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ABSTRACT 

InxGa1-xAs quantum dot (QD) lasers grown on a GaAs substrate with 1.3-µm 

emission are currently a subject of strong interest, and the work presented here extends 

this research to the field of multi-section light emitters.  Multi-section QD devices are 

useful for materials characterization and their flexibility in layout makes multi-functional 

in their device performance. This dissertation discusses the use of multi-section light 

emitters to produce new methods in the optical characterization of materials, QD mode-

locked lasers (MLLs) and QD super-luminescent light emitting diodes (SLEDs).  

An improved, alternate approach to the “multi-section method” for the measurement 

of optical gain and absorption is presented, and for the first time, low noise, accurate gain 

and absorption spectra under real CW working conditions are obtained. With the 

improved multi-section method and MLL characteristic testing, the relationship between 
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quantum dot MLL performance and quantum dot parameters is studied. With the highly 

flexible, reconfigurable multi-section approach, we demonstrate novel designs of QD 

MLLs and SLEDs. The multi-section MLL significantly increases the peak pulsed power 

(> 45%) and improves the pulse width (>35%) of the device. With the ability to change 

absorber position in the optical cavity at will, harmonic mode-locking from 7.2 GHz to 

51 GHz is achieved. The ridge-waveguide multi-section QD SLED allows independent 

adjustment of the power and the spectral bandwidth relative to the ground state (GS) and 

the excited state (ES) of the QD and demonstrates simultaneous ultra-wide 3-dB 

bandwidth (> 150 nm) and an output power greater than 1 mW with a uniform multi-

stack QD structure.  
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Chapter 1 Introduction to Quantum Dot Lasers 

1.1 A Brief History of Quantum Dot Semiconductor Lasers 

Semiconductor laser technology has been greatly improved since the first 

semiconductor laser was demonstrated in 1962 [1]. The improvement includes both laser 

waveguide structures and semiconductor materials. The ridge laser, for instance, is used 

to improve the current confinement and provide weak index guiding. The distributed 

Bragg reflector laser (DBR) and distributed-feedback laser (DFB) were invented for 

better wavelength selection [2, 3]. For decreased threshold, many research groups have 

worked on vertical cavity surface emitting laser, microdisk lasers, and so on [4, 5].  

Alferov, Hayashi and Panish dramatically reduced the threshold current density with 

the double heterostructure (DH) laser in the late sixties and hence room temperature 

continuous wave operation was achieved [6, 7]. Dingle and Henry demonstrated quantum 

the well (QW) laser in 1975 [8 , 9] in which the QW confined the carriers within 

quantized energy levels and reduced the physical space volume [10,11, 12, 13]. The QW 

lasers further reduced the threshold and allowed some control over the wavelength by 

changing the QW thickness. After people realized that the application of size quantization 

effects would be very beneficial for semiconductor lasers, the theory describing the 

quantum dot (QD) was first proposed by Arakawa et al in 1982 as an extension of the 

QW and was called the "multidimensional quantum well" [14]. However, these theories 

were based on lattice-matched heterostructures. Many scientists believed these models 

were too ideal and strongly doubted that real QD lasers would demonstrate the predicted 

advantages. At the beginning of the 1990s, it was realized that self-assembly on surfaces 

due to the strain caused by the lattice mismatch can be used to form high density QD 
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layers [15, 16, 17]. In 1994, the first QD lasers based on self-assembled growth, with 

fully quantized energy levels in both bands and a strongly inhomogeneous broadened 

gain spectrum, were reported [18]. Since then, QD devices based on self-assembly have 

been remarkably improved and are used in a broad array of applications such as lasers, 

super-luminescent light emitting diodes, detectors, amplifiers, and solar cells [19, 20].  

1.2 Formation of Self- Assembled Quantum Dots 

From Figure 1-1, we can see that for different materials, their lattice constants are 

different. When one material is grown on top of another, if this material lattice constant is 

bigger than the underlying material, then there will be mismatch between those materials, 

specifically compressive strain.  When a very thin layer of compressively mismatched 

material is deposited on the substrate, there is a growth regime where it is energetically 

favorable to increase surface area by islanding as opposed to relaxing the strain through 

dislocation generation. [21] 

While there are several different ways to form quantum dots, self-assembled 

quantum dots grown by molecular beam epitaxy (MBE) is the most frequently used and 

has produced most of the devices with superior lasing characteristics. There are two 

common used growth modes–the Stranski-Krastanow (S-K) mode and the Atomic Layer 

Epitaxy (ALE) mode. In the case of InAs quantum dots grown on a GaAs substrate, 

Figure 1-2 illustrates the 2-D wetting layer and 3-D island formation in S-K mode that is 

responsible for forming the quantum dot.   
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Figure 1-1 Energy gap vs. lattice constant. The red arrows show the wave-guide and 

quantum well lattice constant positions in a usual DWELL laser structure and the pink 

arrows show those positions in a DWELL laser structure with metamorphic buffer.
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Figure 1-2 Self-assembly growth technique for InAs quantum dots by S-K mode 
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1.3 Why Quantum Dots for Lasers? 

With quantum confinement in all 3 spatial directions, QDs has introduced new 

optical properties. We can understand this change by comparing the state density change 

for bulk (0-dimension), quantum well (1-dimension of confinement), quantum wire (2-

dimensions) and quantum dot (3-dimensions). As illustrated in Figure 1-3, the state 

density in bulk materials is continuous and proportional to the square root of the energy. 

For QWs, the state density decreases compared to the bulk and looks like a step function. 

For the quantum wire, the state density further decreases compared to the QWs. For QDs, 

the state density is a δ-function in energy. For the real QDs materials, the density of states 

has a line broadening caused by fluctuations in the quantum dot sizes. Nonetheless, the 

density of state still decreases compared to the quantum wire. 

Besides the size quantization effects, the realistic physical models of self-assembled 

QDs that are relevant to laser diodes are based on [9] 

• Strained heterostructures 

• Finite barriers 

• Many electron and hole levels 

• Monomolecular (excitonic) recombination 

• Non-equilibrium carrier distribution. 

With the self-assembled QDs models, some predictions of uniquely appealing features of 

quantum dot lasers compared to QW and DH lasers have attracted considerable attention 

and have been demonstrated on actual devices including:  

Ultra low threshold current density. The much reduced density of states and smaller 

physical volume of the active material means there are fewer carriers necessary to invert 
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the carrier population in the QDs, which results in extremely low threshold current 

densities. In 1999, Liu, et al, decreased the threshold current density down to 26 A/cm2 

[22, 23, 24]. The threshold current density kept decreasing in the following years. Figure 

1-4 shows the historical change in the threshold current density of quantum dot lasers 

(QD) [22 ,25, 26, 27, 28,], and compares it with DH lasers [29, 30] and QW lasers [10, 

11, 12, 13]. The lowest recorded threshold of a quantum dot laser of 10 A/cm2 has been 

achieved by Rabbit (1160nm) [9] and the UNM group (1270nm). With such low current 

density, there is a clearly heated competition between strained quantum dot lasers and 

quantum well lasers for the best 1.3-µm emission wavelength devices.  

High T0 value, temperature-insensitive threshold current.  The T0 value describes the 

threshold current dependence of the temperature. Since the threshold current has the 

empirical relation with the temperature as Ith=I0 exp (T/T0), high T0 values means little 

variation of threshold current with temperature change. A high characteristic temperature 

of T0 = 210 K was achieved in an un-doped self-assembled 1.3-µm InGaAs-GaAs 

quantum dot laser in 2004 [31]. Temperature invariant output slope efficiency and 

threshold current (T0=infinity) in the temperature range of 5-75 °C have been measured 

for 1.3-µm p-doped self-organized quantum dot lasers [32]. 

Improved high-speed modulation. As described before, the quantum dot has a δ-

function-like density of states, which results in both high material gain and high 

differential gain. Both of these factors contribute to a high modulation bandwidth [33]. In 

a theoretical study of the optical signal amplification and processing by quantum-dot 

semiconductor optical amplifiers (SOA's), Sugawara reported that QD devices should 

realize high-speed (40 to 160 Gb/s) pattern-effect-free wavelength conversion by cross-



 7

gain modulation, low frequency chirping and symmetric, highly-efficient 1 to 2 THz 

wavelength conversion by the non-degenerate four-wave mixing [34, 35]. In 2003, an 

ultrawide-band high-power QD amplifier in the 1.5µm wavelength region on an InP 

substrate, which enabled signal regeneration at 40 Gb s−1, was reported [36]. High-

frequency modulation characteristics of 1.3-µm InGaAs quantum dot lasers were reported 

with small-signal modulation bandwidth of f3dB = 12 GHz to 22GHz [31, 37, 36].  

Decreased linewidth enhancement factor. The linewidth enhancement factor (α-

parameter) is defined as the ratio of the change in the real part of the index of refraction 

with carrier density to the differential gain of the material. The strong symmetry of the δ-

function-like density of states in dots is responsible through the Kramers-Kronig relation 

that links index and gain for very low α. Linewidth enhancement factors from 0.4 to 0.1 

have been measured [38, 39].  

Ultra-broad bandwidth, easily saturated gain and absorption. Due to the reduced δ-

shape density of states of ideal QDs, the bandwidth of QD materials depends mostly on 

the inhomogeneous broadening that is caused by the QD’s Gaussian-broadened size 

distribution. Therefore, the QDs materials can have much wider bandwidth compared 

with QW. Because of the finite density of states, it is also very easy to saturate the gain 

and absorption of QDs. These characteristics result in QDs being an ideal material system 

for mode-locked lasers (MLL) and super-luminescent light emitting diodes (SLEDs). The 

first QD MLL was reported in 2001 [40]. After that, all the characteristics of QD MLL 

have steadily improved. The reported repetition rate is up to 50 GHz [41] and the lowest 

jitter is down to 300 femtosecond [42]. For the SLEDs, the UNM group has reported 

SLEDs with record wide bandwidth up to 220 nm. We have also demonstrated 
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simultaneous ultra-wide 3-dB emission bandwidth (> 150 nm) and an output power 

greater than 1 mW with a uniform multi-stack QD structure. 
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Figure 1-3 States Density Function for (a) Bulk, (b) Quantum Well, (c) Quantum wire, 

and (d) Quantum dot 
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Figure 1-4 Room temperature electrically pumped semiconductor laser threshold current 

density reduction over last thirty years for Double Heterostructure (DH), Quantum Well 

(QW), and Quantum Dot (QD). 

( 
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1.4 Dissertation Objectives 

This dissertation includes four detailed discussions of InAs quantum dot multi-

section emitters:  

• Novel technique for obtaining gain and absorption under pulsed or CW 

conditions. 

• Characterization of QD mode locked laser (MLL) with multi-section devices. 

• Novel multi-section QD MLLs  

• Novel multi-section SLED 

InxGa1-xAs quantum dot lasers grown on a GaAs substrate with 1.3-µm emission are 

currently a subject of strong interest, which includes both device physics analysis and 

design. However, most of the previous research did not use CW operation and are 

therefore not entirely appropriate for robust device design. This dissertation treats mostly 

the CW behavior of the examined devices. 

Fortunately, quantum dot lasers have extra low threshold current density because of 

the reduced density of states and this fact helps enormously in realizing CW operation in 

a variety of different applications. But in the mean time, the reduced density of states is 

accompanied by a much smaller modal gain in the quantum dot. For some applications 

such as DFB laser and VCSEL quantum dot laser, it is important to measure the gain 

spectrum of quantum dots under real working conditions. In chapter 2, an improved, 

alternate approach to the “multi-section method” [reference here] for the measurement of 

optical gain and absorption is presented, and for the first time, we obtain low noise, 

accurate gain and absorption spectra under CW conditions.  
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With the improved multi-section method and MLL characteristic testing, we study 

the relationship between quantum dot MLL performance and quantum dot parameters in 

the chapter 3. For the first time, all the important parameters governing pulse width in the 

Haus Master Equation and are measured in a single device, not from just test structures. 

With the multi-section, reconfigurable MLL approach, we demonstrate novel designs that 

significantly increase the peak pulsed power (> 45%) and improve the pulse width (>35%) 

of the devices. With the ability to change absorber position in the optical cavity at will, 

harmonic mode-locking from 7.2GHz to 51GHz is achieved. 

In chapter 4, a ridge-waveguide QD SLED that emits near 1.3µm is introduced. The 

new SLED structure allows a high flexibility in the design and can be reconfigured to 

adjust independently the power and the spectral bandwidth relative to the ground state 

(GS) and the excited state (ES) of the QD. The multi-section device configuration enables 

the realization of an ultra-wide 3-dB bandwidth (> 150 nm) and an output power greater 

than 1 mW with a uniform multi-stack QD structure.  
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Chapter 2 Determination of Optical Gain and Absorption of Quantum 

Dots with The Improved Segmented Contact Method 

2.1 Introduction  

Because of the delta-function density of states and low active volume, quantum dot 

lasers have some uniquely appealing features including an ultra-low threshold current 

density and a small temperature dependence of the threshold current. However, the 

reduced density of states that facilitates the low transparency current and the resulting 

low threshold current density is accompanied by small modal gain, which is much 

smaller than the modal gain of conventional quantum well lasers.  

