procedure 

used for oxide desorption and smoothing layer before QW growth as explained in 

previous section). This is done in order to verify the composition of the InxGa1-xAs QW 

which in turn determines the absorption wavelength. Figure 3.11 shows the room-

temperature PL measurement for the nominal In0.18Ga0.82As QW grown on GaAs with a 

7nm GaAs cap. The peak wavelength is at ~1015nm and is perfectly aligned for the 

SESAM. The FWHM of the PL peak can be calculated to be 20.24nm. It is to be noted 

that the absorption wavelength of the QW is intentionally blueshifted vs the emission 

wavelength of the VECSEL (1015 vs 1030nm) to help align the cavity. Once the cavity 

is lined up, the SESAM wafer can be heated up to ~40-500C and the QW absorption 

wavelength can be lined up at the laser emission wavelength.  



 
57 

 

Figure 3.11 : Room-temperature PL spectrum from InGaAs QWs with emission 
wavelength aligned at ~1015nm. 

 
3.6 Spectral reflectivity measurements  
 

With the DBR growth process optimized and the QW absorption wavelength 

aligned, the InGaAs QW-based SESAM structure shown in figure 3.10 in the previous 

section is grown and characterized. Figure 3.12 shows the room-temperature reflectivity 

spectrum for this SESAM. The DBR stop-band extends from 975nm to 1080nm and is 

centered at ~1020nm. Although this is slightly blueshifted (~1%), the reflectivity is 

sufficiently high at 1030nm. The dip in reflectivity at ~1025nm can be attributed to 

absorption from the InGaAs QW.   
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Figure 3.12 : Room-temperature reflectivity spectrum from InGaAs QW-based SESAM 
with the stoopband wavelength centered at ~1020nm and InGaAs QW absorption dip at 
1025nm. 

In order to align the QW absorption with the VECSEL emission wavelength, the 

SESAM chip might have to be heated or cooled accordingly. Therefore, it is important to 

understand the trend in QW absorption wavelength with temperature. Figure 3.13 shows 

a magnified view of figure 3.12 around 1025nm measured at different temperatures. The 

dip in reflectivity observed in figure 3.13 can be attributed to the QW absorption. As the 

temperature increases, the dip redshifts corresponding to shift in emission wavelength of 

the QW due to band shrinkage. The shift in absorption wavelength with temperature can 

be approximated to a linear fit to determine the temperature stability of the QW. The slope 
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of this linear fit was found to be 0.303nm/0C. In addition to the shift in the absorption, a 

redshift in the DBR stop-band is observed. This redshift is due to the slight variation of 

the refractive indices with temperature of the materials comprising the DBR (GaAs and 

AlAs). Based on the reflectivity spectra, the anti-reflection coating (TaO2/SiO2) is 

designed and deposited to enhance absorption. The results discussed from this point 

onwards for the rest of this chapter refer to coated QW SESAMs.  

 

 

Figure 3.13 : Variation in reflectivity spectra with temperature. Along with the slight shift 
in stop-band, the QW absorption dip moves by ~0.303nm/0C. 
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3.7 Recovery time measurements 
 

To understand carrier recovery dynamics of the SESAM, the transient change in 

reflectivity is measured using a pump probe setup and is shown in figure 3.14 [25]. The 

carrier recovery dynamics measured can be fit to a slow and a fast time constant using as 

described in Chapter 2.   

∆𝑅TT 𝜏 = 𝐴𝑒
WX

XYZ[4 	+ 1 − 𝐴 𝑒
WX

X^_Y1																																										(3.1)     

 

The time constants deduced from the fit are shown in table 3.2                                                            

Time constant (τ)    

τfast 400 fs 

τslow 20 ps 

 

Table 3.2: Fast and slow components of recovery time for InGaAs QW-based SESAMs 

  

The fast decay can be attributed to intraband electron-electron and electron-photon 

scattering. [17] The second decay is governed by the tunneling of carriers into surface 

states or recombination. 
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Figure 3.14 : Recovery-time measurements carried out using pump probe setup. It 
clearly shows the existence of two different recovery mechanisms (from [25]) 

 
3.8 GDD measurements 

 

The GDD for the QW-based SESAM around the wavelength of interest (1030nm) 

is measured before further device testing. The anti-reflection coating reduces the cavity 

enhancement and flattens the GDD profile as expected. As figure 3.15 shows, the GDD 

is relatively flat between 1020-1030nm and stays positive.  
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Figure 3.15 : GDD profile for a QW-based SESAM around the absorption wavelength 
(1030nm) 

 

3.9 Mode-locking results 
  

With the different parameters for the SESAM (recovery time, GDD, reflectivity) 

verified to be able to support ultra-short pulses, we attempted mode-locking the SESAM 

in a symmetric ring cavity (as explained in the previous chapter). A minimum pulse 

duration of 128fs was obtained with the gain element at 250C and the SESAM chip at 

550C with an output power of 90mW per output beam for a pump power of 22W. Figure 

3.16 shows the non-collinear SHG autocorrelation trace of the output fitted to a 128fs 
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sech2 pulse shape. To the best of our knowledge, this is one of the shortest pulse durations 

reported in literature.  

 

Figure 3.16 : SHG autocorrelation trace of the output of the cavity fitted to a sech2 pulse 
shape. Pulses as short as 128fs are obtained. (taken from [25]) 
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Chapter 4 : Lifetime of QW-based SESAMs 
 

As described in Chapter 3, we were able to successfully realize the growth and 

characterization of InGaAs QW-based SESAMs able to support pulses as short as 128fs. 

Although this is one of the shortest pulse durations realized from a mode-locked VECSEL 

system, for this system to be commercially relevant in high-power technologies using 

SESAMs, the temporal stability of the mode-locked state is significant. For the sustainability 

of short pulses in the femtosecond regime, a robust SESAM design that can tolerate high 

intracavity peak powers is required. Moreover, the power scalability of thin-disk lasers by 

increasing the spot size on the gain region places more restrictions on an appropriate 

SESAM design. Therefore, it is critical that SESAMs that can support ultra-short pulse 

durations also have long lifetimes and low nonsaturable losses to avoid thermal effects. This 

chapter focuses on quantifying the mode-locking lifetime of InGaAs QW-based SESAMs 

in the femtosecond regime.    

