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CHAPTER I 

 

INTRODUCTION 
 

“May the right hand of Light guard and save you...” 
FROM EPISTLES OF MANI 

(PHILOSOPHER OF 3RD CENTURY A.D.) 
 

1.1 Foreword 

Very few engineering accomplishments in modern history have been acknowledged 

and celebrated as outstanding contributions to the human civilization. If we rely on the 

judgment of the Nobel Foundation over the last century, we can only name the invention 

of transistors, integrated circuits, and semiconductor heterostructures as engineering 

achievements worthy of awarding the prize in Physics. In the press release of the first 

Physics prize of the new millennium, awarded to Z. I. Alferov and H. Kroemer (who 

shared half of the prize), we read:  

“Zhores I. Alferov and Herbert Kroemer have invented and developed fast 
opto- and microelectronic components based on layered semiconductor 
structures, termed semiconductor heterostructures. Fast transistors built 
using heterostructure technology are used in e.g. radio link satellites and the 
base stations of mobile telephones. Laser diodes built with the same 
technology drive the flow of information in the Internet's fibre-optical cables. 
They are also found in CD players, bar-code readers and laser pointers. With 
heterostructure technology powerful light-emitting diodes are being built for 
use in car brake-lights, traffic lights and other warning lights. Electric bulbs 
may in the future be replaced by light-emitting diodes.”  
  
The original idea of spontaneous and stimulated light emission in direct band gap 

semiconductor heterojunctions is about fifty years old. Nonetheless, the mentioned 
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applications in the above press release are fairly recent and have demanded more and 

more improvements in the characteristics of semiconductor lasers and light emitting 

diodes. The philosophy of my thesis can perhaps be viewed in this general context, if I 

want to summarize it in one sentence. 

One of the major applications of semiconductor lasers is as the light source of 

optical fiber communication systems. The almost unlimited bandwidth of single-mode 

fibers provides the opportunity for broad-band optical transmission of data in local area 

networks (LAN), metropolitan area networks (MAN) and long-haul intercontinental 

networks. The wavelength range of interest is from 0.9 to 1.6 μm, which is selected for a 

certain system by cost concerns as well as the loss and dispersion of present silica fiber 

technology.  Wavelength division multiplexing (WDM) is a scheme to utilize the very 

high bandwidth capacity of fiber communication. In this scheme, numerous parallel light 

sources with different wavelengths are multiplexed at the transmitter end into the optical 

channel and demultiplexed at the receiver end. For the realization of such a broad-band 

network, semiconductor lasers with high spectral purity, low threshold current, high 

modulation bandwidth, tunable wavelength and high power are desirable. 

Future 80 GHz WDM systems require optical sources with more challenging 

bandwidths. Currently, with the availability of single-mode fiber and high-speed (>60 

GHz) photodetectors, the bottleneck of speed in an optical channel seems to be the low 

(<40 GHz) modulation bandwidth of semiconductor lasers. A fascinating emerging 

technology to further exploit the capacities of optical modulation is spintronics, which 

utilizes the polarization of the modulating light. In other words, if the handedness of the 

circularly polarized input light of the optical channel can be manipulated, a new 
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dimension is added to modulation schemes. For instance, (In)(Ga)MnAs compounds are 

diluted magnetic semiconductors which can inject spin-polarized carriers into the active 

region of high performance light sources, in order to provide polarized light output. Since 

spintronic materials also have applications in memory devices, it can be envisioned that 

electronic, memory and optoelectronic components of multitasking systems can be 

integrated on a single chip in the future. 

 

1.2 History of Semiconductor Lasers 

The year 1962 will probably be recognized as the birth date of semiconductor lasers 

in the history of science and technology. Four groups reported electrically injected 

stimulated emission of radiation from GaAs and GaAsP homojunctions [1]-[4]. Arguably, 

many claims can be made regarding the first person who suggested the idea of making a 

semiconductor laser, but the referred four demonstrations were realized without the 

benefit of these suggestions [5]. The next breakthrough was when Alferov and Kroemer 

independently developed the concept of double heterostructure (DHS) lasers [6],[7], 

which leads to superior injection of carriers, and better optical and carrier confinement. 

Technological challenges of epitaxial growth of high quality heterostructures delayed the 

continuous wave operation of DHS lasers at room temperature until 1970 [8],[9].  

As schematically shown in Fig. 1.1, by quantum confinement of carriers in a thin 

well (e.g., GaAs/AlGaAs), the density of states (DOS) would noticeably increase and 

become less temperature dependent, which leads to a reduction in threshold current 

density, improved gain, modulation bandwidth, etc. The first preliminary report on 

quantum well (QW) lasers appeared in 1975 [10],  but the first  laser  with  characteristics 
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Fig. 1.1: Schematic of density of states, ρ(E), versus energy with respect to the 
conduction band edge for different dimensional confinements: (a) bulk (3-D); (b) 
quantum well (2-D); (c) quantum wire (1-D) and (d) quantum dot (0-D). The 
shaded areas represent carrier densities with identical quasi-Fermi levels. 

 
 

matching DHS lasers was demonstrated three years later [11]. This would not have been 

possible without tremendous efforts of researchers in developing two modern epitaxial 

growth  techniques, i.e.,  metal organic vapor  phase epitaxy  (MOCVD) [12] and 

molecular beam epitaxy (MBE) [13]. Currently, commercial QW lasers based on GaAs 

and InP emitting at 0.9 to 1.6 μm are standard light sources for fiber optical 

communication systems, which is a multi-billion dollar industry. The characteristics of 

QW lasers have been improving steadily since their first demonstration of low threshold 

current, high output power and efficiency, and large modulation bandwidth. However, 

QW lasers suffer from large dynamic chirp and rather strong temperature dependence of 

threshold currents, especially at longer wavelengths. 
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1.3 Quantum Dot Lasers 

The success of two-dimensional (2-D) confined, quantum well lasers in the 1980’s 

attracted attention to lower dimensional confinements, i.e., quantum wires and quantum 

dots (QD) with 1-D and 0-D carrier confinement, respectively. 1-D and 0-D confined 

heterostructures would possess increased DOS (Fig. 1.1), which in turn leads to narrower 

optical gain spectrum and increased differential gain. Arakawa and Sakaki [14] 

theoretically considered these effects and, in particular, predicted significant reduction of 

threshold current and infinite characteristic temperature in ideal QD lasers due to their 

singular DOS. By fabricating the dots with electron beam lithography and etching 

techniques, QD lasers became a reality in 1994 [15]. However, due to interface defects 

these lasers had threshold current densities as high as 7.6 kA/cm2 even at 77 K. As 

discussed in the next Chapter, self-organized QDs grown by MBE and MOCVD appear 

to be the most promising technique to form 3-D confined islands for various devices, 

such as far infrared detectors [16]-[18], field effect transistors [19], electro-optic 

modulators [20], and of course lasers [21]-[25]. The self-organized QD laser was first 

demonstrated by MBE in 1994 with a threshold current density of 120 A/cm2 [21], and 

was followed by lasers grown by MOCVD [22]. It is noteworthy that Bhattacharya’s 

optoelectronics group at the University of Michigan is one of the first groups to report 

room temperature operation and modulation properties of QD lasers [23]-[25].  

Currently, QD lasers with threshold current densities as low as 13 A/cm2 [26], large 

differential gain [25],[27], reduced linewidth enhancement factor [28] and chirp [29], and 

suppressed filamentation [30] have been reported in conventional QD lasers. However, as 

discussed in Chapter II,  unique and inherent problems  associated with  conventional QD 
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Fig 1.2: Different types of high-performance quantum dot lasers discussed in this thesis, 

with respect to a relevant chronologic diagram for the development of different 
types of semiconductor lasers in the last few decades. 

 

lasers limit their performance in obtaining single-mode operation, ultrahigh characteristic 

temperature and large modulation bandwidth. The solution for single-mode operation is 

the well-known distributed feedback (DFB) mechanism. P-doping and tunnel injection 

(TI) have been proposed as solutions to the latter unique problems. Studying the 

characteristics and physics of these three types of lasers are the main focus of the present 

thesis. The different high-performance QD lasers studied here are categorized in Fig. 1.2, 

along with the chronology of advancement of semiconductor laser technology relevant to 

this work.  
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1.4 Spintronics for Optical Communication 

As I discussed in Section 1.1, spintronics promises to increase the effective 

bandwidth of WDM optical fiber networks by adding a new dimension, polarization of 

the light carrying the signal, in the modulation schemes for optical transmission. 

Exploiting spin to store information is by no means new. As a matter of fact, magnetic 

tapes, hard disks and magneto-optical tapes for data storage based on ferromagnetic 

materials (mostly metals) have been commonplace for decades. The concept of 

spintronics, however, is a new paradigm in electronic and optoelectronic devices. It is an 

emerging field that exploits carriers spin in semiconductor materials - in addition to 

charge - for storing, manipulating and communicating data [31]. Spin transistors and spin 

memory devices are examples of electronic applications [32],[33]. Optical spintronics is 

not only a means of detecting carriers spin [34] but spin-polarized light sources are 

promising devices for future optical communication systems [35]. In a broader sense, 

spintronics also includes spin-based quantum computation where a quantum bit (qubit) is 

the fundamental unit of information [36]. 

A viable spintronics technology requires four fundamental elements: (a) efficient 

electrical injection of spin-polarized carriers from a ferromagnetic contact or spin-

aligning layer into a semiconductor material; (b) efficient transport of spin-polarized 

carriers across the semiconductor, i.e., sufficiently long spin lifetimes; (c) effective 

means for control and manipulation of spin according to the desired functionality; (d) 

effective detection of the performed function on the spin-polarized carriers [37]-[39]. 

Efficient spin injection  has been the major obstacle to the implementation of spintronics. 

Many  attempts  to use ferromagnetic metal contacts to  inject  spin-polarized carriers into 
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Fig. 1.3: Schematic of spin-polarized light emitting diode with quantum dot active region. 

The ferromagnetic GaMnAs p-contact layer and spin-aligner injects holes with 
preferred spin-up orientation into the quantum dots. According to quantum 
selection rules for quantum dot states, the intensity of the right-circular 
polarization light (σ+) is much higher than the left-circular polarization (σ-). 

 

semiconductors have yielded little or no polarization due to large differences in the 

number and energy of carriers at the metal/semiconductor interface [40]. The successful 

growth of diluted magnetic semiconductors has been a breakthrough in the development 

of spintronic devices [41]. Magnetic properties of GaMnAs and InMnAs heterostructures 

are presented and discussed in Chapter VII. 

In Chapter VIII, the characteristics of spin-polarized LEDs with quantum dot active 

regions and GaMnAs spin injector layers is presented. The spin-polarized LED, shown in 

Fig. 1.3 and described in the caption, is not only a means of detecting and studying the 

efficiency of spin-polarized carrier injection and transport in semiconductors, but is also a 

first step towards demonstrating spin-polarized lasers for future spintronic-based optical 

fiber communication. As will be discussed in Chapter VIII, QDs have been chosen as the 

active region, rather than QWs due to: (a) increased spin decoherence of holes in QWs; 

(b) longer spin relaxation times in QDs; (c) the interband ground-state transition energy 
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of QDs is considerably smaller than the bandgap of the GaMnAs aligner and therefore, 

despite the Zeeman splitting in this layer, field induced dichroism should be negligible. 

 

1.5 Organization of This Thesis 

The outline of the present thesis is summarized in Fig. 1.4. After the present 

Introduction, Chapter II presents a background on high-performance QD lasers and 

functions as an opening to the subsequent four chapters. The chapter begins with a review 

of QD lasers theory and epitaxial growth of self-organized (or self-assembled) 1.0-1.3 μm 

In(Ga)As QDs by MBE. This is followed by a discussion on the factors that limit high 

performance of conventional QD lasers in terms of their single-mode output spectrum, 

high speed modulation and high characteristic temperature. DFB mechanism, tunnel 

injection, and p-doping are recognized as solutions to these unique problems. These three 

types of advanced heterostructure QD lasers are the subjects of Chapters III-VI. 

Chapter III presents the characteristics of 1.0 μm QD loss-coupled DFB lasers. 

Single-mode operation with a high side-mode suppression ratio and decreased 

temperature dependence of the lasing mode is demonstrated. However, similar to 

conventional QD Fabry-Perot lasers, the modulation bandwidth is limited to 5-6 GHz. 

Chapter IV presents the static characteristics of 1.1 and 1.3 μm p-doped QD lasers. 

Infinite characteristic temperature, i.e., complete temperature insensitivity of the 

threshold current around and above room temperature, is observed for the first time in 

any semiconductor laser in the 1.3 μm p-doped QD lasers. Increase of characteristic 

temperature  and  threshold  current upon  p-doping is explained through a self-consistent 

model that calculates different components of threshold current in p-doped lasers.  
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Fig. 1.4: Block diagram showing the outline of this thesis. 

 

Chapter V focuses on the small-signal modulation bandwidth and other dynamic 

properties of the same lasers discussed in Chapter IV. Despite previous theoretical 

predications, only slight improvement of the modulation bandwidth (2-4 GHz) is 

observed which is explained by calculating the gain and differential gain from the DC 

model of Chapter IV and appropriate rate equations for p-doped QD lasers. 

Chapter VI discusses the high performance characteristics of undoped and p-doped 

TI 1.1 μm QD lasers. After a review of the DC and small-signal modulation properties of 

undoped TI lasers, measurements on the linewidth enhancement factor, chirp and near-

field beam pattern of these lasers are presented and compared with otherwise identical 

quantum well lasers. Characteristics of p-doped TI-QD lasers are the subject of the final 
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sections in Chapter VI. It will be seen that these lasers have static and dynamic properties 

matching or surpassing those of commercial QW lasers. These include: ~25 GHz 

modulation bandwidth, which is the highest value in any quantum dot laser; zero 

linewidth enhancement factor and negligible chirp; and modal gain as high as 19 cm-1 per 

dot layer. 

 Chapter VII begins with a review on the origin of ferromagnetism in GaMnAs, 

followed by its MBE growth and magnetic properties of as-grown and annealed bulk, thin 

layers and multilayers of its GaAs-based heterostructures. Epitaxial growth and magnetic 

properties of InMnAs QDs with Curie temperatures above room temperature are also 

presented. Chapter VIII presents the characteristics of spin-polarized 1.0 μm QD LEDs 

with GaMnAs spin injector layers which exhibit record high temperature and output 

polarization operation. Chapter IX summarizes the main conclusions of the thesis with 

some suggested future works.  
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CHAPTER II 

 

HIGH-PERFORMANCE QUANTUM DOT LASERS 

 

2.1 Introduction 

As discussed in Section 1.2, due to near-singular density of states, self-assembled 

quantum dot lasers have long been envisioned as promising devices for high-performance 

light source applications. Self-organized QD lasers have been the subject of extensive 

study in the last decade and have demonstrated lower threshold current, linewidth 

enhancement factor and dynamic chirp than quantum well (QW) lasers [26],[28],[29]. 

However, there are still certain problems and challenges in achieving high-performance 

QD lasers. First, due to inhomogenous linewidth broadening of QDs luminescence single 

mode operation cannot be achieved in Fabry-Perot lasers. This problem can be eliminated 

in distributed feedback lasers, which are the subject of Chapter III. Furthermore, 

demonstration of high-speed QD lasers is another challenge, but realization of such 

devices may be considered a major breakthrough due to their potential application as 

coherent light sources for 1.0-1.3 µm short-haul local area network  and metropolitan 

area network 10 Gb/s communication systems. However, achieving high modulation 

bandwidths with conventional separate confinement heterostructure (SCH) quantum dot 

lasers has not been possible [24]. There are unique problems that limit the modulation 

performance of conventional SCH QD lasers as compared to what is expected from an 
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ideal QD laser with discrete density of states. SCH QD lasers suffer from significant hot-

carrier effects and associated gain compression due to the large density of states for the 

wetting layer and barrier states as compared with QDs [42]. As a result, the conventional 

devices cannot be modulated at bandwidths above 6-8 GHz [24]. In addition, the hole 

distribution is thermally broadened into many available states with small energy spacing 

in QDs, and a large injected hole density is required for a large gain in the ground state. 

This would also decrease the attainable gain and differential gain in conventional QD 

lasers.  

Two unique solutions have been proposed and implemented to overcome these 

problems in conventional SCH QD lasers: tunneling injection (TI) and acceptor (p) 

doping of the dots [43]-[46]. With p-doping, extra holes are provided at the ground state 

energy by either direct doping of the dots or by modulation doping in the GaAs barriers. 

These extra holes ensure population inversion with less injected holes from the contacts. 

Consequently, the electron population in the dots and their leakage into barrier and 

waveguide layers is reduced as well. Chapter IV and V focus on the static and dynamic 

characteristics of p-doped QD lasers. In the tunnel injection scheme, cold carriers are 

injected directly into the ground state of the QDs by phonon-assisted tunneling from an 

adjacent injector layer and are removed by stimulated emission at approximately the 

same rate. Therefore, the differential gain of the lasers can be optimized and hot carrier 

effects are minimized. Characteristics of tunnel injection lasers are the subject of Chapter 

VI.  

The purpose of the present Chapter is to function as an introduction to Chapters IV, 

V, and VI by elaborating upon the aforementioned unique problems in QD lasers. First, a 
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review of the self-assembled growth of QDs by molecular beam epitaxy is presented. I 

will then describe the intrinsic characteristics of QD lasers that determine the small-signal 

modulation bandwidth and the temperature dependence of the threshold current in 

Section 3.3. This is followed by a description of tunnel injection and p-doping in QD 

lasers in Section 3.4. Upon observing the results in Chapters IV-VI, we will see that 

although p-doping is helpful in improving the characteristic temperature, T0, of QD lasers 

- especially at 1.3 µm - it does not help in realizing high modulation bandwidth lasers. On 

the other hand, tunnel injection not only decreases the temperature sensitivity of QD 

lasers, but also significantly enhances the high frequency response of the devices. It will 

be evident that present high-speed QD lasers are promising candidates for applications in 

MAN and LAN systems.  

 

2.2 Theory of Quantum Dot Lasers 

Quantum dots are three-dimensionally (3-D) confined semiconductor 

heterostructures. Stimulated emission of light from confined carriers in QDs can therefore 

be achieved if the dots serve as the optical gain medium in a separate confined 

heterostructure laser cavity. In order to develop a theory of static characteristics of QD 

lasers, the density of states (DOS), optical gain, threshold condition, and threshold 

current components need to be addressed, as follows. 