For understanding the fundamental processes in QDs and optimizing the design of 

QD optical devices, such as DFB lasers and VCSELs that have generally larger loss than 

Fabry-Perot devices and therefore require larger modal gain and detailed design of the 

cavity structure, it is essential to obtain accurate gain and absorption spectra. There are 

various groups that have studied the optical modal gain of quantum dots in both theory 

and experiment [1, 2, 3, 4, 5]. The conventional method of determining the modal gain is 

from measurements of mirror loss, internal loss, and threshold current density, which can 

only give the peak gain vs. injected current density and the corresponding wavelength at 

this peak gain. Because of this restriction, it is difficult to get the modal gain spectrum 

over the whole emission region, especially under CW conditions. This chapter will 

introduce the measurement and characterization of the modal gain of multi-stack 

quantum dot lasers by an improved segmented contact method. 
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How the modal gain is measured is important. The conventional method of 

determining the optical mode loss, αi, from measurements of the external differential 

efficiency of devices with different lengths relies on the assumption that the quasi-Fermi 

levels are pinned above threshold. This method is appropriate for QD lasers by restricting 

operation to the low-pump limit. The reason being that pumping of the excited states may 

occur above threshold in devices due to inhomogeneous broadening or lack of Fermi-

level pinning. In multiple layer quantum well devices, for example, it has been observed 

that carrier transport effects can lead to unequal populations in different wells and poor 

quasi-Fermi level pinning [6, 7, 8]. Another problem of this method is it can only get 

individual points but not the spectra of gain and absorption. Another conventional 

method is the Hakki–Paoli technique. The Hakki–Paoli technique calculates the gain 

spectrum by analyzing the longitudinal modes in the stimulated emission [9]. For this 

technique, a high spectral resolution is required and this technique is limited to current 

densities below the threshold of the device. The Henry technique [ref] is an indirect 

method to obtain the gain spectra by calculating the Fermi-level energy separation. It 

does not directly give gain in absolute units and, similar to the Hakki–Paoli technique, 

limits the current density to below the threshold value of the device. 

In the past, the segmented contact method was successfully used to measure the gain 

and absorption of quantum well materials by analyzing the edge-emitted amplified 

spontaneous emission spectra (ASE) [10, 11, 12]. In the standard data reduction of results 

from the segmented-contact method, unguided spontaneous emission due to leakage 

currents is not treated, which introduces error into the calculated gain and absorption. 

Such error cannot be ignored in quantum dot devices due to its smaller modal gain (10-
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20/cm) and loss values. Other researchers have proposed ways of eliminating these errors 

but they tend to be relatively complex [13].  

The improved segmented contact method is simple to implement and works by 

manipulating the data from single, double, and triple biased sections. The new approach 

subtracts background signals from the measurement, resulting in clean, accurate gain and 

absorption spectra. The alternative method is especially efficient for characterizing 

materials with small gain or absorption. Using a self-calibration method, a quantum dot 

gain spectrum is measured to an accuracy of less than 0.2 cm-1 at nominal gain values 

below 2 cm-1. This capability also enables precise measurement of waveguide internal 

loss, unamplified spontaneous spectra and Stark shift data. 

2.2 Theory of the Improved Segmented Contact Method 

2.2.1 Conventional segmented contact method 

The conventional segmented contact method, or “single-pass multi-section device” 

method, is based on the measurement of the amplified spontaneous emission (ASE) [10]. 

For the ASE, signals exist propagating in both directions along the optical cavity axis. 

The intensity, I, of the ASE that propagates in the positive x-direction is a function of the 

net modal gain, g, and the signal testing position, x [14, 15]: 

imgg

SgI
dx
dI

α−Γ=

+=
      Eqn 2-1 



 23

Where the S is the intensity of the spontaneous emission emitted in all directions. Γ 

is the optical confinement factor, gm is the material gain and αi is the internal loss. 

Solving this equation, we can get the solution of I after the signal propagates a distance L: 

GL
g
SI

g
SI =+−+ )ln()ln( 0     Eqn 2-2 

I0 is the intensity of signal at x = 0 and for x<0, there is no injected current. For the single 

pass method, there is no ASE at x=0, so I0 = 0. We obtain the solution as [16]: 

( )1)exp( −⋅= xg
g
SI ASE     Eqn 2-3 

Now, if the ASE propagates a distance L and then 2L, we can solve the equations to 

eliminate S and obtain [7]: 
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Equation 2-5 is the basic governing formula for the single pass multi-section method in 

which the ASE emitted from sections of length L and 2L are measured and put into a ratio 

to find the optical gain. 

We can also get the total loss from the single pass method. For the condition that 

the emission signal propagates only in the +x direction and that I=0, we can define the 
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ASE intensity at x0 to be Ix0, and Ix1 at x1 (x1>x0). From Equation 2-1, S=0 because there is 

no injected current. The solution then is: 

)(
01

01 xx
xx eII −−= α

    Eqn 2-6 

Here α is absorption. Rearranging, it can be calculated with Equation 2-7: 
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The conventional segmented contact method is usually performed with a device that has 

several electrically isolated sections as shown in the Figure 2-1. Each section has a length 

of L. In the testing, the first section is pumped with current density J to obtain IL. 

Pumping both the first and second sections with current density of J yields I2L. All of the 

other sections are reverse biased to eliminate the reflected light from the back facet.  

The segmented contact method was successfully used to measure the gain and 

absorption of quantum well materials. However, in this familiar method, the unguided 

spontaneous emission is ignored. The unguided spontaneous emission will introduce 

error into gain and absorption data. The relation between ASE intensity and optical gain 

is not as Equation 2-4, but follows: 

leakASE III +=     Eqn 2-8 

Here the Ileak is the unguided spontaneous emission intensity. One possible source for the 

unguided spontaneous is leakage current in the device. With Equation 2-8, the Equations 

2-5 and 2-7 are not tenable and there will be error in the net modal gain and loss 

calculation. For a quantum well (QW) gain medium, such error can be ignored given the 

relatively large gain of a QW sample. 
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2.2.2 Improved segmented contact method 

For a QD amplifier, in which gain and loss both are much smaller than the QW, the 

error, which is introduced by the unguided spontaneous emission, cannot be ignored. To 

eliminae this error, we introduced an improved segmented contact method that is 

implemented by manipulating the data from single, double, and triple biased sections.  

In our improved segmented-contact method, we calculate the net modal gain g by 

analyzing the ASE intensity using three different configurations of the pumped device. 

First, we measure the ASE intensity I1 while only the first section is biased with a current 

density of J1. Then, we measure the ASE intensity I2 from a two-section configuration 

where the first and second sections are biased respectively with current densities J1 and J. 

Finally, the ASE intensity I3  is measured when the first section is pumped with a current 

density J1 while the second and the third sections are biased with the same current density 

J. From the equations 2-2 and 2-8, the ASE intensities of I1, I2, and I3 can be expressed as: 
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  Eqn 2-9 

The g1 and g correspond to the net modal gains when a section is biased with a current 

density of J1 and J, respectively. For the device geometries described above, most of the 

unguided spontaneous emission from sections 2 and 3 will radiate into the substrate 

before the coupling lens can collect it as shown in the Figure 2-5. Section 1 is the 

dominant source of unguided spontaneous emission; therefore, it is a reasonable 
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assumption that Ileak is the same for the different pumping configurations described above. 

As a result we have: 
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In this case, the expression for the net modal gain g simplifies to: 
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With equation 2-11, the background signals are subtracted from the measurement, which 

results in a clean, accurate gain spectrum.  

The absorption measurement can be corrected as well. To eliminate the error, the 

ASE intensity is measured in three different cases. I1 is obtained when the first section is 

pumped with a current density of J1; I2 is measured when the first section is pumped with 

a current density J1 and the second section with a current density J; I31 is measured while 

the first section is pumped with a current density of J1, the second section has reverse 

voltage, and the third section is biased with a current density of J. Assuming that Ileak is 

the same for the different configurations, we can write  
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So  
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The absorption α will be calculated by the following equation  
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With Equation 2-14, the background signals are subtracted from the absorption 

measurement and the result is an accurate absorption spectrum.  

In equations 2-11 and 2-14, the error introduced by the unguided emission is 

eliminated and a more accurate calculation of the gain and absorption is obtained over the 

whole spectrum [17]. Normally, the calculation will use the same current density and 

gain values throughout. However, the present technique allows for the gain and pump 

current density of the first section to be different from the other two. This alternative 

allows flexibility in biasing the front section for strong amplification, thus, a better signal 

to noise ratio in the case of a low light level from sections 2 and 3. 
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Figure 2-1 Structure of segmented contact device 
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2.3 Devices and Measurement Setup 

2.3.1 Device structure and growth 

With the improved segmented contact method, we characterized many QW and QD 

materials. As examples, three typical materials are introduced in this section. The 

segmented contact devices were processed using a six-stack dots-in-a-well (DWELL) 

laser structure, and a two-stack self-assembled InAs quantum dash-in-a-well (QDASH) 

on InP wafer.  

The DWELL laser structure (Zia414) was grown by elemental source molecular 

beam epitaxy (MBE) on an n+-doped, <100> oriented GaAs substrate. The structure is 

shown in Figure 2-2. The epitaxial layers consist of an n-type (1018 cm-3) 300-nm-thick 

GaAs buffer, an n-type lower Al0.7Ga0.3As cladding layer, a 230-nm-thick GaAs 

waveguide surrounding the laser active region, a p-type upper cladding layer, and a p-

doped (3×1019 cm-3) 60-nm-thick GaAs cap. The cladding layers are doped at 1017 cm-3 

and are each 2 µm thick. In the center of the waveguide, six DWELL layers were grown. 

In each layer, an equivalent coverage of 2.4 monolayer InAs QDs are confined 

approximately in the middle of a 10 nm In0.15Ga0.85As QW. The QDs grown under these 

conditions have an area density of 7.5×1010 cm-2, a base diameter <40 nm, and are about 

7 nm high as determined by AFM measurements on a separate calibration sample. [18, 

19]. 

The QDASH laser structure (Run1809) is grown on an n+ doped (001) InP substrate 

by MBE. Its active region consists of 2 stacks of InAs QDASHs in an Al0.3Ga0.03In0.67As 

compressively-strained QW separated by 50 nm of nominally lattice-matched 
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Al0.3Ga0.18In0.52As barrier. The active region is centered in a 1000 nm wide 

Al0.3Ga0.18In0.52As - waveguide. The cladding on the n-side is 100 nm Si-doped lattice-

matched Al0.48In0.52As (and the InP substrate), and on the p side is 1500 nm thick Be-

doped Al0.48In0.52As. The structure has been capped with 150 nm Be-doped Ga0.47In0.53As. 

At the interfaces between the InP substrate and the n-cladding, between the cladding and 

waveguide, and the p-cladding and cap, graded quaternary layers have been grown to 

avoid steep changes in band energy. The InP substrate’s surface orientation is 3o off (001) 

toward (111B). This mis-cut substrate features atomic steps, which run perpendicular to 

[01-1], the direction of elongation of self assembled InAs-quantum dashes [20].  

 

2.3.2 Device processing 

For measuring the optical gain and absorption, the wafers are processed into multi-

section devices following standard ridge waveguide laser processing. Wafers were 

processed to be 3 µm wide, deep-etched ridge waveguides with 16-segmented contact 

sections. Each section is 0.5-mm and the optical cavity length is 8 mm. The processing 

recipe is described in Figure 2-3. 

After the first lithography with the ridge-waveguide-mask, the sample was etched to 

form 3µm wide, 1.8µm deep ridges by inductively coupled plasma (ICP) etching in BCl3. 

Then the standard BCB processing was applied for isolating between the p-type metal 

and the etched cladding layer. The segmented-contact mask was used to make photoresist 

patterns for the p-type metal deposition and ion implantation. The isolation between the 

adjacent sections is provided by proton implantation, with an isolation resistance of >10 

MΩ. After n-type metal deposited on the substrate side of the wafer, the sample was 
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annealed at 380°C for 1 minute. A temperature greater than 380°C can crack the BCB. 

Another Ti/Au metal layer was deposited for n-side mounting. 

Such a device can be tested with either a free space coupling system or a single mode 

fiber. By changing the bonding configuration, different section-length devices can be 

created. In the following testing, two different section lengths were used, 1-mm/section 

and 1.5-mm/section. For the 1-mm/section testing, the first six (0.5-mm) sections of the 

device were configured by wire-bonding to form three 1-mm sections. The last ten 

sections were bonded together as an absorber to eliminate back reflections, shown as 

Figure 2-4. For the 1.5-mm/section test device, the first nine sections of device were 

wire-bonded to form three 1.5mm-sections, and the last eight sections were used as an 

absorber. 