 

4.1 Degradation of output power in QW-based SESAMs 
 

 Although the SESAMs characterized in the previous chapter were able to 

support some of the shortest pulse durations reported to date, it is found that they exhibit 

extremely poor power stabilities over time.  Figure 4.1 shows the gradual degradation of an 

InGaAs-QW based SESAM mode-locked with a 128fs pulse in a symmetric ring cavity. The 

average output power decreases continuously for ~30min before the mode-locking state is 

lost altogether. Also, the degradation is specific to pulses with shorter durations (<500fs) 

and does not occur when the pulse duration is longer (even with higher average powers). 
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Another interesting aspect is that when this process occurs, the decay in output power is 

always accompanied by a visible green emission from the SESAM chip. It is to be noted 

that the degradation data shown below is for an InGaAs-QW based SESAM with a 29-pair 

DBR, 22m GaAs spacer between the DBR and the absorber and a 7nm GaAs cap. The initial 

rate of degradation in the output power can be calculated to be 6.5%/min which gradually 

decreases to 0.8% after 10min. These are rather high degradation rates and the effective 

lifetime is substantially shorter than required for commercial technologies. [1] Therefore, it 

is critical to understand the decay mechanism in play here and potentially propose a solution 

to increase SESAM lifetimes. Before performing any further studies to determine the decay 

mechanism, we decided to investigate any past work that has been done towards solving this 

issue. This is summarized in the following section.    
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Figure 4.1 : Output power stability for a InGaAs QW-based SESAM mode-locked with a 
128fs pulse in a ring cavity 
 

4.2 Possible mechanism causing SESAM degradation 
 

As the use of mode-locked systems has become more technologically viable in the 

recent years, there has been an increased interest in studying degradation and damage 

thresholds in SESAMs. [2-9]. Among all the studies carried out to measure the damage 

threshold of InGaAs QW-based SESAMs, it is fairly widely accepted that the damage 

mechanism is dominated by two-photon absorption (TPA), especially in the case of 

femtosecond pulses. TPA is a non-linear process by which an atom is excited by two 

photons, the sum of whose energies corresponds to an excited state of the atom [10]. This 

phenomenon occurs with significant rates only at high optical intensities- for instance in 
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mode-locked systems with femtosecond pulses - because the absorption coefficient is 

proportional to the optical intensity.  

 

The theory of TPA causing the damage certainly explains the observation of visible 

green emission from the SESAMs during the process of degradation. However, although 

most studies on SESAM damage agree on the mechanism being TPA, there is still a debate 

on a few other aspects of the degradation process. While some results show TPA is more 

dominant in the DBR region [2,3], some report that it is the QW that is being affected [6]. 

Moreover, regardless of the location of damage, there hasn’t been a comprehensive study 

conducted to investigate the physical damage that TPA causes. Therefore, the rest of this 

chapter focuses on studying the effect of different SESAM parameters on the damage 

threshold and examining the physical damage caused by TPA.   

 

4.3 Pulsed Photoluminescence to measure SESAM degradation 
 

In order to quantify and optimize the lifetime of SESAMs and study the effect of 

various cavity conditions such as the incident fluence and the dielectric coating, the output 

power stability measurement shown in the figure 4.1 would have to be repeated on a number 

of samples. This is inherently time-consuming as it takes a substantial amount of time to 

optimize the mode-locking state in the cavity for each sample. Therefore, we have used a 

pulsed PL experiment using femtosecond pulses (~100fs @ 780nm) from a mode-locked 

laser setup to characterize the damage mechanism on various samples in a timely manner. 

Moreover, this setup offers the flexibility of easily changing the incident fluence on the 
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SESAMs to find the damage threshold for each sample. It also closely simulates the 

conditions for the SESAM in a mode-locked state in the femtosecond regime. For these 

measurements, we define “damage” of a SESAM as an irreversible decrease in the PL 

intensity over time. It is to be noted that a decrease in PL intensity over time does not 

necessarily imply a damage to the saturable absorber (QW here) as the PL is heavily 

modulated by the DBR layers and this contributes to the PL intensity. The incident fluence 

is measured using a power meter before the measurement is started and changed when 

required by controlling the driver current to the laser. Once the pulses are incident on the 

sample, the PL measurement is repeated every 30sec (each measurement takes ~1sec) over 

5min and each measurement is recorded to analyze the effect on PL intensity. Once a spot 

on the sample is damaged, the SESAM stage is moved either in the x- or the y-direction to 

an undamaged spot for the next measurement. 

 
4.4 Dependence of SESAM degradation on incident fluence 
 

Figure 4.2 shows the PL degradation of an InGaAs-QW based SESAM (same 

structures used as in output power stability measurements) for different incident average 

fluences of 10mW, 50mW and 90mW. The degradation is non-existent with an incident 

fluence of 10mW but as the fluence was increased to ~30mW, there was substantial PL 

degradation (~10% of original intensity for 2nd measurement) between each measurement. 

It is evident from the measurements at 50 and 90mW that the PL intensity decay is faster 

with higher incident fluence. Also, it is interesting to note that the trend in degradation is 

not linear and slows down over time. This is identical to the trend in output power decay as 

seen in the previous measurement in a mode-locked cavity.  



 
72 

 

Figure 4.2 : Degradation in PL intensity for InGaAs QW-based SESAMs for different 
incident fluences – 10mW (a) ; 50mW (b) ; 90mW (c). 

 

 In order quantify the decay in PL intensity observed in the previous figure, the PL 

peak intensities for each measurement are determined, normalized to the original intensity 

(intensity at t=0 min) and plotted as a function of time in figure 4.3. 
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Figure 4.3 : Degradation in PL peak intensities (normalized to the first measurement) over 
time for different incident fluences. 

 
The decay in PL peak intensities can be fit (not shown) to an exponential decay function 

(with an offset) 

𝑦 = 𝑦b + 𝐴c𝑒
? d?de

f  

                     (4.1) 

where y0 is the y-offset ; x0 is the center ; A1 is the amplitude and τ is the decay time constant.  