An ideal QD is virtually an artificial atom with a discrete energy spectrum. In the 

effective mass approximation, the energy levels, E, are obtained from the eigenvalues of 

Schrödinger’s wave equation: 
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where ∇−= ip  is the momentum operator. ψ and m* are the carrier envelope wave 

function and effective mass, respectively. For an ideal QD, the potential V(x,y,z) can be 

assumed to be an infinitely deep 3-D well (box) with dimensions tx, ty, and tz. 

Consequently, the energy eigenvalues are  
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where l,m,n=1,2,… are the quantum numbers of the discrete energy levels. The density of 

states, ρ(E), is the number of states per unit volume between E and E+dE. It is evident 

from Eqn. 2.2 that ρ(E) in an ideal QD is singular and, with spin degeneracy included, is 

expressed as: 
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where Vdot=txtytz is the volume of a single dot.  

It is necessary to include the photon-electron interaction in Schrödinger’s wave 

equation in order to understand the optical gain of transitions from the conduction to the 

valence band. The photon-electron Hamiltonian can be included by modifying p to p+qA 

in Eqn. 2.1, where q is the electron charge and Aeiωt  is the electromagnetic wave vector 

potential. The result for the transition rate, Weh, is the universal Fermi’s golden rule in 

quantum mechanics [47]: 
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where )(rpH  is the perturbation Hamiltonian of the electron-photon interaction, r is the 

position vector, and e is the polarization of A. Weh is for the transition of a single 

electron-hole pair residing in the Ee and Eh energy levels, respectively. In order to obtain 

the total interband transition per unit volume, Wij, the DOS and the respective Fermi-

Dirac distributions of electrons and holes, fn and fp, have to be accounted for: 
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  (2.5) 

where i={le,me,ne} and i={lh,mh,nh} denote the eigenstates of electrons and holes, 

respectively. It is evident from the discrete DOS in Eqn. 2.3 that Wij in QDs is 

independent of k wavevector, i.e., there is no need to introduce the concept of reduced 

DOS and integrate the transition rate over k-space as it is done for quantum well and bulk 

materials. It is also noteworthy that employing the Fermi-Dirac distribution is only valid 

at temperatures above 150 K, where the thermal distribution of carriers is near 

equilibrium. At lower temperatures, non-equilibrium distributions amongst the isolated 

dots have been developed [48],[49]. Also, 
22

0
2 )2/( ijeh MmqAH = can be expressed in 

terms of the transition matrix element 
2

ijM  which accounts for the quantum-mechanical 

selection rules [47]. Finally, the material gain in QDs can be expressed as:  
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where nr is the refractive index. The last equation expresses the main advantage of QD 

lasers over quantum well and double heterostructure lasers. The material gain is not only 

discrete but is also temperature independent. Therefore, lasers with infinite characteristic 
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temperature are readily predicted. The ultra-narrow linewidth of lasers with such discrete 

gain spectrum resembles the optical spectrum of atomic lasers.   

In reality, however, there are finite homogenous and inhomogenous linewidths 

associated with the QD states. To include the spectral broadening, the above gain 

expression must be convolved with some spectral lineshape function. The Lorentzian 

distribution can represent the homogenous linewidth broadening. However, as discussed 

in the next section, in self-assembled QDs there is normally a 40-60 meV inhomogenous 

linewidth associated with the luminescence spectrum due to a stochastic size distribution 

of the dot ensemble. Since inhomogenous broadening usually dominates the homogenous 

broadening, a Gaussian function with an energy spectral width, σE, is a better distribution 

for self-assembled QDs [50]. In this case, Eqn. 2.6 is modified to as follows: 
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If lasers with uniform dots limited by homogenous broadening are achieved, the Gaussian 

distribution, G, should be replaced with the Lorentzian function: 
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where the phase decoherence time, τphase, accounts for all mechanisms causing loss of 

coherence between the electromagnetic and carriers wavefunctions. 

Furthermore, in near-pyramidal self-organized QDs, the assumption of an infinitely-

deep 3-D potential leading to Eqn. 2.2 is not valid. Different approaches such as effective 

mass,  perturbation   effective mass, and  pseudopotential  theory  can   be  used  as  better  
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Fig. 2.1: The calculated energy levels of an In0.40Ga0.60As/GaAs pyramidal-shape 
quantum dot with a base width of 124 Å and height of 62 Å, calculated by eight-
band k.p model (reproduced from Ref. [53]). 

 
approximations, but the most accurate method to calculate the bandstructure of strained 

In(Ga)As/GaAs QDs is eight-band k.p method after calculating the strain distribution 

from the valence force-field model [51]-[53]. The details of such calculations are beyond 

the scope of this thesis, but calculated energy levels for a typical In0.40Ga0.60As/GaAs dot 

are reproduced in Fig 2.1 [53]. It is observed that the energy levels remain discrete, thus 

the theory presented in Eqns. 2.3-2.7 are generally valid, if the appropriate values of i
eE  

and j
hE are selected. An interesting feature of the calculated energy levels by k.p method 

is the observed near double degeneracy of the first and second excited states due to time-

reflection symmetry of different [110] and [ 011
−

] exciton directions [51]. This 
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degeneracy is on top of the aforementioned spin-degeneracy and has to accounted for in 

Eqn. 2.7.  

The threshold condition for lasing in QD lasers is similar to other types of 

semiconductor lasers, i.e., when the change in the intensity of the light undergoing a 

roundtrip within the cavity with an optical gain, g=Γgmat, overcomes the cavity loss, γ, 

and mirror losses as expressed by: 

.1ln
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R1 and R2 are the facet reflectivities and l is the laser cavity length. Γ=ΓzΓxy is the optical 

confinement factor of the active region with respect to the vertical confinement factor, Γz, 

and the in-plane areal fill factor of the ensemble of dots, Γxy.  

In order to calculate the threshold current component due to recombination in the 

dots, the spontaneous recombination rate per volume per unit of energy needs to be 

calculated by multiplying the rate Wij in Eqn. 2.5 by the number of optical modes in the 

differential energy range, i.e., 
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2
aveM  is the optical matrix element averaged over  the three polarizations along x, y, and 

z axes. The optical mode density, ρopt (ħω), is given by [47]: 
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The threshold current density due to QD recombination per dot layer is expressed as: 

,)()(∫= ωω  dRqdJ QD
speffQD    (2.12) 
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where deff =Vdot ρdot and  ρdot is the areal density of the dots. Eqn. 2.12 is still strongly 

temperature independent, but in reality it is not the only term contributing to the threshold 

current. As will be discussed in the next section, In(Ga)As QDs are grown on GaAs 

buffer/barrier layers and the dots are formed on top of a wetting layer in the Stranski-

Krastanow mode. The wetting layer can be modeled as a two-dimensional electron gas 

[42]. Therefore, radiative recombination in the GaAs layers, JGaAs, and the wetting layer, 

JWL, are also significant 2-D and 3-D temperature-dependent factors at high temperatures 

which increase the threshold current and reduce the characteristic temperature of QD 

lasers. JGaAs and JWL are calculated with expressions similar to Eqn. 2.12 with the 

corresponding 2-D and 3-D reduced densities of states [47].  

 

2.3 Molecular Beam Epitaxial Growth of Quantum Dots 
 

Significant improvement in the performance of optoelectronic devices - especially 

semiconductor lasers – with quantum dot active region was proposed theoretically in the 

early 1980’s [14]. However, fabricating these three-dimensionally confined 

heterostructures was a technological challenge for about a decade. Some of the attempted 

fabricating  techniques  include: laterally pattering quantum wells by e-beam lithography 

followed by wet or dry etching, regrowth of epitaxial layers, selective growth on 

patterned substrates and cleaved-edge overgrowth [54]-[57]. QD lasers were 

demonstrated for the first time by e-beam and etching techniques, but with very high 

threshold currents [15]. All of the above-mentioned fabrication techniques suffer from 

problems such as extremely high heterointerface recombination, impurity contamination 

and defect formation, thus the fabricated QDs have no or poor optical quality.  
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Self-assembled formation of islands (quantum dots) during epitaxial growth is a 

natural process that eliminates all of the above problems and, therefore, high-quality 

confined heterostructures can serve as the gain medium of semiconductor lasers. Surface 

roughness in InGaAs/GaAs islands grown in the Stranski-Krastanow mode, as discussed 

below, was observed and evaluated by several groups in the 1980’s  [58]-[60], but it was 

not recognized as a means of self-forming QDs until later, when both metal-organic 

chemical vapor deposition (MOCVD), and molecular beam epitaxy (MBE) were 

employed to grow self-assembled QDs [61],[62]. MBE is more advantageous than 

MOCVD, at least for fundamental research, since MBE can produce high quality 

materials with abrupt interfaces and provide precise (monolayer) control over thickness 

and the possibility of in situ monitoring by techniques such as reflection high-energy 

electron diffraction (RHEED).  

In general, depending on the lattice mismatch between the substrate and the grown 

material, three distinct modes may occur, which are named after pioneering researchers 

during the 1920-50’s, who developed the thermodynamic conditions for these different 

regimes [63]-[65]. They are schematically shown in Fig. 2.2 and can be described as 

follows: 

(a) Frank-van der Merwe (FM) mode: there is zero or very small lattice mismatch 

and the epitaxial growth proceeds layer-by-layer; 

(b) Volmer-Weber (VW) mode: the lattice mismatch is more than ~12% and three-

dimensional islands are formed directly on the matrix (substrate); 

(c) Stranski-Krastanow (SK) mode: this is an intermediate regime between the FM 

and  VW  modes,  where initially  several monolayers (called  the wetting layer) are 
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Fig 2.2: Three growth modes on a substrate: (a) Frank-van der Merwe (FM); (b) Volmer-
Weber (VW); (c) Stranski-Krastanow (SK). The thin, gray layers represent one 
monolayer of deposition. 

 

grown layer-by-layer, followed by the formation of three-dimensional islands 

(quantum dots). 

Thermodynamically, in the VW and SK modes, after a critical amount of growth of 

strained material, a morphological instability results in the formation of strained islands. 

This island formation leads to a reduction of the strain energy and an increase in the   

surface energy as compared to the FM mode. The strain energy is proportional to the dot 

volume and the surface energy is proportional to the area of the QD. In the SK mode, if 

the size of the QD exceeds a critical value, island formation is energetically favorable and 

the islands are formed on the wetting layer.  

In(Ga)As/GaAs QDs can be grown by MBE with precise control of temperature, 

and deposition rate of In, Ga, and As from heated solid sources. The QDs are typically 

grown at temperatures lower (from 480-530°C) than the standard GaAs growth in order 

to avoid problems associated with surface migration of In adatoms. The flux of As4 is 

kept at least one order of magnitude higher than the group III elements fluxes. The 

electronic bandstructure of In(Ga)As QDs was discussed in the previous section (Fig. 

2.1).  Typically,  these   QDs  have a ground  state transition  from  ~ 950  to  ~ 1400  nm,  
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monolayer growth
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Fig. 2.3: Room-temperature photoluminescence spectra of three quantum dot samples 
with ground state transitions at 1100, 1320, and 1400 nm. 

 

depending  on  the  composition,   number  of  deposited  monolayers  and growth  rate of 

InxGa1-xAs, as well as the choice of material that is used to cap the dots. Measured 

photoluminescence spectra of three samples with different peak wavelengths of the 

ground transition are presented in Fig. 2.3.  Two types of QDs, 1.0-1.1 μm and 1.3 μm 

QDs, are mainly discussed in this work. 1.0-1.1 μm QDs are achieved by growing  

InxGa1-xAs with 0.4<x<0.5 at a rate of 0.25 monolayers per second (ML/s), where the 

wetting layer  thickness  is ~5-6 ML and  the dots  are  formed after the deposition of  1-2 

MLs of InxGa1-xAs. InAs is the material of choice for growing QDs with ground state 

transition at about 1.3 μm. The wetting layer is ~1.8 ML in this case and the InAs dots are 

capped with ~40Å-thick In0.15Ga0.85As. Self-assembled QDs have near pyramidal shapes, 

as the high-resolution cross-sectional transmission electron microscopy (XTEM) image 

in Fig. 2.4(a) shows for  In0.40Ga0.60As QDs.  A  single  pyramid has a  base  length of 15-  
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Fig 2.4: (a) High-resolution cross-sectional transmission electron microscopy (XTEM) 
image of a pyramidal In0.40Ga0.60As quantum dot (obtained in collaboration with 
Y. Lei at Argonne National Laboratory, Argonne, IL); (b) schematic of the single-
mode ridge waveguide quantum dot lasers fabricated throughout this work with 
ground-signal-ground contacts, also showing an atomic force microscopy (AFM) 
image of  In0.40Ga0.60As quantum dots. 

 
20 nm  and a height of 6-9 nm.  As can be seen in the atomic force microscopy image of 

Fig. 2.4(b), a typical density for self-assembled QDs is ~5×1010 dots/cm2. It is 

noteworthy that 1.3 μm QDs are larger in size and usually have lower dot density and 

consequently lower optical gain for laser applications. 

Finally, as depicted in Fig 2.4(b), ridge waveguide lasers with a QD active region 

can be grown and fabricated by standard lithography, wet and dry etching, metallization 

and passivation techniques. The exact processing recipe for single-mode ridge waveguide 

laser fabrication is presented in the Appendix of this thesis. 

 

2.4 Factors Limiting High-Speed Operation of Conventional QD Lasers  

Low modulation bandwidth was theoretically predicted in QD lasers and attributed 

to the phonon bottleneck [66] long before the first experimental reports on the small-

signal modulation response of the lasers [24]. It was argued that since the energy 

separation of the  ground and  first   excited state in  QDs  (see Fig. 2.5) is typically larger  
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Fig. 2.5: Energy levels of 1.3 µm quantum dots showing the large energy spacing 
between the ground and first excited state in the conduction band and many (~10) 
levels with small spacing (8-10 meV) in the valence band. 

 

than the optical phonon energy (~36 meV), single-phonon-assisted scattering (relaxation) 

into the ground state is forbidden, and since multiple-phonon scattering is a very unlikely 

slow process, QD lasers should suffer from this phonon bottleneck, resulting in low 

modulation bandwidths.   The phonon bottleneck was indeed observed by time-resolved 

differential transmission spectroscopy (DTS) where non-geminate carriers are not 

captured in the same dot, which can only happen at very low levels of injection [67].  

However, similar three-pulse DTS measurements showed very fast (~130 fs) gain 

recovery of the ground state of QDs at high levels of injection (lasing conditions) [68], 

which is due to strong carrier-carrier scattering in geminate captures and provide an 

indication that a bottleneck other than the slow phonon-carrier interaction has to 

responsible for the low speed of QD lasers.  
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It is now recognized that the limitations to high-speed modulation of conventional 

SCH QD lasers is due to the electronic properties of the quantum dots arising from the 

nature of self-assembled growth. As discussed before, in the Stranski-Krastanow growth 

mode, zero-dimensional islands (QDs) are formed on top of a wetting layer (Figs. 2.2 and  

2.5), which can be treated as a 2-D electron-gas). The QDs and the wetting layer form a 

coupled electronic system, whose statistics cannot be described by quasi-Fermi 

equilibrium at high biases. Due to the large number of the states in the 2-D electron-gas 

as compared to the number of states in the dots, injected carriers predominately reside in 

the higher energy states in the wetting layer. Consequently, QD lasers suffer from this 

undesired hot carrier effect and associated gain saturation. DTS measurements have 

indeed shown that electrons captured in the wetting layer/barrier states tend to remain 

there at temperatures above 180 K, i.e., they undergo very slow relaxation to the lasing 

energy state [69].  Matthews et al. [42] also observed severe gain saturation in QDs at 

temperatures above 150 K and showed that it can be explained by incomplete population 

inversion in the ground state of the QDs due to the occupancy of the wetting layer states. 

The gain saturation leads to low modulation bandwidth. Stated differently, the entropy 

change of carriers relaxing from the two-dimensional wetting layer states to the zero-

dimensional QDs is responsible for the low modulation bandwidths measured in QD 

lasers [70].  

Furthermore, an ideal QD laser should preferably have only one electron and one 

hole energy level. Due to strong anisotropy and band mixing, there is a multiplicity of 

hole states and the energy spacing between these states is very small. As shown in Fig. 

2.5, the inevitable existence of multiple hole energy levels with small energy spacing (8-

 26 



10 meV) results in thermal broadening of the hole population in energy. Consequently, 

the ground state hole population is depleted, leading to a decrease in gain. Higher 

injection of holes, to compensate for this effect, necessitates increased injection of 

electrons due to charge neutrality requirements. The excess carriers lead to leakage, non-

radiative recombination outside the core, increased threshold current and reduced 

differential gain.  

 

2.5 Tunnel Injection and Acceptor Doping in Quantum Dot Lasers 

Tunneling injection and p-doping have been suggested and studied as two 

promising techniques to solve the hot-carrier related problems in QD lasers [43]-[46]. 

Tunnel injection was originally proposed and demonstrated more than a decade ago to 

reduce hot carrier effects in quantum well lasers [71]-[73]. In this scheme, cold carriers 

are directly injected into the lasing energy state from an adjoining injector layer, thus hot 

carrier effects can be bypassed and the performance of the lasers would improve. High- 

performance GaAs- and InP-based quantum well lasers with high T0, reduced chirp and 

improved modulation bandwidths have been reported [72],[73]. Tunneling injection, 

however, is more useful for enhancing the modulation bandwidth of quantum dot lasers. 

As shown in Fig. 2.6(a), cold electrons injected into the ground state of the QDs by 

phonon-assisted tunneling can bypass the hot carrier problems associated with the capture 

of electrons into the wetting layer/barrier energy states. Femtosecond DTS measurement 

of phonon-assisted tunneling confirms fast (~1.7 ps) temperature-independent tunneling 

times [74]. Tunneling injection also decreases carrier radiative recombination in the 

wetting layer/barrier regions,  prompting  Asryan   and  Luryi’s theoretical prediction of a  
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Fig. 2.6: (a) Injection of cold carriers into the ground state of the dot by tunneling from 
an adjoining injector layer; (b) modulation p-doping of the quantum dot barrier in 
order to increase the gain through the increase of hole ground state occupancy.  
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significant increase of T0 [43]. A large increase in modulation bandwidth (~15 GHz) was 

demonstrated in the first tunnel injection QD lasers [44] and, as will be seen in Chapter 

VI, the characteristics of our lasers have steadily improved since then [74]-[78]. 

