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Quantum dots are semiconductor nanostructures that act as artificial atoms 

by confining electrons and holes in three-dimensions. Self-organized QDs sit “on 

top of” a wetting layer, so that the QDs’ zero-dimensional levels are electronically 

coupled to the wetting layer’s 2-D density of levels. A theoretical model is 

presented that is capable of describing both nonequilibrium carrier distributions in 

the QD zero-dimensional levels at low temperature, as well as quasiequilibrium 

distribution for higher temperature operation.  Due to the larger thermalization 

rate out of higher energy QDs of the ensemble, rearrangement of the carrier 

distribution could occur, which produces asymmetric gain spectrum, and leads to 

the novel behavior that the threshold current density can in fact decrease with 

increasing temperature for a QD laser, and thus show a negative characteristic   

temperature   coefficient. The narrowing of the full-wdith half-maximum 

(FWHM) of the spontaneous emission spectrum could occur due to this gain 

spectrum narrowing.  

 vi



At room temperature the carrier transport is so fast that the most important 

characteristics of QD lasers can be analyzed using quasi-equilibrium solutions to 

the rate equations.  The closely spaced hole levels result in a thermal smearing of 

the hole population among many hole states, and cause a large fraction of injected 

holes that do not occupy the QDs’ ground states, so that injected carriers can be 

wasted by not optically coupling to the lasing mode. P-doping is proposed to build 

in excess holes and overcome the thermal effect of the close hole spacings. High 

characteristic temperature coefficient is predicted for these p-doped QD lasers, 

large modulation bandwidth with zero or negative chirp is also predicted. 

According to Fermi’s golden rule, the spontaneous emission probability of 

an active emitter is given by the electronic transition probability from the excited 

state to the ground state times the photon density of states. Therefore, by tailoring 

the surrounding environment of an active emitter, both the spontaneous emission 

rate and the direction of emission will be altered. We study a QD VCSEL with 

very small mode volume, and show that the modulation bandwidth has a strong 

dependence on the mode volume. The pulse response is also strongly mode 

volume sensitive, and at small mode volume the relaxation oscillation is greatly 

suppressed, even allowing multi-gigabit data transmission.  

In planar microcavity LEDs enhanced efficiency and narrower spectral 

linewidth are achieved through the Purcell effect. Quantum dots are useful to 

obtain the necessary electronic confinement to very small apertures and can 

provide a short spontaneous lifetime. To fully take advantage of the enhanced 

mode coupling provided by the microcavity, it is important to electronically 

confine the carriers to small optical mode volume, which can be achieved in 

apertured QD-MCLEDs. We study the performance of an apertured QD MCLED, 

and find that very high efficiency apertured QD-MCLED can be achieved with 

small mode volume and narrow QD inhomogeneous linewidth, while only a 

moderate cavity quality factor Q is needed. 

 vii



Table of Contents 

 

List of Figures……………………………………………………………………..x 

Chapter 1     Introduction ……………………………………………………….1 

Chapter 2     Rate Equation Analysis Applied to the Operating Characteristics of    

Quantum Dot Lasers………………………………………………4  

2.1   Introduction …………………………………………………………...4 

2.2   Rate Equations ………………………………………………………...6 

2.3   Nonequilibrium Case ………………………………………………….9 

      2.3.1 Spontaneous Emission Spectrum.………………………………14  

      2.3.2 Asymmetric Gain Spectrum……………………………………18 

      2.3.3 Negative Threshold Temperature Dependence………………...18 

      2.3.4 Spectral Hole Burning………………………………………….21 

2.4   Quasiequilibrium Limit………………………………………………24 

      2.4.1 Calculated Modal Gain…………………………………………30 

      2.4.2 Threshold Current Temperature Dependence…………………..32 

      2.4.3 Calculated Modulation Response………………………………34 

      2.4.5 Linewidth Enhancement Factor and Chirp……………………..37 

 2.5  Summary……………………………………………………………..40 

Chapter 3     Microcavity Light Sources……………………………………….41  

3.1   Introduction ………………………………………………………….41 

3.2   High β  Microcavity Laser …………………………………………42 

3.3   High Efficiency Microcavity Light Emitting Diodes………………...49 

      3.3.1 QD MCLED Design…………....………………………………51  

 viii



      3.3.2 Calculated Results of QD Ensemble MCLED…………………57 

      3.3.3 Calculated Results of Single QD MCLED……………….…….61 

3.4  Summary………………………………………………………………63 

Chapter 4     Summary ………………………………………………………...64 

References………………………………………………………………………..66 

Vita……………………………………………………………………………….74 

 ix



List of Figures 

Figure 2-1:  Illustration of the energy structure of QDs………………………….9 

Figure 2-2:  Spontaneous emission spectrum at transparency for three different 

temperatures of 40, 140, and 400 K. The energy separation between 

the wetting layer and the ground state is 100 meV………………...15 

Figure 2-3: FWHM of the spontaneous spectrum versus temperature at trans-

parency. The energy separations are 100, 250, and 400 

meV……………………………………….………………………..16 

Figure 2-4: Spectral linewidth (FWHM) of the ground level emission versus 

temperature………………………………………………………...17 

Figure 2-5:  Calculated state population inversion vs frequency for two different 

temperatures of 77 and 300 K. The injected current density is varied 

while the energy separation is kept fixed at 100 meV……………..19 

Figure 2-6: Current density versus temperature at three different energy 

separations of 100 meV, 250 meV, and 400 meV.  The peak ground 

state population is varied from 0, to 0.25, and to 0.5, of the 

maximum value. The current density is in log scale………………20 

Figure 2-7:  Ligth versus current curve at two different temperatures of 77 and 

300 K. Here the energy separation is 100 meV. The dashed lines 

indicate the two chosen output powers to see the spetral hole burning 

effect……………………………………………………………….22 

Figure 2-8: Ground state population inversion versus frequency for two different 

temperatures of 77 and 300 K. The energy separation is fixed at 100 

meV. The dashed line indicates the cavity loss rate. Here, (a) and (b) 

 x



correspond to the two output powers chosen from Fig. 2-

7…………………………………………………………………....23 

Figure 2-9:  Schematic illustration of the energy diagram of p-type doping…...25 

Figure 2-10: Calculated modal gain versus injected electron number for either 300 

K (solid curves) or 373 K (dashed curves). The calculated curves are 

for a five-stack QD active region with either no doping and ω∆h  = 

30 meV, p-doping and ω∆h  = 30 meV, or p-doping and ω∆h  = 

10meV……………………………………………………………...31 

Figure 2-11: Calculated threshold current versus temperature for the five-stack 

QD active region with either no doping and ω∆h  = 30 meV, p-

doping and ω∆h  = 30 meV, or p-doping and ω∆h  = 10 meV. The 

’s are shown for the temperature range of 0 ºC to 100 ºC………32 0T

Figure 2-12:  Calculated small-signal 3-dB bandwidth versus cavity length for a 

current injection level of 10× Ith for the undoped active material with 

ω∆h  = 30 meV, p-doped active material with ω∆h  = 30 meV, and 

p-doped active material with ω∆h  = 10 meV…………………….35 

Figure 2-13:  Calculated linewidth enhancement factor as a function of photon 

energy. The cavity lengths are optimized to achieve high modulation 

speed while maintaining very low linewidth enhancement factor. 

Here 0ωh  is the ground state central transition energy…………...39 

Figure 3-1:  Schematic illustration of the QD VCSEL showing the important 

mode parameters and emitter distribution…………………………43 

Figure 3-2:   Calculated threshold current and current density vs mode size for 

the QD VCSEL. The threshold current vs mode diameter 2  are 

shown in curve (a) for 

0w

=∆E 6.6 meV and (b) =∆E 1.3 meV, and 

 xi



the current density vs mode diameter is shown in curve (c) for 

=∆E 6.6 meV and (d) for =∆E 1.3 meV. The other laser 

parameters held fixed are /s, τ11
0 102/ ×=Qω sp,0= 400 ps, nQD = 

1.5 10× 10/cm2, λ0 = 1.3 µm, n = 3.3, Lz = 0.59 µm, and 

= 0.5……………………………………………..45 )/( 22
0

2
QDQD www +

Figure 3-3:  Calculated small-signal modulation response for three different 

mode sizes of 2 = 5.0, 2.0, 0.6 µm. (a) shows the responses for 0w

=∆E 6.6 meV and (b) shows the responses for =∆E 1.3 meV. The 

other laser parameters are given in the Fig. 3-2 caption…………...47 

Figure 3-4:  Calculated bias-free responses for a 500-ps-long current excitation 

pulse and =∆E 1.3 meV, with the current amplitude equal to either 

transparency or twice the threshold current. (a) shows the responses 

for 2 = 5.0 µm and (b) shows the responses for 2 = 0.6 µm. The 

other laser parameters are given in the Fig. 3-2 caption…………...48 

0w 0w

Figure 3-5:  Schematic illustration of the oxide apertured QD microcavity light 

emitting diode. One oxide layer has been placed above the QD active 

layer for lateral optical confinement. Two quarter-wave pairs of 

AlxOy/GaAs DBRs are so chosen to match single Ag mirror while 

obtain the wanted cavity . The GaAs layer underneath QD active 

layer is half 

Q

λ ……………………………………………………..51 

Figure 3-6:  Calculated reflectivity versus wavelength for single Ag mirror QD 

MCLED either without (solid curve) or with (dashed curve) the 

oxide layer………………………………………………………….52 

Figure 3-7:  Schematic illustration of the assumed QD energy spectrum and the 

level degeneracies………………………………………………….54 

 xii



Figure 3-8:  Calculated slope efficiency versus mode diameters for QD ensemble 

MCLEDs with ω∆h  = 30 meV, ω∆h  = 10 meV, and ω∆h  = 0 

meV. The dashed line represents the minimum mode diameter that 

we approximate from Eqn. 3-3…………………………………….58 

Figure 3-9:  Output power versus current for the QD ensemble MCLED for 0.6 

µm, 1 µm, and 5 µm mode diameters, and ω∆h  = 10 meV. Due to 

their higher efficiencies and higher spontaneous emission rates, the 

saturated output powers for the smaller apertures are approximately 

the same as for the 5 µm aperture………………………………….60 

Figure 3-10: Calculated slope efficiency versus aperture size for single QD 

MCLEDs with ω∆h  = 10 meV, ω∆h  = 5 meV, and ω∆h  = 1 

meV………………………………………………………………...61 

Figure 3-11: Output power versus current for four different values of the mode 

diameter and dγh  = 5 meV. The maximum output powers increase 

as the mode size decreases due to greatly increased coupling to the 

aperture modes and increased spontaneous emission rate…………62 

 