The relevant parameter for the PL degradation is τ which would be the time taken for the 

PL peak intensity to reduce to 1/e (36.8%) of the original value. At 10mW, the trend in 
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degradation is not a good fit for the equation above. However, the time constants (τ) for 

incident fluences of 50mW and 90mW can be shown to be 2.27 min and 1.47 min 

respectively. Therefore, the rate of degradation increases by a factor of ~1.5 for an increase 

in incident fluence from 50 to 90mW.  

 

4.5 Dependence of SESAM degradation on cap thickness 
 
 At this point in the study, we suspected that the PL decay and consequently, the 

decay in SESAM output power was based on degradation of the InGaAs QW by oxidation, 

due to its close proximity to the semiconductor-air interface(7nm).  This mechanism has 

been known to cause catastrophic optical damage in InGaAs QW lasers through facet 

oxidation or defect formation under high-power operation [11-14]. To test this hypothesis, 

we wanted to examine if the rate of degradation would depend on the proximity of the 

InGaAs QW to the semiconductor-air interface. Therefore, we performed the PL decay test 

with 3 different SESAM structures with identical GaAs/AlAs DBRs, 22nm GaAs spacer 

layers and InGaAs QW absorber but varying cap thicknesses. (3nm, 5nm and 7nm). Figure 

4.4 shows the summary of results from this measurement. The top and bottom rows of plots 

are essentially the same data presented in two different ways. The top row shows three plots 

– 1(a), 1(b) and 1(c) - one for each cap thickness (3nm, 5nm and 7nm) and within each plot, 

the incident fluence is varied from 20mW to 50mW. On the other hand, the bottom row 

shows three plots – 2(a), 2(b) and 2(c) - one for each incident fluence (20, 30 and 50mW) 

and within each plot, the cap thickness is varied between 3nm, 5nm and 7nm.  As in the 

previous experiment, the normalized PL peak intensity is tracked over time for different cap 
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thicknesses and different incident fluences.  In general, the trend in the PL decay shows that 

the degradation rate indeed increases with decreasing cap thickness and increasing incident 

fluence. This supports our hypothesis that the damage mechanism is related to the distance 

between the InGaAs QW and the air-semiconductor interface.  

 

Figure 4.4 : PL decay test is performed on InGaAs QW-based SESAMs with different 
GaAs cap thicknesses (3nm, 5nm and 7nm). Row (1) shows 3 plots (a, b, c), each for a 
specific cap thickness, and the incident fluence is varied within each plot. Row (2) shows 3 
plots (a,b,c) each for a specific incident fluence and all three caps thicknesses are tested 
with the same incident fluence.  

 

 In order to quantify the effect of the GaAs cap thickness on the rate of degradation, 

we chose the results for the three different cap thicknesses (3, 5 and 7nm) with the highest 

incident fluence of 50mW (shown in Fig 2(c) above). This data is fitted to the exponential 

decay function described above to compute the dependence of the decay time constant (τ) 
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on the cap thickness. The exponential decay fit is shown in figure 4.5 for a GaAs cap 

thickness of 3nm (a), 5nm(b) and 7nm(c). From the fitting parameters, the decay time 

constant (τ) can be calculated to be 0.927, 2.536 and 2.682 min for 3,5 and 7nm caps 

respectively. From this, it is evident that the rate of degradation decreases as the distance 

between the absorber and the semiconductor-air interface increases. It is also interesting to 

note that the decrease in the decay time constant with decreasing cap thickness is not linear 

but rather exponential in nature.  

 

 

Figure 4.5 : Exponential decay (with offset) fit for InGaAs QW-based SESAMs with varying 
cap thickness – 3nm(a) ; 5nm(b) and 7nm (c). 
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4.6 Effect of dielectric coating on SESAM degradation 
 

The effect of the GaAs cap thickness on the degradation rate of SESAMs (as shown 

in the study above) certainly seems to support the theory that SESAM degradation is related 

to a certain extent to damage caused to the absorber layer. Assuming that high fluences 

cause oxidation of the absorber, it becomes critical to understand the effect of the dielectric 

coating (Ta2O5/SiO2) that is deposited to help flatten the GDD profile on the degradation of 

the SESAM. The presence of an oxide layer close to the QW might potentially provide more 

or less access to oxygen and consequently modify the degradation rate. In order to confirm 

this, the PL degradation test is performed on coated and uncoated InGaAs-QW based 

SESAMs. To avoid the effects of growth drifts, the devices chosen for this study are from 

the same wafer and both devices were located at identical distances from the center of the 

wafer. Before measuring the degradation rates, the effect of the coating on the original PL 

is studied. Figure 4.6 shows PL measurements at room temperature for coated and uncoated 

QW SESAMs at the highest fluence allowed by our setup (90mW). As mentioned before, 

multiple peaks observed between 930-950nm are effects of PL modulation by the DBR. The 

QW peak is observed at ~1030nm and the PL intensity for the coated SESAM is 2.5 times 

higher than the uncoated SESAM. The increase in PL intensity is also accompanied by a 

corresponding substantial increase in the FWHM by ~17nm. The increase in PL intensity 

could be attributed to an increased optical confinement by deposition of the coating. The 

probability of carriers being lost to surface states is effectively lowered leading to increased 

recombination rate in the QW.   
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Figure 4.6 : PL measurements on coated vs uncoated InGaAs QW-based SESAM at a 
fluence of 90mW. The PL intensity increases substantially after the coating is deposited. 

 

 Figure 4.7 shows the decay in PL peak intensity at a fluence of 90mW for both coated 

and uncoated SESAM samples. The peak intensity values are again normalized to the peak 

intensity at 0 min.  It is found that the rate of degradation is higher with the coated SESAMs 

when compared to the uncoated SESAMs. From the slopes of the lines connecting each 

measurement, a substantial difference can be observed in the initial degradation rate between 

the two samples. When fit to a exponential decay function (refer to equation (1) above), the 

decay constant (τ) is found to decrease from 1.47 min for a uncoated sample to 0.85 min for 
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a coated one. This result also seemed to substantiate the claim that the degradation of 

SESAMs might be caused by a damage (possibly oxidation) of the QW.  