2.3.3 The net modal gain and loss measurement setup 

The devices were mounted p-side up on an AlN submount on a copper heat sink. A 

TE cooler was used to control the heat sink temperature at 25 °C. The sections were wire-

bonded and connected to a switch mechanism, with the exception of the absorption 

section. A reverse bias of 7V was applied to the absorption section to minimize reflection 

from the back facet. 

The test setup includes two main blocks, an electrical-pumping block, and a signal-

detecting block. Each of these two blocks has two configurations used in the net modal 

gain and absorption measurements. For the current-pumping block, we can choose either 

pulse-pumping or continuous-wave (CW) pumping. The pulse-pumping setup is mostly 

used for studying physical properties of the materials to avoid any heating effects in the 

measurement. The CW-pumping setup is used to determine the characteristics of the 
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device under actual working conditions. For the signal-detecting block, a free-space-

coupling or a fiber-coupling setup can be used for different measuring requirements.  

Two typical systems with their different blocks are shown in Figure 2-5. The Figure 

2-5 (a) is the free space coupling setup with a monochromator and pulsed current 

pumping and (b) is the fiber-coupling setup with an optical spectrum analyzer (OSA) and 

CW-pumping.  The setup in Figure 2-5 (b) has the potential for much faster data 

acquisition. 

For pulsed pumping, the current source is triggered by an electrical signal-chopping 

system in order to decrease noise. The chopper includes two signal generators: an RC 

generator and a programmable waveform synthesizer. The RC generator provides a 1kHz 

sine-signal, which is used as the reference signal of the lock-in amplifier and the trigger 

signal for the programmable wave-form synthesizer. The programmable wave-form 

synthesizer works under gated mode to produce a 200 kHz sine wave signal, triggering 

the pulse current source. The injected pulsed current is generated by one current source 

and distributed to the different sections using three switches. The output signal from the 

wave-form synthesizer is shown in the Figure 2-6. The current applied through each 

section corresponds to the total current divided by the number of sections. Special care is 

taken that each section has very similar resistance characteristics. The current pulse is 

monitored with an oscilloscope. In the CW operation, each section has a dedicated 

current source. The bias current is checked with a multi-meter.  

In the free-space-coupling setup block, the emission from the device is collected into 

a monochromator by lenses. A polarizer was placed between the first and second lens to 

select the TE-mode or the TM-mode emission. In this experiment, an InGaAs detector 
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cooled to 213K converted the light into an electrical signal. The latter is then amplified 

by a lock-in amplifier and recorded with the computer. The fiber-coupling setup is easier 

and faster for alignment and data collection. In the fiber-coupling system, the emission 

from the device is coupled into a polarization-maintaining fiber (PMF) by means of a 

coupling lens. An isolator was inserted to reduce reflection. An inline fiber-polarizer is 

connected to the PMF to select the TE mode or TM mode emission by switching the 

direction of the key on the FC connector. An OSA measures the ASE spectrum. The 

fiber-coupling setup has a bandwidth limit of 1.7 µm due to the OSA. In this dissertation, 

all data are based on TE mode emission. 

The optical gain and absorption spectra are measured according to the theory 

described above. There is a calibration factor between the real ASE spectrum and the test 

spectrum, although this factor is the same for all spectra at a given wavelength, since the 

position of the device does not change during the testing. This factor is canceled by the 

net modal gain or absorption calculation, and the entire gain and absorption spectrum can 

be obtained with Equations 2-11 and 2-14. In fact, the alignment tolerances of the 

measurement described here is considerably relaxed compared to previous methods, but 

alignment stability is still important. 

As introduced in the previous section, the pulsed-pumping setup is used mainly for 

studying the physical properties of the materials. The broad area device processed from 

the QDASH device (Run1809) did not lase at room temperature so the multi-section 

device of Run1809 was tested under pulsed-pumping setup to determine its optical 

properties. The multi-section QD devices of Zia414 were tested under CW operation.  
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Figure 2-2 Structure of the 6-stack DWELL laser (Zia414) 
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Figure 2-3. Processing of the segmented contact device 
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Figure 2-4 Schematic diagram of multi-section device structure. 
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(a) 

 

(b) 

Figure 2-5 Test setup of the net modal gain and absorption measurement. (a) Free space 

coupling setup with monochromator for pulsed current pumping. (b) Fiber coupling setup 

with OSA for CW pumping.  Both figures show configurations for gain measurement.  In 

the case of absorption, the middle section would have a reverse bias voltage. 
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Figure 2-6 Schematic diagram of the sinewave signal generator and the programmable 

waveform synthesizer output signal (a) Output signal of RC generator: Trig signal 1 (b) 

Output signal of waveform synthesizer: Trigger signal 2. 

(a) 

(b) 
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2.4 Net Modal Gain and Absorption Of DWELL and QDASH 

As shown in Figure 2-7, the ASE output from Zia414 using single, double, and 

triple-biased sections were measured under different current densities in the CW 

operation. A series of net modal gain spectra were obtained with Equation 2-11 from this 

ASE data and are shown in Figure 2-8.  

Through the analysis of the net modal gain series, valuable information for the 

optimization of the QD lasers is obtained. Figure 2-9 and Figure 2-10 illustrates the 

evolution of the net modal gain at 1294 nm and the wavelength of the net modal gain 

peak versus the current density. The net modal gain saturates at 7.5 cm-1 when the current 

density reaches 1000 A/cm2, a result attributed to the limited density of states available in 

this QD material. The gain saturation under pulsed operations occurs at a larger net gain 

value of about 15 cm-1, as determined by the switch from ground state to excited state 

lasing in broad area lasers with different cavity length. This result shows the dramatic 

decrease in maximum gain that is possible in quantum dot devices due to heating under 

typical current densities of laser diodes. As the pump current density increases, the 

wavelength of the gain peak blue-shifts from 1306nm to 1291nm, presumably because 

the larger dots fill with carriers first. Also we can obtain the real gain data under different 

temperatures. As shown in the Figure 2-12, the maximum ground-state net modal gain is 

at 1286 nm with a value of 10 cm-1 under 15C. When the TEC temperature is increased to 

25C, this peak red-shifts to 1294 nm and the maximum gain decreases to 7.5 cm-1. Such 

data, which are under real working conditions, are valuable for device design 

optimization. 
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By measuring the ASE spectra and manipulating the data as decribed in Section 2.2.2, 

we obtained the absorption data for wafer Zia414. The various absorption spectra of the 

QD diode structure (obtained under CW operation for reverse biases ranging from 0V to -

7V) are shown in Figure 2-11. It is noted that the absorption values at a given wavelength 

are significantly larger than the corresponding saturated gain [13]. In the range of 

wavelengths below the band edge of the material, the absorption does not vary with the 

wavelength indicating an internal loss value of 3 ± 0.5 cm -1. This value is confirmed by 

the net gain spectra (Figure 2-8), which also converge to 3 ± 0.5 cm-1 for wavelengths 

greater than 1340 nm. Thus, the new segmented-contact method is efficient for extracting 

the internal loss of QD-based gain media. 

Due to its ability to measure small gain and internal loss values accurately (see 

section below), the alternative segmented contact method has the ability to extract the 

gain and the absorption from a diode structure that does not exhibit lasing. This feature of 

the measurement is very useful for materials characterization, troubleshooting and low-

signal, pulsed conditions. As an example, the 2-layer QDASH structure Run1809 had 

very low gain and did not show lasing during pulsed testing. Figure 2-13 shows the net 

modal gain spectrum of the QDASH structure measured with the alternative method 

under pulsed pump. The current density is 1000 A/cm2, the pulse width 1µs, and the duty 

cycle 10%. The data are obtained using two different section configurations of 1.5-

mm/section and 1.0-mm/section, which is the traditional test of consistency for the 

segmented-contact method. 
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Figure 2-7 The spectra of amplified spontaneous emission with different injected CW 

current and pump sections. The temperature was set at 25 °C. 
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Figure 2-8 Net modal gain spectra of Zia414G with the improved segmented-contact 

method under CW pumping. The temperature was set at 25 °C. 
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Figure 2-9 Evolution of the net modal gain peak wavelength versus the current density 

under CW pumping. The temperature was set at 25 °C.  
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Figure 2-10 Evolution of the net modal gain at 1294 nm versus the current density at 25C. 
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Figure 2-11 Modal absorption spectra under different reverse bias conditions under CW 

pumping. The temperature was set at 25 °C. 
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Figure 2-12 414 G Net Modal Gain under 15C and 25C under CW pumping. 
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Figure 2-13 Net modal gain spectra of the QDASH structure with pulsed pumping. The 

solid line is data from the 1.5-mm section length configuration and the dashed line is 

from the 1-mm section configuration. 
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2.5 Accuracy Checking of the New Method 

We used two conditions to check the accuracy of the improved segmented contact 

method: the linear gain assumption and the laser threshold data. 

If the gain spectrum is accurate and the device works in the linear regime, the spectra 

from two different configurations should agree with each other. This method is suitable 

for the devices that do not operate as a laser. In Figure 2-13, the solid line is the net 

modal gain spectrum measured with the 1.5-mm/section device and the dashed line 

represents the1.0-mm/section device. The two separate measurements demonstrate a peak 

net modal gain of 0.7 cm-1 ± 0.2 cm-1 at a wavelength of 1510 nm and the agreement 

between the two curves is less than 0.3 cm-1 at the peak of the modal gain. The internal 

loss from the long-wavelength end of the net modal gain spectra is 2 cm-1 ± 1 cm-1. The 

data of the 1.0-mm/section device is noisier than that from the 1.5 mm/section device 

because of a weaker ASE output. 

There is alternative method for checking the accuracy of the net modal gain and 

absorption values. Since this method uses the same device without any change in the 

coupling conditions, it is called the self-calibration technique. The sole requirement is 

that the gain must be high enough to produce lasers since the comparison gain and 

absorption data is derived from the lasing condition. When all 16 sections are biased 

together with the same current, the device is equivalent to an 8-mm long ridge waveguide 

laser. At the laser threshold, the net modal gain equals the mirror loss, αm. Assuming a 

cleaved-facet mirror reflectivity of 32%, the threshold current density and mirror loss can 

be used to calibrate the gain measurement at a single wavelength. It is found that the 8-

mm QD laser emits at 1295 nm, has a corresponding threshold current density of 275 
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A/cm2 and a mirror loss of 1.42 cm-1 as shown in the Figure 2-14. Under the same current 

density, the peak of the gain spectrum using the alternative segmented contact method is 

1.45 cm-1 at 1295 nm. Accuracy within 0.1 cm-1 is achieved at a net modal gain lower 

than 2 cm-1, as shown in Figure 2-15. The blue solid line is the net modal gain spectrum 

obtained with the improved segmented method and the gray line is with the conventional 

segmented method. With Figure 2-15, we can also find the significant accuracy 

improvement by the new measurement method. The conventional method has an 

inaccuracy of more than 1.8 cm-1 at a net modal gain lower than 2 cm-1. 

In order to verify the accuracy of the absorption spectra, a similar method is 

implemented using the data from a multi-section laser. When the 8-mm-long cavity is 

uniformly pumped with the exception of the second section, which is short-circuited to 

ground, the device lased at a wavelength of 1293 nm and the threshold current density is 

666 A/cm2, as illustrated by Figure 2-16. 

At the threshold condition of the lower right corner of the hysteresis loop of Figure 

2-17, the net modal gain in the optical cavity obeys the following expression: 

)( activeabsorbmabsorbactive LLLLg +⋅+⋅=⋅ αα    Eqn 2-15 

Of the total cavity length, L = 8-mm, Lactive is 7-mm and Labsorb is 1-mm. The ASE spectra 

were measured at a current density of 666 A/cm2 and the modal absorption and net modal 

gain spectra were calculated by equations (5) and (7). The results are shown in Figure 

2-18 and Figure 2-19. From the net modal gain spectrum, g is found to be 6.3 cm-1 at 

1293 nm. With this g value and equation (8), α is calculated to be 32.7 cm-1 and, for 

comparison, α is 33.4 cm-1 from the spectrum of absorption in Figure 2-19. This shows 

an error of less than 2%. This process can be repeated to find more calibration points by 
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applying different voltages to the absorption section that produce different lasing 

conditions. 