In the  p-doping scheme,  the thermally broadened hole  distribution is compensated 

by providing extra holes. P-doping of QD lasers can be achieved by either direct or 

modulation doping of the dots. As shown in Fig. 2.6(b) for the modulation doping case, 

the holes of the p-doped barrier are transferred into the hole ground state with lower 

energy in the adjacent QD layer, thus fewer electron-hole pairs are required to be injected 

from the contacts to compensate for the thermal broadening of the hole distribution. This 

would decrease fp, leading to a gain increase from Eqn. 2.7. Vahala and Zah [79] 

predicted an increase of gain in p-doped QW lasers, which was followed by the 

prediction of relaxation oscillation frequency enhancement and reduction of linewidth 

enhancement factor in multi-quantum-well lasers [80]. P-doping is expected to be more 

beneficial in QD lasers due to the more pronounced thermal broadening of holes in the 

valence band with smaller energy spacing in QDs than in QWs.  

Miyamoto et al. [45] proposed p-doping for increasing gain and reduction of 

threshold current.  Deppe et al. [46],[81],[82] have modeled the impact of p-doping on 

the modulation response and characteristic temperature, T0, of QD lasers and have 

experimentally demonstrated T0 as high as 213 K in p-doped InAs QD lasers. There are 

also theoretical studies on the excitonic effects of p-doping on T0 of p-doped InAs/GaAs 

QD lasers [83], as well as the role of the wetting layer in limiting the gain of p-doped 

InP-based 1.55 µm quantum dash lasers [84]. As will be discussed in more detail in 

Chapter IV, we have measured temperature invariant operation (T0=∞) of p-doped 1.3 
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µm QD SCH lasers and have attributed this result to a significant role of Auger 

recombination and its unique temperature dependence [77],[85]. However, contrary to 

previous theoretical predictions [82], we observed only a slight improvement in 

modulation bandwidth in p-doped lasers. The low bandwidth can be attributed to the 

inefficiency of p-doping due to the wetting layer  states [84], inadequate enhancement of 

gain and differential gain, and the increased damping effect of Auger recombination in 

the modulation response.  All of these will be discussed in detail in Chapter V. These 

observations confirm that, although p-doping may be beneficial in enhancing T0, tunnel 

injection appears to be a better approach to achieve high-speed QD lasers.  

 

2.5 Summary 

The theory of quantum dot lasers and growth of self-assembled quantum dots was 

reviewed. The problems related to the existence of wetting layer and hole energy multi-

states in conventional quantum dot lasers were discussed. The proposed unique solutions 

to these special problems are tunneling injection and p-doping schemes which were 

explained in this chapter. 
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CHAPTER III 

 

QUANTUM DOT DISTRIBUTED FEEDBACK LASERS 

 
3.1 Introduction 

Self-assembled quantum dot (QD) lasers with ultra-low threshold currents, large 

differential gain, low chirp and linewidth enhancement factor, and suppressed 

filamentation have been reported [26]-[30]. For optical communication applications, a 

single-mode spectral output with narrow linewidth is essential. An ideal QD Fabry-Perot 

laser is expected to be single-mode since the atom-like density of states should be 

singular. However, there is a stochastic size distribution associated with the self-

assembled QDs grown by MBE. The inhomogeneous broadening of 40-60 meV in the 

photoluminescence and gain spectra in quantum dots makes the output spectrum of 

Fabry-Perot QD lasers multi-mode and unstable [86]. The distributed feedback (DFB) 

scheme is a well-known technique to obtain narrow linewidth single-mode lasers, and is 

the subject of this Chapter. 

First, it should be noted that in following the epitaxy and processing steps of 

standard index-coupled QD DFB lasers, degradation of the active QDs was observed 

after etching of the grating and regrowth of the top cladding and contact layers. While the 

reason for this is not entirely clear, a probable cause is strain relaxation and defect 

formation during the high-temperature surface cleaning before regrowth and the high-
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temperatures used for regrowth of these layers. On the other hand, loss-coupled DFB 

lasers with external lateral gratings avoid regrowth and rely on the evanescent coupling 

of the electromagnetic field to a metal, e.g., chromium, grating [87]. The strong 

absorption associated with the imaginary part of the complex refractive index of Cr 

results in a high coupling coefficient and compensates for the decrease of the light field 

in the grating regions, while the real part provides index-coupled feedback. An added 

advantage of loss-coupled DFB device structure is the elimination of degenerate modes 

around the Bragg condition, without the necessity of asymmetric tapering [88]. By 

progressively changing the grating parameters in an array of lasers, a multi-wavelength 

source can be easily obtained. Such devices with QD active regions have also been 

reported [89]. Here, the performance characteristics of In0.40Ga0.60As/GaAs self-organized 

QD loss-coupled DFB lasers with a nominal lasing wavelength of 1.0 µm are discussed. 

 

3.2 Molecular Beam Epitaxial Growth and Fabrication 

Figure 3.1 shows the QD laser heterostructure consisting of four coupled layers of 

In0.40Ga0.60As QDs buried in a GaAs guide layer and surrounded by 1.0 µm Al0.30Ga0.70As 

claddings. The heterostructure was grown by solid-source molecular beam epitaxy 

(MBE) on a (001) n-GaAs substrate, as described in Section 2.3. The QDs were grown at 

520°C and the GaAs and AlGaAs layers were grown at 620 and 650°C, respectively. 

Room-temperature photoluminescence from the QDts exhibit a peak at 1.02 µm. After 

depositing 3.0 µm wide p-metal contacts, a combination of self-aligned dry and wet 

etching techniques were used to define mesas from approximately 0.2 µm above the 

active region.  The  etch depth was optimized to  achieve the desired coupling  coefficient  
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Fig. 3.1: Schematic of In0.40Ga0.60As/GaAs quantum dot distributed feedback laser 
heterostructure grown by molecular beam epitaxy. 
 

 

 

 

 

 

 

 

Fig. 3.2:  Scanning electron microscopy image of a section of the Cr gratings and the 
waveguide ridge. 
 

and optical loss in the metal grating, to be subsequently formed. Electron-beam (e-beam) 

lithography was used to define second order gratings with 0.3 µm period and 50% duty 

cycle, in order to obtain a lasing wavelength of 1.0 µm.  Due to the non-planar surface of 

the  e-beam  sample,  high  electron  energies are required to ensure the extension  of   the 
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lateral grating to the edge of the mesa. A 100 keV Leica VB6 electron beam system at 

Cornell University, Ithaca, NY with 1 nA beam current was used to expose and define the 

grating pattern on  150 nm e-beam resist. 45 nm of chromium was next evaporated and 

lifted off to create the metal grating. Figure 3.2 shows a scanning electron microscopy 

image of a section of the metal grating and ridge.  Finally, single-mode ridge waveguide 

lasers were fabricated with standard optical lithography, wet and dry etching, silicon 

dioxide passivation and planarization, and contact metallization techniques, similar to the 

fabrication of Fabry-Perot lasers in the Appendix of this thesis. 1-mm long DFB lasers 

were formed and the end facets were left uncoated.  

 

3.3 Static Characteristics 

The lasers were mounted on a Peltier cooler and were biased through ground-

signal-ground probes and RF cables. Light-current characteristics of the QD DFB lasers 

were measured under pulsed bias conditions (1μs, 10 kHz) and are presented for different 

temperatures in Fig. 3.3. At room temperature, the threshold current is 60 mA and the 

differential quantum efficiency is ~0.1 W/A. The relatively high threshold current 

compared to Fabry-Perot lasers is due to the loss in the optical metal grating for the long 

cavities used. The temperature dependence of the threshold current and the peak 

wavelength of the output spectrum were also measured and are presented in Fig. 3.4. An 

important figure of merit of semiconductor laser is the characteristic temperature, T0, 

which is defined from the empirical exponential dependence of the threshold current, i.e., 

0/
0 )()( TT

th eTITI
th

=    (3.1) 

in a certain temperature range.  From the data shown in  Fig. 3.4, T0  derived  to  be  64 K  
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Fig. 3.3: The temperature-dependent light current characteristics of the InGaAs/GaAs 
quantum dot distributed feedback laser.  
 

 

 

 

 

 

 

 

 
Fig. 3.4: Measured temperature dependence of the threshold current (squares) and lasing 

wavelength (circles) of the InGaAs/GaAs quantum dot distributed feedback laser. 
The dashed and solid lines are fits to the data. 

 

around room temperature and the wavelength is found to shift linearly with a slope of 

0.09 nm/K. In comparison, this shift is typically >0.25 nm/K  for a  Fabry-Perot QD  laser 

[90].  Figure 3.5 depicts the  room  temperature  output spectrum of  the  laser  at  1.2×Ith, 
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Fig. 3.5:  The output spectrum of the InGaAs/GaAs quantum dot distributed feedback 
laser at room temperature. 

 

measured with a HP 70952B optical spectrum analyzer.  The side-mode suppression ratio 

is 30 dB and the linewidth (full-width at half maximum)  is  4  Å.  Upon  comparing  with   

Fabry-Perot  QD lasers, the  small  shift  of wavelength with temperature, high side-mode 

suppression ratio and the very small linewidth of the output spectrum in the present lasers 

are strong indications that the distributed feedback mechanism indeed functions in these 

lasers. 

 
3.4 Small-Signal Characteristics 

The dynamic performance of the lasers was measured with a high-speed 

photoreceiver, MITEQ low-noise amplifier and a HP 8593A electrical spectrum analyzer 

after collecting the output light with a cleaved fiber. The measurement setup is 

schematically shown in Fig. 3.6. The measurements were made under pulsed bias 

conditions similar to the static characteristics. The measured modulation response was 

corrected by  taking into  account amplifier  gain  and loss in the microwave cables.   The 
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Fig 3.6: Equipment setup for measurement of modulation bandwidth of high-speed lasers. 

 

corrected modulation response for the lasers at room-temperature and at different 

injection currents is shown in Fig. 3.7. The maximum 3-dB bandwidth, measured for an 

injection bias of 78 mA is about  5 GHz. Device heating  prevented  doing  measurements 

at higher injection currents. The measured bandwidth is similar to what has been recorded 

for separate confinement heterostructure (SCH) Fabry-Perot ridge waveguide QD lasers 

[24]. As described in Section 2.4, the higher density of states in the wetting layer and 

barrier states of the quantum dots at room temperature and carrier heating cause a 

significant gain compression in quantum dot lasers [74]. Alternate techniques of carrier 

injection need to be employed and it has been shown that tunnel injection of electrons 

into the lasing quantum dots substantially alleviates such problems, which is the subject 

of Chapter VI.  

Finally, the chirp in the DFB lasers was measured during direct modulation at room 

temperature by measuring the  broadening of a  single longitudinal mode using an  optical 
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Fig. 3.7: Modulation frequency response of the quantum dot distributed feedback laser at 

different injection currents. Solid lines are guides to the eye.  
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 3.8: Output optical spectrum of the quantum dot distributed feedback laser at 82 mA 
DC bias and 40 mA AC signal for 1.0 and 2.0 GHz modulation frequencies. 
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spectrum analyzer with a resolution of 0.8 Å.  The   measured  technique  and procedure 

is explained in more detail in Section 6.3.3. The sinusoidal modulation current was 

superimposed on a pulsed DC bias  current. The DC bias is 82 mA , the peak-to-peak 

modulation current was varied from 0 to ~40 mA and the modulation frequency was 

varied upto 2 GHz. The measured data are shown in Fig. 3.8. No measurable chirp was 

observed in these devices even under large signal modulation conditions. The chirp in a 

semiconductor laser is directly proportional to the linewidth enhancement factor, α, 

which has been measured to be <1 in QD lasers [28],[29].  

 

3.5 Summary  

In summary, loss-coupled quantum dot distributed feedback lasers with chromium 

lateral gratings were fabricated and characterized. Single mode emission is recorded at 

1.006 µm with a 30 dB side-mode suppression ratio and linewidth of 4 Å at room 

temperature. The differential quantum efficiency at room temperature is ~0.1 W/A and T0 

is 64 K around room temperature. The highest measured bandwidth is ~5 GHz at 300 K 

and it is believed that hot carrier effects and associated gain compression make it 

impossible to modulate these devices at higher frequencies. No measurable chirp could 

be recorded upto biases of ~40 mA and modulation frequency of 2 GHz. 
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CHAPTER IV 

 

P-DOPED QUANTUM DOT LASERS: STATIC PROPERTIES 

       

4.1 Introduction 

As discussed in the previous Chapters, self-organized quantum dot (QD) lasers have 

been the subject of extensive research in the last decade and a steady improvement in 

their characteristics has been reported [21]-[30]. This has been brought about through a 

good understanding of the unique hot-carrier dynamics in QDs [74],[91] and through 

improved techniques of QD epitaxy [92],[93]. As described in Section 2.4, it is evident 

that important and unique limitations arise from the electronic structure of self-organized 

QDs. It is restated briefly herein that one unique characteristic which potentially limits 

QD laser performance is related to hole injection into the dots.  As shown in Fig. 2.5, the 

inevitable existence of multiple hole energy levels with small energy spacing (8-10 meV) 

[82],[83] results in thermal broadening of the hole population in energy. Consequently, 

the ground state hole population is depleted, leading to a decrease in gain. A higher 

injection of holes to compensate for this effect necessitates increased injection of 

electrons due to charge neutrality requirements. The excess carriers lead to leakage, non-

radiative recombination outside the core, increased threshold current and reduced 

differential gain. As shown in Fig. 2.6(b), a solution to this problem is offered by 
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intentionally providing additional holes to the dots, so that the ground state remains filled 

with holes [42],[82]. T0 as high as 213 K have been measured in p-doped InAs QD lasers 

[46]. We have recently demonstrated temperature invariant output characteristics (T0=∞) 

in p-doped 1.3 µm InAs/InGaAs QD lasers, the first in any semiconductor laser [77],[85].  

The intent in this and the next Chapters is to report our findings from experimental 

and theoretical studies on static and dynamic properties of p-doped 1.1 and 1.3 µm 

In(Ga)As/GaAs QD lasers. We have made an attempt to evaluate the true potential of 

acceptor doping and, in particular, to determine its impact on the high-speed 

characteristics of lasers. This is the first experimental study of the modulation properties 

of p-doped QD lasers. We present a self-consistent model of the contributing radiative 

and non-radiative threshold current components in order to explain the observed 

temperature variation of the threshold current. In what follows, Section 4.2 describes the 

molecular beam epitaxial growth and fabrication of the p-doped QD lasers. Section 4.3 

describes the results obtained from light-current measurements. Section 4.4 presents the 

model for calculating threshold current components p-doped lasers.  The following 

Chapter focuses on the small-signal modulation response and other dynamic properties of 

the same lasers.  

 

4.2 Laser Growth and Fabrication of p-Doped and Undoped Lasers 

First, I would acknowledge and thank Dr. Alexey Kovsh and his colleagues at NL 

Nanosemiconductor GmbH, Dortmund, Germany for the growth of the 1.3 µm p-doped 

laser heterostructures. The 1.3 µm QD laser heterostructures, shown in Fig. 4.1(a), were 

grown on (001) n-GaAs substrates in a solid-source molecular beam epitaxy (MBE) 
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reactor and consist of a 0.36 µm GaAs waveguide region, in which 10 stacks of 

InAs/InGaAs QD layers - separated by 33 nm thick GaAs spacers - are inserted. The 

waveguide region is surrounded by 1.5 µm Al0.35Ga0.65As cladding layers doped n- and p-

type with Si and Be, respectively. A 0.4 µm thick p-type GaAs contact layer is also 

incorporated on top. The modulation doping of the dots with holes is accomplished with a 

10 nm-thick delta-doping with a C-doped layer in the GaAs waveguide region separated 

from the quantum dots by 14 nm. The doping concentration was varied to provide sheet 

acceptor concentrations per QD layer varying in the range (0-2)×1012 cm-2. The optimum 

doping level was determined by studying the luminescence of the dots and the device 

characteristics. The room temperature photoluminescence (PL) from a laser 

heterostructure in which the QDs are modulation doped at 5×1011 cm-2 is shown in Fig. 

4.1(b). In addition to the strong luminescence from the ground state transitions, those 

from the first excited states are also present. The heterostructure for the 1.1 µm lasers 

grown in our own laboratory is very similar, except the active region consists of 10 layers 

of In0.5Ga0.5As/GaAs quantum dots, separated by 30 nm GaAs barrier layers. The 

modulation p-doping is accomplished in this case with Be at a level of 5×1011 cm-2.  

Mesa-shaped broad area (100 µm-wide) and single-mode ridge waveguide (3-5 µm 

ridge width) lasers were fabricated by standard n- and p-contact metallization, 

photolithography, and wet and dry etching techniques, the processing recipes of which 

can be found in the Appendix of this thesis. Lasers of various lengths were obtained by 

cleaving into bars, and contact to the devices was made with high-frequency probes. 

Measurements were made both on devices with as-cleaved facets and with high-

reflectivity facets obtained by deposition of appropriate MgF/ZnSe dielectric mirrors. 
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Fig. 4.1: (a) Schematic of the heterostructure of 1.3 µm p-doped and undoped self-
organized quantum dot lasers grown by molecular beam epitaxy; (b) room 
temperature photoluminescence spectrum of the laser heterostructures with a p-
doping level of 5×1017 cm-3.  
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4.3 Static Characteristics 

The characteristics of 1.3 µm lasers are described first. The results reported here are 

for p-doped lasers with an optimum sheet concentration of 5×1011 cm-2 (corresponding to 

5×1017 cm-3 bulk doping) and with facet reflectivities of 95%/32%. Light-current 

characteristics were measured both in continuous wave (CW) and pulsed mode (1µs, 10 

kHz) of biasing with the devices mounted on a heat-sink with a stabilized temperature of 

15°C. From the light-current characteristics of broad area lasers of varying cavity length, 

we determine the value of internal quantum efficiency, ηi, and cavity loss, γ, by plotting 

the inverse of differential efficiency, ηd, against cavity length. As depicted in Fig. 4.2, the 

values of ηi and γ are 0.62±0.04 and 6.6±0.5 cm-1, respectively. The shortest cavity length 

has been excluded from this extraction, since it represent a region where higher-order 

effects result in an incomplete clamping of the carrier density above threshold, resulting 

in an apparent decrease in internal quantum efficiency [94]. The value of Jth is ~350 

A/cm2 for 1000 µm-long broad area lasers. The device parameters and bias conditions of 

the measurements on the single-mode lasers are summarized in Table 4.1. The light-

current characteristics of a 3 µm-wide and 400 µm-long single mode laser, measured with 

a pulsed bias at various temperatures, are shown in Fig. 4.3(a). The inset shows the 

output optical spectrum at 15°C. Plotted in Fig. 4.3(b) are the threshold current and 

differential efficiency as a function of temperature, as derived from the data of Fig. 

4.3(a). It is evident that Ith is independent of temperature in the range 5-75°C and so is the 

differential efficiency. In other words, according to the definition of characteristic 

temperature (Eqn. 3.1), T0=∞ in these devices, the first report in any semiconductor laser. 