 

 

Figure 4.7 : PL peak intensity degradation values compared between coated and uncoated 
samples. The degradation rate seems to be higher for a coated device. 

   

4.7 TEM analysis of SESAM damage 
 

Damage threshold measurements described earlier in this chapter based on incident 

fluence, cap thickness and presence of dielectric coating layer seem to suggest that the 

damage mechanism is related to degradation of the absorber. In order to confirm this 
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hypothesis and to observe the physical damage to the SESAMs, we have performed a cross-

sectional transmission electron microscopy (TEM) analysis of “damaged” versus as-grown 

samples. The “damaged” devices are standard InGaAs QW-based SESAMs described in the 

previous chapter (29.5 pair AlAs-GaAs DBR/22nm GaAs spacer/7nm GaAs cap) used in a 

ring cavity to mode-lock a 1030nm VECSEL with ~100fs pulses for long periods of time. 

Once a certain spot on the sample is degraded i.e. the output power decays and the mode-

locking state is unrecoverable, the sample is moved in the x- or y- direction to a different 

spot. This process is repeated until the entire area of the sample is used. This ensures that 

any random cross-section of the sample observed would show the effects of the damage 

mechanism. The damaged and as-grown SESAMs are cross-sectioned with a focused ion 

beam (FIB) lift out using a FEI Helios 450 DIB system. The TEM images were taken using 

an FEI Tecnai F20 equipped with HAADF STEM detector. Furthermore, to detect any 

possible oxidation, the different epitaxial layers are also analyzed using electron dispersive 

spectroscopy (EDS) to determine the composition of various regions. 

 

Figure 4.8 shows a comparison of cross-sectional TEM images of the as-grown and 

damaged SESAMs. The DBR and absorber layers are appropriately labeled on the figure. 

At this lower magnification, the effects of the damage are seen mainly in the DBR section. 

Within the DBR itself, particularly the top-section of the GaAs/AlAs layers (close to the air-

semiconductor interface) appear damaged. It is interesting to observe that the overall 

damage profile seen in (b) appears similar to laser-induced damage and resembles a typical 

laser-beam profile. However, since the absorber layers (GaAs spacer/InGaAs QW/GaAs 

cap) are not visible, we cannot comment on any degradation in these layers at this point.  
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Figure 4.8 : Cross-sectional TEM images of as-grown and “damaged” SESAMs. The 
degradation observed in the damaged SESAM is confined to the top DBR layers. 

 

In order to study the damage profile in more detail, TEM images at a higher 

magnification focusing on the top-section of the DBR and the absorber layers are analyzed. 

Although the absorber region is still not resolved, the last few pairs of the DBR are clearly 

disfigured and the extent of damage decreases going away from the air-semiconductor 

interface in figure 4.9. At the outset, it seems like the damage could be confined to one of 

the layers of the DBR. However, this would have to be confirmed by a comprehensive 

elemental analysis using EDS for both layers. Using higher magnification images, the extent 

of damage, if any, in the absorber region and the damage profile are studied in more detail 

in the following sections.  
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Figure 4.9 : Cross-sectional TEM image at high-magnification showing “damaged” 
SESAM. The extend of degradation in the DBR layers decreases going away from the 
semiconductor-air interface. 

 

Figure 4.10 below shows DF-STEM images of the absorber region (spacer, QW and 

cap) with the topmost GaAs/AlAs pair of the 29.5 pair DBR for both the as-grown and the 

damaged SESAM. Contrary to our previous assumptions, the absorber region, including the 

InGaAs QW is unaffected by the SESAM degradation and seems to be in pristine condition. 

It is also interesting to note that the GaAs layers on either sides of the QW appear to be free 

of any damage.  On the other hand, the damaged SESAM distinctly shows some material 

degradation in the final AlAs layer of the DBR. In order to determine if this appearance of 
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damage leads to any compositional variation, an EDS analysis of the different layers shown 

in figure 4.10 is performed.  

 

 

Figure 4.10 : DF-STEM images of the absorber region and last DBR-pair of the as-grown 
and damaged SESAM. While the absorber region seems unaffected, distinct damage is 
observed in the AlAs region of the damaged SESAM. 

 

Figure 4.11 shows EDS analysis of the DF-STEM images above along a line through 

the absorber region up to the first DBR pair. The Ta2O5 anti-reflection coating, GaAs cap 

layer, InGaAs QW, GaAs spacer layer (in that order moving down from the air-

semiconductor interface) are identical between the two samples. However, the first AlAs 

layer under the absorber region on the damaged SESAM shows traces of oxygen (red trace 

on figure) hinting towards oxidation of the AlAs layer. This result clearly confirms that 
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SESAM degradation in a mode-locked state using ultra-short pulse durations are caused by 

damage to the AlAs layers in the DBR through oxidation of these layers. It also explains the 

visible damage observed in the GaAs layers in the low-magnification TEM images (figure 

4.8(b) and 4.9). Post-oxidation of the AlAs layers, the lattice-parameters of these layers 

change and this induces a strain-field in the DBR. This leads to the visible damage observed 

in the GaAs layers.  

    

 

 

Figure 4.11 : EDS analysis of the DF-STEM images of the absorber region for both the “as-
grown” and the damaged SESAM. The damaged sample shows slight traces of oxidation in 
the AlAs layer under the absorber region.  
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4.8 Explanation for SESAM damage observed from pulsed PL and TEM 
 

Assuming TPA as the dominant mechanism, the two main factors that need to be 

explained from the degradation studies are: 

- The physical parameter (incident power, field intensity, temperature etc) causing 

TPA 

- The location of damage  

 

From the TEM results, it is found that the damage profile closely resembles a laser 

beam-induced damage. Also, as mentioned earlier, the degradation process only occurs with 

ultra-short pulse durations (<300fs) and does not occur with longer pulse durations even 

with higher average powers. These two factors seem to suggest that the damage mechanism 

is related more to the field intensity than the incident average power (and consequently, 

thermal effects).  This relation between the damage threshold and the field intensity explains 

the dependence of the SESAM degradation on incident fluence, cap thickness and the AR 

coating. As explained in previous sections, these three parameters have a distinct effect on 

the degradation. In order to explain their effect on degradation, it is critical to understand 

the effect of varying these three parameters on the field strength in the DBR region. On 

closer investigation, it is found that the increase in fluence, decrease in cap thickness and 

the presence of the AR coating effectively increase the field intensity in the DBR region, 

thus accelerating the SESAM damage. 
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The second result to be explained is the location of the damage i.e. oxidation of the 