 xiii



Chapter 1   Introduction 

 
Size quantization effect was first applied in the 1970s to improve laser 

performance [1]. Remarkable performances have been realized in quantum well (QW) 

lasers in comparison with conventional double heterostructure (DH) lasers, including 

the weaker temperature dependence. The step-like density of states was revealed to be 

responsible for the less temperature sensitive operation [2]. In light of this, Arakawa 

and Sakaki proposed the use of even lower dimensional    semiconductors to further 

improve laser performance [3]. Quantum dots (QDs) are semiconductor nanostructures 

that act as artificial atoms by confining electrons and holes in three-dimensions. Due 

to the three dimensional confinement of the carriers in QDs with dimensions 

comparable to the de Broglie wavelength, the density of states becomes atom-like 

delta function, which is dramatically different from that of bulk materials or quantum 

wells. The fundamental advantages of QD lasers include ultra-low threshold current, 

temperature-insensitive operation, high material gain and differential gain, chirp-free 

operation, and larger tuning range of lasing wavelength. Because of the difficulty of 

their fabrication, QD optical devices did not see much progress until the advent of 

self-assembled QDs grown via molecular beam epitaxy (MBE) and metal organic 

chemical vapor deposition (MOCVD) in the early 1990s.  

Self-organized QDs depart substantially from models developed to predict QD 

laser performance prior to their first demonstration in 1994 [3-5].  This dissertation is 

devoted to study the operating characteristics of real QD optical devices, including 

lateral-cavity edge-emitting lasers, vertical-cavity surface-emitting lasers (VCSELs), 

and microcavity light emitting diodes (MCLEDs), all incorporating In(Ga)As/GaAs 

QDs as the active region. 

Chapter 2 studies the operating characteristics of QD lasers. Although the 

basic principle of using discrete electronic levels to improve laser performance is 

fairly well accepted, the performance of self-organized InAs and InGaAs QD lasers is 
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still inferior to that of planar quantum-well lasers. The first is that inhomogeneous 

broadening caused by the QDs’ stochastic size distribution reduces both the optical 

gain and the differential gain. While the room-temperature homogeneous linewidths 

of self-organized QDs may be as small as 5 meV, the inhomogeneous linewidth of the 

ensemble due to size variation has been limited to about six times greater at 30 meV. 

The second reason is less obvious and due to the closely spaced energy levels 

of the confined holes. While an ideal QD laser is based on the assumption that only 

the ground-state electron and ground-state hole levels are occupied, the closely 

spaced hole levels result in a thermal smearing of the hole population among many 

hole states. This thermal smearing results in a large fraction of injected holes that do 

not occupy the QDs’ ground states, so that injected carriers can be wasted by not 

optically coupling to the lasing mode. However, in this regard, doping can be used to 

build in excess holes and limit the thermal effect of the close hole spacings.  

Non-equilibrium effects have attracted a great deal of attention for QD 

devices.  A rather detailed modeling is presented to describe energy relaxation in QD 

ensembles and its impact on QD laser performance.  Non-equilibrium effects are 

clearly apparent in QD lasers for low temperatures due to their inhomogeneous 

broadening and slow carrier escape from the QDs that would otherwise thermalize 

carrier distributions.  However, this effect produces nonequilibrium distributions 

between different QDs, while the individual QDs have very rapid carrier relaxation 

and appear to satisfy quasi-equilibrium predictions for charge distribution in the QDs’ 

own levels.   

At room temperature the carrier transport is so fast that the most important 

characteristics of QD lasers can be analyzed using quasi-equilibrium solutions to the 

rate equations.  These characteristics include optical gain, the modulation response 

intrinsic to the QD active layer, and the linewidth enhancement factor, and the quasi-

equilibrium analysis is effective in analyzing and understanding QD laser 

characteristics. 
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Chapter 3 studies the microcavity effect in QD VCSELs and MCLEDs. The 

introduction of microcavity, or the introduction of optical confinement in one or more 

dimensions, will bring the modification of the usual free space mode density of 

photon states, along with the spatial redistribution of the mode density. Therefore, if 

an emitter is placed in such a cavity, both the spontaneous emission rate and the 

direction of emission will be altered. This will have great impact on device 

performance. Lower threshold current and enhanced modulation bandwidth are 

expected from these QD VCSELs, while very high quantum efficiency is predicted 

for these QD MCLEDs.  

Chapter 4 summarizes the dissertation. 
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Chapter 2   Rate Equation Analysis Applied to the Operating 

Characteristics of Quantum Dot Lasers  

2.1 Introduction 

If the motion of a charge carrier in a solid is confined in a layer of a thickness 

of the order of the carrier’s de Broglie wavelength, the energy spectrum of that charge 

carrier will become discrete.  This size quantization effect was first applied in 1976 to 

improve laser performance [1]. For QDs with dimensions in the order of tens of nm, 

the three-dimensional confinement of charge carriers leads to discrete energy levels 

for electrons and holes, and QD lasers operating on these discrete levels exhibit new 

phenomena when compared to planar quantum well lasers [3-4, 6-9]. Many of the ideal 

features of QDs are realized by self-organized III-V nanostructures, and these have 

made an enormous impact in the research area of semiconductor lasers [10-21]. QD 

lasers can be temperature insensitive in their threshold current [14].  For small 

inhomogeneous linewidths a QD active layer’s optical gain can exceed that of a 

planar quantum well, and do so at an order of magnitude lower current density.  This 

combination also gives rise to very high differential gain, and the prospect of very 

high speed.  At present, self-organized QD lasers are strongly limited in their 

performance by their large inhomogeneous linewidths that typically exceed ~30 meV. 

Self-organized QDs depart substantially from models developed to predict QD 

laser performance prior to their first demonstration in 1994 [3-5].  Non-ground state 

levels can and do become thermally occupied at room temperature in self-organized 

QDs.  For InAs and InGaAs QDs the thermal smearing of the hole population due to 

their closely spaced energy levels seriously degrades laser performance if not 

properly designed. However, in this regard, doping can be used to build in excess 

holes and limit the thermal effect of the close hole spacings.  This is described in 

depth in this chapter.  The p-type doping brings more ideal temperature and speed 

performance to QD lasers [22-25]. 
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Non-equilibrium effects have attracted a great deal of attention for QD 

devices.  In this chapter rather detailed modeling is presented to describe energy 

relaxation in QD ensembles [16, 26] and its impact on QD laser performance.  Non-

equilibrium effects are clearly apparent in QD lasers for low temperatures due to their 

inhomogeneous broadening and slow carrier escape from the QDs that would 

otherwise thermalize carrier distributions.  However, this effect produces 

nonequilibrium distributions between different QDs, while the individual QDs have 

very rapid carrier relaxation and appear to satisfy quasi-equilibrium predictions for 

charge distribution in the QDs’ own levels.   

At room temperature the carrier transport is so fast that the most important 

characteristics of QD lasers can be analyzed using quasi-equilibrium solutions to the 

rate equations [27-29].  These characteristics include optical gain, the modulation 

response intrinsic to the QD active layer, and the linewidth enhancement factor, and 

the quasi-equilibrium analysis is effective in analyzing and understanding QD laser 

characteristics. 

This chapter is organized as follows.  In Section 2 rate equations are used to 

describe carrier scattering between energy levels in the QD ensemble.  

Nonequilibrium effect is described in Section 3. We point out that the rearrangement 

of the carrier distribution leads to the asymmetric gain spectrum, and the novel 

behavior that the threshold current density can, in fact, decrease with increasing 

temperature. Spectral hole burning is also discussed. Quasi-equilibrium effect is 

described in Section 4.  We show that the hole smearing effect strongly limits the QD 

laser performance, and the importance of p-type doping to counter the effect of 

closely spaced hole levels on the threshold characteristics and modulation response is 

also described.  We also study the linewidth enhancement factor of these QD lasers, 

and show that high speed with zero or negative chirp could be realized with a QD 

distributed feedback (DFB) laser. We summarize this chapter in Section 5. 
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2.2 Rate Equations 

The rate equations describing QD laser operation are derived from a 

Hamiltonian that describes the electronic system coupled to the crystal phonons and 

electromagnetic field.  The phonon interaction is basically that of a thermal Boson 

reservoir.  The photon interaction also includes a reservoir interaction in the 

spontaneous emission. This reservoir interaction is controlled by the volume and Q  

of the laser cavity.  The Hamiltonian includes interactions between electrons and 

photons, and electrons and phonons.  These interactions are designated as  

and , and the entire Hamiltonian is given by  

photelH −
ˆ

phonelH −
ˆ

 .                                                (2.1) phonelphotelphonphotel HHHHHH −− ++++= ˆˆˆˆˆˆ

The Hamiltonian of  involves a summation over all QD potentials.  Each 

interaction term of (2.1) also includes a summation over all QD potentials.  We 

typically think of electrons as occupying individual QDs, although they may 

thermally escape one QD and be captured by another QD elsewhere.  However, the 

more accurate picture is that electron exists in quantum states with the wavefunction 

shared among all the QDs, which also includes an electron’s ability to tunnel from 

one QD to another.   

elĤ

These two different pictures are distinguished by the dephasing and 

recombination times undergone by electrons and holes.  Exciton recombination times 

are on the order of nanoseconds, while dephasing times of electrons and holes are 

much shorter.  Charge transport due to tunneling between QDs has been observed in 

dense ensembles when QD density exceeds ~1011 cm-2 [30], but for most QD 

ensembles the inter-dot tunneling time relative to other time constants are just too 

long to observe such effects. For less dense ensembles the reservoir interactions lead 

to thermal localization of the wavefunctions to sufficiently small volumes, and decay 

times are simply too short to observe tunneling effects.  For such a case each QD of 

an ensemble appears to couple to the wetting layer independently.   
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Rate equations describing quantum state populations are found from a first 

order approximation to , where O  is an operator.  When 

the interactions are due to only thermal photons and phonons, the first order 

approximations produce well-known equations of motions that in steady state lead to 

thermal equilibrium occupations for all systems.  However, when external pumping is 

supplied to the laser through current injection nonequilibrium (or nonthermal) 

distributions are created in the electron distributions in different QDs.  Large QDs 

with deep potentials have the same probability for charge occupation as their smaller, 

higher energy neighbors.  The charge occupation independent of the QD energy level 

depth is the most apparent nonequilibrium effect measured at low temperature for QD 

ensembles.   