This is  the  crucial  temperature range  in which  extreme stability of these parameters, Ith 

 44 



 

 

 

 

 

 

 

 

 

 

Table 4.1: Device geometries and bias conditions for the DC and small-signal 
measurements on the single-mode 1.3 and 1.1 μm p-doped and undoped lasers. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2:  Inverse of differential efficiency, ηd, versus cavity length in broad area p-doped 
1.3 µm quantum dot lasers. 
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Fig. 4.3: (a) Light-current characteristics of 400×3 µm2 single-mode p-doped 1.3 µm 
quantum dot lasers at different temperatures. The inset shows the output optical 
spectrum at three times threshold and at 15°C; (b) threshold current and slope 
efficiency of the same laser versus temperature. 
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Fig. 4.4: Light-current characteristics of a 800×8 µm2 p-doped 1.1 µm quantum dot laser 
at different temperatures with  a doping level of 2×1018 cm-3. The inset shows the 
output optical spectrum of the same laser. 
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Fig. 4.5: (a) Slope efficiency and (b) threshold current of 800×8 µm2 p-doped 1.1 µm 
lasers versus temperature for different beryllium doping levels. A, B, and C 
denote doping levels of 0, 2×1018, and 8×1018 cm-3, respectively. The solid lines 
are exponential fits to the data, from which the indicated values of characteristic 
temperature are derived. 
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behavior is due to the dominance of Auger recombination in the QDs and its temperature 

dependence, as will be discussed in the next Section.   

The measured light-current characteristics and the variation of output slope 

efficiency and threshold current with temperature of 1.1 µm devices are shown in Figs. 

4.4, 4.5(a) and (b) where lasers A, B, and C  have increasing  p-doping levels of 0, 

2×1018, and 8×1018 cm-3, respectively. As with the 1.3 µm devices, the threshold current 

increases with p-doping and so does the value of T0. However, T0=∞ is not observed. 

Auger recombination contributes to the threshold current to a lesser extent in these 

shorter wavelength lasers than in 1.3 µm devices. 

 

4.4 Threshold Current Model and Analysis 

The fundamental theory of the DC characteristics of QD lasers was presented in 

Section 2.2. In order to analyze the measured temperature variation of the threshold 

current in undoped and p-doped QD laser, a more involved self-consistent model is 

developed to calculate the position of the quasi-Fermi levels at threshold. The simple 

algorithm of the model is presented in Fig. 4.6. Flat-band quasi-Fermi levels across the 

active region were assumed at threshold [82],[83]. Fermi-Dirac statistics and complete 

ionization of dopants were also assumed. Charge neutrality amongst the QDs, the wetting 

layer, the GaAs barrier, and the immobile dopants in the modulation doped barrier was 

used to find the quasi-Fermi levels at incremental levels of carrier injection into the active 

region:  
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where the first, second and third terms on both sides relate to the QDs, GaAs barrier, and 

wetting layer, respectively. dotρ  is the dot density, −
aN  is the sheet density of the ionized 

dopants in the barrier and td is the thickness of the GaAs barrier adjacent to each dot 

layer. fn and fp are the Fermi-Dirac distribution function for electrons and holes in the 

conduction and valence bands, respectively. It is implied in Eqn. 4.1 that the wetting 

layer is modeled as a two-dimensional electron gas with WLem , and WLhm , representing the 

effective masses in the conduction and valence bands, respectively [42]. As will be 

evident later, carrier occupation of the wetting layer states plays an important role in 

determining the properties of self-organized QD lasers. The material gain in the QD can 

be calculated from Eqn. 2.7 for pyramidal-shape dots with a base length of 12 nm and a 

height of 7 nm for 1.3 μm  InAs QDs. Size non-uniformity amongst the dots is accounted 

for by an inhomogenous Gaussian broadening with linewidth σE=50 meV. Three 

interband  transitions, Eij,  were  included in  the modal gain  calculation  of  the dots. The 

(4.1) 
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Fig. 4.6: Algorithm of the self-consistent model for calculating gain, and threshold 

current components in undoped and p-doped QD lasers. 
 

transition energies of the ground state and the first two excited states are 968, 1044, and 

1162 meV at room temperature, respectively, according to our photoluminescence 

measurements. The temperature-dependent bandgaps are calculated with the Varshni 

equation [95]. A second harmonic oscillator model for 10 degenerate hole states with 10 

meV spacing was used [82],[83]. The optical matrix element of different transitions in the 

QDs and can be calculated with a 8×8 k.p model [51],[52]. 

The threshold gain calculated with Eqn. 4.3 is equated to the sum of the measured 

cavity loss and the mirror losses (Eqn. 2.9), taking into account an average dot density of 

5×1010  cm-2 and an optical confinement factor Γ=4×10-3, which accounts for 10 layers of 

dots and the areal coverage (fill factor). After determining the position of quasi-Fermi 

Calculate radiative recombination rates in 
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levels at threshold, the spontaneous radiative recombination terms and corresponding 

current densities can be calculated. The expressions for QD
spR and JQD were presented in 

Eqn. 2.10 to 2.12. Similarly, the radiative recombination rate and current in the wetting 

layer and the GaAs barrier/waveguide region are calculated from: 
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where the index k =1 and 2 corresponds to the contribution from the wetting layer and the 

GaAs barrier/waveguide regions, respectively. optρ  is the optical mode density (Eqn. 

2.11), and k
redρ  is the 2-D and 3-D reduced density of states, respectively [47]. 

Radiative recombination in all three regions described above give rise to threshold 

current components which increase with temperature. Therefore, a recombination process 

whose rate decreases with temperature has to be also considered in order to explain the 

experimentally observed temperature invariant threshold current. The temperature-

dependent Auger recombination coefficients in In0.4Ga0.6As/GaAs quantum dot lasers 

have been measured and it was observed that the Auger coefficient decreases with 

increase of temperature [96], which is a direct consequence of the temperature 

dependence of electron-hole scattering in the dots [51], [96]-[98].  In the present study, 

the measured variation of the Auger coefficient with temperature is incorporated, but 

with slightly altered values. An Auger recombination rate in the quantum dots, 

2/))(()( 22 nppnTCTR AugAug +=  was used, where n and p are the total densities of 

electrons and holes in the dots, respectively. It is important to use this form rather than  

the common form 3)( nTCAug , since the charge neutrality condition n=p is violated in p-

(4.2) 
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doped lasers and as formulated in Eqn. 4.1, charge neutrality amongst the dots, wetting 

layer and barrier states has to be maintained. JAug is calculated from 3/)( dotAugdot VTRd , 

where dotdotstackdot VNd ρ=  is the nominal thickness of the stacked dot layers. 

Other non-radiative recombination terms have been neglected in our model. The 

possible candidates for threshold current components are recombination in the AlGaAs 

cladding layers, and thermal excitation from the dots and their subsequent non-radiative 

recombination in the GaAs waveguide region. AlGaAs recombination is unlikely to be 

important since the carrier concentration in the cladding layer is very low. Hydrostatic 

pressure dependence measurement of the threshold current and calculated variation of the 

dots energy states with pressure have shown that thermal excitation of carriers from the 

dots may be an important non-radiative term in 1.0 μm QD lasers, but compared to the 

Auger term, its contribution is insignificant in longer wavelength lasers [99].  Therefore, 

the total threshold current density is expressed as: 

.AugGaAsWLQDAug
k

k
thth JJJJJJJ +++=+=∑  

The calculated threshold current components are depicted in Figs. 4.7(a) and (b) for 

400×3 µm2 undoped and p-doped 1.3 µm lasers, respectively. The various parameters 

used in the calculations are summarized in Table 4.2. The total calculated threshold 

currents are also shown with the experimental values for comparison. The temperature 

variation of the Auger coefficients used in these calculations is shown in Fig. 4.8. As 

explained above, the trend is similar to that measured for 1.0 µm QD lasers, but the 

values are adjusted to fit the measured threshold currents. It is observed in Fig. 4.7 that 

for both  undoped and p-doped  lasers,  it is the dominance  of  radiative recombination in 

(4.3) 
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Table 4.2: Parameters used in the modeling of threshold current components in 1.3 and 

1.1 μm p-doped and undoped quantum dot lasers. 
 
 
the wetting layer, JWL, that limits T0 at high temperatures and carrier recombination in the 

barrier/waveguide region, JGaAs, is much less influential. This is expected as the 

conduction and valence band offsets in 1.3 µm QDs are large (∆EC=250 meV and 

∆EV=200 meV, respectively); consequently, carrier leakage into the barrier/waveguide 

region is small. JQD becomes dominant at lower temperatures, which is expected due to 

the 3-D confinement of carriers. It is evident that it is the decrease of Auger 

recombination with temperature in the p-doped lasers which compensates the increasing 

JWL  term  and  explains  the  measured  temperature  invariant threshold current in   the p- 

2×1018 cm-35×1017 cm-3Doping level
(p-doped lasers)

1010Number of stacks

3.0 cm-14.3 cm-1Cavity loss 
(undoped)

4.8 cm-16.6 cm-1Cavity loss (doped)

Thickness of GaAs 
waveguide

Dot volume

Dot density

Optical confinement 
factor

Dot inhomogeneous
broadening

Parameter

336 nm

3.4×105 Å3

5×1010 cm-2

4×10-3

50 meV

1.3 μm lasers

336 nm

2.1×105 Å3

6×1010 cm-2

5×10-3

50 meV

1.1 μm lasers

2×1018 cm-35×1017 cm-3Doping level
(p-doped lasers)

1010Number of stacks

3.0 cm-14.3 cm-1Cavity loss 
(undoped)

4.8 cm-16.6 cm-1Cavity loss (doped)

Thickness of GaAs 
waveguide

Dot volume

Dot density

Optical confinement 
factor

Dot inhomogeneous
broadening

Parameter

336 nm

3.4×105 Å3

5×1010 cm-2

4×10-3

50 meV

1.3 μm lasers

336 nm

2.1×105 Å3

6×1010 cm-2

5×10-3

50 meV

1.1 μm lasers
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Fig. 4.7: Measured and calculated threshold current, Ith, in 400×3 µm2 (a) undoped and 

(b) p-doped 1.3 µm quantum dot lasers. Also shown are the calculated 
contributing current components: radiative recombinations in the dots (IQD), the 
barrier/waveguide regions (IGaAs), wetting layer (IWL), and Auger recombination in 
the dots (IAug). 
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Fig. 4.8: Temperature dependence of the Auger coefficients used in the threshold current 
calculation of 1.3 µm quantum dot lasers. 

 

doped lasers.  However, the temperature invariant operation is achieved at the expense of 

an increase of the total threshold current. Acceptor doping is beneficial for improving the 

characteristic temperature of the lasers, but it increases the electron-hole scattering rate 

and, consequently, the Auger recombination rate.  

For comparison, it is instructive to analyze the threshold currents measured in p-

doped 1.1 µm lasers with the model described above and the parameters of Table 4.2. 

These are illustrated in Figs. 4.9(a) and (b) for two doping levels, A and B, given in the 

previous section. It is clear that for both samples the current component due to 

recombination in the dots is a small fraction of the total threshold current and is almost 

temperature invariant. The current component due to recombination in the GaAs barrier 

layer plays the dominant role and more so than in  the 1.3 µm lasers due to  the  relatively 
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Fig. 4.9: Measured and calculated threshold current density in (a) undoped and (b) p-
doped (p=2×1018 cm-3) 1.1 µm quantum dot lasers. The values of T0 are extracted 
from the calculated threshold current density, Jth. The contributing current 
components are the same as in Fig. 4.7. 
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shallow carrier confinement in 1.1 µm dots. For the same reason, the temperature 

dependence of this component is also stronger than in 1.3 µm lasers. The Auger 

recombination component, and its increase with doping, increases the overall threshold 

current and also helps to improve T0. However, T0 never approaches infinity in these 

devices.  

 

4.5 Summary 

Temperature invariant output slope efficiency and threshold current (T0=∞) in the 

temperature range of 5-75°C have been measured for 1.3 µm p-doped self-organized QD 

lasers with 5×1017 cm-3 p-doping level in the barriers. Similar undoped QD lasers exhibit 

T0=68 K in the same temperature range with lower values of threshold current compared 

to the doped lasers.  P-doping has a similar effect in increasing T0 and threshold current 

in 1.1 µm lasers, but the highest observed T0 is about 115 K for 8×1018 cm-3 doping level. 

The temperature dependence of threshold current and the effect of p-doping on gain and 

differential gain are studied with a self-consistent model that includes temperature-

dependent radiative recombination in the dots, wetting layer and GaAs barrier regions 

and Auger recombination in the QDs. It is found that Auger recombination in the dots 

plays an important role in establishing temperature invariance of threshold current in the 

range 5-75°C in 1.3 μm p-doped QD lasers and the increase of T0 with increase of p-

doping level in 1.1 μm QD lasers. 
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CHAPTER V 

 

P-DOPED QUANTUM DOT LASERS: DYNAMIC PROPERTIES 

 

5.1 Introduction  

The small-signal modulation response and other dynamic characteristics of p-doped 

QD lasers are discussed in this Chapter. These are the same lasers as in Chapter IV. The 

small energy spacing of hole levels in QDs and the consequent thermal distribution of 

holes into the many available excited states reduces the attainable gain in undoped QD 

lasers. Thus, differential gain, dg/dn, and modulation bandwidth - which is proportional 

to the square root of dg/dn - is limited in these lasers due to this effect. It has been 

suggested that p-doping can not only improve the static characteristics of QD lasers (as 

discussed in the previous Chapter), but can also enhance the modulation bandwidth of the 

lasers [82]. The extra holes provided at the ground state would increase the occupation 

probability of holes, fp, in Eqn. 2.7 and therefore enhance the gain in the lasers. 

Consequently, it is expected that the differential gain and 3-dB modulation bandwidth 

should increase upon p-doping as well. Deppe et al. [82] theoretically predicted 

modulation bandwidths as high as 30 GHz in p-doped QD lasers. The present work is the 

first experimental study of the impact of p-doping on QD lasers. We will see in Section 

5.2, that the modulation bandwidth would indeed increase upon p-doping. However, the 

increase is very slight, i.e., from 5.5 to 8 GHz in 1.3 μm and from ~7-8 to 11 GHz in 1.1 
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μm QD lasers. In order to analyze this experimental observation, a rate equation-based 

model has been developed. Gain and differential gain were calculated according to the 

self-consistent DC model of Section 4.4. It is observed that the improvement in dg/dn is 

modest (less than a factor of 8) upon p-doping due to the population of the wetting layer 

states whose density of states outnumbers the dot states. Furthermore, our rate equation 

model predicts even less improvement in the bandwidth due to second order effects such 

as the increase of Auger recombination in the p-doped lasers compared to the undoped 

devices. 

 
5.2 Small-Signal Modulation of p-Doped and Undoped Lasers 
 

The small-signal modulation response of single-mode lasers was measured with a 

high-speed photoreceiver, MITEQ low-noise amplifier and a HP 8593A electrical 

spectrum analyzer after collecting the output light with a cleaved fiber (see Fig. 3.6). The 

measured response was corrected by taking into account the amplifier gain and the loss in 

the microwave cables. The measurements were made under pulsed bias conditions similar 

to the DC measurements (1µs, 10 kHz). The modulation response of the 400×3 µm2 

single-mode 1.3 µm p-doped lasers at room-temperature and at different injection 

currents is shown in Fig. 5.1(a). The maximum 3-dB bandwidth, f-3dB, of the p-doped 

laser measured for an injection bias of 140 mA is ~8 GHz. A differential gain of 

dg/dn=6.9×10-15 cm2 can be extracted from its relation with the resonance angular 

frequency of the modulation response: 

     ,/

pr
r n

dnSdgc
τ

ω Γ
=    (5.1) 

which is calculated with a photon lifetime, τp, of 6.6 ps obtained from the measured γ=6.6 
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Fig. 5.1: (a) Measured small-signal modulation response of p-doped (a) 1.3 µm and (b) 
1.1 µm quantum dot laser at room temperature for various injection currents. 
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cm-1, mirror reflectivities of 95%/32% and an optical confinement factor of Γ=4×10-3. S 

is the photon density and is extracted from the light-current measurements. It is evident 

that the 3-dB bandwidth of the p-doped lasers is not substantially larger than that of the 

undoped lasers, which exhibit a maximum measured modulation bandwidth of ~6 GHz.  

The measured modulation response of the 1.1 µm p-doped lasers at different biases 

is shown in Fig. 5.1(b). For brevity, a 3-dB bandwidth of 11 GHz was measured in these 

devices.  In comparison, the maximum 3-dB bandwidth measured in an undoped 1.1 µm 

laser is 7-8 GHz. 

 

5.3 Linewidth Enhancement Factor 

The linewidth enhancement factor, or α-factor, was measured by the Hakki-Paoli 

method [100] under sub-threshold bias conditions. Techniques such as injection locking, 

which measure the α-factor above threshold have yielded values of α in agreement with 

those derived from the Hakki-Paoli method in quantum well lasers [101]. The results of 

the two techniques may be different in QD lasers if they exhibit lasing modes from the 

excited states at high biases [102]. Spectral measurements of our lasers show stable 

single-mode output spectra from ground state transitions in the QDs at all biases, and 

therefore it is expected that the subthreshold α-factors would be in agreement with the 

values above threshold. The net modal subthreshold gain can be expressed as: 

),)1)(1(ln(/1 11 −− +−= ii rrRLg    (5.2) 

where L is the cavity length,  R is the facet  reflectivity,  and ri is  the peak  to  averaged- 

valleys ratio of competing modes in the output optical spectrum.  From the resonant 

cavity condition, the refractive index, Lin i 2/λ= , and the linewidth enhancement factor, 
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Fig. 5.2: Measured linewidth enhancement factor of the p-doped 1.3 µm quantum dot 
laser at subthreshold peak wavelengths of the output spectrum. 

 

1)/)(/(/4 −∆∆∆∆−= NgNnλπα , can be experimentally determined from: 
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rr
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λ
α , 

where λ∂ is the mode spacing and N∆  is the incremental carrier density for two 

differential bias values. The subthreshold spectra were measured with a HP 70952B 

optical spectrum analyzer under 10 kHz pulsed bias with a duty cycle of 1% at room 

temperature. The voltage increment, ΔV, was kept below 0.1 V, which corresponds to 

less than ~1mA increase in the laser current, to ensure a differential increase of the laser 

bias.  The measured  linewidth  enhancement factors are plotted against the peak 

wavelength of the subthreshold spectrum in Fig. 5.2.  It is observed that α ~ 1.6 at the 

lasing wavelength of ~1268 nm.  Although this value is relatively low compared to those 

in quantum well lasers with typical values of α>2,  it is higher than our reported values of 
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Fig. 5.3: Calculated peak modal gain versus total injected carrier density for various 

modulation doping concentrations in 1.3 µm p-doped quantum dot laser. 
 