AlAs layers as revealed by EDS analysis. Assuming TPA as the dominant mechanism, the 

effect of TPA on any material can be quantified based on its TPA co-efficient β. Higher the 

value of β, higher the effect of TPA on any given material [2]. The TPA co-efficient, in turn, 

is a function of the band gap of the material and materials with higher band gap energies are 

less susceptible to TPA [15]. Based on this, the effect of TPA should be considerably higher 

in the GaAs layer than in the AlAs or the dielectric coating layers [2,6]. However, the TEM 

images show that the damage might be initiated in the AlAs layer. To explain this, we 

suspect that the effect of TPA in the GaAs layer causes lattice heating which, in turn, leads 

to the oxidation of the AlAs layer. The other unknown for this explanation would be the 

access point for atmospheric oxygen to reach the underlying AlAs layer. Although the 

pulsed PL experiments seem to be explained by the TEM analysis for degradation, there is 

still work to be done to understand the mechanism of damage.    
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Chapter 5 : InAs submonolayer quantum dot-based SESAMs 
 

            The previous chapter showed that in the femtosecond regime, InGaAs QW-based 

SESAMs exhibit poor temporal stability of the mode-locking state. On investigating the 

effect of several SESAM characteristics on the degradation, it was found that the damage 

mechanism seemed to be extremely sensitive to field intensity in the DBR structure. 

However, prior to the extensive TEM analysis carried out, we suspected that the SESAM 

degradation could be caused by damage to the QW absorber. Therefore, one approach we 

took towards solving this problem was to explore different absorbers at 1030nm. Compared 

to QWs as absorbers, QDots are known to have a number of advantages. Furthermore, the 

variation in dot sizes causes homogenous broadening which leads to a broadband absorption 

spectrum. This makes QDot-based SESAMs more probable to be able to support shorter 

pulses. Therefore, in this chapter, we have explored the use of QDot-based absorber regions 

to alleviate the degradation of SESAMs at 1030nm and to increase their effective mode-

locking lifetimes.   

 

5.1 QDot-based SESAMs for a design wavelength of 1µm 
 

SESAMs with InAs quantum dot absorber regions offer considerably more design 

freedom than standard QW-based SESAMs. The zero-dimensional nature of QDots leads to 

a strong localization of the wave function and gives rise to an atom-like density of states. 

Moreover, control over the density of QDots allows for independent optimization of 

saturation fluence and modulation depth. For stable modelocking, the SESAM absorber has 
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to saturate at lower pulse energies than the gain region. In conventional QW SESAMs, this 

is achieved by strong focusing onto the SESAM (10-40 times smaller area) which introduces 

restrictions in geometrical size and maximum achievable repetition rate [1]. These 

limitations can be overcome by employing QDot SESAMs with lower saturation fluence 

which allow mode-locking with similar mode areas on SESAM and VECSEL. [2,3] This, 

in turn, allows the integration of the saturable absorber in the gain structure to form what is 

referred to as the mode-locked integrated external cavity surface-emitting laser (MIXSEL). 

InAs QDot-based absorbers have been used previously in SESAMs to achieve modelocking 

at ~960nm and 1250nm. [1-3] However, for a lasing wavelength of 1030nm, the traditional 

Stranski-Krastonov (SK) QDots would require the use of an AlGaAs matrix which decreases 

the optical confinement factor. As an alternative to SK QDots, InAs submonolayer (SML) 

QDots have been of particular interest for high-speed electronic devices including edge-

emitting lasers, vertical cavity surface emitting lasers, QDot photodetectors and solar cells 

in the recent years. [4, 5, 6-12] The emission wavelength for SML QDots can be easily 

tailored to anywhere in the range of 950-1300nm. They combine high excitonic gain, fast 

gain recovery and low temperature-stable lasing thresholds (characteristic features of 

QDots) with the high modal gain of QWs. Given these advantages of SML QDots over the 

SK QDots, in this chapter we explore the use of submonolayer InAs QDots as saturable 

absorbers for SESAMs at 1030nm.         
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5.2 Submonolayer QDots 
 

Self-organized InAs QDots can be realized by either growing in the traditional SK 

mode or via submonolayer deposition. In the SK growth mode, the QDots are formed by 

growing a strained epilayer such as 2-3ML of InAs on lattice mismatched GaAs substrates 

(7.16%lattice mismatch). The initial growth occurs in a layer-by-layer mode and forms a 

thin wetting layer (1ML or so). However, further InAs deposition past a certain critical 

thickness causes a large strain accumulation in the epilayer. This, in turn initiates the 

formation of three-dimensional coherently strained (dislocation-free) islands with the 

appearance of crystalline facets which help relieve the surface energy of the island. [4,13] 

On the other hand, SML QDots are realized by a cycled deposition of submonolayer InAs 

surrounded by a GaAs matrix (usually 2-4ML). The surface distribution of InAs is initially 

extremely non-uniform forming InAs-rich islands [6]. However, after the GaAs overgrowth 

is deposited, the following InAs SML growth is impacted by the non-uniform strain caused 

by the underlying InAs islands and this leads to a vertical alignment of the SML InAs 

layers.[14] 

 

 

 

(a)                                                                                     (b) 

Figure 5.1: Schematic illustrating the structural difference between SK QDots (with a 
distinct wetting layer) and a stack of SML QDots. 
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The structural and optical properties of InAs SML QDots have been well-researched 

and understood to a large extent. [14-17] For a nominal deposition of cycled 0.5ML InAs / 

4ML of GaAs, one would expect InAs islands with monolayer heights separated by pure 