>>=< ]ˆ,ˆ[<)(i//ˆ OHdtOd h ˆ

The thermal reservoir interactions that result are described by Einstein's 

analysis of a two-level atom coupled to a thermal electromagnetic field.  Using 

raising and lowering operators designated respectively by  and +
mσ̂ mσ̂  to describe 

occupation of an electronic state m, the probability that the electronic state is 

occupied is given by .  The general equation of motion for the population 

of an electron state is then given by 

>< +
mmσσ ˆˆ
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where ρS (ω ) is the Boson mode density of either the photons or phonons,   hω  is the 

reservoir quanta's energy, and BS ,m,m'  is the Einstein B coefficient for the particular 

Boson mode.  In (2.2) mm >′  and mm <′  are used to refer to the eigenfrequency 
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of electronic state m  as greater than m, and ′ m′  as less than m, respectively.  Also in 

(2.2) it is assumed that each reservoir has a sufficiently large volume that its mode 

density becomes continuous.  Assuming that the reservoir interactions give 

exponential decay, (2.2) can be placed in simpler form given as  

 ][
t )(

mmmm
mmmm

mm
mm

mm
mm 1
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Experiments show that energy relaxation of excitons in self-organized QDs 

occurs extremely fast.  Excitons excited in the wetting layer can relax to the QD 

ground state in picoseconds or even sub-picoseconds [31-33].  The reason for the fast 

relaxation, and undoubtedly for the absence of a phonon bottleneck, is the close 

exciton energy spacings of the holes.  If this is the case, the phonon bottleneck will 

exist for QDs that contain only electrons as opposed to excitons since the electron 

level spacings exceed the maximum phonon energy.  Considering energy relaxation 

due to phonons, equation (2.3) becomes fairly straightforward for QD discrete states 

that are widely separated in energy (a few tens of meVs) and coupled to only other 

discrete QD states.   

The energy relaxation due to photons (light emission) follows dipole selection 

rules for the QD states that must be carefully calculated to determine the optically 

active transitions between electrons and holes.  The Coulomb interaction should also 

be included to find the complete set of energy states for the occupancy of the QD by a 

given number of electrons and holes.  However, below we simplify this by 

considering that radiative transitions in the QDs occur between electron and hole 

quantum states with the same quantum number, so that a ground state electron can 

recombine only with a ground state hole.  The resulting equations provide a working 

model for QD lasers in general, with the most important modification needed for real 

QD ensembles being that a more accurate description of the electronic states and 
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transitions be used to improve agreement with experiment.  The model below 

provides insight to predict important trends for QD lasers that arise due to their zero-

dimensional energy spectrum.    

 

2.3 Non-Equilibrium Case 

To simplify the description of the wetting layer, we can consider only its 

lowest energy sub-band to provide a 2-dimensional electron reservoir to the QDs.  

Figure 2.1 illustrates the energy spectrum for this system.  To relate the current and 

light emission to the voltage applied to the device, we assume that the wetting layer 

electrons and holes reach quasi-equilibrium, and so can be described by quasi-Fermi 

functions set by the n- and p-sides of the laser diode.  Therefore, our assumption is 

that the discrete levels of the QDs are driven by the wetting layer, which has different 

quasi Fermi energies for electrons and holes due to an external driving source.  The 

rate equation for the wetting layer balances the external drive current to the wetting 

layer with carrier relaxation from the wetting layer as described below [16]  

 
Figure 2.1:   Illustration of the energy structure of QDs. 
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where J  is the current injected into the laser through the wetting layer, q  is the 

electronic charge, )( cc Eρ  is the density of states in the wetting layer,  is the 

Fermi function for electrons, 

)( cc Ef

γ sp ,WL  is the spontaneous rate coefficient for radiative 

recombination from the wetting layer,  is the Fermi function for holes in the 

wetting layer, 

)( vv Ef

)(Eredρ  is the reduced density of optical transitions, sM  is the 

degeneracy of the highest discrete energy level, M, of a QD, )(,, clMWL Eγ  is the energy 

dependent electron relaxation rate from the wetting layer to the level M of QD l, 

PM,c, l  is the occupation probability for level M,  is the electron band edge 

energy in the wetting layer, and  is the highest energy level of QD l.  The first 

term on the right in (2.4) gives the current needed to charge the wetting layer energy 

levels, the second to account for spontaneous emission from the wetting layer, and the 

last to account for relaxation of electrons to the highest energy levels of the QDs.   

cWLE ,

lcME ,,

Equation (2.3) also gives the rate equation for the highest level M of a QD l in 

the ensemble,  
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where  is the area of the wetting layer and QD ensemble.  The next discrete level 

below M has a time dependent population set by 

WLA

]
1

1

1
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,,1,,1,1,

,,1,,11,
,,1
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−
−

−=
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−−

−−−
−

KTEE
lcMlcM

lcMlcMMcMM

lvMlcMMsp
lcM

lcMlcMe
PP

PPs

PP
d

dP

+)([+

)(
t

-γ

γ
 

  ]+)([- 1
1 )/()(

,,12,,1
,,2,,12,2,1 ,,2,,1 −

−
−−

−− −
−−−

−−−− KTEE
lcMlcM

lcMlcMMcMM lcMlcMe
PP

PPsγ .                  (2.6) 

The ground state population is coupled to the lasing mode, and its rate 

equation is given by 

 )}](+
1

-1[+)1({
t ,,0,,0)/()(,,0,,00,

,,0

,,0,,0 lvlcLlKTEE
l

lvlcsp
lc PPn

e
PP

d
dP

lvlc
−

−
−−= − β

β
γ  

  +γ1, 0,cs1[P1,c,l (1 − P0, c,l ) +
P1, c, l − P0, c,l

e( E1,c,l − E0,c,l )/ (KT ) −1
].                                          (2.7)  

where γ sp, 0  is the spontaneous emission rate coefficient between electrons and holes 

in the QD ground state, nL  is the number of lasing mode photons, and β l  is the 

fraction of spontaneous emission from QD emitter l  that couples to the lasing mode.  

The lasing mode photon number satisfies the well-known rate equation given by 

 
  

dnL

dt
= −

ω
Q

[nL −
1

ehω /( KT ) −1
]  

  +s0γ sp ,0 βl
l=1

NQD

∑ [P0,c,l (1 − P0 ,v,l ) + nL (P0,c,l − P0, v, l )].                                  (2.8) 

where   [ehω /( KT) − 1]−1 is the thermal photon number in the lasing mode. 

The equations needed to analyze the QD laser are completed by considering 

the spontaneous coupling of a particular QD l  to the lasing mode, given by β l , 

depends on QD l 's center frequency, its homogeneous linewidth, and its position in 

the laser cavity [16].  Except in extreme cases, such as when the laser is driven far 

above threshold, or for small volume, high Q cavities, the polarization of the gain can 
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be assumed to follow the lasing field adiabatically.  Under this condition [16], the 

expression for β l  is found to be 

 
  
βl =

4πc3h3

n3ωV
γ H / (E0,c,l − E0, v,l )

(E0 ,c,l − E0,v, l - E)2 + (hγ H )2 ,                                                      (2.9) 

where V  is the volume of the optical mode, ω  is the frequency of the lasing mode 

(or spectral emission), c  is the speed of light, n  is the refractive index in the cavity, 

and   hγ H  is the homogeneous energy broadening of the QD (assumed equal for all 

QDs.)  In QD lasers studied to date, the inhomogeneous broadening due to the 

different QD sizes results in an approximately Gaussian lineshape for the distribution 

of  with a full-width-at-half-maximum (FWHM) that greatly exceeds the 

homogenous FWHM given by 

lvlc EE ,,0,,0 −

 hγ H .  Spectral hole burning can then be observed and 

results in highly multimode laser operation [34].    

Because the populations are so important in setting the QD laser performance, 

and these populations are what show equilibrium or nonequilibrium behavior, they 

are worth examining in more detail.  Equations (2.4) through (2.7) can be solved in 

different limits analytically to show the population behavior in different temperature 

regimes.  These regimes correspond to cryogenic temperatures (< 77 K or so) on the 

low side and room temperature on the higher side.  Between these temperatures self-

organized InAs or InGaAs QD ensembles go through a transition from highly 

nonequilibrium population distributions for low temperature to quasiequilibrium 

population distributions at room temperature.  

Equation (2.7) can be used to relate the population of an electron ground state 

to that of a first excited state.  The result is  

P1, c,l =

P0 ,c,l

e(E1,c, l − E0,c,l )/ (KT ) −1
1− P0,c,l + 1

e( E1,c,l −E0,c, l ) /( KT ) −1
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    +
1

γ1,0, cs1

dP0 ,c,l

dt
+ γ sp ,0{P0 ,c,l (1 − P0, v,l ) +[ 1- βl

e( E0,c,l −E0,v,l ) /( KT ) −1
+βlnL ](P0 ,c,l − P0 ,v,l )}

1− P0,c, l + 1
e( E1,c,l −E0,c,l ) /( KT ) −1

.                 

                                                                                                                                 (2.10) 

The first term on the right in (2.10) is simply the quasiequilibrium value of 

 given a value of .  The second term is a nonequilibrium term that becomes 

important only in the case that 

lcP ,,1 lcP ,,0

1,0,1 scγ  is sufficiently small to make this term 

comparable to or greater than the quasiequilibrium term.   