 

2.6 Unamplified Electro-Spontaneous Spectra 

From Equation 2-9 and assuming the Ileak is same for the different pumping 

configurations, the ASE intensity has a relation to the unamplified spontaneous intensity 

and the net modal gain as: 

[ ] )exp(1)exp(2 LGLG
G
SII LL ⋅−⋅=−    Eqn 2-16 

The unamplified spontaneous emission intensity S is related to the ASE intensity IL, I2L 

and the net modal gain G by: 

( ) )exp(1)exp(
2

GLLG
II

GS LL

−⋅
−

=    Eqn 2-17 

In this improved segmented-contact method, an accurate spectrum of net modal gain 

G can be obtained and this allows us simply to obtain the unamplified spontaneous 

emission spectra without special processing and optical alignment. An example of 

unamplified spontaneous emission data as a function of wavelength calculated using 

Equation 2-17 appears in Figure 2-1.  

2.7 Quantum Confined Stark Effect 

To explore the electro-absorption effect further, the absorption spectra were 

measured under different reverse bias conditions by the method described above and 

shown in Figure 2-11. In Figure 2-11, the absorption spectra peak position red-shifts to a 
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smaller photon energy when the reverse bias voltage increases. The active region of the 

multilayer quantum dot laser structure wafer is about 140 nm. Assuming all reverse 

voltage was applied on the active region, the ground state absorption peak positions were 

plotted against the electric fields in Figure 2-21. The peak positions at different reverse 

bias can be described by a linear dependence approximately and the red-shift step is 

about 1.5meV/V at a reverse bias of |V|>1V, which deviates from the expected quadratic 

dependence. This result may be explained by the possibility that the electric field was 

large enough to begin dissociating the electron-hole pair and thus the transition energy 

was influenced [21, 22]. The Stark shift has amplitude of 9.8 meV under an electric field 

of 150 kV/cm and this is comparable with the measurement of an InAs QD on GaAs [23]. 

2.8 Conclusion 

In this chapter, an alternative segmented contact method for net modal gain and 

absorption measurement was discussed. The new approach essentially subtracts 

background signals from the measurement and results in clean, accurate gain and 

absorption spectra using 3 biased sections instead of the conventional 2-section method. 

Experimental setups were described for CW and pulsed conditions demonstrating the 

flexibility and accuracy of the technique in a variety of pump and collection optics 

configurations. The gain and absorption spectra of QD and QDASH samples were 

highlighted as the alternative method is particularly useful for optical materials that have 

relatively low gain and absorption. A self-calibration method was introduced that takes 

advantage of laser data measured in the same optical cavity used in the multi-section 

technique. An accuracy of 0.2 cm-1 was obtained at nominal gain values below 2 cm-1. 

The unamplified electro-spontaneous spectra were obtained with ASE spectra and net 
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modal gain spectra. The QCSE has been observed and the red shift has a linear 

dependence with reverse bias. This new technique is also a powerful tool for 

characterizing very low gain material samples that are difficult to characterize by other 

techniques.  

This improved segmented contact gain-loss measuring technique will be used in 

mode-locking characterization, mode-locked lasers and SLED device design in the 

following chapters. 
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Figure 2-14 Spectra of Zia 414 when all sections are pumped uniformly. The red line is 

under an injected current density of 275 A/cm2 and the blue line is under an injected 

current density of 250 A/cm2. 
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Figure 2-15 Net modal gain of Zia414 under pumping current density of 275A/cm2. The 

blue solid line is the net modal gain spectrum obtained with the improved segmented 

method and the gray line is with the conventional segmented method. 
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Figure 2-16. The spectrum of Zia414with second section grounded 
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Figure 2-17. L-I curve of Zia414 with second section grounded. 
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Figure 2-18 Net modal gain of Zia414 under injected current density of 666A/cm2 

(20mA/section). The net modal gain is to 6.3cm-1 at wavelength of 1293nm. 
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Figure 2-19. The absorption spectrum when the 2nd section was shorted and the 

absorption calibration value from the self-calibration. 
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Figure 2-20 Unamplified electro-spontaneous emission spectrum under current density of 

6mA/section 
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Figure 2-21 Modal absorption spectrum peak positions under different reverse bias 

conditions 
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Chapter 3 Quantum Dot Monolithic Multi-Section Passively Mode-

Locked Lasers 

3.1 Introduction 

As the speed of microprocessors using electrical clock distribution increases beyond 

3.6 GHz, the challenges and limitations of copper-based metal interconnects become 

more apparent. With the silicon CMOS feature size shrinking from today’s state-of-the-

art of 90 nm to 32 nm and beyond, speed bottlenecks due to RC delays on chip and 

increasing electrical power consumption are expected to become serious problems [1, 2]. 

These problems can be avoided by the use of optical interconnects for clock distribution.  

The compact size, low cost, low power consumption, and direct electrical pumping 

of semiconductor monolithic mode-locked lasers make them promising candidates for 

inter-chip/intra-chip clock distribution [3, 4] as well as other applications including high 

bit-rate optical time division multiplexing [ 5 , 6 , 7 , 8 , 9 ], high speed electro-optic 

sampling [10], and impulse response measurement of optical components [2]. However, 

the compact diode laser pulse sources have generally not been able to match the pulse 

quality of the best mode-locked lasers [11]: they suffer from longer pulse durations, 

impaired stability, asymmetric pulses, chirped spectra and compromised peak power. For 

improving the characteristic of semiconductor mode-locked lasers, research on both 

physics and devices are necessary.  

Development of quantum dot (QD) lasers with 1.3-µm emission wavelength showing 

very low threshold current [12, 13], large T0 [14], and suppressed beam filamentation 

[ 15 ], presents a breakthrough towards optoelectronic applications. Some unique 
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characteristics of QD lasers, such as ultrabroad bandwidth, ultrafast gain dynamics, easily 

saturated absorption, strong inversion, low alpha parameter and wide gain bandwidth, 

make them an ideal choice for semiconductor monolithic mode-locked lasers [16, 17, 18, 

19]. Also the 1.25 µm emission wavelength, which is transparent to Si waveguides and 

detectable by SiGe photodetectors, makes the InAs QD mode-locked lasers suitable for 

Si-based optoelectronic integrated-circuits [20, 21]. 

In this chapter, a brief introduction of the mutual saturation mode-locking [22] is 

given in Section 3.2. The device structure and measurement setup are described in 

Section 3.3. In Section 3.4, the relationship between the 2-section SCPM laser operation 

characteristics and the QD material parameters is studied, and the solution of the master 

equation of mode-locking with a fast saturable absorber is verified. In Section 3.5, we 

present experimental results of novel multi-section monolithic passive mode-locked 

lasers that emit near 1.3 µm using QDs as the active region on the GaAs substrate. The 

multi-section configurations containing an absorber, a gain section, and a passive section 

(AGP) significantly increase the peak pulsed power (> 45%) and decrease the pulse width 

(>35%) of the QD mode-locked lasers compared with conventional 2-section devices 

consisting of only gain and absorber regions. The multi-section geometry also allows 

setting the absorber position to form the gain-absorber-gain (GAG) structure within the 

same optical cavity to achieve complete harmonic mode-locking up to the 7th harmonic 

and incomplete locking as high as the 15th harmonic. 
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3.2  Colliding Pulse Mode-Locking and Self-Colliding Pulse Mode-Locking 

Lasers 

The passive InAs QD mode-locked lasers that are studied in this chapter are based on 

mutual saturation mode-locking concept [22], which is also known as colliding pulse 

mode-locking (CPM) [23]. A schematic plot of a monolithic passive CPM laser is shown 

in the Figure 3-1(a) [24]. There is only DC current to drive the laser, and no external RF 

modulation is used. When two counter-propagating pulses do “collide” in the saturable 

absorber, they will mutually saturate the absorber and produce a much stronger saturation 

than if the two pulses arrive in sequence. Figure 3-2 shows the computed pulse 

propagation in the laser cavity for a single round trip in steady state [24]. Before the 

arrival of the optical pulse, the loss and gain values are at their small signal values, and 

the small signal loss is a little higher than the small signal net modal gain. In a passive 

mode-locking laser, to generate optical pulses, the loss has to saturate faster than the gain, 

which is the stability condition of a passively mode-locked laser: 
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Where Esat, abs is the saturation energy of the absorber, and Esat,g  is the saturation energy 

for the gain section. Am is the mode cross-sectional area, h is Planck’s constant, ν is the 

optical frequency, ntr is the transparency density, Γ is the confinement factor and dg/dN is 

the differential gain with respect to carrier density. The s is defined as the stability 

parameter [25]. For stable passive mode-locking, the s should be greater than 1, which 
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means a small differential gain, confinement factor and dot density are helpful for stable 

CPM operation. 

A saturable absorber is called a slow absorber if its recovery time is much longer 

compared to the duration of pulses produced in the laser. Otherwise, the absorber is 

called a fast absorber [26, 27]. Figure 3-3 shows the pulse generation with the gain and 

loss saturation and recovery in a passive mode-locked laser with (a) a slow absorber and 

(b) a fast absorber [28]. 

The self-colliding pulse mode-locking (SCPM) is also based on the mutual saturation. 

A SCPM laser is like cutting a CPM laser from the center except that for the same cavity 

length the CPM device has twice the repetition rate of the SCPM laser. The absorber is 

located next to a high reflection (HR)-coated mirror where the optical pulse collides with 

itself in the saturable absorber for pulse narrowing. The schematic plot of a monolithic 

self-colliding pulse mode-locked laser is shown in Figure 3-1(b). The time between the 

arrival of consecutive pulses in SCPM is equal to the cavity round-trip time: 
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     Eqn 3-2 

where L is the cavity length and n is the group index. The corresponding repetition rate f 

for a practical mode-locked laser is on the order of 1 GHz to100GHz [14]. 
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(b) 

Figure 3-1 (a) Schematic plot of a monolithic CPM laser [24]. (b) Schematic plot of a 

monolithic SCPM laser. 
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Figure 3-2. The pulse propagation in the laser cavity for a single round trip, when steady 

state is reached. [24] 



 71

 

(a) 

 

(b) 

Figure 3-3 Passive mode-locking with a (a) slow saturable absorber and (b) fast saturable 

absorber [28]. 
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3.3 Devices and Measurement Setup  

3.3.1 Device structure and fabrication 

The laser epitaxial structure consists of a 6-stack "Dots-in-a-WELL" (DWELL) 

active region grown by solid source molecular beam epitaxy (MBE) on a (001) GaAs 

substrate with a photoluminescence (PL) peak emission wavelength of 1.25 µm [29, 30]. 

The details of the MBE growth parameters and the device processing are described 

elsewhere [31]. The structure is similar to the un-doped QD material described in Chapter 

2.  

The multi-section device structure provides a flexible layout and is used to study 

mode-locked lasers for both the physics modeling and devices characterization [32, 33]. 

In our experiments, the devices are segmented ridge-waveguide lasers with a ridge width 

of 3 µm, and are fabricated according to the standard multi-section device processing 

[34]. After the standard ridge laser processing, the sample is cleaved to form devices 

consisting of 16 sections (for a cavity length of 8 mm) or 11 sections (for a cavity length 

of 5.5 mm). One cleaved facet was HR-coated (R≈95%) and the other facet was low 

reflection (LR)-coated (R≈15%). The 0.5-mm sections were wire-bonded or probed to 

provide the desired experimental configurations that are described below. The devices 

were mounted on copper heatsinks, and for all the results presented in this chapter, the 

measurements were performed at a controlled substrate temperature of 20oC if not 

specified. 
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3.3.2 The mode-locked laser measurement setup 

The operational characteristics of mode-locked lasers include the repetition rate, the 

optical pulse width, the optical spectrum, the peak power, the timing jitter, the 

transparency current density, and the threshold current. The characteristics of basic QD 

lasers include the net modal gain, the absorption, the internal loss, and the saturation 

power of absorption. An experimental setup has been built that can measure all these data 

from one single device. 

The test setup includes two main blocks: an electrical-pumping block, and a signal-

detection block, as shown in Figure 3-4(a). A 16-channel laser diode controller (ILX 

Lightwave LDC-3916) was used as the current source. A 16-probe card was used to 

distribute the injection current from each channel to different sections on the multi-

section device as shown in Figure 3-4(b). By controlling the 16-channel current source 

output, we can pump every section on the multi-section device individually. A multi-

meter was used to monitor the total injection current. A DC power source was used to 

apply reverse bias on the absorber. An integrated optical head mounted on a 5-axis 

precision linear stage was used to collect the output emission of the mode-locked laser. 

The integrated optical head consists of a polarization-maintaining fiber (PMF) pigtail, a 

collection lens, and an isolator. The lens focuses the output light into the PMF through 

the isolator, which is used to avoid interference effects. The collected emission is fed into 

the autocorrelator (Femtochrome FR-103XL Autocorrelator described in the Appendix) 

to measure the pulse width, and the optical spectrum analyzer (Agilent 86142B OSA) to 

measure the optical spectra through fiber couplers. The repetition rate and timing jitter 

are measured by the spectrum analyzers (HP 8563E ESA). An inline-polarizer was 
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inserted between the optical head and OSA when measuring the net modal gain and 

absorption spectra as described in Chapter 2. The light-current (L-I) characteristics can be 

obtained if the optical head is replaced with an integrating sphere and photodetector. 