GaAs layers. However, it has been shown that a vertical segregation of InAs occurs during 

the capping of the islands by GaAs with a segregation co-efficient of ~0.73 (the segregation 

co-efficient is found to be fairly independent of the spacer thickness, suggesting a more 

general mechanism for the formation of SML QDots). This effectively produces 

agglomerations of InAs that are vertically connected throughout the entire stack. The 

agglomerations are found to have lateral widths of ~5nm and are separated by a 2nm 

spacing. With these lateral dimensions, the areal density of the SML QDots can be 

calculated to be in the 10 12cm-2 range. This is an extremely high areal density when 

compared to typical SK QDot densities of high 1010 to low 1011 cm-2. The high areal density 

implies a higher fraction of the surface area covered by the QDots and this in turn leads to 

a high probability capture of charge carriers. Unlike SK QDots, submonolayer QDots do not 

exhibit a wetting layer and this aids high-speed relaxation of carriers as they have to relax 

directly into the QDots. [15] The PL emission from SML QDots shows narrow linewidths 

well below 10meV which is extraordinarily lower than linewidths for emission from SK 

QDots and is more typical for QW emission. Compared to QWs with equivalent InAs 

composition and thickness, the emission from SML QDots is redshifted and can be well-

fitted with a model for rough quantum wells. Consequentially, it has been shown that the 

excitonic emission from SML QDots is a result of mixed contribution of zero-dimensional 

(due to InAs-rich islands) and 2-dimensional quantum well (due to the strong lateral 

coupling) states. [14]   
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5.3 Epitaxial growth process for SML QDot-based SESAMs 
 
 The initial growth details for the QDot samples (substrate preparation, oxide 

desorption and smoothing layers) are similar to the QW ones as described in Chapter 4. 

Before growing the SESAM wafers, PL calibration samples are grown to align the emission 

wavelength. For these samples, the absorber region consisting of nominal 0.5ML InAs / 

2.3ML GaAs layers is grown at ~4750C following the growth of the smoothing layer. The 

QDots are then capped with 1.5nm cold GaAs before the substrate temperature is raised 

back to 5800C to grow the rest of the GaAs cap. The total GaAs cap thickness is kept at 7nm 

to be consistent with the QW samples. Different number of InAs/GaAs periods are 

attempted and the PL emission is measured. For the SESAM samples, the absorber region 

(along with the 7nm GaAs cap) is incorporated on top of a 29.5 pair AlAs/GaAs DBR with 

a 22nm GaAs spacer layer. The InAs/GaAs thicknesses are chosen to be 0.5/2.3ML as this 

combination has previously been used to realize a high power semiconductor disk laser with 

a lasing wavelength of ~1030nm [6]. The growth rates of In and Ga (calibrated by RHEED 

oscillations) were 0.03ML/sec and 0.3ML/sec respectively and a constant As:Ga BEP ratio 

of 13 is maintained. 
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(a)                                                                                     (b) 

Figure 5.2 : Schematic illustrating the PL calibration (a) and SESAM (b) structures for SML 
QDot absorber 

 

5.4 Alignment of SML QDot absorber wavelength using PL 
 
 Figure 5.3 shows room temperature PL spectra for InAs/GaAs SML QDots with 

10,13 and 15 periods. As the number of stacks increases, the effective size of the SML QDot 

increases. This results in the observed redshift of the emission wavelength from 980nm (10 

periods) to 1020nm (15 periods). This is analogous to increase in emission wavelength for 

SK QDots as the size of the QDot increases. [18-20] The increase in PL intensity with 

increasing number of periods can be attributed to a deeper confining potential.  However, it 

is to be noted that the wavelength redshift and the increase in PL intensity is also 

accompanied by an increase in the FHWM of the PL emission. The FWHM increases from 

20nm for 10 periods to 30nm for 15 InAs/GaAs periods. With a higher number of stacks, 

the probability of a wider distribution in QDot size is higher resulting in an increase in the 

FWHM of the PL peak. Based on these results, the number of stacks is chosen to be 15 for 

the SESAM samples. (n=15) 
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Figure 5.3 : Variation of PL emission wavelength with increasing number o stacks. The 
emission wavelength redshift is accompanied by an increase in PL intensity and FWHM. 

 
5.5 Spectral reflectivity measurements 
 
 Based on the structure described in the previous section and using 15 SML QDot 

stacks, the SESAM is grown. With 15 periods of 0.5ML InAs/ 2.3ML GaAs, the total 

thickness of the absorber is ~11nm, as opposed to an absorber thickness of ~8nm with the 

InGaAs QWs. Therefore, the GaAs spacer between the 29.5 pair DBR and the absorber is 

modified (22nm to 19nm) accordingly to keep the placement of the absorber with respect to 
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the field antinode consistent between the QW and QDot SESAMs. Figure 5.4 shows the 

room-temperature reflectivity spectrum for the SML QDot SESAMs.   

 

 
Figure 5.4 : Room-temperature reflectivity measurements for the SML QDot SESAM. The 
stopband is centered at ~1030nm.  

 

The DBR stopband extends from ~980nm to 1110nm and is centered at 1030nm. 

The skewed oscillations on the lower wavelength side and the dip in reflectivity at ~975nm 

can be attributed to a drift in the Ga or Al growth rate. As explained in Chapter 4, this is a 

result of slowly decreasing growth rates over the growth of the DBR region. In addition to 
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the alignment of the DBR stopband, it is critical to align the absorption wavelength of the 

QDot. The reflectivity spectrum shown above in figure is magnified around ~1020nm to be 

able to observe the absorption from the SML QDot absorber on the stopband.   

 

 

Figure 5.5 : Fig:  A magnified view of the room-temperature reflectivity measurements on 
the SML QDot SESAM. The dip in reflectivity around 1020nm is caused by absorption from 
the SML QDot layer and it redshifts slowly with an increase in temperature. 

 
Figure above shows the magnified reflectivity spectra from the SML QDot SESAM 

measured at different temperatures. The absorption from the SML QDots can be observed 

as a dip in reflectivity. As the temperature increases, the absorption moves to longer 
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wavelengths in accordance with the emission wavelength shift of the QDots. However, as 

expected, the InAs SML QDots are more temperature-stable when compared to the QWs. 