At sufficiently low temperature (T → 0 ) the quasi-equilibrium term becomes 

negligible with respect to the second term.  For the case of T → 0  (in practice ≈T  77 

K or less) and steady-state, the ground state population depends on the wetting layer 

population through a recursion relation that starts with 
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If we assume that spontaneous emission is negligible except for the ground 

state, the higher energy occupations (in steady state) are given by 

 
lcm

lvlcLllvlc

cmmm

sp

TSSlcm P
PPnPP

s
P

,,1

,,0,,0,,0,,0

,1,

0,

0,,, 1
1

−−
→ −

−−
=

)(+)( β
γ
γ

.                         (2.12) 

and finally up to the wetting layer, given by 

lcM
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e cFcWL
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Equation (2.12) can now be used for repeated substitutions to arrive at a 

relationship between the quasi-Fermi energy and the ground state population.  Note 

that as long as the relaxation rates in different QDs are the same, the probability of 

ground state occupation of any QD is identical and independent of its ground state 

energy.  This is the nonequilibrium distribution that also leads to spectral hole 

burning in the optical gain.    The carrier escape rate is so low that the QDs capture 
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and hold carriers independent of their energy depth.  Therefore, the QD ground state 

occupation probability becomes independent of its energy depth as .  This is 

clearly a highly non-equilibrium distribution of charge carriers within the QD 

ensemble.  In quasi-equilibrium, at the lowest temperature and lowest drive current 

only the largest QDs (deepest potential) would be occupied by charge carriers. 

0→T

We can contrast this to the case that the thermalization occurs at a very high 

rate ( ).  Then the first term on the right in (2.10) dominates, and the 

occupation of any QD level simply takes a value set by the wetting layer quasi-Fermi 

energy and its energy depth.  Therefore, in the limit of 

∞→T

∞→T  the deeper QDs are 

occupied more favorably.  In this limit (2.10) becomes 
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e
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1

1
)/()( ,,, +

= − KTEE cFlcme
.                                                                       (2.14) 

Therefore, in the high temperature limit the energy levels of the entire QD ensemble 

are occupied with probabilities set by the global quasi-Fermi energies, or the electron 

and hole quasi-Fermi levels of the wetting layer. 

2.3.1 Spontaneous Emission Spectrum 

One way to study the population distribution versus energy in the QD 

ensemble is to calculate the FWHM of the population distribution in the ensemble’s 

ground state and compare with a measurement of the experimental spontaneous 

emission from such an ensemble.  The contrast between the quasi-equilibrium and the 

non-equilibrium distributions are then apparent.  To reiterate the discussion above, a 

thermal equilibrium distribution at low temperature favors occupation of only the 

lowest energy QDs of the ensemble.  However, a highly non-equilibrium distribution 

occurs when the QDs are occupied independent of their energy.  The experimental 

results show clearly a non-equilibrium distribution. 
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Figure 2-2: Spontaneous emission spectrum at transparency for three different 

temperatures of 40, 140, and 400 K. The energy separation between the 
wetting layer and the ground state is 100 meV.  

To simplify the calculation we assume an idealized QD laser that contains 

only single electron and hole discrete states and the continuum of states due to their 

wetting layer.  A Gaussian distribution of energy levels is also assumed that broadens 

the ground state energy spectra of the ensemble to 38 meV.  Figure 2.2 shows the 

calculated spontaneous spectra that would be measured from such an ensemble, set by 

the state population product P0 ,c,l (1 − P0, v,l )  that gives rise to the spontaneous 

emission spectra.  The ensemble is taken as excited to give transparency in the optical 

gain [26].  Although the spectra are not too different in shape, there is a shift of the 

center frequency and a change in the FWHM for the different calculated temperatures.  
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These changes in P0 ,c,l (1 − P0, v,l )  with temperature are controlled by the energy 

between the wetting layer and ground state, ∆EWL, 0 . 

 

 
Figure 2-3:   FWHM of the spontaneous spectrum versus temperature at transparency. 

The energy separations are 100, 250, and 400 meV.  

The calculated FWHM of P0 ,c,l (1 − P0, v,l )  versus temperature for different 

energy separations between the wetting layer and ground state are shown in Fig. 2.3. 

For = 100 meV the low temperature (~50 K) FWHM is due to the 

inhomogeneous broadening of the QD energy levels with a FWHM of 38 meV.  As 

the temperature is increased the FWHM decreases significantly to ~33 meV at ~150 

K because of thermal escape and preferential filling of the lower energy QDs.  As the 

temperature is increased further however the FWHM increases again due to thermal 

broadening of the carrier distribution.  Or in other words 

∆EWL, 0

)1( ,,0,,0 lvlc PP −  is now in full 

quasi-equilibrium with the wetting layer.  Thus we see in the FWHM the transition 

from highly non-equilibrium to quasi-equilibrium carrier occupations among the QDs.  
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The two curves for even larger energy separations of either 250 meV or 400 meV 

show that this transition can take many different appearances based on the precise 

values of the ensembles inhomogeneous width and energy separations.  For the larger 

 the temperature dependence of the FWHM is less dramatic, since the 

temperature at which thermal excitation out of the higher energy QDs is closer to the 

temperature at which thermal broadening competes with the inhomogeneous 

broadening. 

∆EWL, 0

 

 
Figure 2-4: Spectral linewidth (FWHM) of the ground level emission versus 

temperature. 

 

Figure 2.4 shows an experimental plot of the FWHM of spontaneous spectrum, 

measured at approximate transparency, for a 1.3 µm QD ensemble [29].  The 

experimental plot can be compared with the calculated result of Fig. 2.3.   An 
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important difference is that Fig. 2.3 assumes a symmetrical electronic structure and 

only one energy level for each electron and hole.  In the actual InGaAs QDs the hole 

levels are believed to be closely spaced in energy.  This apparently gives some initial 

broadening to the FWHM with increasing temperature and causes a step between 100 

K and 150 K.  At 200 K the FWHM begins to decrease abruptly and continues to drop 

up to 300 K.  It is expected that for T  > 300 K the FWHM would begin to increase 

again.  The experimental measurements are therefore in fairly good agreement with 

the nonequilibrium and quasiequilibrium behavior predicted from the rate equation 

analysis given above. 

2.3.2 Asymmetric Gain Spectrum 

Figure 5 shows the calculated gain versus frequency for the idealized 

ensemble for ∆  = 100 meV.  The lower curve is calculated for a temperature of 

77 K, while the upper curve is for a temperature of 300 K.  At 77 K the gain spectra is 

nearly symmetrical and has the Gaussian shape of the inhomogeneously broadened 

QD ensemble.  At 300 K, however, the temperature dependence of the population 

inversion creates an asymmetric gain spectra, and near transparency the population 

inversion for lower frequencies may be greater than zero while for higher frequencies 

the population inversion may be less than zero.  This asymmetry is directly attributed 

to the larger thermalization rate out of higher energy QDs of the ensemble.   

EWL, 0

2.3.3 Negative Threshold Temperature Dependence 

The thermalization of carriers from the higher energy QDs that leads to the 

asymmetrical gain spectra as shown in Fig. 2-5 increases the optical gain from the 

lower energy QDs for the same bias current.  The rearrangement of the carrier 

distribution leads to the novel behavior that the threshold current density can in fact 

decrease with increasing temperature for a QD laser, and thus show a negative 

characteristic   temperature   coefficient.  This  negative   temperature   coefficient   is 
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Figure 2-5: Calculated state population inversion vs frequency for two different 

temperatures of 77 and 300 K. The injected current density is varied 
while the energy separation is kept fixed at 100 meV. 

 

illustrated by Fig. 2-6, in which the current density required to reach a specific 

population inversion at the peak of the spectral inversion curve is plotted versus 

temperature.  Three values of peak population inversion are included, 0 
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(transparency), 0.25 of the maximum inversion, and 0.5 of the maximum inversion, 

each for three different values of ∆EWL, 0 .  For each case we find that the required 

current density in fact decreases with increasing temperature.  The most dramatic 

decrease is for transparency when ∆EWL, 0  is smaller, because the spectral asymmetry 

in the population inversion is largest near transparency and the smaller ∆  leads 

to a stronger thermalization behavior for the QD ensemble through the wetting layer.  

In all cases, the decreasing current density required for a given population inversion 

predicts a negative temperature coefficient for the lasing threshold in the same 

temperature regime.  Also consistent with Asryan and Suris, a larger ∆  leads to 

a significantly reduced temperature dependence for the QD laser's threshold current 

density 

EWL, 0

EWL, 0

[27]. 

 

 
Figure 2-6:  Current Density versus temperature at three different energy separations 

of 100 meV, 250 meV, and 400 meV.  The peak ground state population 
is varied from 0, to 0.25, and to 0.5, of the maximum value. The current 
density is in log scale. 
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2.3.4 Spectral Hole Burning 

Finally, we examine the predictive power of the nonequilibrium rate equation 

approach in describing the gain saturation for QD lasers above threshold.  Because of 

the zero-dimensional energy levels and inhomogeneous broadening, QD lasers can 

show dramatic spectral hole burning that is not observed in planar quantum well 

lasers [34].  Typically, whether spectral hole burning occurs or not is attributed to 

whether the gain region is homogeneously or inhomogeneously broadened, and the 

significant decrease in spectral hole burning has been reported as due to an increase in 

the homogeneous linewidth caused by an increase in dipole dephasing of the QDs [35-

37].  Here we show that increased dipole dephasing, and thus an increase in the QD 

homogeneous linewidth, is not a requirement for the decrease in spectral hole burning 

with increasing temperature, and that quasi-equilibration with the wetting layer will 

also decrease the observed degree of spectral hole burning. 

Figure 2-7 shows 77 K and 300 K calculated light versus current curves. As 

above, the calculated results show the general trends for QD lasers.  The dashed lines 

in Fig. 2-7 indicate the two chosen output powers to see the spectral hole burning 

effect, with (b) slightly above the threshold, and with (a) quite above the threshold to 

have a large photon number. The increasing photon number above lasing threshold 

increases the importance of the second term on the right of Eq. (2.10).  Because the 

spontaneous coupling factor depends on the QD's homogeneous linewidth, as given 

by Eq. (2.9), it seems reasonable to expect that spectral hole of the same width will be 

burned in the optical gain by the spectrally sharp lasing mode [38-39].  Despite this, it is 

also the case that the QDs can separately equilibrate with the wetting layer.  For true 

quasi-equilibration with the wetting layer, clamping of the optical gain in one spectral 

region of the QD ensemble would then result in the population clamping of all the 

QDs, independent of whether they contribute to the stimulated emission in the lasing 

mode.   
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Figure 2-7:  Ligth versus current curve at two different temperatures of 77 and 300 K. 