Therefore, we can obtain the multi-section mode-locked laser pulse repetition rate, the 

optical pulse width, the optical spectrum, the average and peak power, the timing jitter, 

the threshold current, the modal gain and loss spectra, the transparency current density, 

the internal loss, and the group refractive index with one single multi-section mode-

locked laser device. 
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(a) 

  

(b) 

Figure 3-4. (a) Schematic diagram of the mode-locked laser measurement setup. (b) 

Multi-section device with probe card. 
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3.4 Two-Section QD Passive Mode-Locking Laser Characteristics and 

Master Equation 

3.4.1 Two-section QD passive mode-locking laser characteristics 

The 16-section device Zia792F-AF was fabricated from wafer #Zia792F. The unit 

length from section #2 to #15 is 0.5mm/section. However, section #1 and #16 were 

cleaved to be 0.3 mm and 0.7 mm, respectively. The total length of the gain section (Lg) 

is 6.8mm and the length of the absorber (La) is 1.2mm. The cleaved facet near section 16 

was HR-coated (R=95%), and the other facet was AR-coated (R=15%). We configured 

the 16-section device for different measurements by changing the bias functions through 

the probe card. Sections #10 to #16 were reverse biased to form a 3.5-mm absorber, and 

sections #1 through #3 were pumped individually during the net modal gain and loss 

measurements. To make the same device operate as a two-section SCPM laser sections 

#15 and #16 were biased together with a reverse voltage, working as the saturable 

absorber, and meanwhile all the other sections were pumped uniformly to form one gain 

section.  

We obtained accurate net modal gain and loss spectra using the improved segmented 

contact method, as shown in Figure 3-5. From the net modal gain spectra, we obtained 

the information on how the net modal gain changes as a function of emission wavelength 

and current density. Figure 3-9 shows the net modal gain of 1213 nm under different 

pump current densities. The transparency current density of a certain wavelength can also 

read from the net modal gain spectra. From the loss spectra at long wavelength, an 

internal loss of the ridge waveguide of 2cm-1 is found.  
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With the 2-section mode-locked laser configuration, we measured the operational 

characteristics from the same waveguide under different absorber bias voltages and gain 

currents. The L-I characteristics near the threshold of 2-section mode-locked laser with 

the absorber biased from –1V to –5V are shown in Figure 3-6. Figure 3-7 shows other 

characteristics under an absorber bias of –5V. An average power of up to 30 mW at gain 

current of 168 mA and a high/low threshold current of the 91mA/87mA due to bistability 

can be read from the CW L-I characteristics shown in Figure 3-7 (a). Under a gain 

current of 136 mA, the CW optical spectrum has a peak wavelength of 1224 nm and 

bandwidth of 5.2 nm; the autocorrelation signal exhibits a pulse width of 11.6 ps at a 

repetition rate of 5.17 GHz. The series curves of FWHM pulse width vs. gain current 

under absorber bias of –1V to –5V are shown in Figure 3-8 (a). The pulse width increases 

with increasing gain current or decreasing absorber bias voltage. With the data of 

FWHM pulse width and the L-I curve, the peak powers can be calculated with 

)( tfPP averagepeak ∆⋅= , where ∆t is the FWHM pulse width, and is shown in Figure 3-11. 

The peak power decreases with decreasing absorber bias voltage, which means the pulse 

width broadens faster than the average power increases with lower absorber bias voltage. 

A maximum peak pulsed power of approximately 410 mW is achieved at the laser facet 

under an absorber bias of –5V and a gain current of 88 mA that is near the threshold. 

Therefore, the characteristics of the 2-section mode-locked laser that is configured from 

the multi-section device are similar to a normal QD passive mode-locked laser.  
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(a) 

 

(b) 

Figure 3-5. (a) Net modal gain and (b) Loss spectra of Zia792F-AF 16-section device.  
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Figure 3-6 L-I curve of 2-section mode-locked laser with absorber biased from –1V to –

5V. 
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(a) (b) 

  
(c) (d) 

Figure 3-7. Operating characteristics of the two-section-configuration QD passive mode-

locked laser under absorber bias of –5V. (a) The CW L-I characteristics. (b) The CW 

Optical spectrum under a gain current of 136 mA. (c) The ESA spectrum of the 1st 

harmonic under a gain current of 136 mA. (d) The autocorrelation signal under gain 

current 136 mA. The FWHM pulse width is 11.6 ps. 
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Figure 3-8. The FWHM pulse widths of the two-section-configuration QD passively 

mode-locked laser under an absorber bias of –1 to –5V.  
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3.4.2 QD mode-locked laser master equation 

Plentiful work has been done on the theory of the semiconductor quantum well (QW) 

and QD passive mode locking lasers [25, 35, 36, 37]. The physical scheme for passive 

mode-locking in a QD laser remains the same as in other semiconductor lasers: the 

absorbing medium saturates faster than the amplifying one, and, therefore, a short 

window of net gain emerges for the pulse amplification. Therefore, the basic master 

equation of mode-locking should be valid for QD mode-locked laser performance. With 

the multi-section mode-locked laser, it is the first time that we can measure all the 

parameters in the master equation from a single monolithic semiconductor laser and 

check the solution of the master equation.  

Complementary investigations of the carrier dynamics have demonstrated a fast 

recovery time (~1 ps) in quantum-dot waveguide structures [ 38 ]. For a passive 

semiconductor mode-locked laser, with a fast absorber and the geometrical layout shown 

in Figure 3-1(b), consider a Lorentzian profile for the gain 
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and the master equation is then [26]: 
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where mign LLgg αα −−=  is the distributed small-signal gain in the amplifying 

section, LLan 0,0 αα = , α0,n is the distributed small-signal unsaturated loss in the 

absorber, L is the total cavity length, La is the length of the absorber and Lg is the length 

of the amplifying section, a
sI  is the saturation intensity of absorber, gυ is the group 

velocity, αm is the mirror loss, and αi is the internal loss. The pulse envelope denoted as 

A(z, t) is a function of time and the spatial position. While there are steady-state pulses 

forming in the cavity, the master equation reduces to 
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where gzt υη /−= . This equation has a solution [26]: 
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The pulse width for the hyperbolic secant pulse shape is  
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where the relation between the intensity and power is the following: 
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in which Ppeak  is the peak power of the pulse, Ps
a is the saturation power of the absorber. 

We can express the FWHM of the pulse as  
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From this equation we can see that for the same peak power, the FWHM of the pulse 

decreases with decreasing 2
gng ω∆  and saturation power, and increasing normalized 

absorption assuming that gain saturation, which has been ignored, is negligible. 

The peak powers can be calculated with the measured pulse width, repetition rate 

and average power. The spectra of the net modal gain, the loss and the internal loss can 

be measured using the segmented contact method. The bandwidth ∆ω is calculated from 

the FWHM of optical spectra as 2λλω ∆=∆ c . Theoretically, we can calculate the 

saturation power from the measured peak power, optical pulse width ∆t, FWHM of the 

optical spectrum, and distributed small-signal gain and absorption, under different bias 

conditions with Equation 3-11.  

The saturation power Ps
a can also be obtained from the small signal absorption α0 

and threshold gain g0 near the lower threshold with the equation below: 
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Here α0 was read from the absorption spectra at the corresponding wavelength and bias 

voltage. The threshold gain g0 was read from the gain spectrum at the corresponding 

wavelength under the current density as the point “A” shown in the Figure 3-9, which is 

the intersection point of the extrapolated line from the L-I curve to the current axis. From 

the Net modal gain and absorption spectra we have the internal loss of 2cm-1. The mirror 

loss is 1.2 cm-1 (HR coating of 95% and AR coating of 15%). 

We can compare the calculated saturation powers by the two methods to verify 

the mode-locked laser master equation. However, an accurate saturation power is hard to 

obtain with Equation 3-12 because of the following issues: 

1. The complete mode-locking current is usually significantly higher than the 

threshold current. It is difficult to measure the pulse width near the threshold 

current where non-linear gain effects are minimized. 

2. The lasing wavelength usually shifts at different bias conditions. The 

saturation power calculated from the threshold condition does not strictly 

apply to other wavelengths.  

Table 3-1 shows the calculated data of the absorption saturation power near the threshold 

condition. The Equation 3-12 requires that the lower threshold current is near to the 

starting current of mode-locking. Therefore, from the table, only the data of reverse bias 

voltage 5V and 4V are good for the calculation of the saturation power. With Equation 3-

11, we calculated absorption saturation powers under different reverse bias from 1V to 

5V as shown in the  
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Table 3-2. The absorption saturation powers by the two methods are plotted in Figure 

3-10. Comparing the saturation powers of 5V, 0.45W to 2.2 W, there is a rather large 

difference between the results of the two methods. We noticed that the master equation 

model does not treat the effect of nonlinear gain. Since the modal gain also saturates after 

the device starts lasing, the threshold gain should be smaller than the small signal gain 

under the threshold current density. This will introduce error in the absorption saturation 

power calculation. We can check the master equation solution through other methods. 

From Equations 3-7 and 3-8, we have: 
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  Eqn 3-13 

From Equation 3-13, Ppeak is a function only of the small-signal absorption, the gain, and 

the saturation power. After a mode-locked laser lases, gn of the lasing wavelength is a 

constant. The a
sP and small signal α0,n are functions of the bias voltage and the 

wavelength. A conclusion from the above discussion is that the peak power at the same 

wavelength does not change with the pump current or the average power. As shown in 

Figure 3-11, the peak power for similar operating wavelengths is relatively constant. 

Another research group has also reported this behavior [39]. 

There is another form of the Equation 3-11: 
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  Eqn 3-14 

Here f is the repetition rate. Therefore, for the same average power, the pulse width 

decreases with normalized loss increasing, gain spectrum broadening, normalized gain 

decreasing and saturation power decreasing.  

In conclusion, because the nonlinear gain is not treated in the mode-locked laser 

master equation, the master equation model has limitations on the mode-locked laser’s 

properties quantitative calculations. However, this model is still useful for obtaining 

baseline parameters for a more sophisticated model such as the prediction of the peak 

power being constant with gain current changing. 
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(a) 

 

(b) 

Figure 3-9 (a) L-I curve under reverse bias of 5V. (b) Net modal gain at 1213 nm vs. 

current density.  
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Reverse Bias (V) Low Ith (mA)
Starting current of 

mode-locking 

Point A current 
(mA) g0 at lower Ith 

(cm-1) 
5 87 88 mA 67 6.97 

4 85 88 mA 65.9 6.93 

3 78 88 mA 62.3 6.75 
2 74 88 mA 53.4 6.3 
1 69 80 mA 51.6 6.14 

 

Saturated 
absorption α  

(cm-1) 

Small signal 
absorption α0 

(cm-1) 

Ppeak at starting current of mode-
locking  

(W) 
Pa

sat  
(W) 

18.03 21.4 0.411 2.2 

17.80 21.6 0.326 1.5 

16.78 21.2 NA NA 

14.23 21.4 NA NA 

13.32 21.5 NA NA 

 

Table 3-1 Calculated saturation power near the threshold with Equation 3-12.  
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Absorber 

Bias 
voltage 

(V) 

Current 
(mA) 

Current density 
(mA/section) 

Pulsewidth
(ps) 

Wavelength 
(nm) 

Average 
power  
(mW) 

Frequency
(GHz) 

5V 88 6.5 3.5 1213.1 7.128 4.94 
4V 88 6.5 5.3 1213.34 8.472 4.9444 
3V 88 6.5 6.1 1213.38 9.9 4.9444 
2V 96 7.1 10.1 1224.02 13.464 4.9559 
1V 80 5.9 7.5 1214.18 9.71 4.9525 

 
Peak 

Power 
(W) 

Modal gain 
(cm-1) 

Small signal 
absorption  

(cm-1) 

∆λ  
(nm) 

FWHM of optical 
spectra 
(Hz) 

Pa
sat 

(W) 

0.411 6.97 21.4 3.36 6.85 x 1011
 0.451 

0.326 6.93 21.6 3.04 6.19 x 1011
 0.672 

0.326 6.75 21.2 2.92 5.95 x 1011
 0.880 

0.269 6.3 18.298 3.12 6.25 x 1011 2.20 

0.263 6.14 21.5 2.64 5.37 x 1011 1.09 

 

Table 3-2 Calculated saturation power with the master equation solution (Equation 3-11). 
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Figure 3-10. The absorption saturation powers under different reverse biased voltages. 
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Figure 3-11. Peak power of the 2-section mode-locked laser..   
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3.5  Monolithic Multi-Section Passively Mode-Locked Lasers  

With the highly flexible, reconfigurable multi-section approach, we obtained and 

compared different laser layouts within the same device. The objectives in studying the 

multi-section mode-locked laser are focused on pulse narrowing and higher order 

harmonic mode-locking.  