The shift in the absorption as a function of temperature can be calculated to be 0.1nm/0C 

(lower compared to 0.303nm/0C for the InGaAs QWs). In addition to the shift in the 

absorption, a redshift in the DBR stopband is observed. This redshift can be attributed to the 

slight variation of the refractive indices of the materials comprising the DBR (GaAs and 

AlAs). Based on the reflectivity spectra, the anti-reflection coating (TaO2) is designed and 

deposited as described in the previous chapters. The results discussed from this point 

onwards for the rest of this chapter refer to coated QDot SESAMs 

 

5.6 Recovery time measurements 
 

 

 

 Figure 5.6 : Time-resolved differential reflectivity measurements for SML QDot-
based SESAMs.  



 
99 

 Figure 5.6 above shows the recovery times for QDot-based SESAMs measured using 

a pump probe setup. As seen with the QWs, the QD SESAMs clearly show (as seen in figure 

above) two distinguishable recovery processes – a fast component which causes a sudden 

drop in reflectivity followed by a slow component (setting in at ~200fs). The pump probe 

response can be fitted well with two time constants: 

∆𝑅TT 𝜏 = 𝐴𝑒
WX

XYZ[4 	+ 1 − 𝐴 𝑒
WX

X^_Y1																																										(5.1)                                                                

The two time constants deduced from the fit are in table 5.1 

Time constant (τ) (fs) 

τfast 120 

τslow 1.75ps 

 

Table 5.1: Fast and slow components of the recovery time for QDot-based SESAMs 

 

Both time constants measured are lower than recovery times measured for QW samples 

(refer to table 3.2). The fast component of the recovery is suspected to be due to absorption 

bleaching of the photocarriers followed by intradot or interdot transition. The ultrahigh 

density of the SML QDots is advantageous here as the high density of QDots leads to a 

higher probability of higher interdot transfer. The slow component of the recovery time is 

due to recombination of carriers back to the ground state.  
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5.7 GDD measurements: 
 

The GDD for the QDot SESAM around the wavelength of interest (1030nm) is 

measured before further device testing. The anti-reflection coating reduces the cavity 

enhancement and flattens the GDD profile as expected. As the figure shows, the GDD is 

relatively flat between 1020-1030nm and stays positive.  

 

 

Figure 5.7 : GDD measurements for the SML QDot-based SESAM. It is relatively flat 
around 1030nm and is on the positive side. 

 
5.8 Degradation of SML QD-based SESAMs 
 

Before attempting to mode-lock using the QDot SESAM, the damage threshold of 

the SESAM is measured. Since the effect of the anti-reflection coating has been measured 

with the QW SESAMs, all studies on QDot SESAMs are carried out only on coated devices. 
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The results are shown in figures 5.8. Unlike the QW SESAMs (compared further in chapter), 

there is no significant damage to the QDot SESAM observed until the incident average 

power is 90mW (peak power - 112MW/cm2).  In the PL spectra shown below, the emission 

peak of interest is the one positioned at ~1020nm. As in QW SESAMs, the other peaks 

observed in the spectra can be attributed to cavity effects.  The PL emission is measured at 

the end of each minute of SESAM exposure to the incident laser. As shown in the figure 

below, even at high incident power, the PL degradation is minimal for the QDot SESAMs. 

It is also important to note that the FWHM of the emission (peak at 1020nm considered) 

stays constant throughout the measurement even with an associated decrease in PL intensity.  

 

 
 

Figure 5.8 : Variation of PL emission over time when QDot SESAM is exposed to a 
modelocked femtosecond laser @ 780nm. The degradation over a period of 5 min is minimal 
when compared to the QW SESAMs. 
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To quantify the degradation in PL, the peak PL intensity is also tracked over the 5 

minute-measurement and is shown in figure 5.9. The peak intensities for each spectrum are 

normalized to the peak intensity at the beginning of the measurement (t=0 min) and it is 

found that over a 5 min period, the peak intensity decreases by ~18%. This indicates that 

SESAMs with QDot absorbers have a higher damage threshold when compared to QW 

SESAMs. (PL peak intensity decreased by over 50%) The following section focuses on a 

comparison between the QW and QDot-based SESAMs with regards to damage threshold.  

 
 

 
Figure 5.9 : Variation of PL peak intensity at the end of each minute over a 5 min period 
for a QDot SESAM. The peak intensity decreases by ~18%. 
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5.9 Mode-locking results 
  

With the different parameters for the SESAM (recovery time, GDD, reflectivity) 

verified to be able to support ultra-short pulses and the recovery time found to be lower than 

QWs, we attempted mode-locking the QDot-based SESAM in a ring cavity. A minimum 

pulse duration of 185fs was obtained with the gain element at 250C and the SESAM chip at 

400C. Figure 5.10 shows the non-collinear SHG autocorrelation trace of the output fitted to 

a 185fs sech2 pulse shape. To the best of our knowledge, this is the first reported mode-

locking result for a SML QDot absorber SESAM at 1030nm.  

 

 

Figure 5.10 : SHG autocorrelation trace of the output of the cavity fitted to a sech2 pulse 
shape. Pulses as short as 185fs are obtained 

 
5.10 Degradation of SML QDot-based SESAMs vs QW SESAMs 

	
          Figure 5.11 shows PL spectra measured for InGaAs QW and InAs/GaAs SML QDot-

based SESAMs. As mentioned before, the emission peak of interest is at ~1020nm for both 
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spectra and the additional peaks can be attributed to cavity effects.  However, compared to 

the QW spectrum, the QDot SESAM shows an extra peak at ~985nm. Referring to 

reflectivity measurements for the QDot SESAM (shown in one of the earlier sections of this 

chapter), this PL peak corresponds with a dip in reflectivity of the DBR which is suspected 

to be caused by a drift in growth rates. It is found that the PL intensity for the QW is ~40% 

less then the QDot SESAM under similar conditions. This increased emission from the 

QDots compared to the QWs can be explained based on the difference in the density of 

states for the zero-dimensional QDots. This also indicates that the SML QDot SESAMs are 

expected to have substantially lower saturation fluences when compared to the QW 

SESAMs.  