Here the energy separation is 100 meV. The dashed lines indicate the 
two chosen output powers to see the spetral hole burning effect. 

 

Figure 2-8 demonstrates this effect using the rate equation approach of section 

2.3.  The two curves shown in Fig. 2-8 (a) are the population inversions calculated for 

same output power of the laser but at two different temperatures, 77 K and 300 K, 

with ∆  = 100 meV.  The homogeneous linewidth is taken as the same for both 

curves and much less than the inhomogeneous linewidth, and we have assumed that 

only one mode lases in each case, such as for a distributed feedback laser, to clearly 

illustrate the different population inversion behavior for the two different 

temperatures.  For both temperatures the population inversion clamps at precisely the 

same value needed to achieve threshold for that frequency at the peak of the 

respective optical gains.  However, the amount by which the population grows at 

nonlasing frequencies is dramatically different for the two different temperatures. 

Figure 8 (a) clearly shows that spectral width of the population inversion that can rise 

above the threshold value is different for the two different temperatures.  For a multi- 

EWL, 0
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Figure 2-8: Ground-state population inversion versus frequency for two different 

temperatures of 77 and 300 K. The energy separation is fixed at 100 
meV. The dashed line indicates the cavity loss rate. Here, (a) and (b) 
correspond to the two output powers chosen from Fig. 2-7. 

 

mode Fabry-Perot laser we expect the effect to be more dramatic, since every mode 

that approaches threshold will further suppress the population inversion across the 

entire spectral width of the QD ensemble.  Figure 2-8 (b) shows the similar effect but 

close to threshold. 
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 This effect due to thermalization of electrons and holes into the wetting layer, 

as opposed to an increase of the homogeneous linewidth, is consistent with 

experimental results showing that QD lasers become more single mode for the same 

temperatures at which negative temperature coefficients for the lasing threshold are 

observed [11, 16, 38]. Both effects are due to quasi-equilibration.  These results show that 

both quasi-equilibration and increase in the homogeneous linewidth must be 

considered when analyzing the lasing spectrum changes in multi-mode QD lasers. 

2.4 Quasi-Equilibrium Limit 

Room temperature self-organized InAs or InGaAs QD lasers operate in the 

regime of quasiequilibrium.  This simplifies the calculations, and allows us to focus 

on the specific characteristics of the QD active material that can be engineered to 

improve device performance.  At higher temperatures, all thermally excited levels 

influence the ground state optical gain.  Most important of these are the closely 

spaced hole energy levels.  The thermal hole distribution depletes the exciton ground 

state of some of its potential hole population.  The result is that a greater total number 

of electrons and holes must be injected to obtain lasing, and this can decrease the 

differential gain and increase the temperature dependence.  P-type doping provides a 

means to overcome the limitation of the closely spaced hole levels, and this is 

discussed in detail below [22, 25].  

The importance of the energy spacings of the electron and hole levels and the 

importance of p-type doping is illustrated schematically in the energy diagram 

presented in Fig. 2-9.  While the electron levels can be made to have energy spacings 

as large as ~ 80 meV, the hole levels are much more closely spaced at ~ 10 meV [39]. 

When the QD active layer has no excess built-in charge and the holes are thermally 

broadened, the total charge density in the active layer must be increased in order to 

obtain a  sufficient hole  population in the QD   ground  state to  achieve  optical  gain. 

 24 



 

Figure 2-9:  Schematic illustration of the energy diagram of p-type doping.  

In this case, as illustrated in Fig. 2-9 (undoped), charge neutrality causes an increase 

in the total number of electrons that also must be injected to achieve a population 

inversion. The total radiative current is then increased, and as shown below, the 

differential gain is decreased. If excess electrons are built in, this problem is made 

even severe, as shown in the n-typed case in Fig. 2-9. The injected holes that are 

thermally smeared among nonground state levels now recombine with the excess 

electrons in the higher lying energy levels. However, as illustrated in the p-doped 

case of Fig. 2-9, built-in excess holes can improve the gain characteristics of the QD 

active layer dramatically. While injected electrons have a high probability of residing 

only in the QDs’ ground states, the large built-in hole concentration now ensures that 

the injected electrons always find ground-state holes with which to recombine. In this 

case, the room-temperature ground-state optical gain can be increased and, very 

importantly, the differential gain is dramatically increased as well. These effects can 

strongly impact QD laser performance at room temperature and above.  
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The model is as follows. The drive current that balances the charging of levels 

and light emission is given in Eq. (2.15),  
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In Eq. (2-15) we have neglected stimulated emission into optical modes other than a 

single lasing mode, as well as thermal photons. The parameters in Eqs. (2-15) and (2-

16) are defined as follows: I  is the injected electrical current, q  is the electronic 

charge,  and  are the effective electron and hole mass in the wetting layer, 

respectively,  is the reduced mass for an optical transition, 

 and are the energy of the 2D QD wetting layer’s conduction and valence 

band edge, respectively,  is the area of the wetting layer, h  is the Planck’s 

constant,  is the degeneracy of a discrete level ,  is the highest lying 

discrete electron energy level of a QD,  is the lowest lying discrete hole level, 
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WLsp,γ  is the Einstein A coefficient between an electron level and a hole level in the 

wetting layer, 
vc mmsp ,,γ  is the Einstein A coefficient between a discrete electron level 

 and a hole level  in a given QD,  is the photon number in the lasing mode, cm vm Ln

Q/0ω  is the photon loss rate of the lasing mode,  is the number of QDs per 

stack while  is the number of stacks, 

QDN

stN 0ωh  is the photon energy of the lasing mode, 
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)(0 eng  is the gain per unit length into the lasing mode,  is the propagation velocity 

of the lasing field in the waveguide,  is the Fermi function for an electron level 

,  is the Fermi function for an hole level ,  and are the Fermi 

function for an electron and a hole level in the wetting layer, respectively. 

gv
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vmf vm

cWLf
vWLf

To date, the inhomogeneous broadening due to different QD sizes has given a 

ground state Gaussian lineshape with a full-width at half-maximum (FWHM) of ~ 30 

meV that significantly exceeds the homogeneous FWHM [40-41]. The expression for 

the optical gain is then given by   
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where  is the speed of light, n  is the refractive index in the cavity, c ω∆  is the 

inhomogeneous linewidth, and z∆Γ /0  is the optical confinement factor normalized 

by the laser’s active thickness. The cavity loss rate is given by  
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where WGα  is the internal waveguide loss, L  is the length of the laser cavity,  is 

the front mirror reflectivity,  is the back mirror reflectivity. 
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The small signal modulation response is find from the rate equations above, 

and is given above threshold by  
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where  is the threshold current and  is the injected current needed to support the 

total spontaneous emission rate.  is found from the third and fourth terms on the 

right in Eq. (2-15). For bias levels not too far above threshold and usual 

semiconductor laser parameters, the laser’s modulation response exhibits a resonance 

thI spI

spI
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at a frequency found from the denominator of Eq. (2-19) given by 

)/))(()(/( qIIdndgAv theWLgres -/0=ω . The laser’s response then depends strongly 

on the differential gain , and ideally, the bandwidth will increase with bias 

current until it is limited by the loss rate of the cavity 

edndg /0

Q/0ω .  

The differential gain can be placed in a form that contains both the electron 

and hole quasi-Fermi levels. Charge neutrality between the electrons, holes, and built-

in ionized acceptors set the relative positions of the quasi-Fermi levels. The Fermi 

functions are given by , , 

, and , where  the electron 

quasi-Fermi energy,  the hole quasi-Fermi energy,  the energy of an electron’s 

discrete level,  is the energy of a hole’s discrete level. The electron and hole 

quasi-Fermi levels are set by applying charge neutrality to each QD layer, given by, 

1)/()( ]1[)( −− += KTEE
cWL

cFc

c
eEf 1)/()( ]1[ −− += KTEE

m
cFcm

c
ef

1)/()( ]1[)( −− += KTEE
vWL

vFv

v
eEf 1)/()( ]1[ −− += KTEE

m
vFvm

v
ef

cFE

vFE
cmE

vmE

−

=
−−

∞
+

+
+

+
∑∫ a

M

m
KTEE

m
QDKTEEE c

WLe N
e

s
N

e
dE

Am c

c
cFcm

c

cFc
cWL 0

)/()()/()(2

*

11
1

hπ
 

       ∑∫
=

−−−−∞− +
+

+
=

v

v
vFvm

v

vFv

vWL
M

m
KTEE

m
QDKTEE

E

v
WLh

e

s
N

e
dE

Am
0

)/()()/()(2

*

11
1

hπ
.       (2-20) 

where  is the ionized acceptor number per doping layer. −
aN

In terms of the quasi-Fermi energies the differential gain is given by  
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If only the ground state levels of the QD ensemble are excited, and if the 

population in the wetting layer is negligible, the quasi-Fermi function terms in Eq. 

(2.21) sum to equal two.  However, levels can be thermally excited if either electrons 

or holes have close energy spacings.  When the population becomes thermally 

smeared over many levels the summations in (2.21) result in a considerable reduction 

in the differential gain.  In examining (2.21) one must bear in mind that charge 

neutrality relates the electron and hole quasi-Fermi levels.  Even though only one 

charge type may have closely spaced energy levels that thermally smear its 

populations in these levels, charge neutrality requires that both charge carrier 

concentrations must increase together.  Therefore, built-in doping can have a dramatic 

impact on the differential gain by reducing the number of extra injected carriers 

needed to obtain a population inversion.  In addition, the differential gain is inversely 

proportional to the inhomogeneous linewidth, ∆ω , so that decreasing ∆ω  also 

increases the differential gain.   