3.5.1 Optical pulse narrowing with multi-section mode-locked lasers. 

In this dissertation, the multi-section mode-locked laser design divides a passive 

mode-locked laser into three sections: an absorber section, a gain section and a passive 

waveguide section. A similar technique has been applied to QW mode-locked lasers. A 

monolithically integrated passive waveguide was embedded in a QW passive mode-

locked laser to reduce the repetition rate to a relatively low frequency. The passive 

waveguide was fabricated with quantum well intermixing (QWI). This structure also 

reduces the phase noise, consequently, the timing jitter by the ratio of the active section 

reduction [40].  

In the QD multi-section mode-locked laser, the device is composed of a single-mode 

ridge waveguide divided into three electrically isolated sections as shown in Figure 3-12 

by pump method selections. The quasi-passive waveguide does not require any special 

processing and is pumped at the transparency current density so that the light sees zero 

net modal gain in this section at the operating wavelength. The transparency current 

density is found from the net modal gain data measured by the improved segmented 

contact method on the actual device, not a test device.  
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Keeping the total cavity length the same, the addition of the passive waveguide 

forces the gain section in the 3-section mode-locked laser to work at the higher current 

density shown as point “B” in Figure 3-13 (b).  This differential gain is much smaller 

than that of the 2-section mode-locked laser operating at point “A”. The novel design will 

improve the mode-locked laser characteristics in the following ways: 

• The multi-section QD mode-locked laser design increases the saturation 

photon density by running the gain section in strong population inversion, 

decreases nonlinear gain suppression and should result in narrower pulse 

width and higher peak powers.  

• Since the gain section operates at higher current density, the wider gain 

bandwidth should result in pulse narrowing based on Equation 3-11.  

• The inclusion of a passive waveguide increases the overall ratio of stimulated 

to spontaneous emission in the cavity, which should decrease noise.  

Considering that it is desirable to locate the absorber near an HR mirror facet to 

induce the self-colliding pulse effect [33], there are two realistic layouts for mode-

locking the 3-section mode-locked laser at the round-trip frequency of the laser cavity. In 

the absorber-gain-passive (AGP) design (Figure 3-12), the gain section is positioned 

between the absorber and the passive section. In the absorber-passive-gain (APG) layout, 

the passive section is between the absorber and the gain section. During operation, the 

passive section is biased with a current to achieve optical transparency since we are not 

able to fabricate a truly passive section in these particular designs.  

Another approach for pulse narrowing is the dual-gain section or absorber-gain 

section- gain section (AGG) geometry. The two gain sections have different amplifier 
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lengths. The short gain section is pumped at a higher current density and the longer one at 

a lower current density than in the case of the 2-section laser with a single amplifying 

segment. The AGG design is intended to widen the gain spectrum in the mode-locked 

laser device, and generate a narrower pulse width by increasing the number of locked 

modes. 
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(a) APG (b) AGP 

  

(c) AGG (d) GAG 

 

Figure 3-12. The device layout of the (a) absorber -passive-gain (APG) mode-locked 

laser, (b) absorber-gain-passive (AGP) mode-locked laser, (c) absorber-low pump gain-

high pump gain (AGG) mode-locked laser, (d) gain-absorber-gain (GAG) mode-locked 

laser. 
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(a) 

 

(b) 

Figure 3-13. (a) Measured net modal gain and absorption spectra of the QD active region. 

(b) The net modal gain at 1216nm. The arrows point out the operation gain value of 2-

section and AGP structures. 



 98

The total device length of 5.5-mm was segmented into 11 implant-isolated 0.5-mm 

sections. The 11 sections were pumped by either a multi-channel current source to form 

various individual gain sections or a voltage source supplying reverse bias to the 

absorber. The QD mode-locked laser was systematically configured in the APG, AGP, 

AGG and GAG layouts. The measurements were performed at a controlled substrate 

temperature of 20°C. 

For pulse width and peak power improvement at the fundamental repetition rate, six 

different geometrical configurations were tested: the AGP and APG versions with 1-mm 

and 0.5-mm passive sections, the AGG structure with 3- and 2-mm gain sections, and a 

conventional 2-section mode-locked laser. The length of the absorber section was kept 

constant at 0.5 mm.  From the net modal gain and the absorption spectra, which were 

obtained with the segmented contact method [34, 41] and are shown in Figure 3-13, the 

passive section was biased with a current density of 1.5 mA/section (100 A/cm2) to 

achieve optical transparency, while a reverse bias voltage of 3V was applied on the 

absorber. The repetition rate of the devices was about 7.2 GHz, and the pulse width as a 

function of the average output power is shown in Figure 3-14 (a). All of the multi-section 

mode-locked lasers achieved narrower pulse widths compared to the 2-section mode-

locked laser. With same passive waveguide section length, the AGP structure shows 

better pulse narrowing effect than the APG structure. A longer passive section in a mode-

locked laser is generally better in terms of pulse width and peak power, which confirms 

the hypothesis that operating the gain section under strong population inversion improves 

the mode-locked laser performance. The optimized configuration, the AGP structure with 

a 1-mm passive section, improves the pulse width by about 35% compared to the 2-
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section device, correspondingly the peak power increases up to 49% as shown in Figure 

3-14 (b). The AGG geometry has no significant advantage over the APG or AGP layouts 

probably because the gain spectrum, as shown in Figure 3-13, is already rather 

inhomogeneous for this particular QD laser wafer. With an average power of above 12 

mW, the pulsewidth of AGP devices is 1-3 ps narrower than that of the APGs, which is 

believed to be caused by reduced non-linear gain effects in the shorter continuous gain 

path in the AGP. 
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(a) 

 

(b) 

Figure 3-14. (a) Pulse width of the QD mode-locked lasers vs. average power. (b) Peak 

power of the QD mode-locked lasers vs. average power. 
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3.5.2 Higher order harmonic mode-locking in multi-section mode-locked lasers 

The final triple-section configuration of interest positions the absorber between the 

two gain sections (GAG) as shown in Figure 3-12(d), and can be implemented to excite 

higher order harmonics of the fundamental repetition rate using the asymmetrical 

colliding pulse technique [42, 43]. 

To achieve harmonic mode-locking at multiples of the 7.2 GHz fundamental 

frequency, the 0.5-mm absorber was placed in one of the cavity sections away from the 

end mirrors. The equivalent structures of higher order harmonically mode-locked CPM 

lasers are shown in Figure 3-15. The HR mirror effectively folds the cavity without 

power loss and this has a profound effect on the relative strength of the pulses colliding in 

the absorber. Inserting the absorber at position 9, 8, 6, 5 or 4 resulted in good mode-

locking, and the corresponding repetition rates with the different absorber locations are 

listed in Table 3-3. Since the ESA has a span limit from 9kHz to 26.5GHz, the repetition 

rate of the 6th and 7th harmonic exceeds this limit and is calculated directly from the 

period between the two pulses measured in the autocorrelator. The pulse shapes and ESA 

spectra of different harmonic mode-locking configurations are shown in Figure 3-16. The 

mode-locking pulse and peak power are mapped as a function of gain current and 

absorber voltage in Figure 3-17. With the mode-locked laser operated under harmonic 

mode-locking conditions, the pulses are narrowed due to CPM. While the repetition rate 

increased from the 1st order to the 3rd order, the achieved maximum peak power also 

increased. The peak power of 234 mW from the 6th harmonic mode-locking is a record 

peak power for QD mode-locked lasers operating over 40 GHz [14].  
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A broad operation range is desirable for a semiconductor mode-locked laser, which 

will permit the device to operate stably with a high reverse bias voltage and a wide span 

of gain currents. An operating range with wide span of gain currents will minimize the 

instability due to the current or temperature changing. A higher reverse bias on the 

absorber causes a shorter electron transit time in the absorber that works similar to high-

speed PIN photodiode. With a shorter electron transit time, the carrier density in the 

absorber will relax faster and the recovery time will be shorter. Hence, the pulse width is 

improved with increasing reverse bias. Also, with increasing reverse bias on the absorber, 

the small signal absorption increases due to the quantum confined stark effect in the 

DWELL structure. This effect will also narrow the pulse. Inserting the absorber at 

position 8, an extra-broad operation range with pulse width below 10 ps was obtained. 

The operation range area is almost 3 times larger than the area of the same device with 

absorber instead at section number 11 adjacent to the HR-coated facet. From the Figure 

3-15, the structure with the 8th section as absorber has the most symmetric gain section 

length ratio near to 1.07:1:1.07. It is the reason that the structure with the 8th section as 

the absorber exhibited extra-broad operation range due to its symmetric cavity geometry.  

The gain and absorber section lengths are discrete since the minimum section length 

is 0.5mm. However, sections at both ends can be less or more than 0.5 mm due to 

cleaving. Therefore, we can obtain very high frequency mode-locking when the location 

of the absorber satisfies the nth order harmonic CPM condition [42]. With the absorber 

placed at section 9 and the bias voltage set at 0 V, we obtained incomplete mode-locking 

at 115 GHz with pump currents ranging from 100 mA to 130 mA. The pulse shape is 
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shown in Figure 3-18. We can expect to obtain even higher frequencies by cleaving the 

end sections to different lengths without decreasing the absorber’s length. 

3.6 Conclusion 

In this chapter, the relationship between the 2-section SCPM laser operation 

characteristics and the QD material characteristics was studied, and the solution of the 

master equation of mode-locking with a fast saturable absorber was checked. Novel 

multi-section monolithic passive mode-locked lasers with quasi-passive waveguide were 

introduced. The AGP multi-section mode-locked laser significantly increased the peak 

pulsed power (> 45%) and improved the pulse width (>35%) of the QD mode-locked 

lasers compared with conventional 2-section SCPM lasers. By setting the absorber 

position to form the GAG structure within the same optical cavity, the device can operate 

at high order harmonics. Up to the 7th harmonic with complete locking was demonstrated, 

and incomplete locking as high as the 15th harmonic was achieved. 

 

Absorber Position 
No. 11 9 8 6 5 4 

Repetition Rate 
(GHz) 7.21 42.4 21.6 14.42 50.7 21.6 

Max Peak Power 
(mW) 393 243 473 491 70  

 

Table 3-3.  Higher order harmonic mode-locking repetition rates achieved with the 

absorber placed at different positions in the optical cavity. 
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Figure 3-15 Equivalent structures of higher order harmonically mode-locked CPM lasers. 

The dashed line represents the HR coating which effectively folds the cavity.   
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11th 9V 150mA 

 
 

6th 6V 170mA 

  
8th 8V 300mA 

 
 

9th 8V 320mA 5th 1V 150mA 

Figure 3-16 Pulse shape of multi-section mode-locked lasers. 
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(a) 

(b) 

(c) 

(d) 

Figure 3-17 Optical Pulse width and peak power maps of the 1st, 2nd, 3rd, 6th harmonic 

mode-locking configurations. 
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Figure 3-18. Incomplete mode-locking of a QD mode-locked laser with the absorber at 

position 9. The pump current is 120 mA and reverse bias is 0 V. 
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Chapter 4 Quantum Dot Super-Luminescent Light Emitting Diodes  

4.1 Introduction 

Super-luminescent light emitting diodes (SLEDs) are the ideal source for 

applications that require high output power and a broad emission spectrum. They are of 

increasing interest for a range of applications such as gyroscopes, fiber-optics sensors, 

wavelength division multiplexing (WDM) system testing and optical coherence 

tomography (OCT) as the correspondingly short coherence length can significantly 

improve the spatial resolution in coherence based systems.  

Optical coherence tomography (OCT) is a rapidly emerging high-resolution 

biomedical imaging technology that provides two-dimensional, cross-sectional, micron-

scale images of biological and medical specialties [1, 2].  

There are three key technological parameters of OCT related to the optical source: 

longitudinal (axial) resolution, possible penetration into the investigated tissue, and 

overall costs of the OCT system. The longitudinal resolution is related to the bandwidth 

of the optical source as [3]: 

( )
λπ

λ
∆

=∆
2

2ln2z     Eqn 4-1 

Standard resolution OCT with 10-15 µm axial resolution has been applied extensively for 

imaging tissue microstructure in several medical specialties, ranging from ophthalmology, 

cardiology to gastroenterology [ 4 , 5 ]. However, the median size of a skin cell is 

approximately 20 µm and a resolution of about 5 µm is required for the OCT to diagnose 

an aberrant cell. As shown in the Figure 4-1 [3], with the bandwidth of the optical source 
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improving from 100 nm to 150 nm, the longitudinal (axial) resolution of OCT will 

improve from 8µm to 5µm. Therefore, optical sources with spectral bandwidths greater 

than 150 nm are desirable in OCT [3, 6]. Due to strong multiple scattering in skin tissue, 

an operating wavelength of 1.3 µm is important for improving possible penetration in 

medical applications. The ultrahigh resolution optical coherence tomography (UHR-OCT) 

with axial resolution of 1-3 µm was demonstrated using either femtosecond solid-state 

lasers or femtosecond lasers in combination with nonlinear optical fibers [7, 8]. However, 

femtosecond lasers are expensive and difficult to operate, a situation that presents a major 

challenge to the widespread adoption of UHR-OCT imaging technology in the clinical 

setting [9]. SLED sources are compact, robust, easy to operate, and much less expensive 

than femtosecond solid-state lasers, thus, minimizing the overall costs of OCT.  