 
 

 
 

Figure 5.11 : PL spectra for QW and QD-based SESAMs. The QD SESAMs have a higher 
peak intensity when compared to the QW-based SESAMs. 
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 The decay in the PL peak intensity at 1min intervals over a 5 min period is compared 

for QW and QDot SESAMs in figure 5.12. While the QW SESAMs show a PL decay of 

~65%, the QDot-based SESAM decays only by ~18%. Therefore, it is apparent that the 

damage threshold for the QDot SESAM is substantially higher when compared to the QW 

SESAM. This higher threshold is a direct result of the lower saturation fluence and shorter 

relaxation time for the QDot-based SESAMs.  

 

 
Figure 5.12 : Variation of PL peak intensity at the end of each minute over a 5 min period 
for a QW SESAM vs QDot-based SESAM. The peak intensity decay is more pronounced for 
the QW-based SESAM, thus indicating a higher damage threshold for the QDot SESAMs. 
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5.11 Stability in mode-locking state over time (SML QDots vs QWs) 
 
Figure 5.13 shows mode-locking stability data for QW and QDot-based SESAMs in a 

symmetric ring cavity. At the outset, it is apparent that the QDot-based SESAMs have a 

longer lifetime than the QW-based SESAMs. The QW SESAM (shown in red) shows an 

initial degradation rate of 6.5% which reduces eventually to 0.8% after 10min. On the other 

hand, the SML QDot SESAM only shows an initial degradation of 1.4% which drops to 

0.2% after 10 min and the effective lifetime is substantially longer for the QDot-based 

SESAM. This increase in modelocking lifetime for QDot-based SESAMs compared to QW-

based SESAMs can be explained based on two different factors: the increase in effective 

cap thickness and the difference in macroscopic properties. The thickness of the QDot-based 

absorber region (12nm) is thicker than the InGaAs QW(8nm). This means that the effective 

separation between the AlAs layer and the air-semiconductor interface increases and this 

could be leading to the increase in SESAM lifetime. On the other hand, the macroscopic 

properties of the QDot-based SESAMs are different compared to the QW-based SESAMS. 

For instance, the recovery time components are both smaller with the QDot-based SESAMs 

and we suspect that this could be contributing towards the increase in SESAM lifetime.  
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Figure 5.13 : Output power stability in a mode-locked state compared between QW and 
QDot-based SESAM. 
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Chapter 6 : Conclusions 
 
 

Mode-locked VECSEL systems using SESAMs have proven to be a worthy 

alternative to state-of-the-art solid-state ultrafast lasers. In this dissertation, we have 

developed epitaxial strategies to realize a mode-locked VECSEL system using QW or 

QDot-based SESAM that is capable of supporting ultra-short (~100fs) pulses. In particular, 

we have focused on optimizing growth strategies for the SESAM, using a standard VECSEL 

structure.   

 

We first investigated design considerations for both the gain chip and the SESAM. 

This included designing the active region, the DBR for both gain and SESAM and the 

absorber region for the SESAM. Based on design considerations, a standard gain chip 

containing 12 InGaAs QWs non-uniformly distributed at the standing electric field 

antinodes is grown. For the SESAM, we decided to use GaAs/AlAs DBRs with a single 

InGaAs QW forming the absorber region at a design wavelength of 1030nm.   

 

For the growth of the SESAM, we independently optimized the growth of the DBR 

and the absorber.  In order to be able to grow the DBR region with the stop-band aligned at 

the laser emission wavelength, we had to overcome two main challenges with regard to 

growth rate stability: over time and over the wafer area. We were able to achieve this by 

making minor modifications to the Al effusion cell in our reactor. The growth of the absorber 

is optimized based on PL. Finally, the growth process for the SESAM as a whole is 

optimized based on a number of macroscopic SESAM parameters: GDD, reflectivity and 
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recovery time. After going through a few iterations of optimizing the growth process to 

obtain optimum SESAM characteristics, we were able to realize InGaAs QW-based 

SESAMs that could be used to mode-lock a VECSEL in a ring cavity. Pulse durations as 

short as 128fs with an output power of up to 90mW were realized.  

 

Using the InGaAs QW-based SESAM, we were able to achieve mode-locking with 

one of the shortest pulse durations reported in literature. However, we also found that these 

SESAMs exhibit poor temporal stability with very low effective mode-locking lifetimes. 

TPA is recognized to be the damage mechanism which causes a decay in output power over 

time. In order to observe the physical damage caused by TPA, we also conducted a thorough 

TEM analysis of the damaged SESAM compared to an “as-grown” SESAM. Through the 

TEM study, we were able to conclude that the SESAM damage is mainly caused by the 

oxidation of the AlAs layer in the DBR. The damage profile resembles the profile of  a laser 

beam-induced damage with the top of the DBR being more affected than the bottom. We 

also studied the effect of various SESAM parameters such as cap thickness, presence of AR 

coating and incident fluence on the damage threshold of the SESAM. From these 

experiments, it was found that the damage in the DBR region seems to be extremely 

sensitive to the field intensity of the standing electric field. In order to alleviate the damage 

mechanism of the SESAMs, we explored the use of QDot-based absorbers. 

 

For the QDot-based SESAMs, we decided to use InAs/GaAs SML QDot regions 

instead of SK QDots as they are more suitable for the design wavelength. The DBR region 

is kept the same between the two systems. As in the case of QWs, the growth of the absorber 
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region is aligned based on the number of periods of SML QDots using PL. Again, the 

SESAMs are optimized based on their macroscopic parameters. When introduced into a 

cavity we were able to achieve mode-locking with pulses as short as 185 fs. Also, the 

lifetime of the QDot-based SESAMs were increased by a factor of ~3.  

 

Summarizing, in the first part of this thesis we were able to realize an InGaAs QW-

based SESAM which could mode-lock a VECSEL with one of the shortest pulse durations 

reported. However, the lifetimes of the QW-based SESAMs were found to be poor in the 

femtosecond regime. To alleviate this, we explored the use of QDot-based SESAMs with 

lower recovery times compared to QW SESAMs and were successfully able to extend the 

lifetime of the mode-locking state.   

 

     

 

 

 
 
 

  

 
 

 

  

  
 

 
 
 



 
113 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