These equations above are used to calculate the threshold current, its 

temperature dependence, and the modulation response with the use of p-doping. We 

show below that the calculated modulation response for undoped lasers is quite low 

due to the closely spaced hole levels and thermal broadening. Bandwidth of only a 

few gigahertz are predicted at room temperature, in good agreement with the 

experimental results reported to date [42-45]. However, p-doping results in a dramatic 

improvement in the modulation response, so that over 30 GHz is predicted for 

optimized QD devices, with ω∆h  = 30 meV. If ω∆h  can be reduced to 10 meV, the 

modulation response intrinsic to the differential gain and laser cavity can be increased 

to nearly 60 GHz. 
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2.4.1 Calculated Modal Gain 

Figure 2.10 shows the calculated modal gain for a five-stack InAs QD laser 

similar to that demonstrated experimentally [46], both for undoped active material and 

active material doped to obtain 50 holes per QD with ω∆h  = 30 meV. Results for a 

p-doped active region (50 holes per QD) and ω∆h  = 10 meV are also shown. The 

solid curves are for T = 300 K (27 ºC) and the dashed curves are for 373 K (100 ºC).   

The other parameters used for Fig. 2-10 are as follows: Γ0 / ∆z  = 3.451x106 m-1, λ 0  

= 1.29 µm, n = 3.4, v  = 6.7x10g
7 m/s,  = 2 with other values of  given in ref. 

[22],  = 3.0x10

0s
vc mms ,

WLQD AN / 10 cm-2,  = 5, stN WLspmmmsp cvc ,,, γγ ==  = 1.25x109 s-1 for all 

radiative transitions, 
cvc mmmsp ≠,,γ  = 0, ∆Ee  = 80 meV, and ∆Eh  = 10 meV. The 

calculated curves show a decrease in the optical gain for a given injected electron 

number as the temperature is increased. This decrease in the gain is caused by the 

thermalization of the charge carriers to higher energy, especially the holes, so that the 

ground-state charge density is decreased for a given injection level. 

A substantial increase in the modal gain coefficient is clearly shown for p-

doping in Fig. 2-10. For a given loss rate, the required injection level is much lower 

for the p-doping than that of the undoped case. Also notice that the gain increases 

much faster for the doped case than the undoped case, therefore we would expect a 

much improved differential gain. Figure 2-10 also shows that if further improvements 

are made to decrease the inhomogeneous linewidth to 10 meV, and p-type doping is 

used, the modal gain can be increased dramatically to over 200 cm-1. 

The waveguide loss is taken as WGα  = 3 cm-1 for the p-doped active region, 

and WGα  = 1 cm-1 for the undoped active region. These values are consistent with our 

experimental results [23-24, 46] and the expected free-carrier absorption. For example, 

the free-carrier absorption is estimated to be fcα  = 0.5× 10-17 x p , where p  is the 

hole density (cm-3) in a bulk material [47]. Considering the five stacks  with an average 

 30 



 
Figure 2-10: Calculated modal gain versus injected electron number for either 300 K 

(solid curves) or 373 K (dashed curves). The calculated curves are for a 
five-stack QD active region with either no doping and ω∆h  = 30 meV, 
p-doping and ω∆h  = 30 meV, or p-doping and ω∆h  = 10 meV. 

 
confinement factor per stack of z∆Γ /0  = 3.451×106 m-1, the distributed free-carrier 

absorption within the waveguide due to the 50 built-in holes per QD (  = 

1.5 10

WLA AN /1−

× 12 cm-2) is 5 1.3 cm≈×××∆Γ× −− )/(105.0/ 117
0 WLA ANz -1. Therefore, our 

assumption that the loss is increased by ~ 2 cm-1 may be conservative. It is also 

unclear how Auger or interband absorption may be influenced by the built-in holes. 

Experimentally, though, the increase in WGα  that we assume for p-doping appears 

reasonable [23-24, 46]. 

 31 



2.4.2 Threshold Current Temperature Dependence 

Recently experiments in our lab showed that the p-type modulation doping 

results in a dramatic improvement in the temperature characteristics of the lasing 

threshold [23-24, 46]. A characteristic temperature of = 232 K has been reported for 

the five-stack design 

0T
[46] used for the calculations presented here. Fig. 2-11 shows the 

calculated threshold current versus temperature for both the p-doped and undoped 

active layers and the cavity lengths optimized for the relative bandwidths. The active 

five-stack design [46] used for the calculations presented here. The active stripe widths  

 

 
Figure 2-11: Calculated threshold current versus temperature for the five-stack QD 

active region with either no doping and ω∆h  = 30 meV, p-doping and 
ω∆h  = 30 meV, or p-doping and ω∆h  = 10 meV. The ’s are shown 

for the temperature range of 0 ºC to 100 ºC. 
0T
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are chosen to be 3 µm, while the cavity lengths are chosen to provide an optimized 

frequency response at 100 ºC. We note that a longer cavity will produce a lower  

because of its closer operation to transparency. For the cavity lengths that optimize 

the frequency response, the values between 0 and 100 ºC are  = 303 K for the 

undoped active material with 

0T

0T

ω∆h  = 30 meV,  = 351 K for the p-doped active 

material with 

0T

ω∆h  = 30 meV, and  = 343 K for the p-doped active material with 0T

ω∆h  = 10 meV. These calculated ’s are much higher than that given in any 

experimental reports. The actual threshold currents will depend on the spontaneous 

rate coefficients, and so may be higher than predicted by Fig. 2-11. However, these 

predicted values are not too much less than the low values of current density reported 

previously on QD lasers 

0T

[15, 19, 48]. 

In addition, the calculated sub-milliampere threshold currents are much lower 

than most being reported. We believe the discrepancy between the calculated and 

reported values is due mainly to nonradiative recombination, which is a known source 

of low internal efficiency in the self-organized QDs [16, 49]. In our own experiments 

this has limited the internal quantum efficiencies to ~ 70 % for 1.3-µm QD lasers [24]. 

Unlike planar quantum wells, the nonradiative recombination rates have been found 

to increase with increasing current in self-organized QDs, which we speculate to be 

caused by an increase in the number of nonradiative recombination paths for confined 

carriers [16]. Although a likely source of the nonradiative recombination is point 

defects, we cannot eliminate the possibility that Auger recombination also plays a 

role. Fig. 2-11 predicts that the ’s of the 1.3-µm InAs QD lasers can be much 

higher than the value already measured experimentally of ~ 232 K between 0 ºC and 

85 ºC 

0T

[46]. 
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2.4.3 Calculated Modulation Response 

The cavity length is varied to obtain the best modulation performance over 

temperature for a given doping level and inhomogenous linewidth. The front and 

back mirror reflectivities are set to be  =  = 0.3. The most significant unknown 

in the laser parameters is the spontaneous rate coefficient 

FR BR

0,0,spγ , to which the optical 

gain is proportional. Measurements in our laboratory have shown that ≈0,0,spγ 1.25 ×  

109 s-1 for nonresonant pumping of InAs QDs. However, state filling may limit the 

nonresonant value, and 0,0,spγ  could be as high as a factor of two greater. The 

modulation response depends quite strongly on this coefficient through the optical 

gain and differential gain. Therefore, we believe that the calculations we present 

below are conservative, and that even better performance may be achieved in 

practice. 

Fig. 2-12 shows how the modulation response varies with cavity length for 

either undoped or p-doped active material, and for a given drive current above 

threshold. For long cavities, the bandwidth is limited by the passive cavity’s photon 

lifetime, while for short cavities, gain saturation leads to a decrease in the differential 

gain. These two effects lead to a given cavity length (assuming  =  = 0.3) for 

which the bandwidth is peaked. For the undoped active region and an inhomogeneous 

linewidth of 

FR BR

ω∆h  = 30 meV, the optimized cavity length for 373 K is rather long at 

 = 1.3 mm. This length of cavity, or longer, has been fairly typical of many QD 

lasers studied to date. However, introducing p-type doping allows the cavity length to 

be shortened without sacrificing the differential gain. Therefore, the laser’s 373-K 

bandwidth for the p-type active region with 

L

ω∆h  = 30 meV is optimized for a cavity 

length of L  = 400 µm. And, if the inhomogeneous broadening is substantially 

reduced to give ω∆h  = 10 meV, the optimized cavity length for 373 K becomes even 

shorter at  = 100 µm. With these optimizing cavity lengths, we calculate   the   3-dB L
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Figure 2-12: Calculated small-signal 3-dB bandwidth versus cavity length for a 

current injection level of 10× Ith for the undoped active material with 
ω∆h  = 30 meV, p-doped active material with ω∆h  = 30 meV, and p-

doped active material with ω∆h  = 10 meV. 
 

modulation bandwidth. For the undoped QD laser with an inhomogeneous linewidth 

of ω∆h  = 30 meV, at 10× Ith the 3-dB modulation bandwidth is only 3.7 GHz at 300 

K, and decreases to 3.0 GHz at 10× Ith for 373 K. At 50× Ith the 3-dB modulation 

bandwidth is 8.5 GHz at 300 K, and decreases to 6.8 GHz at 50× Ith for 373 K. The 

values are consistent with results presented from several groups showing that the 

room temperature modulation bandwidths of undoped QD lasers are only a few 

gigahertz [42-45]. 

 The p-doping improves the modulation response dramatically. For the p-

doped QD laser with an inhomogeneous linewidth of ω∆h  = 30 meV, at optimizing 

cavity length of 400 µm, at 10× Ith the 3-dB modulation bandwidth is predicted to be 
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14.6 GHz at 300 K, and decreases to 10.7 GHz at 373 K. At 50 I× th the 3-dB 

modulation bandwidth is 33.0 GHz at 300 K, and decreases to 24.7 GHz at 10× Ith for 

373 K. If the inhomogeneous linewidth can be reduced to ω∆h  = 10 meV, along with 

p-doping, at optimizing cavity of 100 µm, at 10× Ith the 3-dB modulation bandwidth 

is predicted to be 25.9 GHz at 300 K, which decreases to 17.5 GHz at 373 K. At 

50× Ith the 3-dB modulation bandwidth is 60 GHz at 300 K, and 41 GHz at 50 I× th for 

373 K. These calculations do not consider limitations due to carrier transport and 

capture, and therefore might be overly optimistic. However, recent measurements of 

the carrier capture time in QDs have shown that relaxation times from the wetting 

layer to the ground state can be less than 1 ps [50], so that a very high speed may 

indeed be possible. 

Along with these calculated predictions of modulation bandwidths, we should 

also consider the current densities required to reach these values. The low threshold 

current density of a QD laser suggests that this device can be driven far above 

threshold. Reduced carrier diffusion due to the three-dimensional confinement may 

also be effective in eliminating or reducing any modal dependence on drive current. 