In quantum well (QW) SLEDs, many approaches have been applied to achieve these 

features including multiplexed broadband super luminescent diodes [9], post-growth 

quantum well intermixing [10], SLEDs integrated with a tapered semiconductor optical 

amplifier [11], and chirped multiple quantum wells (MQWs) [12, 13]. However, these 

techniques have one or several problems such as large spectral modulation, low output 

power, limited bandwidth, or complex growth techniques. Recently, QD active regions 

have attracted attention for SLEDs because of the wide inhomogeneously broadened 

spectrum made possible by controlling the dot composition and geometry [14, 15, 16, 17, 

18, 19, 20, 21]. These QD approaches compare favorably with quantum well versions, 

but simultaneously wide spectral bandwidth (> 150 nm) and reasonable power (>1 mW) 

in a QD SLED has been elusive.  
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In this chapter, we will describe a novel ridge-waveguide QD SLED that emits near 

1.3 µm. The multi-section device configuration enables the realization of ultra-wide 3-dB 

bandwidth (> 150 nm) and an output power greater than 1 mW with a uniform multi-

stack QD structure. The new SLED allows a high flexibility in the design and can be 

reconfigured to adjust independently the power and the spectral bandwidth relative to the 

ground state (GS) and the excited state (ES) of the QD. The other advantage is that it 

doesn’t require complex growth techniques. 
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Figure 4-1 Longitudinal (axial) resolution vs. the bandwidth of the OCT optical source 
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4.2 Two-section QDs SLEDs 

4.2.1 Introduction of two-section SLEDs 

There are two main conventional SLEDs structures: tilted waveguide SLEDs and 

two-section SLEDs. The titled waveguide SLED has an angle of 5-7° tilted from the 

normal to the waveguide direction to eliminate back-reflected light from the facets. 

However, such a structure introduces more complexity in alignment and output coupling 

in the typical optical fiber packaging. A multi-section SLED consists of a single-mode 

ridge waveguide divided into two electrically isolated sections. In the two-section SLED, 

the front section is forward biased and works as the gain section to provide light emission; 

the second section is reverse biased and works as the absorber to eliminate the back 

reflected light and suppress stimulated emission. The two-section SLEDs can use 

standard packaging techniques for a semiconductor laser diode. In our research, we use 

straight waveguide structures. 

The emission intensity of two-section SLEDs is a function of the net modal gain, g, 

and the gain section length, L: 

( )1)exp( −⋅= Lg
g
SI     Eqn 4-2 

Where the S is the intensity of the spontaneous emission. The bandwidth of SLEDs is 

related to both the bandwidth of the net modal gain and the gain section length.  
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4.2.2 Device structure and fabrication 

The two-section SLED devices were fabricated from uniform 6-stack un-doped QDs 

structure grown by molecular beam epitaxy [22]. The wafer number is Zia393. The 

photon luminescence spectra of the un-doped QDs have full wave half maximum 

(FWHM) over 80 nm with ground state peak wavelength of 1.25 µm. The wide 

inhomogeneous line broadening of un-doped quantum dot spontaneous emission is 

caused by a relatively large fluctuation in the self-assembled QD sizes. The wafers were 

processed into two-section devices following standard ridge waveguide laser processing. 

The samples were etched to form a 3-µm wide ridge waveguide by inductively coupled 

plasma (ICP) etching in BCl3. The ridges are etched down to 200 nm above the active 

region for improved optical field confinement. Ion implantation was used to isolate the 

adjacent sections. After n-type metal was deposited on the substrate side of the wafer, the 

samples were annealed at 380°C for one minute. The final two-section device has a total 

length of 8.0 mm and composed of 2 segmented-contact sections. The gain section 

lengths vary from 0.6 mm to 5.0 mm.  

4.2.3 Two-section SLED characterization 

The two-section SLEDs were mounted on a copper heat sink and a temperature 

controller was used for maintaining the stage temperature at 25 °C. The gain section was 

pumped with a pulse current source. The pulse had a duty cycle of 5% and pulse width of 

0.5 µs. A reverse bias of 7.0 V was applied on the absorber. 

The evolution of the output power and FWHM of different gain section length SLEDs 

were tested and are shown in Figure 4-2 and Figure 4-3. As the gain section length 
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increases, the output power increases and the FWHM decreases rapidly. The FWHM of a 

2-section SLED that has a gain section length of 0.8 mm can be up to 120 nm. However, 

the maximum output power is less than 0.1 mW. A 2-section device with 3-mm gain 

section has an output power of 0.3 mW and an FWHM or 65 nm or an FWHM of 100 nm 

with an output power of only 0.1 mW. In general for the two-section SLEDs, the gain 

section length was limited to 3 mm to ensure an FWHM > 100 nm and power > 0.1 mW. 

In addition, if too much gain current is applied over a long gain section (L>3 mm), the 

SLED will start to operate as a laser since the reverse biased quantum dot absorber is 

saturable. 

In conclusion, it is difficult to satisfy the requirement of wide bandwidth and high 

output power in a two-section QD SLED. A new SLED structure is needed for achieving 

high power and wide bandwidth with nominally uniform QD materials. 
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Figure 4-2 L-I curves of two-section SLEDs with different gain section lengths. The gain 

section length varies from 0.8 mm to 3.0 mm.  
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Figure 4-3 FWHM as a function of bias current density of two-section SLEDs with 

different gain section lengths. 
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4.3 Multi-section SLEDs 

As we discussed before, the two-section SLED is difficult to satisfy both the 

requirement of wide bandwidth and high output power. For achieving high power and 

wide bandwidth SLEDs with conventional QD structures, a novel device structure for 

SLEDs is required. In our work, we have observed that a three-section structure with two 

asymmetrically pumped gain sections and one absorber is a key for significantly 

improving the SLEDs’ bandwidth and output power simultaneously. The ratio of the 

sections lengths is important in optimizing multi-section SLEDs. 

4.3.1 Basic principles of the improved multi-section SLED 

The improved SLED design consists of a single-mode ridge waveguide divided into 

three electrically isolated sections as shown in Figure 4-6. The absorber section, Abs, 

located at the rear facet, is reverse-biased to eliminate the back reflections. The two gain 

sections, A1 and A2, amplify the spontaneous emission. The optical gain and the spectral 

bandwidth of the amplifiers are tuned through the current densities and the sections 

lengths, L1 and L2. 

The intensity of the amplified spontaneous emission (ASE) changes with 

transmission length and the optical gain. The amplified spontaneous emission can be 

found from the following equation [23]: 

G
SxG

G
SII ASE −⋅+= )exp()( 0    Eqn 4-3 
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Where IASE is the ASE intensity, G is the net modal gain defined by G = Γgm-αi, Γ is the 

confinement factor, gm the material gain, and αi is internal loss. S is the pure spontaneous 

emission intensity. I0 is the initial light intensity at x=0. 

In the 3-section SLED, the single-pass ASE is amplified in the two gain sections 

which have different injected current densities. The optical gain and spontaneous 

emission are functions of the wavelength λ, injected current density J, and junction 

temperature, T. Assuming that the output of section A2 is the input to section A1, the 

overall output of the 3-section SLED with two gain sections is described by the equation: 
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  Eqn 4-4 

Here I is the ASE intensity at the wavelength λ. J1 and J2 are the injected current 

densities in the first and second sections respectively.  

Hence, for a given 3-section SLD, adjustment of the current densities and lengths in 

A1 and A2 permits control of the power output and bandwidth related to the ground state 

(GS) or excited states (ES) of the dots. For best performance, the device is typically 

operated such that amplifier A1 is saturated with peak emission at the QD ES and A2 is 

biased with output favoring the QD GS. This approach reduces the optimization to the 

manageable problem of tailoring the sum and relative lengths of the gain sections. 

Increasing the lengths of the amplifiers results in increasing the power but also in a 

narrowing of the spectral bandwidth. The optimal configuration obtains an equivalent 
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power for the GS and ES bands and simultaneously maximizes the bandwidth by 

minimizing the intensity dip between the two states. In addition, the red shift of the 

excited state emission from section A1 due to its higher junction temperature from a large 

bias current density reduces the dip between the GS and ES. 

Gain spectra and pure spontaneous emission of an undoped QD amplifier  were 

tested  with the improved segmented method and are shown in Figure 4-4. With the 

Equation 4-4, we can estimate the output emission for differently configured multi-

section SLEDs. The Figure 4-5 shows the calculated output emissions of 2-section (a) 

and 3-section devices (b). The figures show that the 3-section SLED has wider bandwidth 

and better spectral shape than the same cavity size 2-section SLEDs. By changing the 

section lengths, the output emissions were modulated. From the theory and the measured 

gain and spontaneous emission data, we can predict an optimal configuration with L1 = 

2.5 mm and L2 = 4.2 mm, which has both a high output power and reasonably flat 

spectrum shape. These predicted gain section lengths are used as guidelines for designing 

the undoped QD devices in the following sections. It will be seen that this equation 4.4 

and the data from the improved segmented contact model come very close to predicting 

the optimized values of the real device. 
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Figure 4-4. (a) Gain spectra of QDs under pump current densities of 266A/cm2 and 

1333A/cm2. (b) Pure spontaneous spectra under pump current densities of 266A/cm2 and 

1333A/cm2. 
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Figure 4-5. (a) Output emission spectra of 6mm 2-section SLEDs calculated with 

Equation 4-3. (b) Output emission spectra of multi-section SLEDs calculated with 

Equation 4-4. The injected current density on the section 1 is 266 A/cm2 and on the 

section 2 is 1333 A/cm2. 
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4.3.2 Device structure and fabrication 

The SLED devices were fabricated from two uniform multi-stack QD structures, un-

doped QDs (Zia393) and p-type modulation doped QDs (Zia857). The p-doped SLED 

active region is made of 6 p-doped InAs/GaAs QD layers. Both structures have been 

grown by molecular beam epitaxy [22]. Broad area light emitters fabricated from the p-

doped QD material showed emission at 1.25 µm on the ground state with a FWHM of 50 

nm and 1.19 µm for the excited state. The wafers were processed into multi-section 

devices following standard ridge waveguide laser processing. The samples were etched to 

form a 3-µm wide ridge waveguide by inductively coupled plasma (ICP) etching in BCl3. 

The ridges are etched down to 200 nm above the active region for improved optical field 

confinement. Ion implantation was used to isolate the adjacent sections. A final multi-

section device is composed of 16 segmented-contact sections. Each section is 0.5-mm 

and the total optical cavity length is 8-mm. After n-type metal was deposited, the samples 

were annealed at 380°C for one minute. Such a device can be tested with either a free 

space coupling system or a single mode fiber. By changing the wire-bonding 

configuration, we can vary the section lengths in same device. 

4.3.3 Multi-section SLED characterization 

The multi-section device configuration enables the realization of ultra-wide 3-dB 

bandwidth and a reasonable output power with a uniform multi-stack QD structure. The 

devices were mounted p-side up on a copper heatsink. A TE cooler was used to control 

temperature. A reverse voltage of –7.0V was applied on the absorber to eliminate the 

reflected light from back facet. The SLEDs were tested under pulsed and continuous-
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wave (CW) pumping conditions. For the pulsed pumping test, the two gain sections were 

pumped with one pulse current source and a series resistor was used to distribute different 

current densities into the two gain sections. For CW pumping, sections A1 and A2 were 

pumped by two CW current sources individually. By varying the lengths of the gain 

sections and current densities on the two gain sections, we can optimize the SLED 

designs for different purposes.  

For this particular case, the undoped QD materials have an advantage of wider 

bandwidth than the p-doped QD materials (80 vs. 50 nm FWHM). The p-doped QDs 

structures have higher optical gain and higher characteristic temperature (T0 > 100 K vs 

50 K) than the un-doped QDs so that it is promising for high current density, high output 

power applications that dissipate a lot of heat. 