~0.7 in tunnel injection quantum dot lasers [76], as will be discussed in the next Chapter.   

  

5.4 Gain and Differential Gain Analysis 
 

In order to model the modulation response of p-doped QD lasers, it is necessary to 

calculate gain and differential gain in these devices. This can be readily achieved by the 

self-consistent model explained in Section 4.4. Figure 5.3 shows the calculated peak 

modal gain of 1.3 µm lasers versus total sheet density of electrons injected into the dots, 

the wetting layer and the adjacent barrier layer for varying p-type doping levels. It is 

evident that with increasing doping higher gain can be achieved, accompanied by a 
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doping levels of 0 and 5×1017 cm-3, respectively. A larger increase in differential gain is 

not achieved because a fraction of the holes provided by the doped barriers will reside in 

the two-dimensional wetting layer valence band states, which have a higher density of 

states than that in the dots [42]. In fact, an increase of differential gain was calculated for 

p-doped quantum dash lasers when the effect of the wetting layer was excluded compared 

to when the effect was included in the simulation [84]. 

 
5.5 Modulation Response Model and Analysis 
 

It has been suggested that use of carrier and photon rate equations are not valid for 

QD lasers because of the random distribution of injected carriers amongst the dots [103]. 

However, reported agreement between Monte Carlo simulations and rate equations with 

averaged population densities suggest that standard rate equations could be used for QD 

lasers [104], particularly at high temperatures. The rate equations for the 2-D population 

of carriers in the dot ground state, N1, the dot excited state, N2, and the 3-D population in 

the GaAs barrier/waveguide region, NC, are expressed as:   
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where S is the photon density, β=10-5 is the spontaneous emission factor, Nd is the QD 

density times the number of dot stacks, LSCH is the thickness of the separate confinement 

(5.4) 
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heterostructure (SCH) region, and J is the injected current density into the SCH region. 

τc1, τc2, τe1, and τe2 are the capture and escape lifetimes between the barrier/waveguide 

region and the ground and excited dot states, respectively. τ21 and τ12 denote the capture 

and escape lifetimes between the two dot states. The values used for all these lifetimes in 

our analysis can be found elsewhere [74]. It is noteworthy that a more detailed analysis of 

the problem includes the rate equations for the nonequilibrium population of the wetting 

layer and the entropy change of carriers relaxing from this state into the dot states [70]. 

However, it has been shown that at room temperature the quasi-equilibrium effects 

associated with the close spacing of the hole states can be taken into account with simpler 

models that neglect the influence of the entropy change in the rate equations [82]. 

By substituting ti
CCC enNN ω

,2,1
0

,2,1,2,1 += , tijeJJ ω+= 0  and tiseSS ω+= 0 , the 

steady-state and small signal solutions can be separated. We also assume that JAug, g, and 

the three Rsp terms in the rate equations can be linearized around their corresponding DC 

values. If we further make the reasonable assumptions that n1, N2<< Nd, the small signal 

equations are linearized and the modulation response transfer function can be expressed 

as:  
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Two other valid approximations further simplify F(iω).  First, inspection of typical values 

for aij reveals that iω<<a22, therefore the zero of the polynomial in the numerator of Eqn. 

5.5 can be ignored. Second, in the “steady state approximation” we set iωnc≈0 [105]. This 

is valid since the 3D carriers in the waveguide do not interact directly with photons and 

eliminating their AC term is a second order effect. Consequently, 
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The form of Eqn. 5.7 is mathematically similar to that expressed by Nagarajan et al. 

[106] for quantum well lasers. The denominator in Eqn. 5.7 is a third-order polynomial , 

and the poles of the modulation response can be determined analytically.  Comparison 

with the results obtained from Eqn. 5.5 confirmed that the approximate form in Eqn. 5.7 

is accurate and therefore the latter is used in our analysis.  

In calculating the modulation response of 1.3 µm p-doped QD lasers, the photon density, 

S, was estimated from the DC solution of the rate equations (Eqn. 5.4) and the values of 

N1,, N2, NC, g, and the partial derivative of radiative and Auger recombination rates were 

calculated from the self-consistent model for threshold current discussed and described in 

(5.6) 

(5.7) 
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the previous Chapter. The modulation responses of the undoped and p-doped lasers, for 

different levels of injection, are shown in Figs. 5.4(a) and (b), respectively. The 

maximum 3-dB bandwidths of the undoped and p-doped lasers are 6.5 and 11 GHz, 

respectively, which are in reasonable agreement with the measured values presented in 

Section 5.2. The resonance angular frequency, ωr, is proportional to the square root of the 

differential gain (see Eqn. 5.1).  Therefore, considering the calculated increase of 

differential gain from 1.1×10-9 to 8×10-9 cm  after increasing p-doping from 0 (undoped) 

to  5×1017  cm-3, an increase of the modulation bandwidth by a factor of 2.7 might be 

expected. The calculated and experimentally observed increase is less than this value. 

This is because the modulation bandwidth can be reduced by other related effects, which 

are accounted for in our model. For example, the increase of Auger recombination in p-

doped lasers can play a limiting role in the modulation response of the devices. It can not 

only decrease the modulation efficiency by increasing the threshold current, but can also 

contribute to a larger effective damping factor through the 1NJ Aug ∂∂  term, as included 

in the rate equations. The transfer function of Eqn. 5.7, including this effect, predicts a 

modest increase of modulation bandwidth, by a factor of ~1.7, which is closer to our 

observation. Similar reduction of modulation bandwidth due to second order effects, such 

as  carrier transport across the SCH region, has been reported in quantum well lasers 

[106].  

 The small-signal modulation response of the  1.1 µm  p-doped QD  lasers  was  

also calculated using the model  described above.  The maximum 3-dB bandwidths for  

an undoped laser and  for  a QD laser doped with  p=2×1018 cm-3  are 8.5  and  12.5 GHz, 

respectively. Again, the agreement with measured data is reasonable and  the  increase  in 
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Fig. 5.4: Calculated room temperature small-signal modulation response at various 

current biases, obtained from Eqn. 5.7, for (a) undoped and (b) p-doped 1.3 µm 
quantum dot lasers. 
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bandwidth is by a factor of ~1.5. It is possible that slightly better performance may be 

extracted with higher levels of p-doping, but the related diffusion effects may actually 

degrade device performance.  

 
 
5.6 Summary 
 

The small-signal modulation response and linewidth enhancement factor of the p-

doped lasers described in Chapter IV is presented. P-doped quantum dot lasers show 

slight improvement of 3dB modulation bandwidth compared to undoped lasers. The 

figure of merit improves from 5.5 to 8 GHz in 1.3 μm and from 8 to 11 GHz in 1.1 μm 

quantum dot lasers. The derived differential gain in 1.3 μm quantum dot lasers is about 

6.9×10-15 cm-2 and α-factor is ~1.6 at lasing wavelength. An increase of differential gain 

from 1.1×10-9 to 8×10-9 cm-1 was calculated in these devices for doping levels of  0 and 

5×1017 cm-3, respectively, which translates to a factor of  ~1.7 improvement in the 3dB 

modulation bandwidth from a rate equation model. The slight improvements in 

differential gain and modulation bandwidths are attributed to the limiting role of wetting 

layer states and Auger recombination in the dots. 
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CHAPTER VI 

 

UNDOPED AND P-DOPED TUNNEL INJECTION QUANTUM DOT 
LASERS 

 

6.1 Introduction 

Demonstration of high-speed QD lasers can be envisioned as a breakthrough for 

their application as coherent light sources in 1.0-1.3 µm short-haul local area network and 

metropolitan area network 10 Gb/s communication systems. However, achieving high 

modulation bandwidths with conventional separate confinement heterostructure (SCH) 

QD lasers has not been possible [24]. As discussed in Section 2.3, there are unique 

problems that limit the modulation performance of conventional SCH QD lasers as 

compared to what is expected from an ideal QD laser with singular density of states. 

First, the inhomogenous linewidth broadening, associated with the stochastic size 

distribution of the dots, imposes a limit on the performance of QD lasers. More 

importantly, SCH QD lasers suffer from significant hot-carrier effects and associated gain 

compression due to the large density of states of the wetting layer and barrier states as 

compared with that in the QDs [42]. As a result, the conventional devices cannot be 

modulated at bandwidths above 6-8 GHz [24].  

In Section 2.3, I described the intrinsic problems of QD lasers that determine the 

small-signal modulation bandwidth and the temperature dependence of the threshold 

current. This was followed by a description of tunnel injection and p-doping in QD lasers 
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as unique solutions to the problems in Section 2.4. It was concluded in Chapter IV and V 

that although p-doping is helpful for improving the characteristic temperature, T0, of QD 

lasers - especially at 1.3 µm - it does not help in realizing high modulation bandwidth 

lasers. On the other hand, we will see in this Chapter that tunnel injection not only 

decreases the temperature sensitivity of QD lasers, but also significantly enhances the 

high frequency response of the devices. Static and small-signal properties of undoped 1.1 

µm TI-QD lasers is reviewed in Section 6.3.1, which will be followed by near field 

pattern (filamentation), chirp and linewidth enhancement factor, and accelerated lifetime 

measurements. The filamentation effects and dynamic properties of the undoped TI-QD 

lasers will be compared to fabricated quantum well laser counterparts with otherwise 

identical structures. Then, the properties of 1.1 µm QD lasers, in which tunnel injection 

and p-doping are incorporated, are described in Section 6.4. The DC characteristics and 

high-speed modulation characteristics of these devices are described and discussed.  

Finally, data on chirp, α-factor and direct measurement of modal gain in these devices are 

presented. It will be evident that present high-speed QD lasers are promising candidates 

for applications in MAN and LAN systems.  

 

6.2 Laser Design, Epitaxial Growth and Fabrication 

The laser heterostructures were grown by molecular beam epitaxy (MBE) on (001) 

GaAs substrates. The heterostructure of a 1.1 µm InGaAs TI QD lasers is schematically 

shown in Fig. 6.1(a). The band diagram in the active region is shown in Fig. 6.1(b). The 

wavelength of the dot luminescence peak is controlled by adjusting the InGaAs dot 

charge during epitaxy. The active region consists of a 95 Å In0.25Ga0.75As injector well, a 
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20 Å Al0.55Ga0.45As tunnel barrier, and three coupled In0.50Ga0.50As quantum dot layers. 

The In0.25Ga0.75As injector layer is grown at 450°C and the QD layers are grown at 

510°C. The energy separation in the conduction band between the injector layer state and 

the QD ground state is ~36 meV at room temperature. This energy separation ensures 

longitudinal optical (LO) phonon-assisted tunneling from the injector layer to the dot 

ground states through the AlGaAs barrier. It has to be noted that tunneling acts as a 

filtering process and selects the QDs whose ground state energy in the conduction band is 

resonantly coupled with the injector layer state, which results in a reduction of the 

inhomogenous linewidth broadening observed in photoluminescence spectra by a factor 

of two in TI QD heterostructures [75]. In the p-doped lasers, doping is provided by delta-

doping (5×1011 cm-2) of the 500 Å barrier/waveguide region grown on top of the three 

layers of coupled QDs. 50 nm of the GaAs waveguide above the three coupled QD layers 

are p-type doped with beryllium (Na=5×1017 cm-3), averaging about 20 holes per dot.   

Mesa-shaped single-mode ridge waveguide lasers (3-5 μm ridge width) were 

fabricated by standard lithography, wet and dry etching, and metallization techniques, the 

details of which can be found in the Appendix of this thesis. 200-2000 μm long lasers 

were obtained by cleaving. Measurements were made on lasers with as-cleaved facets 

under pulsed bias conditions (1μs, 10 kHz). 

 

6.3 Characteristics of 1.1 μm Undoped Tunnel Injection Lasers 

6.3.1 Review of DC and Small-Signal Modulation Properties 

The static and small signal characteristics are described elsewhere and are briefly 

reviewed  here  for  completeness  [44],[74].  The  undoped 1.1 µm TI QD  lasers  exhibit  
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Fig. 6.1: (a) Heterostructure schematic of 1.1 µm undoped and p-doped tunnel injection 
quantum dot lasers; (b) conduction band diagram of 1.1 µm p-doped quantum dot 
tunnel injection laser. 
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T0~237 K for 5°C<T<60°C and a threshold current of 8 mA at 288 K for a 400×3 µm2 

device. From the L-I characteristics of TI-QD lasers of varying cavity length, internal 

quantum  efficiency ηi=85% and cavity  loss γ=8.2 cm-1 were  determined by plotting  the 

inverse of differential efficiency, ηd, against cavity length, l. It is evident that the DC 

characteristic temperature of TI lasers is much higher than typical values in conventional 

QD lasers (T0<100 K), which is due to efficient (direct) injection of cold carriers into the 

ground state of QDs, minimal occupation of wetting layer/barrier states, and the 

consequent reduction in the radiative recombination component of threshold current from 

these higher energy states. The undoped TI QD lasers have a maximum modulation 

bandwidth, f-3dB, of ~22 GHz at a bias of 125 mA. By plotting the resonance frequency 

versus 2/1)( thII − , a modulation efficiency of ~1.7 GHz/mA1/2 is derived in these lasers. 

A differential gain, dg/dn=2.7×10-14 cm-2 in these devices is derived from the measured 

modulation efficiency and a calculated optical confinement factor of Γ=2.5×10-3. From 

the damping factor of the best fit to the modulation response, a gain compression factor 

ε=8.2×10-16 cm3 is also obtained for these devices.  

 
 
6.3.2 Near-Field Pattern and Filamentation 

Spatial coherence and lateral mode control of the output beam of semiconductor 

lasers at high power operation are important specifications for practical applications [30]. 

At high levels of carrier injection, filamentation occurs due to the increase of refractive 

index and self-focusing of the optical mode in the gain medium [107]. As a result, the 

laser output does not exhibit a Gaussian single-mode near-field pattern, and increase of 

the stripe width to enhance output power does not follow simple scaling rules [108]. The 
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degree of filamentation is strongly dependent on the linewidth enhancement factor, which 

itself is inversely proportional to the differential gain. Large differential gains have been 

demonstrated in QD lasers [24],[27]. It is therefore expected that filamentation will be 

greatly reduced in these devices and such reduction has been experimentally 

demonstrated in broad area InGaAs QD lasers [109]. Ribbat et al. [110] have also 

measured the near-field pattern and beam quality factor of narrow stripe InGaAs QD 

lasers. All these studies have been conducted with conventional separate confinement 

heterostructure (SCH) lasers. In this Subsection, a significant suppression of 

filamentation in undoped In0.4Ga0.6As/GaAs TI-QD lasers is reported, which is associated 

with lowering of the α-factor in these devices, as will be discussed in the next Subsection.  

The results are compared with a conventional SCH quantum well (QW) laser. The 

SCH QW laser heterostructures were also grown by MBE and consists of two 75 Å 

In0.2Ga0.8As QWs in the center of a 250 nm GaAs waveguide region, surrounded by 1.45 

μm cladding layers. The remainder of the heterostructure is identical to that of the QD 

lasers. Single-mode ridge waveguide lasers, with 3 μm ridge width, were fabricated by 

techniques similar to the TI-QD lasers. 400-800 μm long lasers were obtained by 

cleaving, and the cleaved facets were left uncoated.  

The near-field pattern of the TI-QD and QW lasers were measured with a Spiricon 

system. The output beam at the laser facet was focused with a 60X objective and 

attenuated with neutral density filters of total 0.3% transmission in order to avoid signal 

saturation in the camera. The pixel width of the image was calibrated by illuminating the 

laser ridge with a 5145 Å He-Ne laser at the same focal position. The near field was 

measured  as  a function  of injection  current in 400 μm TI-QD  and  800 μm QW  lasers.  
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Fig. 6.2: Spatial intensity distribution of near-field mode pattern along junction plane at 

cleaved edge for different biases for (a) undoped tunnel injection quantum dot 
laser and (b) SCH quantum well laser. The distances are measured from the center 
of ridges. Insets show the near field images of the modes at the highest biases. 

(a) 

(b) 
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Examples of the spatial intensity through the center of the junction plane for different 

bias levels are shown in Figs. 6.2(a) and (b) for the TI-QD and QW lasers, respectively. 

The insets are  the  two-dimensional  beam  pattern  at  the  corresponding highest  shown 

biases. The QW laser remains single-mode upto an injection current of 1.87×Ith but 

clearly suffers from filamentation for higher injection level and two distinct lobes are 

observed at higher biases.  Such filamentation was previously reported in narrow ridge 

waveguide QW lasers [110]. In contrast, filamentation is not evident in the intensity 

distribution of the TI-QD laser and the near-field pattern maintains a Gaussian form upto 

a bias of ~3.5×Ith. It is noteworthy that the QD laser exhibits a narrower near-field beam 

width than the QW laser. While lateral diffusion of carriers widens the beam to about 4 

μm at high biases in the QW laser, the beam of the TI-QD device is confined within the 

3-micron ridge. Current spreading in the active region is more pronounced in narrow-

stripe lasers. However, since lateral carrier transport in QDs is dominated by the slow 

hopping process at high temperatures, QD lasers provide better confinement [111]. This 

evidence of lateral confinement in the near-field pattern is also consistent with reported 

lateral diffusion lengths obtained from cathodoluminescence measurements [112]. 

 

6.3.3 Linewidth Enhancement Factor and Chirp  

The linewidth enhancement factors of the QW and TI-QD lasers of the previous 

Subsection were measured from the net modal sub-threshold spectrum [100].  The sub-

threshold spectra were measured with an optical spectrum analyzer under pulsed bias. 

The details of the measurement were previously described in Section 5.3. The measured 

linewidth enhancement factors are plotted against the peak wavelength of the 
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subthreshold spectrum for the TI-QD and QW lasers in Figs. 6.3(a) and (b), respectively. 

The   QW  laser exhibits a  value  of   7.3≅α at  lasing  wavelength, which  is similar   to  

previous reports [113]. In the undoped TI-QD laser, 73.0≅α  at the lasing wavelength 

and is as small as 0.1 at other wavelengths. These are amongst the smallest values of α-

factor measured in any semiconductor laser [28], but even lower values are reported for 

p-doped TI QD lasers in Section 6.4.3. The low α-factor measured in the TI lasers is a 

reflection of the fact that the large differential gain and symmetric gain spectrum in 

quantum dots, together with minimization of carrier leakage, play important roles. The 

reduction of α by a factor of 5 in the QD lasers, compared to that of QW lasers, implies 

very small refractive index change in the lasing core. Consequently, there is a reduction 

of the self-focusing effect in these devices, which accounts for the absence of 

filamentation in the measured near-field pattern. 