The calculated threshold current densities that consider only radiative recombination 

are very low, with the largest room temperature value of 34 A/cm2 predicted for the 

p-doped laser with ω∆h  = 10 meV and a threshold current of 0.094 mA. The 

threshold current density at 50× Ith is only 1.6 kA/ cm2, a very moderate value in 

comparison to planar quantum well lasers. The experimentally measured value for a 

5-stack InAs QD laser is 5 times greater at 174 A/cm2 [46]. As discussed above, we 

believe the main contributor to this difference is nonradiative recombination caused 

by point defects. Our calculations, therefore, suggest that as the material quality of 

self-organized QDs improves, the device performance can also be substantially 

improved to achieve significant advantages over planar quantum-well lasers. 

 
 
     

 36 



2.4.4 Linewidth Enhancement Factor and Chirp  

Semiconductor lasers with both large modulation bandwidth and low noise 

characteristics is highly desirable in optical communications. Quantum dots (QDs) 

have been proposed as a possible route to achieve large bandwidth with zero chirp. 

However, the small energy separation of the hole energy levels strongly limits the 

differential gain, thus limits the modulation bandwidth to only a few gigahertz at 

room temperature [25]. Also, the Gaussian energy distribution along with several 

existing energy levels will lead to an asymmetric gain spectrum, which will provide a 

nonzero chirp under direct modulation at the peak of the gain spectrum. An important 

parameter to characterize the chirp is the linewidth enhancement factor, or the Henry 

α factor [51]. The magnitude of the linewidth enhancement factor will affect the excess 

linewidth broadening, the modulation-induced frequency chirp, as well as the degree 

of filamentation in high power laser diodes.  

Chirp-free operation could be obtained by reducing the linewidth 

enhancement factor to zero. Unlike a Fabry-Perot laser, the lasing wavelength of a 

distributed-feedback (DFB) laser can be tuned independently of the gain peak, which 

is commonly referred to as detuning. As the α  factor has strong wavelength 

dependence, it can also be tuned with detuning in a DFB laser. In this section we 

study the possibility of using the detuning feature to obtain zero linewidth 

enhancement factor while maintaining high modulation bandwidth using a DFB laser 

based on QD emitters. For a p-type doped QD DFB laser with optimized structure, 

modulation bandwidth of 13.1 GHz with zero α  factor is predicted.  

For the following calculation, we only consider the laser operation at fixed 

temperature of T  = 300 K. This could be realized with a thermal-electrical cooling 

device. Temperature variation operation will introduce a lot of interesting physics due 

to the temperature dependence of both the cavity mode and the bandgap, such that a 

much higher characteristic temperature coefficient could be realized in these QD DFB 

devices. The formulae we use here are similar to those in Section 2.4, however, DFB 
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lasers differ from edge-emitting lasers (essentially FP lasers) such that only single 

mode operation is available, and hence the formulae need to be modified accordingly.  

The inhomogeneous broadening due to QD size variation gives a ground state 

Gaussian lineshape with a full-width at half-maximum (FWHM) of ~ 30 meV, and 

the gain of the DFB lasers at lasing frequency Lω  can be expressed as, 
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where  is the density of QDs, QDn z∆Γ /  is the optical confinement factor normalized 

by the laser’s active thickness,  is the propagation velocity of the lasing field in the 

waveguide, 

gv

spγ  is the spontaneous emission rate, n  is refractive index in the cavity, 

is the speed of light,  is the number of stacks,  and  are the Fermi function 

for the ground state electron and hole level, respectively, 

c stN cf vf

Lω  is the lasing wavelength 

of interest, cvω  is the central transition frequency, Hγ  is the homogeneous broadening 

linewidth, and ω∆  is the inhomogeneous broadening linewidth. 

The α parameter, describing the coupling between the carrier-induced 

variation of the real and imaginary parts of susceptibility can be defined as [52-54], 
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In (2-23), Rχ  and Rχ  are the real and imaginary parts of susceptibility, respectively, 

and )(ωρ is the reduced density of states. Notice that the differential gain appears in 

the denominator in Eq. (2-23). 
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Figure 2-13: Calculated linewidth enhancement factor as a function of photon energy. 

The cavity lengths are optimized to achieve high modulation speed 
while maintaining very low linewidth enhancement factor. Here 0ωh  is 
the ground state central transition energy.  

 
For the emitter characteristics we take values as the same in section 2.4.1. 

Again for the p-doped QDs, 50 built-in holes per QD are considered. Figure 2-13 

shows the calculated linewidth enhancement factor for both doped and undoped QDs 

at T  = 300 K. The optimized cavity length for the undoped QDs is 1.8 mm, and 0.8 

mm for the doped QDs. At the central transition wavelength, the linewidth 

enhancement factor α  is 0.2 for the undoped QDs, and is reduced over three times to 

0.06 for the doped QDs. This is due to the substantially increased differential gain 

with p-type doping, which is appeared in the denominator of Eq. (2-23). These 

predicted values are close to the recent experimental results [9, 53]. We notice that α  

decreases with the increase of the photon energy and changes its sign from positive to 
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negative. This is due to the change in the sign of the numerator from minus to plus in 

Eq. (2-23). This enables us to selectively choose the lasing wavelength to realize zero 

chirp operation. By careful examination of the calculated results, we find that the 

lasing wavelength with zero chirp for p-type doping is not far away from the central 

wavelength, therefore we would expect only minor degradation for the laser 

performance.  

In the above analysis, we did not include the free carrier plasma effect. This 

certainly will increase the linewidth enhancement factor. However, this plasma effect 

can be greatly reduced by the increased differential gain by using lower-dimension 

active materials. For bulk GaAs materials, the contribution of the plasma effect is 

estimated to be around 0.8 [54], and it is reduced to about 0.2 for strained quantum 

wells [55]. Due to the even higher differential gain of the QDs, we would expect only 

minor modification to the linewidth enhancement factor considered above. This 

certainly brings very little impact on the calculations presented here.   

2.5 Summary 

Rate equations are applied to study the operating performance of QD lasers. 

The above calculations show that the QD laser’s potential for high speed modulation 

response at moderate power levels make it an interesting source for fiber optics.  

Added to this is an additional benefit due to the discrete levels and inhomogeneous 

broadening that causes a symmetrical gain spectrum that is relatively insensitive in 

shape to bias current.  These unique features in the gain spectrum result in very low 

chirp in the modulation response.  In the future vision of low cost, small package 

fiber optics, these directly modulated low chirp lasers will compete with higher cost 

schemes that integrate modulators to do the chirp-free modulation.  QD lasers 

therefore offer the possibility of low cost, high speed, high performance with 

temperature insensitive operation at the important fiber wavelengths.  Cost savings in 

the packaging and yield could make such lasers important for fiber to the home and 

other commercial markets.  
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Chapter 3   Microcavity Light Sources 

3.1 Introduction 

It is well known that the spontaneous emission rate is not an intrinsic property 

of an active emitter. It can be controlled by the volume and Q  (loss rate) of the 

optical modes to which it couples. Purcell first pointed out this phenomenon in 1946 

by noting that the spontaneous emission rate of an atom placed inside a cavity can be 

enhanced with one of the cavity modes resonant with the atomic transition under 

consideration [56], while Kleppner first studied the opposite case of inhibited 

spontaneous emission in 1981 [57]. 

According to Fermi’s golden rule, the spontaneous emission probability of an 

active emitter is given by the electronic transition probability from the excited state to 

the ground state times the photon density of states. The introduction of microcavity, 

or the introduction of optical confinement in one or more dimensions, will bring the 

modification of the usual free space mode density of photon states, along with the 

spatial redistribution of the mode density. Therefore, if an emitter is placed in such a 

cavity, both the spontaneous emission rate and the direction of emission will be 

altered. This will have great impact on device performance. Lower threshold current, 

higher quantum efficiency, enhanced modulation bandwidth, and improved 

directionality are expected from these microcavity devices. Great progresses have 

been made in microcavity light emitting diodes (MCLEDs) [58-66] and microcavity 

lasers [67-75]. In this chapter, we study high β microcavity laser and show that the 

modulation bandwidth can be greatly enhanced in these structures with a much 

reduced relaxation oscillation [73]. We also study the device performance of MCLEDs, 

and show that the slope quantum efficiency can be greatly enhanced to over 40 % if 

the inhomogeneous linewidth of QDs can be controlled to be comparable with the 

homogeneous linewidth [64]. 
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3.2 High β Microcavity Laser 

There has been a great deal of interest since ~1990 in creating microcavity 

semiconductor lasers for which the spontaneous coupling to the lasing mode, given 

by β where  from Eq. (2.9) in Chapter 2, might be increased to near 

unity 

∑−=
QDN

l
lQDN

1=

1 ββ

[67-68, 72-73].     This can be done only with small cavities that restrict the number of 

optical modes within the spectral bandwidth of the laser’s active region.  Quantum 

dots are nearly ideal sources for such systems because they are capable of narrow 

spectral emission (which enters Eq. (2.9) in Chapter 2 through either γ H  or the 

inhomogeneous linewidth, or both), and eliminate carrier diffusion that would 

otherwise render a small semiconductor optical cavity useless as an active light 

source. 

An important consequence of increasing β close to unity is the substantial 

increase that can be obtained in the spontaneous emission rate and thus modulation 

bandwidth around threshold. Although the maximum small signal modulation speed 

of a semiconductor laser is limited by the Q  of the optical cavity, this maximum 

modulation speed is rarely reached in today’s lasers.  Instead, the differential gain 

usually limits the laser speed, especially in the near threshold regime of operation.  

Therefore microcavity lasers can potentially offer a significant improvement in the 

modulation response over present semiconductor lasers, and QDs make such systems 

practically viable.   