4.3.3.1 Undoped QD SLEDs 

Figure 4-7 shows the output power of 3-section un-doped QD SLED versus the total 

current in pulsed operation with L1 = 0.5 mm and L2 = 2.5 mm under different current 

distributions. We can find that the output power decreases as the current distribution 

asymmetry increases. Figure 4-8 shows the emission spectra of a 3-section undoped QD 

SLED under different current distributions. The ratio between the current i1/itotal equals 

60%, and 50%, respectively. Figure 4-9 reduces this spectral data to the more convenient 

FWHM figure-of-merit and illustrates the evolution of the FWHM versus the total current 

in pulsed operation. As the current distribution inhomogeneity increases, the bandwidth 

increases. Meanwhile, the dip in light emission between the ground state and exited state 

decreases. Figure 4-10 shows the spectrum when the current applied on section A1, i1, is 

300 mA and the total current is 500 mA. The FWHM is as much as 220 nm, which is a 
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record for a single emitter SLED, with an output power of 0.15 mW. The dip between the 

GS and the ES is less than 1.5 dB. As a reference, a 2-section SLED with a 3-mm gain 

section has a bandwidth of 74 nm when the injected current is 500 mA.  

By changing the bonding configuration, the section lengths were varied and an 

optimized structure for pulsed and CW operation was obtained with the same device. The 

optimized structure has L1 = 2 mm and L2 = 4 mm, which is very close to the simulation 

values from the previous section. The devices were tested under pulsed and CW pumping. 

Figure 4-11 shows the complete emission spectra, and Figure 4-12 illustrates the 

evolution of the FWHM and the output power versus the total current (i.e., i1+ i2 ) in 

pulsed operation. The ratio between the bias currents, i1/i2, is 3.2. Our measurements 

show a maximum FWHM of 164 nm with an output power of 1.2 mW for a total current 

of 1 A. Moreover, the dip between the GS and the ES is less than 1 dB. 

During CW pump test, the TEC was set at 5°C. The section A1 worked at 400 mA 

where its ES emission saturated. For a given combination of L1, i1 and L2, our 

experiments show that the FWHM exhibits a maximum value for a certain current i2, 

while the output power keeps increasing with i2. This is illustrated in Figure 4-13, where 

the FWHM and the CW output power are plotted versus i2. The FWHM stays constant 

(~90 nm) until i2 = 30 mA, and then increases with i2 to reach a maximum value of 136 

nm for i2 = 57 mA. The corresponding CW power is 0.18 mW. The abrupt increase in 

bandwidth comes from the emergence of the GS emission from section A2 as shown in 

the Figure 4-13 inset. The bandwidth decreases at higher current when section A2 

dominates the emission. Further increase of the current i2 above 57 mA decreases both 
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the bandwidth and output power because the ES intensity from the dots is suppressed at 

high junction temperature.  

With the multi-section un-doped SLED, a high resolution OCT image of an onion 

skin was obtained by Southwest Sciences and is shown in Figure 4-14. The SLED 

operated at a condition of FWHM equal to 90 nm and a peak wavelength of 1225 nm. 

Total light power was only about 0.10~0.12 mW into the fiber used for coupling. The 

measured spatial (axial) resolution was 7.8 um, compared to the theoretical value of 7.3 

um. 

The multi-section SLED fabricated from the undoped QD wafer has the advantage of 

a record FWHM. However, its small gain and low characteristic temperature of about 40-

50 K at the ES limits the output power. For the characteristics of a multi-section SLED, 

the p-doped QD structure is actually the preferred choice for simultaneous high power 

and wide bandwidth. 

4.3.3.2 P-doped QD SLEDs 

As mentioned previously, the p-doped QD structures typically have higher maximum 

optical gain and higher characteristic temperature than the un-doped QDs.  The exact 

values of maximum gain and T0 are not known.  Nonetheless, the modulation doping 

using Be in the GaAs barrier also increases the spontaneous emission rate because of the 

presence of a high hole concentration in the dots. The FWHM and the CW output power 

of a wide bandwidth p-doped SLED (wafer Zia857) at 10 °C are plotted versus i2 in the 

Figure 4-15. The device has a 1.5-mm 1st section and a 5-mm 2nd section. The spectra of 

this SLED are shown in Figure 4-16. The FWHM stays constant (~100 nm) until 60mA, 
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and then increases strongly with i2 to reach a maximum value of 168 nm for i2 = 100 mA. 

The corresponding cw output power is 0.43 mW.  

By increasing L1 to 2 mm and keeping L2 = 5 mm, a higher CW power of 1.25 mW 

can be obtained, but a lower FWHM of 123 nm for i1 = 700 mA and i2 = 140 mA is 

observed as shown in the Figure 4-17 and Figure 4-18. 

4.3.4 Discussion 

Finally, we discuss some general findings on the optimization of the section length 

ratio, L1/L2. Figure 4-19 plots the maximum bandwidth and the related power of an 

undoped QD SLD as a function of L1/L2 for a total length of 6-mm. As shown in the 

figure, the FWHM monotonically decreases with increasing L1/L2. Concurrently, the 

output power at maximum FWHM will increase when L1/L2 is less than 0.4 and then 

decrease above this value. From Figure 4-19, an optimized L1/L2 that balances the GS and 

ES emission should be between 0.2 to 0.6 for increased bandwidth beyond a conventional 

single-section device and a power above 1 mW. This plot shows that the multi-section 

SLD is not overly sensitive to exact section lengths and bias currents. 

4.4 Conclusion 

Novel ridge-waveguide QD SLEDs with 2 gain sections and one absorber that emit 

near 1.3 µm were discussed in the chapter. Theoretical equations were also presented that 

accurately predict the optimal values for device section lengths in these 3-section SLEDs. 

The multi-section device geometry enables the simultaneous realization of an ultra-wide 

3-dB bandwidth (> 150 nm) and an output power greater than 1 mW with a nominally 

uniform multi-stack QD structure. The new SLD allows a high flexibility in the design 



 134

and can be reconfigured to adjust independently the power and the spectral bandwidth 

relative to the ground state (GS) and the excited state (ES) of the QD. Combined with 

more complex materials structures such as chirped QDs, further improvement in 

bandwidth and power may be possible. 
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Figure 4-6. Geometrical layouts of the 3-section SLEDs and bias configurations. 
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Figure 4-7. Light-current (LI) curves of multi-section un-doped SLED (Zia393) under 

pulsed conditions. The first section is 0.5 mm and the second section is 2.5 mm.   
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Figure 4-8 Spectra of a 3-section un-doped SLED (Zia393) under pulsed pumping. The 

first section is 0.5 mm, and the second section is 2.5 mm. (a) 60% of the total current 

applied on the 0.5-mm section. (b) 50% of the total current applied on the 0.5-mm section.
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Figure 4-9 The FWHM of the 3-section undoped QD SLED (Zia393) versus total pump 

current in pulsed mode at 25°C. The first section is 0.5 mm and the second section is 2.5 

mm. The inset shows the spectrum when the current applied on section A1 is 300 mA. 
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Figure 4-10 Spectra demonstrating the maximum bandwidth of a 3-section undoped 

SLED (L1=0.5 mm and L2=2.5 mm) and a reference 2-section SLED (L=3 mm). Total 

pump current was 500 mA for both SLEDs 
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Figure 4-11. The spectra of 3-section SLEDs under pulse pump of 5% duty cycle and 

0.5µs. The 1st section is 2 mm and the 2nd section is 4 mm. The current was divided as 

61.5% on the 1st section and 38.5% on the 2nd section. 
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Figure 4-12. L-I curve and FWHM of an undoped QD SLED versus i1+ i2 in pulsed mode 

at 15°C. L1=2 mm and L2=4 mm.  
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Figure 4-13. L-I curve and FWHM of the undoped QD SLED versus current i2 in CW 

mode at 5°C. L1=2 mm and i1=400 mA, L2=4 mm. The inset shows the spectra for i2=57 

mA. 
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Figure 4-14. OCT image of onion skin with the multi-section SLED as the optical source 
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Figure 4-15. L-I curve and FWHM of the p-doped QD SLED versus current i2 in CW 

mode at 10°C. L1=1.5 mm and i1=700 mA, L2=5 mm. 
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Figure 4-16. Spectra of the p-doped QD SLED under CW pumping at 10°C. L1=1.5 mm, 

i1=700 mA, L2=5 mm and i2=10, 80, 100 mA. 
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Figure 4-17 Spectra of a p-doped SLED optimized for high output power. L1 is 2 mm and 

L2 is 5 mm. i1 = 700 mA and i2 is scanned from 10 mA to140 mA. 
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Figure 4-18. LI curve of p-doped SLED optimized for high output power. L1 is 2 mm and 

L2 is 5 mm. i1 = 700 mA and i2 is scanned.  
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Figure 4-19. The evolution of the bandwidth (FWHM) and corresponding output power 

versus the ratio of the lengths of the gain sections, L1/L2. 
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Chapter 5 Summary and Future Work. 

With the highly flexible, reconfigurable multi-section approach, we studied QD 

devices from both operation characterizations and device structure designs.  

We improved the multi-section gain and absorption measurement method by 

subtracting the background signals and for the first time, obtained low noise, accurate 

gain and absorption spectra under real CW working conditions. With the improved multi-

section method and MLL testing, all the MLL characteristics and quantum dot parameters 

were measured with a same device. The relationship between quantum dot MLL 

performance and quantum dot parameters is studied. We demonstrate novel designs of 

QD MLLs and SLEDs with multi-section devices. The AGP multi-section MLL 

significantly increases the peak pulsed power (> 45%) and improves the pulse width 

(>35%) of the device. With the ability to change absorber position in the optical cavity at 

will, harmonic mode-locking from 7.2 GHz to 51 GHz is achieved. The ridge-waveguide 

multi-section QD SLED allows independent adjustment of the power and the spectral 

bandwidth relative to the ground state (GS) and the excited state (ES) of the QD and 

demonstrates simultaneous ultra-wide 3-dB bandwidth (> 150 nm) and an output power 

greater than 1 mW with a uniform multi-stack QD structure. 

The future works of the QD MLLs mainly focus on the peak power improving and 

repetition rate increasing. With optimized AGP or GAG multi-section structures, an 

output peak power over 2W is expected with 1st or high order harmonic mode-locking. 

An idea of the high frequency MLL is a GAGAGAG asymmetric multi-section 

configuration as shown in the Figure 5-1. The waveguide length is 8mm. The 4 gain 

section lengths will be 2nd, 3rd, 5th and 7th harmonic mode-locking section lengths 
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individually. Hence, there will be only the 210th harmonic mode-locking mode has CPM 

effect in the cavity corresponding to a repetition rate of 1 THz. 

For improving QD SLED, the multi-section QD SLEDs based on the chirped QD 

materials is studied for simultaneous ultra-wide bandwidth (>150nm) and high power 

(>3mW). 
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Figure 5-1 The GAGAGAG asymmetric multi-section 1THz configuration MLL design. 
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Appendix: FR-103XL Autocorrelator Instruction  

The model FR-103XL rapid scanning autocorrelator is a high resolution instrument 

for continuous monitoring and display of femtosecond and picosecond laser pulses. 

While its unprecedented resolution makes it ideal for fsec pulses from modelocked lasers 

with high peak power, the instrument's high sensitivity renders it perfectly suited also for 

long pulses with low power. [1] 

The FR-103XL utilizes the SHG method of the 1st kind in the conventional 

Michelson Interferometer setup of pulse width measurement [ 2 ]. In the standard 

configuration, noncollinear beams lead to the background-free autocorrelation 

measurement. Repetitive linear delay generation in one arm of the Michelson 

arrangement is introduced by a pair of parallel (//) mirrors centered about a rotating axis. 

In the geometry of Figure A-1, the rotation of the // mirror assembly leads to an increase 

(or decrease) of path length for a traversing beam. Thus, the transmitted pulse train is 

delayed (or advanced) about the reference (zero delay) position. This delay varies with 

time as a function of the shaft's rotation. For small angular changes, the delay as a 

function of time is linear and given by [3] 

t
c
fDT ⎟

⎠
⎞

⎜
⎝
⎛=
π4  

where D is the distance between the // mirrors, f is the frequency of rotation, and c is the 

speed of light.  

Rotation of the // mirror assembly leads to a repetitive generation of linear delay 

which, used in the described SHG configuration, provides a continuous display of the 

autocorrelation function of the pulses on a conventional high impedance oscilloscope 

synchronized to this rotation. The total scan range is given by [2] 
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c
dTt

2
=  

where d is the length of the scanning mirror. 

 

Figure A-1 Rotating Parallel (//) Mirrors in the autocorrelator 

A figure of nonlinearity over the full scan range is [3] 

D
dNL

4
=  

In the standard configuration of the FR-103XL, the scan mirror has a size of d = 1.70" 

and the mirrors are separated by a distance of D = 3". The rotation frequency is f = 10 Hz. 

(f = 5Hz and 2.5 Hz is also selectable by a slide switch near the // mirrors.) Hence, the 

following numerical values follow 

T/t = 31 psec/msec [ 15.5ps/ms for 5Hz, and 7.75ps/ms for 2.5Hz] 

Tt = 200 psec 

NL = 7%/100 psec 

d

D
f 
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The specifications of the model FR-103XL rapid scanning autocorrelator is shown in the 

Figure A-2. 

 

Figure A-2 specifications of the model FR-103XL rapid scanning autocorrelator 
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