Since chirp is directly proportional to α, TI QD lasers are expected to have low 

chirp. We measured the chirp in these devices and compared it with QW lasers. The 

envelope of the dynamic shift in wavelength of the sinusoidal modulation signal was 

recorded with the HP 70952B optical spectrum analyzer and a resolution of 0.8 Å. As 

schematically shown in Fig. 6.4, the dynamic chirp was estimated from the difference of 

the linewidths of the lasing mode with and without superimposing a modulating current. 

The evaluated chirp for TI-QD and QW lasers versus peak-to-peak modulation current 

are shown in Fig. 6.5(a) at a modulation frequency of 5 GHz and a DC bias of 28 mA. 

The chirp of the QW lasers varies between 1.6 and 2.9 Å and is comparable to previously 

reported values [114]. Figure 6.5(b) shows the chirp on the TI QD lasers versus frequency 

at  a constant AC bias of  36 mA.  As  expected, TI-QD lasers  show much  lower chirp of  
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Fig. 6.3: Measured linewidth enhancement factor at subthreshold peak wavelengths of    

(a) undoped tunnel injection quantum dot laser and (b) SCH quantum well laser. 
The dashed lines are guides to the eye. 
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Fig. 6.4: Evaluation of chirp from the difference between the linewidths of modulated 

and DC lasing modes. 
 
 
<0.6 Å at different AC biases and even at high frequencies. 

 
6.3.4 Accelerated Lifetime Measurements 

For any practical application of TI-QD lasers, long lifetime is a crucial subject of 

study. Lasers with high probability of catastrophic failure may not have any prospect of 

industrial and scientific applications. Very little work has been done on lifetime or 

reliability of QD lasers, in general, and of TI devices, in particular. Laser diode failures 

are generally attributed to three different mechanisms: (a) at 50-100% of catastrophic 

optical damage (COD), facet degradation is the cause of   device failure; (b) at less than 

50% COD, point defect gradually degrades the performance of the device; and (c) dark-

line defects (DLD) are power independent sources of sudden failure [115]. In low-quality 

grown heterostructures, DLDs propagate into the active region in the first few hours of 

operation and dramatically decrease the efficiency of the devices. 
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Fig. 6.5: (a) Measured chirp for undoped tunnel injection quantum dot laser and SCH 

quantum well laser at different peak-to-peak modulation currents; (b) chirp versus 
frequency in undoped tunnel injection quantum dot laser. 
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Fig. 6.6: 1000-hour lifetime measurements on ridge waveguide 1.1 μm undoped tunnel 

injection quantum dot lasers with constant continuous wave 2 mW power at 65°C.  
 

 

Accelerated lifetime measurement with CW driving current at constant optical 

power is the standard method of studying lifetime of semiconductor lasers below half 

COD, where lifetime is defined as when the current becomes twice the initial value. 

Preliminary lifetime measurements on undoped TI-QD lasers was performed, and these 

measurements indicate the prospect for long lifetimes in QD lasers. 1000-hour 

measurements are done at 65°C to accelerate the degradation. The lasers are CW biased, 

and light output is fed into the feedback loop to keep the output power fixed. Fig. 6.6 

shows the variation of the current with time for fixed output power at different ambient 

temperatures. During the initial period of the testing, annealing dominates degradation 

and,a reduction in current is observed during the first 50 hours.  
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Fig. 6.7: Variation of the threshold current and slope efficiency of 200×3 µm2 single-
mode 1.1 µm p-doped tunnel injection lasers with temperature. The inset shows 
the output spectrum of the laser at 3 times the threshold current. 

 

6.4 Characteristics of 1.1 μm p-Doped Tunnel Injection Lasers 

6.4.1 DC Characteristics 

Light-current (L-I) measurements were made with the devices mounted on a Cu 

heat-sink, whose temperature was stabilized with a Peltier cooler. Pulsed biased (1µs, 10 

kHz) L-I measurements were performed on 1.1 µm TI-QD p-doped as-cleaved  200×3 

µm2 single-mode lasers. As the threshold current versus temperature plot in Fig. 6.7 

indicates T0~205 K from 5 to 95°C and slope efficiency of 0.465 W/A can be extracted 

for the devices. The inset shows the output spectrum of the device lasing at about 1090 

nm.  
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6.4.2 Small-Signal Modulation Response  

The small-signal modulation response of the lasers was measured with the high-

speed measurement setup described in Section 3.4. The modulation response for the 1.1 

µm p-doped TI QD lasers is shown in Fig. 6.8(a). The measurements were made under 

pulsed bias. The maximum f-3dB measured for an injection bias of 6.7×Ith is ~24.5 GHz, 

which is higher than the undoped sample and is indeed the highest modulation bandwidth 

reported to date in any QD laser. The resonance frequency of the devices is plotted versus 

2/1)( thII −  in Fig. 6.8(b), from which a modulation efficiency of 2 GHz/mA1/2 is derived. 

A differential gain, dg/dn=3×10-14 cm-2 is derived in these devices from the measured 

resonance frequencies and a calculated optical confinement factor of Γ=2.5×10-3 (see 

Eqn. 5.1). From the damping factor of the best fit to the modulation response, a gain 

compression factor ε=4×10-16 cm3 is also obtained for these devices. All of these 

parameters show improvement compared to the undoped samples, which may be 

attributed to the slight impact of p-doping in the modulation characteristics of gigahertz 

enhancement of modulation QD lasers. As discussed in Section 5.2, only slight 

bandwidth improvement was observed upon p-doping (from 8 to 11 GHz) in 

conventional 1.1 µm SCH lasers, which is due to the slight increase of gain and 

differential gain by the extra holes provided from the doped barriers. 

 

6.4.3 Linewidth Enhancement Factor and Chirp  

The modulation characteristics of p-doped TI lasers presented in the previous 

subsection indicate that these devices have enormous potential for high-speed fiber optic 

communication   LAN   and  MAN  systems.  Therefore,  important   dynamic  figures  of 
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Fig. 6.8: (a) Modulation response of single-mode 1.1 µm p-doped quantum dot tunnel 
injection lasers at different biases; (b) resonance frequency of the lasers 
versus thII − . 
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merit for such applications have been also studied in the present lasers, namely, linewidth 

enhancement factor, α, and dynamic chirp.  The α-factor is a critical parameter in 

semiconductor lasers, since the laser linewidth is (1+ α2) times larger than the Shawlow-

Townes fundamental limit. α is inversely proportional to the differential gain, and it is 

evident that large differential gains are attainable in QD lasers. I described before that 

low α-factors can be expected and has indeed been reported in conventional QD lasers 

[28]. Similar to the description in Section 5.3, the linewidth enhancement factor of the TI 

lasers was measured by the Hakki-Paoli method below threshold by using the formula: 

]})1)(1{ln[(
2

1−+−∆

∆
∂

=
ii

i

rr
λ

λ
α , where λ∂ is the mode spacing, ri is the peak-to-

averaged valleys ratio of the ith competing mode in the optical spectrum, and N∆  is the 

incremental carrier density for two differential bias values [96]. As can be seen in Fig. 

6.9(a), upon varying the voltage increment, ΔV, from a differential value of 0.1 to values 

as high as 0.5 V, no spectral differential shift of the longitudinal laser peaks, iλ∆ , was 

observed in p-doped 1.1 µm TI lasers. Therefore, α is virtually zero in these lasers (within 

the resolution of our spectrum analyzer).  

Finally, since chirp is directly proportional to α, TI-QD lasers are expected to have 

ultra-low chirp. We measured the chirp in 1.1 µm p-doped TI-QD lasers similar to the 

description for undoped lasers in Section 6.3.3. As is evident from Fig. 6.9(b), for 

frequency ranging from 1 to 15 GHz and at a constant AC bias of 22 mA, the p-doped TI-

QD lasers show a negligible chirp of <0.4 Å at all frequencies. It can be clearly 

concluded that TI-QD lasers have dynamic properties which surpass those of QW lasers 

for 1.0-1.3 µm optical communication systems.  
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Fig. 6.9: (a) Linewidth enhancement factor at the peak wavelengths of the subthreshold 
spectrum of p-doped 1.1 µm tunnel injection quantum dot lasers. The inset shows 
two differentially close measured subthreshold spectra with bias voltage difference, ΔV 
~0.1 V; (b) measured chirp for p-doped 1.1 µm tunnel injection quantum dot lasers 
versus frequency of the modulating AC signal. 

 

(a) 

(b) 

1235 1240 1245 1250

0 

1 

2 

3 

4 

Wavelength (nm)

α
-fa

ct
or

Subthreshold spectrum

1238 1243 1248

-80

-60

-40

In
te

ns
ity

 (d
B

)

0 5 10 150 

0.2 

0.4 

0.6 

0.8 

    

Frequency (GHz)

IDC=72mA 
IAC=22mA
Ith=15mA 

C
hi

rp
 (Å

)

 88 



 

 

 

 

 

 

Fig. 6.10: Schematic of the fabricated multi-section device for optical modal gain 
measurements.  

 

6.4.4 Measurement of Modal Gain 

It is evident from the previous section that p-doped TI QD lasers have very 

promising modulation bandwidths and dynamic properties. A closely related quantity to 

assess in these lasers is the net modal gain, g.  Net modal gain can be extracted from the 

Hakki-Paoli method [100], as expressed in Eqn. 5.2, from the peak to averaged-valleys 

ratio of competing modes in the optical spectrum. However, this method is only 

applicable below threshold. Extracting modal gain by transforming the spontaneous 

emission, known as the Henry technique [116], is another way of obtaining modal gain. 

The Henry technique is not only a subthreshold method, but also requires indirect 

calculation of the Fermi-level energy separation. Variable-stripe-length technique is an 

interesting method to directly acquire the absolute value of net modal gain spectrum from 

the amplified spontaneous emission (ASE) intensity [117],[118]. The ASE intensity, I, 

from a point source with distance L from the facet can be expressed in terms of g and the 

intensity of the spontaneous emission, Isp, as: 

     ).1( −= gLsp e
g

I
I   (6.1) 

uncleaved facet
400 μm4 μm

x4-6
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Eqn. 6.1 is valid for long stripes compared to stripe width and for a single-pass gain 

medium. The single-pass condition can be achieved by a long absorption region as well 

as antireflection coating [117]; growing on a misoriented substrate [118]; or, as has been 

performed in this work, by creating uncleaved facet at the end of the absorption region. If 

the ASE intensities of stripe lengths L and 2L are compared, it is straightforward to show 

from Eqn. 6.1, that the absolute value of g can be directly evaluated from: 

     .1ln1 2








−=

L

L

I
I

L
g   (6.2) 

Schematic of the multi-section device for gain measurements is shown in Fig. 6.10. 

The heterostructure of the device is identical to the p-doped TI QD lasers in Fig. 6.1(a). 

400×40 μm2 p-contact sections, with 4 μm spacers between them, are created by 

metallization. The spacers are turned into trenches by self-aligned etching of the top p+-

GaAs contact layer in order to maximize the electrical isolation of the sections, while the 

AlGaAs cladding is not etched to minimize the damage to the ridge waveguide. 

According to Eqn. 6.2, only the two sections adjacent to the cleaved facet were biased, 

while 5-7 unbiased sections and the uncleaved facet are to minimize the optical feedback. 

The ASE intensity of lengths L and 2L (400 and 800 μm) were measured by a HP 

70952B optical spectrum analyzer at 293 K and the net modal gain, g, was directly 

evaluated form Eqn. 6.2, which is presented in Fig. 6.11(a) versus wavelength for three 

different current densities with gain peaks around 1090 nm. The peak modal gain versus 

current is plotted in Fig. 6.11(b).  It is evident that peak gains as high as 57 cm-1 are 

obtained in  the  TI lasers with  three layers of quantum dots.  Similar multisection device 

measurements on conventional lasers with three layers of dots have resulted in g~14 cm-1 

at  300  K [42].  Other  reported  experimental  and  calculated  values  of  modal  gain  in 
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Fig. 6.11: (a) Measured modal gain versus wavelength at three different biases in 1.1 μm 
p-doped tunnel injection quantum dot lasers; (b) peak optical gain of the same 
devices at different current densities. The solid line is guide to the eye. 
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conventional QD lasers are from 5 to 12 cm-1 per dot layer [26],[82]. Therefore, the 

reported value of 19 cm-1 per QD layer in this work for TI p-doped lasers is a factor of 

~1.5-4 higher than previous data for conventional QD lasers. This can be attributed to 

minimization of hot carrier effects and decrease of wetting layer and higher states 

occupation leading to higher population of the ground states in TI lasers. Analysis of the 

measured gain in conventional QD lasers and comparison with calculated occupancies of 

the electron and hole ground states has confirmed that the population inversion factor, fn-

fp, in Eqn. 2.7, and modal gain, are limited to as low as 20% of the saturated value at room 

temperature [42]. This is due to the existence of the wetting layer with a much higher 

density of states and the thermal broadening of hole energy levels, as was discussed in 

detail in Section 2.4. Therefore, the high measured values of modal gain in this work 

correspond to as high as ~80% of the maximum attainable gain of QDs. This high 

occupation confirms efficient injection of cold carriers by phonon-assisted tunneling into 

the dot ground state and is in agreement with the measured large differential gain from 

the modulation response in the Section 6.4.2. 

 

6.5 Summary 

High-performance InGaAs undoped and p-doped TI self-organized QD lasers 

emitting at 1.1 µm are demonstrated. Undoped tunnel injection QD lasers have ~22 GHz 

small-signal modulation bandwidth. The measured near-field pattern, linewidth 

enhancement factor and dynamic chirp of TI-QD lasers were compared with those of 

SCH QW lasers. The near-field measurements show that significant filamentation occurs 

in QW lasers at biases above twice the threshold current. Such filamentation is not 
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observed in the quantum dot lasers even at high biases. The linewidth enhancement factor 

of the undoped 1.1 µm TI laser is ~0.73 at lasing peak, and its dynamic chirp is <0.6 Å at 

various frequencies and AC biases, which is superior to respective values of ~3.7 and 

1.6-3.0 Å in the SCH QW lasers. Higher modulation bandwidth (~25 GHz) and 

differential gain (3×10-14 cm2) are measured in 1.1 µm p-doped TI lasers with a 

characteristic temperature, T0, of 205 K in the temperature range of 5 to 95°C. The 1.1 

µm p-doped TI-QD lasers exhibit zero linewidth enhancement factor (α~0) and negligible 

chirp (<0.4 Å), a low gain compression factor of 4×10-16 cm3, and a high modal gain of 

19 cm-1 per dot layer. It is amply evident that the characteristics of p-doped TI-QD lasers 

are superior to undoped TI-QD, p-doped conventional, as well as SCH QW lasers.  
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CHAPTER VII 

 

MAGNETIC PROPERTIES OF GaMnAs AND InMnAs DILUTED 
MAGNETIC SEMICONDUCTORS 

 

7.1 Introduction 

The importance of spintronics for electronics and optoelectronics was described in 

Section 1.4. As explained therein, exploiting conventional ferromagnetic materials such 

as transition metals for injection of spin-polarized carriers into semiconductor devices has 

not shown to be successful due to spin decoherence at the metal/semiconductor interface. 

Diluted magnetic semiconductors (DMS’s) are alloys of nonmagnetic semiconductors, 

e.g., GaAs, CdTe and ZnSe, in which periodic arrays of magnetic elements, e.g., 

manganese, are present. In other words, ferromagnetic and semiconducting properties 

coexist in DMS materials, thus they can be readily used in spintronic devices with 

standard epitaxial growth and device fabrication techniques. II-VI-based (CdTe and 

ZnSe) DMS’s were initially being investigated, but it is difficult to dope these materials 

for device application [41]. Manganese-diluted alloys of GaAs and InAs are promising 

DMS’s for spintronic applications. Interestingly, the Mn ions not only create 

ferromagnetism in the GaAs host material, but also act as p-type dopants. Therefore, 

GaMnAs layers can be used as hole spin-aligners in spintronic devices such as spin-

polarized LEDs, as discussed in the next Chapter. In this Chapter, the origin of 

 94 



ferromagnetism and epitaxial growth of GaMnAs are reviewed, followed by 

ferromagnetic properties of various GaMnAs/GaAs heterostructures. Mn-doped InAs 

quantum dots are another type of DMS material with Curie temperatures above room 

temperature, and are the subject of the last section of this Chapter. 

 

7.2 Origin of Ferromagnetism in Mn-Doped (In)GaAs Heterostructures 

Magnetism of atomic and solid state materials is a quantum mechanical property 

which originates from the angular momentum, L, and spin of electrons, S, and their 

internal quantum-mechanical interaction, as well as their response to an external 

magnetic field. The relation between magnetization, M, and the macroscopic magnetic 

field, B, is defined through the magnetic susceptibility per unit volume, χ, i.e., 

.
0

BM
µ
χ

=                        (7.1) 

Different substances can attain different magnetic characteristics, which can be 

mainly categorized into diamagnetism, paramagnetism, ferromagnetism, 

antiferromagnetism, and ferrimagnetism. In diamagnetic substances, the magnetic 

susceptibility is negative, and simply originates from the induced magnetic moment of 

the electrons orbiting around a nucleus, the precession of which is opposite to the applied 

field according to Lenz’s law. As shown in Fig. 7.1, diamagnetism is not temperature 

dependent. It is observable in substances such as inert gases, where the total angular 

momentum, J=L+S, is zero. Paramagnetic substances have positive magnetic 

susceptibility due to the exchange interaction Hamiltonian of nonzero J with B: 
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Fig. 7.1: Different characteristic modes of magnetization and their temperature 
dependences. 

 
 

,BJ ⋅−= BgH µ   (7.2) 

where Bµ  is the Bohr momentum. In Boltzmann statistic, it can be shown that the 

temperature dependence of free spin paramagnetic susceptibility, depicted in Fig. 7.1, 

follows [119] 

,
T
C

=χ    (7.3) 

 where C is the Curie constant. Examples of paramagnetic materials are free atoms and 

ions with partially filled inner shells such as Mn2+ and some metals. 

In ferro-, antiferro-, and ferri-magnetic materials a spontaneous magnetic moment 

exists even without applying an external field, which can only happen in an ordered array 

of microscopic moments in magnetic domains. These three ordered arrangements are 

schematically shown in Fig. 7.2. I will only focus on describing ferromagnetism.  

If an internal interaction between spin and/or angular momentum tends to order the 

magnetic  moments  of  a  paramagnetic  material and overcome  the  thermal  agitation, a 

single interaction
ferromagnetism 
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Fig. 7.2: Simple schematic of ferromagnetic, antiferromagnetic and ferrimagnetic orders. 
 
 
ferromagnet is obtained below a critical temperature called the Curie temperature, Tc. The 

exchange field can be treated as an equivalent magnetic field, BE, thus Eqn. 7.1 is 

modified to:  

).(
0

EBBM +=
µ
χ      (7.4) 

If in the mean-free approximation, we further assume that BE is proportional to M, Eqn. 

7.3 will be modified to:  

.
cTT

C
−

=χ  (7.5) 

This is called the Curie-Weiss law and is a fair analytical model for describing 

magnetization at T>Tc. Below Tc, the temperature dependence is more complicated but, 

as shown in Fig. 7.1, generally follows [119]: 

.)()0()( 2/3TTMMTM ∝−=∆  (7.6) 

The single ferromagnetic exchange interaction between atoms i and j can be quantum-

mechanically described by the Heisenberg model: 

,2 jiJH SS ⋅−=    (7.7) 

where J is the exchange integral.  

ferromagnetic antiferromagnetic ferrimagnetic
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After this general review of magnetic modes, I focus on diluted magnetic 

semiconductors, in particular GaMnAs. Introducing a small concentration of magnetic 

elements into a semiconductor matrix can lead to diluted magnetic semiconductors. 

Diluted Mn-doped II-VI and II–V semiconductor compounds, e.g., Zn(Mn)O and 

Ga(Mn)As, are ferromagnetic. In GaMnAs, manganese (Mn: [Ar]3d54s2) impurities 

reside primarily in Ga sites (MnGa) in the GaAs lattice, where they function as both an 

acceptor (Mn2+) and as a source of localized magnetic moment.  The bound hole orbits 

around the Mn2+ ions with a p-type ionization energy of 113 meV and a Bohr radius of 

10Å [120]. Electron-spin resonance studies show that manganese-hole (Mn-h) complexes 

are formed by an antiferromagnetic coupling force, as delocalized 4S3/2 holes and A-(3d5) 

Mn cores give a total angular momentum of J=1, which remains the ground state up to 

very high fields of 50 T [121]. The corresponding Zeeman splitting of the three mj=0, ±1 

levels of the Mn-h complexes, with a g-factor of 2.77 and mediated by hole-hole 

coupling, is the origin of ferromagnetism in GaMnAs. It is now understood that 

ferromagnetism in GaMnAs is mediated by holes through Ruderman-Kittel-Kasuya-

Yosida (RKKY) interaction, i.e., the exchange integral J in Eqn. 7.7 is proportional to p-d 

exchange between holes and Mn 3d states, Jpd [122]. Alternatively, the coupled 

interaction Hamiltonians of Eqn. 7.2 and 7.7 for holes and Mn ions need to be 

considered. The corresponding “extended mean-field Hamiltonians” for a hole spin, j, 

and a Mn spin, S, are [123]: 

,

,

BJSj

BJSjjj

⋅+⋅=

⋅+⋅+⋅=∑
BMn

MnhMn

Bh
Mnh

l
l

hh
l

h

gJH

gJJH

µ

µ
      (7.8)                        

 98 



where l is the summation index in nearest lattice sites. Assuming the carriers are 

responsible for ferromagnetism, Jhh>0. Direct Mn-Mn interaction is negligible and is not 

considered in Eqn. 7.8. Hole-Mn coupling is antiferromagnetic (JMnh<0). The relative 

weight of Jhh and JMnh depends on the quality of the GaMnAs layer (growth and annealing 

conditions) and thickness of the sample, and determines the variation of magnetism with 

temperature. For instance, if the ferromagnetic term dominates, a “single ferromagnetic 

exchange” behavior (see Eqn. 7.6) is observed. If the magnitude of JMnh is about half of 

Jhh, the antiferromagnetic term is considerable and a behavior similar to the schematic 

dashed lines in Fig. 7.1 is observed [120], as we will see experimentally in Section 7.4. 

Finally, Dietl et al. [124] predicted that increase of Mn composition, x, and hole 

concentration, p, can increase the Curie temperature according to the relation:  

.3/1xpTc ∝    (7.9) 

It is noteworthy that manganese antisites (MnAs) and interstitials (MnI) not only 

hamper ferromagnetism but also act as n-dopants and cause self-compensation (~30%). 

Arsenic antisites (AsGa) have similar self-compensation effects [125]. We will see in 

Section 7.4.2 that these compensation centers can be removed by thermal annealing. 

 

7.3 Molecular Beam Epitaxial Growth of GaMnAs/GaAs Heterojunctions 

Due to the low solubility of Mn in III-V materials, epitaxial growth of uniform 

GaMnAs films on GaAs is not possible at equilibrium. Furthermore, MnAs has a large 

lattice mismatch with GaAs and possesses a NiAs-type hexagonal lattice structure. 

Depending on  the composition of  Mn, x, and  the substrate growth temperature, Ts,  four 

phases can be recognized [41]:  (a)  at Ts>280-300°C epitaxial growth is  inhibited due  to 
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Fig. 7.3: The RHEED pattern during epitaxial growth of Ga(Mn)As at different indicated 
growth temperatures: (a) and (b) show low temperature GaAs and GaMnAs with 
streaky patterns, respectively; (c) and (d) show spotty patterns at too low and too 
high temperatures, respectively. 

 
the mentioned low solubility of Mn and MnAs clusters are formed; (b) surface 

roughening is significant at Ts<170°C and for 0.01<x<0.06; (c) at very low and very high 

x and intermediate Ts, insulating GaMnAs is formed; (d) it is only at 0.01<x<0.06 and a 

non-equilibrium growth temperature of 180-280°C that a single-crystal alloy can be 

successfully grown. Partial ferromagnetism was observed in low temperature (LT) 

molecular beam epitaxy (MBE) growth of InMnAs films on GaAs in 1989 [126]. 

GaMnAs diluted magnetic semiconductors was first demonstrated by the same technique 

in 1996 [127]. Low growth rates are required to inhibit formation of MnAs clusters. Low 

As flux avoids excess As (AsI) formation at LT growth. It is noteworthy that growth 

interruption leads to formation of MnAs clusters.  

In this work, several GaMnAs films of varying thickness and Mn composition were 

grown by  LT-MBE on (001) semi-insulating GaAs substrates in a Varian GEN-II 
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chamber using a relatively low As4:Ga beam equivalent pressure (BEP) ratio (~16:1) and 

a growth temperature in the range 240-270˚C.  A radiatively-coupled thermocouple is 

used to monitor the temperature of the substrate which is In-mounted to a molybdenum 

block during growth.  The GaMnAs film is deposited over a 100 nm LT-GaAs buffer 

layer after lowering the temperature from the initial 150-400 nm GaAs buffer layer 

grown at 600˚C.  The Mn composition is calibrated using secondary ion mass 

spectroscopy (SIMS). Reflection high energy electron diffraction (RHEED) is a very 

crucial in situ monitoring tool in the LT-MBE growth of GaMnAs. During a typical 

growth, the initial GaAs buffer grown at equilibrium (600˚C) shows the well-known 

(2×4) reconstruction pattern. As shown in Fig. 7.3(a), this pattern changes into a (1×1) 

pattern in the LT (250˚C) GaAs buffer. Upon opening the Mn cell shutter at 250˚C with a 

growth rate of about 0.6 μm per hour, the surface reconstruction pattern changes into 

(1×2) which should persist during a stable growth (Fig. 7.3(b)), unless x is too high 

(>0.06) or Ts is marginally  high. A spotty RHEED pattern obtained at very low Ts is 

shown in Fig. 7.3(c), which is an indication of significant surface roughness. The 

formation of MnAs clusters with NiAs lattice structure is evident in the RHEED pattern 

of Fig. 7.3(d). 

 

7.4 Magnetic Properties of GaMnAs/GaAs Heterojunctions 

Several GaMnAs films of varying thickness and Mn composition were grown by 

LT-MBE as discussed in the previous section. Direct, in-plane secondary quantum 

interference device (SQUID) magnetometery was employed to characterize the samples. 

Effects of thermal annealing and co-doping with Be on single- and multi-layers of 
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GaMnAs/GaAs heterostructures were also studied. The results are presented and 

discussed in the following subsections. 

 

7.4.1 As-Grown Bulk GaMnAs Layers 

A systematic study of magnetization in bulk GaMnAs layers with a nominal 

thickness of 150 nm was performed. Growth temperature is crucial in achieving high 

Curie temperature, Tc. As can be seen in Fig. 7.4(a), Tc increases from 70 K to 100 K by 

increasing Ts by only 10˚C (from 240 to 250˚C). Also, by comparing the shape of the 

magnetization versus T with what is schematically shown in Fig. 7.1, it is evident that a 

single ferromagnetic exchange interaction is more dominant for the sample grown at 

higher Ts, which indicates that hole mediated ferromagnetic order is more dominant than 

hole-Mn antiferromagnetic coupling in Eqn. 7.8. It has to be noted that SQUID 

measurements confirm the absence of MnAs clusters with Tc>300 K. Hysteresis 

measurements (inset of Fig. 7.4(a)) indicate the presence of ferromagnetic order in 

GaMnAs at low temperatures as evidenced by a sharp, square hysteresis in the film’s 

magnetization versus applied magnetic field.  As shown in Fig. 7.4(b), the Curie 

temperature increases with Mn composition from Tc~70 K for 150 nm thick 

Ga0.97Mn0.03As to ~100 K for 150 nm thick Ga0.95Mn0.05As.  This trend is consistent with 

Eqn. 7.9 and the corresponding existing theories describing hole-mediated 

ferromagnetism which suggest that Tc scales with both the Mn and hole concentrations 

[124],[128],[129].   
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Fig. 7.4: (a) Magnetic moment versus temperature for a 150 nm thick Ga0.95Mn0.05As 

films grown at different substrate temperatures, measured using low-field (50 G) 
SQUID magnetometry. The inset shows the magnetic moment versus field for the 
sample grown at 250°C, measured at 20 K;  (b) the Curie temperature versus Mn 
composition of the same samples. 
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7.4.2 Effect of Thermal Annealing and Be Co-Doping on Bulk GaMnAs Layers 

Thermal annealing has been suggested as a means of improving Curie temperature 

in GaMnAs layers grown by LT MBE [130],[131]. Annealing increases the hole density 

of as-grown samples. A two step process of low-temperature epitaxial growth followed 

by annealing  provides the  easiest  means to maximize Tc of  GaMnAs.   This   procedure 

provides a convenient alternative to the difficult task of optimizing the growth conditions 

alone.  Different defects such as AsGa, AsI, MnI and Ga vacancies can be formed during 

the MBE growth of GaMnAs samples. Positively charged MnI is highly mobile and 

occupies an interstitial site next to MnGa and inactivates the acceptor. It is now 

understood that LT annealing breaks the weak MnI-MnGa pair and MnI ions diffuse to 

substitutional sites or form clusters [132].  AsGa is stable at LT and cannot be annealed 

through diffusion or evaporation. In this work, effect of annealing parameters, e.g., time 

and temperature, in a nitrogen ambient furnace was studied. Optimum annealing 

conditions are recognized to be for 60-90 minutes at 250˚C. Magnetization plots in Fig. 

7.5 verify Tc improved from 70 K to ~ 100 K for Ga0.95Mn0.05As samples grown at 240˚C.  

Similar to the above discussion on the effect of growth temperature, improvement in 

single ferromagnetic exchange interaction is evident upon annealing from the shape of 

the magnetization plots (see Section 7.2). 

The properties of GaMnAs films co-doped with Be, an acceptor in GaAs was also 

investigated.  Since the origin of ferromagnetism is hole mediated, increase of hole 

concentration, p, can increase the Curie temperature (Eqn. 7.9). The hole concentration 

produced by the Mn dopants is, however, limited due to heavy compensation by donor 

defects. Co-doping of Be can be  perceived as a means of increasing  p in GaMnAs layers  
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Fig. 7.5: Effect of thermal annealing at 250˚C for 90 min, on the Curie temperatures for a 
150 nm thick Ga0.95Mn0.05As films grown at 240˚C. 

 

 

 

 

 

 

 

 

Fig. 7.6: Curie temperatures of as-grown and optimally annealed, 150 nm thick, Be co-
doped GaMnAs films as determined from low-field (50 G) SQUID 
magnetometry. 

 

[125]. The Curie temperature for 150 nm thick, Be co-doped GaMnAs films is plotted 
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temperature occurs for a lower Mn composition at x=0.04 rather than x=0.05 as is 

typically  observed  for  GaMnAs.  Additionally, co-doped films do not exhibit Curie 

temperatures larger than those observed in GaMnAs.  These observations support the 

view of a Fermi level induced saturation of the extrinsic carrier concentration owing to 

the formation of compensating native defects, as suggested by Lee et al. [125]. 

 

7.4.3 Thin GaMnAs Layers and GaMnAs/GaAs Multilayers 

Thin GaMnAs films have been found to exhibit magnetic properties different from 

those of thicker layers [133],[134].  GaMnAs epilayers of thickness in the range of were 

grown by LT-MBE using a deposition temperature of Ts=240–280˚C and following a 

procedure similar to the one describe in Section 7.2 for the growth of 150 nm thick 

GaMnAs films.  The as-grown layers were subjected to low-temperature post-growth 

annealing in nitrogen ambient for 60-90 min.  The highest Curie temperature of 150 K 

was obtained for a 15 nm Ga0.95Mn0.05As epilayer annealed for 250˚C for 60 min.  The 

magnetic moment versus both temperature and field for this sample is shown in Fig. 7.7. 

Other groups have observed a similar enhancement of the Curie temperature in thin 

GaMnAs layers after low-temperature annealing and have attributed the increase to a 

higher free hole concentration [133].  Due to the low temperatures necessary for the 

epitaxy of GaMnAs, the material quality is very sensitive to growth conditions such as 

substrate temperature and arsenic overpressure. Slight changes in the growth temperature 

may significantly affect magnetic properties of a DMS. In contrast to the extreme 

sensitivity of thicker GaMnAs films on growth temperature, our experiments indicate that 

the magnetic properties of  thin GaMnAs  layers  are relatively  insensitive  to  slight (i.e., 
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Fig. 7.7: Magnetic moment versus temperature for a 15 nm thick Ga0.95Mn0.05As film 
measured using low-field (50 G) SQUID magnetometry.  The inset shows the 
magnetic moment versus field for the same sample measured at 20 K.  The 
applied field is parallel to the plane of the film. 

 
 
5-10˚C) changes in substrate temperature during growth. 

 Magnetic properties of GaMnAs multilayers in which 15 nm Ga0.95Mn0.05As layers were  

separated  by  5 nm  of  intrinsic  or  heavily  p-doped  GaAs  grown  at  a  substrate 

temperature of 250˚C was also investigated.  It is found that the maximum Curie 

temperature obtained from optimally annealed GaMnAs/i-GaAs multilayer 

heterostructures is nearly independent of the number of layers up to seven layers and is 

approximately equal to that of a single 15 nm GaMnAs epilayer.  When the LT-GaAs 

spacer layers are heavily doped with Be, the Curie temperature in annealed structures is 

reduced from the case where no Be doping is used.  The data from this study is 

summarized in Fig. 7.8.  These structures offer thicker p+-type contact layers, which may 

benefit certain device applications, without a significant degradation of the Curie 

temperature. 
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Fig. 7.8: Curie temperature of Ga0.95Mn0.05As/GaAs multilayers for as-grown and 
optimally annealed samples: (a) summarizes the data for an i-GaAs spacer layer 
placed between GaMnAs layers; (b) summarizes the data for p+-GaAs spacer 
multilayer structures. 
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7.5 Epitaxial Growth and Magnetic Properties of InMnAs Quantum Dots 

It was observed in Section 7.4 that Tc may not be raised above 150-160 K in thin 

(15 nm) (Ga,Mn)As epilayers and trilayer structures. Slightly higher Tc of 172 K has been 

reported in Mn δ-doped GaAs/p-AlGaAs triangular quantum wells after low-temperature 

annealing [135].  For electronic and optoelectronic spin injection devices, it is clearly 

desirable to achieve spin injection and device operation at room temperature, rendering 

GaMnAs unsuitable for such applications at the present time.  It was theoretically 

predicted that disorder can increase Curie temperatures of DMS’s [136]. An artificial 

way of creating disorder is to introduce randomness in self-organized diluted magnetic 

quantum dots (DMQDs) through inhomogeneous incorporation of Mn and interdot Mn 

compositional variation. It is in this context that magnetization properties of InMnAs 

QDs were studied. 

As discussed in Section 2.2, self-organized InAs and InGaAs quantum dots are 

usually grown at substrate temperatures in the range of 480-520˚C. However, segregation 

of Mn and phase separation of MnAs in the InAs matrix necessitates the growth of 

InMnAs quantum dots at much lower substrate temperatures.  Growth studies have 

shown that the formation of InAs quantum dots on (001)-GaAs is significantly inhibited 

at temperatures below 350˚C due to low In adatom surface migration [137].  The effects 

of altered growth conditions was investigated and found that with an As4 pressure of 

7×10-6 Torr and very low growth rates (<0.05ML/sec), single crystal self-organized 

quantum dots can be grown at substrate temperatures as low as 260˚C.  A typical 

heterostructure is shown in Fig. 7.9(a).  The Mn content was varied in the range of 10-

20%.  This  nominal Mn content is estimated from the  flux  used during  growth which is  
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Fig. 7.9: (a) Heterostructure of DMQD sample measured by SQUID magnetometry;  (b) 
magnetic moment versus temperature of 10-layer InMnAs QD sample measured 
by SQUID magnetometry.  Inset shows the 1×1 µm2 3-D AFM image of ~4 ML 
InMnAs QDs on an InAs wetting layer grown at 270˚C atop LT-GaAs. 

 

calibrated by secondary ion mass spectroscopic (SIMS) analysis on InGaMnAs quantum 

wells. The inset in Fig. 7.9(b) shows a 3-D AFM image for ~4 monolayer InMnAs QDs 

deposited on LT-GaAs and indicates that the dots are well-formed even at low growth 

temperatures. The dot density is ~109 cm-2. Transmission electron microscopy (TEM) 
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bright field imaging and diffraction analysis (see Fig. 7.10(a)) show that the InMnAs 

multilayer structure is fully pseudomorphic with respect to the GaAs substrate, but some 

dislocations, stacking faults, and point defects are generated during low-temperature 

epitaxy.  No evidence of hexagonal, NiAs-type MnAs clusters was observed by TEM 

imaging nor was a second lattice structure detected by diffraction analysis.  A high-

resolution, cross-sectional TEM image of a single dot (see Fig. 7.10(b)) shows that 

InMnAs QDs grown by LT-MBE maintain a zincblende crystal structure and are near-

pyramidal in shape, having a height and base width of 12 nm and 21 nm, respectively.  X-

ray energy dispersive spectroscopy (XEDS) analysis performed by Y. Lei at Argonne 

National Laboratory, Argonne, IL confirms the presence of Mn in each of the ten QD 

layers and finds the average Mn/In ratio over these layers to be 0.236.  A representative 

magnetization curve is shown in Fig. 7.9(b) for a 10-layer InMnAs QD sample with  Tc as 

high as 350 K.  The reported Curie temperatures of MnAs and MnGa clusters in 

Ga(Mn)As are 318 K and above 400 K, respectively [137].  Thus, a Curie temperature of 

350 K suggests a magnetic response that is either unique to InMnAs QDs or MnAs-rich 

MnGaAs clusters, though significant clustering is not indicated by our material 

characterization as discussed above. 

The observed Curie temperatures in the InMnAs QD multilayer samples are 

significantly higher than those observed in either GaMnAs or InMnAs thin films grown 

by LT-MBE.  While the previously discussed theoretical models neglecting the effect of 

disorder on magnetic properties and treating p-d exchange using a mean-field 

approximation provide a Curie temperature in reasonable agreement with experimental 

findings in the  bulk  materials,   ferromagnetism in quantum dots is  more complex as the  
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Fig. 7.10: (a) High-magnification TEM bright field image of an InMnAs quantum dot 
layer taken with <011> projection.  A representative electron diffraction pattern 
of the GaAs matrix surrounding an InMnAs QD layer is shown in the inset; (b) 
high-resolution TEM image of a single InMnAs quantum dot (obtained in 
collaboration with Y. Lei at Argonne National Laboratory, Argonne, IL).   
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effects of epitaxial strain, quantum  confinement,  and disorder are expected to play a  key 

role in determining their magnetic properties [136],[139]-[141]. It should be noted, in 

particular, that the degree of disorder in DMQDs is larger than in bulk due not only to 

substitutional disorder but also inhomogeneous Mn incorporation among neighboring 

DMQDs and irregularities in dot size and distribution unavoidably introduced during 

self-assembly.  The effects of disorder on ferromagnetism have been theoretically studied 

by Berciu and Bhatt [136] and they predict an increase in Tc due to disorder.  The 

multiple layers of the self-organized dots give rise to a matrix with a random distribution 

of the dots.  If it can be assumed that the Mn incorporation within each dot is uniform and 

that disorder arises from fluctuation in the Mn content between individual dots, then a 

situation similar to the one analyzed by Berciu and Bhatt is obtained.  Theoretical studies 

by Bouzerar et al. [139] accounting for a disordered carrier distribution within a non-

perturbative RKKY treatment similarly predict higher Curie temperatures in DMS’s than 

are suggested by standard RKKY calculations.  Also, the presence of strong charge and 

spin disorder make carrier distribution and localization relevant issues in DMQDs.  Hole 

localization by the trapping potential of Mn impurities can create a spin polarization of 

Mn atoms within the span of its wave function to form bound magnetic polarons [142], 

the interaction of which characterizes the ferromagnetic behavior of insulating, doped 

DMS’s [143].  Carrier confinement within a QD is expected to strengthen hole 

localization and subsequently enhance the thermal stability of magnetic polarons, which 

may explain ferromagnetism in DMQDs at high temperatures. 

Finally, it was found that the Curie temperature of the InMnAs DMQD samples 

may  be  further  enhanced,  when  the  dots  are  embedded  in  a  GaMnAs  matrix.   The  
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Fig. 7.11: (a) Magnetic moment versus temperature and (b) magnetic hysteresis measured 

at 200 K for a 10-layer InMnAs QD sample in GaMnAs matrix.   
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measured  magnetic  moment  versus both  temperature and applied field is  shown in Fig.  

7.11. The direction of the applied magnetic field is parallel to the plane of the sample.  

Unfortunately, SQUID setup constraints impeded conducting these experiments beyond 

400 K.  These InMnAs DMQDs may serve as high temperature spin injector layers in 

future spintronic devices, where a conductive (doped) matrix for the embedded DMQDs 

is required. 

 

7.6 Summary 

The magnetic properties of single and multiple layers of GaMnAs, grown by 

molecular beam epitaxy, have been investigated for application as spin injector layers in 

spin polarized lights sources.  As-grown, thermally annealed and Be co-doped layers 

were studied. Curie temperatures as high as 150 K have been measured in 15nm 

Ga0.95Mn0.05As films and similar results are obtained for multiple thin layers of GaMnAs 

separated by 5nm thick GaAs layers.  The properties of self-organized InMnAs QDs 

buried in a GaAs or GaMnAs matrix were investigated. Magnetization measurements 

indicate Tc>300 K in the dot heterostructures.   
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CHAPTER VIII 

 

SPIN-POLARIZED QUANTUM DOT LIGHT 
EMITTING DIODES WITH GaMnAs INJECTORS 

 

8.1 Introduction 

The electrical injection of spin-polarized carriers can be utilized for the realization 

of polarized light emitters [34],[144],[145]. Ideally in such devices, with the modulation 

of both spin orientation and density of carriers, the information carrying capacity can be 

enhanced as compared to a conventional light source. Together with polarization-

sensitive detectors and optical interconnects, optical communication systems of increased 

bandwidth can be realized. In a typical spin-polarized light source, spin-polarized 

electrons or holes are injected from a spin injector (or spin-aligner) layer across a suitably 

spaced spacer layer and made to recombine with unpolarized carriers of the opposite type 

in the active (or recombination) region. The spin aligner layer is usually a diluted 

magnetic semiconductor (DMS) which exhibits ferromagnetic behavior below its Curie 

temperature, Tc. Therefore, spin injection does not require an external magnetic field.  

The origin of ferromagnetism in GaMnAs DMS was discussed in Section 7.2.  The 

intrinsic magnetic field causes the Zeeman splitting of the fourfold degenerate valence 

band energy levels, and the hole carriers are favored to be at the highest heavy-hole (HH) 

level, |3/2,-3/2>.  Thus, p- type GaMnAs ferromagnetic layers can be used to inject  holes  
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Fig. 8.1:  Schematic of spin-alignment in GaMnAs by Zeeman splitting and selection 
rules of heavy- and light-hole recombination in an ideal quantum well.  

 

with mj=-3/2 orientation into the recombination regions of light emitting devices. The 

selection rules for optical transitions in quantum wells (QW) or quantum dots (QD) allow 

the interesting conversion of soin-polarized holes into circularly polarized emitted 

photons.  According to the quantum selection rule of Δmj=±1, right-circularly polarized 

light is obtained from (-3/2→-1/2) and (-1/2→1/2) transitions of holes to the conduction 

band and, similarly, left-circularly polarized light arise from (3/2→1/2) or (1/2→-1/2) 

transitions.  These are depicted in Fig. 8.1.  Since HH and light hole (LH) transitions have 

different strengths, the optical polarization, Popt, can be linked to the degree of spin-

polarization, Pj.  For instance, in an ideal GaAs/AlGaAs QW, where heavy hole transition 

is three times stronger than the light hole transitions, the maximum value of Popt is 

(1/2)Pj.  The situation is slightly different in real QWs because of the HH/LH band 

splitting and is further complicated in QDs because of the effect of biaxial strain and 

zero-dimensional effects in the energy levels as discussed in Section 2.2, but the same 

basic principles still apply.  
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Light emitting diodes (LEDs) with n-type II-VI DMS ZnMNSe and BeMnZnSe 

electron spin-aligners and GaAs-based active regions have been reported [34], [144]. 

Spin injection efficiencies of ~90% and optical polarization efficiencies of ~45% are 

measured at ~5 K in these devices. However, lattice-matched II-VI compounds on GaAs 

are difficult to realize by epitaxy and it is difficult to dope these materials [41]. The III-V 

DMS GaMnAs has also been used as a spin injector in LEDs [142]. Very low optical 

polarization (≤2%) at low temperatures (T<40 K) observed in these devices is primarily 

attributed to the large spin-orbit coupling in the valence band, leading to increased spin 

decoherence of holes.  

In the present work, the materials parameters and heterostructure design have been 

carefully optimized to obtain record high output polarization, Popt~30%, at T=80 K in 

spin-polarized LEDs. As in a previous study [146], self-organized InGaAs quantum dots 

have been utilized as the recombination medium for two reasons: first, pump-probe 

experiments have shown that the spin relaxation time in such QDs, ~50 ps, is larger than 

in quantum wells [147]; second, the interband ground state transition energy of the QDs 

is considerably smaller than the bandgap of GaMnAs for dilute alloys and therefore, 

despite the Zeeman splitting in this layer, field induced dichroism should be negligible.   

 

8.2 Design, Epitaxial Growth and Fabrication of Spin Polarized LEDs 

The heterostructure of the device grown by molecular beam epitaxy is shown in 

Fig. 8.2.  150 nm Ga0.95Mn0.05As has been used as the spin-aligner and p-contact layer.  

As discussed  in   Section 7.3.4,  the smaller   thickness of GaMnAs provides  a  high   

Curie temperature, Tc,, but thick layers are required for fabrication of ohmic contacts. The 
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Fig. 8.2:  Schematic of the grown and characterized spin-polarized light emitting diode. 

 

LEDs were grown on semi-insulating GaAs (100) substrates.  The n-GaAs layers were 

grown at 630°C, while the InGaAs QDs were grown at 500°C.  After growing the d=45 

nm GaAs spacer, the temperature was ramped down with a growth interruption. The 

details of the growth of GaMnAs layer were discussed in Section 7.3 and its 

magnetization data was presented in Fig. 7.4(a). An important design consideration is the 

thickness of the GaAs spacer, d, between the active quantum dot region and the spin-

aligner.  The spin dephasing time is very long for electrons and polarized carriers survive 

upto diffusion lengths of 100 µm [34].  The dephasing time is much smaller for holes, 

and so it is desirable to keep the spacer thickness as small as possible.  On the other hand, 

if the Mn-doped injector  layer is too close to  the  QD recombination region,  the  optical 
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Fig. 8.3: The photoluminescence (PL) intensity versus wavelength on various spacer 
thicknesses between the quantum dot recombination region and GaMnAs aligner 
layer. The dashed curve is the PL of the sample with 12 minutes of growth 
interruption after deposition of 15 nm GaAs spacer. 

 

property of the QDs is expected to degrade.  We have therefore conducted 

photoluminescence (PL) measurements on samples with different values of d. The results 

are shown in Fig. 8.3.  It is observed that the dots show very weak PL for d≤15 nm.  The 

PL intensity increases with increasing spacer thickness d with constant excitation and 

tends to saturate for d larger than 35 nm.  In order to determine whether the PL 

degradation for d≤15 nm is due to out-diffusion of Mn towards the QDs, or the 

incorporation of impurities due to growth interruption, measurements on a sample in 

which growth was interrupted for 12 minutes after deposition of 15 nm of GaAs spacer 

was conducted. The substrate temperature was lowered to 250°C and another 30 nm of 

GaAs was grown, followed by growth of the 150 nm GaMnAs layer at the same 

35 nm
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temperature. The weak luminescence from this sample, also shown in Fig. 8.3, indicates 

that the PL degradation is related to incorporation of impurities during the growth 

interruption. d~45 nm was chosen, as an optimal value for maximum PL intensity and 

minimum spin dephasing. Mesa-shaped diodes with 400-600 µm diameters and ring 

ohmic contacts were fabricated by standard optical lithography, wet etching and 

metallization techniques. 

 

8.3 Device Characteristics 

The electroluminescence (EL) of the LEDs was measured in an Oxford Instruments 

magneto-cryostat at temperatures below the measured Tc of the GaMnAs aligner layer.  

The direction of the magnetic field was in plane, i.e., the easy axis of magnetization of 

GaMnAs.  The EL peak was at 1.19 eV at 54 K with a full width at half-maximum 

(FWHM) linewidth of 65 meV. The spectral position of the EL peak is in agreement with 

the measured PL of the QDs.  The LEDs were forward DC biased at 80 mA.  The output 

light was passed through a zero-order quarter-wave plate, which converts circularly 

polarized light into linearly polarized light.  A Glan-Thompson calcite linear polarizer 

was used to analyze the degree of the horizontal and vertical linearly polarized light.  The 

analyzed light is focused onto a Miniature Fiber Optics spectrometer.  The background 

spectrum of the ambience and electronic noise of the spectrometer were measured and 

subsequently subtracted from the measured signals.  Near zero polarization was observed 

before magnetizing the device at 54 K.  The measured EL spectra at 4.5 K are shown in 

Fig. 8.4(a). The peak optical polarization was calculated from: 
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Fig. 8.4: (a) The analyzed left- and right-circularly polarized output light of spin-LEDs at 
4.5 K; (b) peak polarization versus temperature. The inset shows the polarized spectrum 
at 80 K. 
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The data show clear discrimination between right- and left-circular components of the 

light with a peak optical polarization of ~30%, while no polarization is observed at the 

smaller GaAs peak at about 820 nm.  Magnetic field- and temperature-dependent 

measurement of the polarized output spectra were conducted on the magnetized devices.   

As shown in Fig. 8.4(b), the devices show Popt of about 21% at temperatures as high 

as 80 K, which is the highest reported operating temperature of spin-polarized light 

sources to date [34],[144]-[146].  The improvements in the device performance, 

compared to previous reports, are attributed to the aforementioned careful choice of the 

thickness of the GaAs spacer by proximity can be PL studies, as well as the optimized 

growth condition and thickness of the GaMnAs layer with a high Tc~100 K. 

 

8.4 Summary 

Light-emitting diode heterostructures with 150 nm Ga0.95Mn0.05As spin injector 

layers and In0.4Ga0.6As quantum dot active regions were grown and fabricated into 600 

µm diameter mesa-shaped surface-emitting devices.  Polarized light at 1.05 µm is 

observed with an output polarization efficiency of 30% and record high temperature 

operation. 
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APPENDIX 

 

FABRICATION STEPS FOR GAAS-BASED SINGLE-MODE  
RIDGE WAVEGUIDE LASERS 

 

I. Post-Growth Preparation 

a) Indium removal: HgCl2/dimethlyformamide solution with ultrasound. 

b) Lapping: indium residue removal and backside planarization  

II. P-Contact Metallization 

a) Oxide removal: BHF, 30 sec. 

b) Lithography 

1) Solvent clean: acetone, IPA 3 min. each 

2) Dehydration bake: 2 min. at 130°C 

3) Photo-resist spin: HMDS, AZ5214E at 4.5 krpm 

4) Pre-bake: 1 min at 105°C 

5) Edge bead removal 

• Exposure: 40 sec. at 20 mW/cm2 

• Photo-resist development: AZ 327 for 50 sec. 

6) Exposure: 4.5 sec. at 20 mW/cm2 

7) Post-bake: 1 min. at 130°C 

8) Image reversal: 90 sec. at 20 mW/cm2 

9) Photo-resist development: AZ327 for 50 sec. 
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10) De-scum: 1 min. at 80 W 

c) Oxide removal: BHF, 30 sec. 

d) Deposition: Pd/Zn/Pd/Au=100/200/200/3000 Å 

e) Lift-off: warm acetone, IPA 

f) Dektak: measure deposited metal thickness 

III. Self-Aligned Etching to Form the Ridge 

a) Reactive ion etching: BCl3/Ar=11/21 sccm, 10 mT, 50 W (rate ~12 nm/min.) 

b) Wet etching: H3PO4/H2O2/H20=1/1/20 (rate ~ 5 nm/sec) 

c) Dektak: Stop combination of mostly dry and partially wet etching at 200 nm 

above the active region. 

IV. Mesa Formation 

a) Lithography 

1) Solvent clean: acetone, IPA 3 min. each 

2) Dehydration bake: 2 min. at 130°C 

3) Photo-resist spin: HMDS, SC1827 at 4.0 krpm 

4) Pre-bake: 1 min at 105°C 

5) Exposure: 12.5 sec. at 20 mW/cm2 

6) Photo-resist development: AZ351:H2O=1:5 for 45 sec. 

7) De-scum: 1 min. at 80 W 

b) Etching the Mesa 

1) Reactive ion etching: BCl3/Ar=11/21 sccm, 10 mT, 50 W (rate ~12 

nm/min.) 

2) Wet etching: H3PO4/H2O2/H20=1/1/20 (rate ~ 5 nm/sec) 
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3) Dektak and electrical probing: Stop combination of mostly dry and 

partially wet etching to reach the n-contact layer 

c) Resist strip: hot PRS1000 for 30 min., DI water rinse for 10 min., acetone, 

IPA 

V. N-Contact Metallization 

a) Lithography: similar to step IV-a. 

b) Oxide removal: BHF, 30 sec. 

c) Deposition: Ni/Ge/Au/Ti/Au=250/325/650/200/3000 Å 

d) Lift-off: warm acetone, IPA 

VI. Contact Annealing  

a) 250/400/250°C for 30/60/30 sec. 

VII. Planarization and Passivation 

a) 1μm-thick SiO2 deposition by plasma enhanced chemical vapor deposition 

(PECVD): SiH4/N2O=24/20 sccm, 100 mT, 200°C, 80 W, 70 min. 

VIII. Via Hole 

a)  Lithography 

1) Solvent clean: acetone, IPA 3 min. each 

2) Dehydration bake: 2 min. at 130°C 

3) Photo-resist spin: HMDS, NR8-3000 at 4.0 krpm 

4) Pre-bake: 1 min at 105°C 

5) Exposure: 14 sec. at 20 mW/cm2 

6) Photo-resist development: RD-2, 3.5-4.0 min. 

7) De-scum: 1 min. at 80 W 
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b) Reactive ion etching: CH4/CHF3=25/25 sccm, 40 mT, 180 W (rate ~45-50 

nm/min.) 

c) Strip photo-resist: hot RR2-2, 20 min., IPA 

d) De-scum: 3 min at 150 W 

IX. Interconnect Metallization 

a)  Lithography: similar to step IV-a, except pre-bake at 90°C at step IV-a-4. 

b) Deposition Ti/Al/Ti/Au=500/10000/500/4000 Å 

X. Cleaving 

a) Create 1500 μm-long, 180 μm-deep scribe marks with desired cavity lengths 

spacing 

b) Lap down sample to  ~100 μm 

c) Cleave by mounting the sample on a metal strip with black wax and bending the 

strip 
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