Different geometry optical cavities, if made with small enough volume and 

sufficiently high Q , can produce a change in the spontaneous emission rate.  A 

VCSEL or Fabry-Perot microcavity is particularly interesting because its Gaussian 

mode easily couples with high efficiency to an optical fiber.  We consider an 

apertured QD VCSEL schematically illustrated in Fig. 3-1 [73], but this could just as 

well be an etched post.  A microdisk or photonic crystal microcavity will have a 

different volume factor, but the analysis proceeds in a similar fashion.  We assume 
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that the Gaussian optical mode has a free space wavelength 0λ , an effective mode 

area of , an effective length of , and a photon loss rate of 2
0wπ Lz ωo / Q .  To maintain 

resonance Lz  must depend on  with 0w )/(1/)()( 2
0

222
00 wnLwL zz π−∞= λ  where  

is the cavity's average refractive index.   

n

 
Figure 3-1:  Schematic illustration of the QD VCSEL showing the important mode    

parameters and emitter distribution. 

The emitters are assumed to have a Gaussian lateral distribution within the 

optical mode with an effective area  and a peak density .  The microcavity 

effect can be maximized when all the emitters are spectrally aligned, which appears 

possible with QDs but something that has not yet been achieved.  However, to 

examine the maximum possible benefit of the microcavity we assume that the QDs 

are identical, and that the emission linewidth is dominated by homogeneous 

broadening.  Although the derivation of the optical confinement factor for this cavity 

follows precisely the same steps as for large cavities, the total spontaneous emission 

rate becomes strongly dependent on the mode volume and the homogeneous 

linewidth.   

2
QDwπ QDn
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The new form of the photon rate equation is  

    
dnL

dt
= −

ωo

Q
nL +

cλ0
2 s0γ sp ,0

n3γHπwo
2Lz

wQD
2 wo

2nQD

wQD
2 + wo

2 [ f0,e(1− f0,h ) +( f0,e − f0,h )nL ].                (3-1) 

where  is the Gaussian width of the QD distribution within the lasing mode, and 

 is the Gaussian width of the optical mode.  When writing the expression for the 

current injection it must be kept in mind that the total spontaneous emission rate may 

change due to the cavity.  For an index-confined Fabry-Perot microcavity (and many 

other index-confined cavities as well) a careful analysis shows that the emission into 

all spatial modes besides the high Q  lasing mode gives rise to an emission rate in 

essence equal to that of a large cavity.  The spontaneous lifetime change comes from 

the enhanced coupling to a preferred mode that gives a spontaneous emission rate into 

this mode alone that equals or exceeds that of all other modes.  To focus on the cavity 

influence alone and simplify the calculations, we neglect the influence of all QD 

levels except the ground state.  Including the emission into all modes except the 

lasing mode and the lasing mode separately, the expression for the injection current 

becomes 
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where now the second term on the right gives the spontaneous emission into all 

modes besides the lasing mode.  The form of (3-2), while approximate, is accurate 

independent of the mode volume.  If the mode volume  becomes small enough, 

the total spontaneous emission rate changes and is dominated by the third term on the 

right in (3-2).  For the case of nearly all the emission coming from the QD ground 

state and 

zo Lw2π

γ H >> ωo /Q , the spontaneous emission rate into the preferred cavity mode 
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doubles the total spontaneous emission rate when the preferred mode’s area becomes 

Hz

o
o L

cw
γ

λ
3

2
2

n4π
=π . 

The threshold characteristics and the modulation response are calculated for a 

range of values of the mode diameter 2  and two different values of wo γ H .  We 

assume that the QD emitters are limited in linewidth only by homogeneous 

broadening, so that the homogeneous full-width at half-maximum energy spread is 

  2hγ H  with   2hγ H  = 6.6 meV or  2hγ H  = 1.3 meV [76].  Although such a small QD 

VCSEL will have low output power due to the small volume, the total output can be 

increased to the milliwatt level of commercial VCSELs using a microarray. We take 

the lasing wavelength as 1.3 µm. 

 

 
Figure 3-2:   Calculated threshold current and current density vs mode size for the QD 

VCSEL. The threshold current vs mode diameter 2  are shown in 
curve (a) for 

0w
=∆E 6.6 meV and (b) =∆E 1.3 meV, and the current 

density vs mode diameter is shown in curve (c) for =∆E 6.6 meV and (d) 
for =∆E 1.3 meV. The other laser parameters held fixed are 

/s, τ11
0 102/ ×=Qω sp,0= 400 ps, nQD = 1.5×1010/cm2, λ0 = 1.3 µm, n = 

3.3, Lz = 0.59 µm, and = 0.5. )/( 22
0

2
QDQD www +
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Fig. 3-2 shows the calculated thresholds for mode diameters ranging from 5 

µm ≥ 2  ≥ 0.6 µm, and for the two different values of wo  2hγ H .  Threshold is taken as 

the pump rate needed to obtain a stimulated emission rate equal to the photon loss 

rate.  Curves (a) and (c) are the threshold current and current density for   2hγ H = 6.6 

meV, and (b) and (d) are for  2hγ H  = 1.3 meV.  For modes with 2  < 2 µm the 

threshold current density increases as the mode size decreases due to the increased 

spontaneous emission rate.  For our parameter values, the mode sizes for which 

wo

2wo =
λo

πn
c

nLzγ H

 are 0.7 µm for  2hγ H = 6.6 meV, and 1.6 µm for   2hγ H = 1.3 meV.  

Curves (c) and (d) show that for mode diameters 2  > 1.5 µm the threshold is less 

for   

wo

2hγ H  = 1.3 meV, but for 2 < 1.5 µm the threshold is less for the larger 

linewidth of   

wo

2hγ H  = 6.6 meV.  The transition occurs because the current density 

required for a fixed population inversion increases as the spontaneous emission rate 

increases.  Since the spontaneous rate enhancement increases as the homogeneous 

linewidth decreases, the threshold for a given population inversion increases.  For 

= 5 µm the calculated threshold current densities are 9.0 A/cm2wo

2
 for   2hγ H  = 1.3 

meV, (c), and 4.7 A/cm
2
 for  2hγ H  = 1.3 meV, (d).  These are close to the 

experimental values for 1.3 µm QD edge-emitting lasers [19].  

Fig. 3-3 shows the calculated small signal modulation responses from Eqs. (3-

1) and (3-2) for different mode diameters at a bias level of twice threshold.  The 

response curves in Fig. 11 are for  = 5 µm, 2 µm, or 0.6 µm.  The homogeneous 

linewidth in (a) is   

2wo

2hγ H  = 6.6 meV, and in (b) it is  2hγ H  = 1.3 meV.  Both the mode 

volume and linewidth impact the VCSEL's modulation response through the cavity 

coupling that is proportional to (γHπwo
2Lz)

−1 .  As 2  is reduced the relaxation 

oscillation peak is reduced in amplitude and the 3 dB bandwidth increases.  

Decreasing the homogeneous linewidth also decreases the relaxation oscillation 

amplitude and increases the 3dB bandwidth.   

wo
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Figure 3-3: Calculated small-signal modulation response for three different mode 

sizes of 2 = 5.0, 2.0, 0.6 µm. (a) shows the responses for 0w =∆E 6.6 
meV and (b) shows the responses for =∆E 1.3 meV. The other laser 
parameters are given in the Fig. 3-2 caption. 

Calculated bias-free pulse responses are shown in Fig. 3-4.  The responses are 

for current pulses of unit step functions 500 psec long with amplitudes of either the 

steady-state transparency current value ( x  = 0.25) or twice the steady-state threshold 

value.  Fig. 3-4 shows calculations are for two different mode sizes with 2  equal to 

either (a) 5 µm or (b) 0.6 µm.  The homogeneous linewidths are held equal at   

wo

2hγ H  = 
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1.3 meV to study only those effects due to mode size changes.  From Fig. 3-4 (a) and 

(b) we see that for current pulses of ~0.7xIth (transparency) the smaller mode size of 

 = 0.6 µm greatly improves the spontaneous pulse response, even allowing multi-

gigabit data transmission.  For current pulses of twice threshold the turn-on delay of 

~250 psec for 2  = 5 µm in (a) is reduced to ~31 psec for 2  = 0.6 µm in (b). 

2wo

wo wo

 

 
Figure 3-4:   Calculated bias-free responses for a 500-ps-long current excitation pulse 

and =∆E 1.3 meV, with the current amplitude equal to either 
transparency or twice the threshold current. (a) shows the responses for 
2 = 5.0 µm and (b) shows the responses for 2 = 0.6 µm. The other 
laser parameters are given in the Fig. 3-2 caption. 

0w 0w
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We note that room temperature spontaneous linewidths for 1.3 µm QDs are 

~30 meV [10], but are expected to be in the 1 to 5 meV range at room temperature 

once inhomogeneous broadening is eliminated [76]. Therefore, the QD parameters 

used in Eqs. (3-1) and (3-2) are realistic values for what may ultimately be achieved 

experimentally.  We have also made the assumption that the optical loss is 

independent of the mode size, although present experiments show that optical loss 

can increase for small VCSEL modes [77-81]. The solution to this optical loss problem 

is somewhat subtle.  Although diffraction loss can ideally be eliminated using index-

confined cylindrical waveguides, in practice this type of microcavity suffers optical 

scattering and electronic losses.  A different approach is to diffractively couple 

apertured microcavities to form a microarray on a two-dimensional photonic lattice.  

Diffraction loss is then controlled through inter-element coupling.   

 

3.3 High Efficiency Microcavity Light Emitting Diodes 

The introduction of microcavity light emitting diodes (MCLEDs) has offered 

the perspective of highly efficient and spectrally narrow light sources other than 

lasers. In contrast to lasers MCLEDs do not suffer from any threshold behavior. In 

comparison with conventional LEDs, MCLEDs offer several advantages such as 

narrow linewidth, improved directionality, and high efficiency, which improve the 

applicability of these MCLEDs devices in optical interconnect systems, display 

systems, and other power budget critical systems.   

Single mirror microcavity light emitting diodes (MCLEDs) were first 

demonstrated in 1990 [58], and followed thereafter by double mirror versions [59- 62].  

An advantage of the MCLED is that the efficiency can be improved through control 

of the optical mode density, which also gives the potential for improving the 

modulation speed.  However, planar MCLEDs operate close to their maximum 

theoretical efficiency set by the mode structure of the planar microcavity, enhanced 

somewhat by photon recycling [63].  Further improvements in MCLED efficiency and 
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speed therefore require reduction in the mode volume to increase the mode coupling.  

This volume reduction can be obtained using various types of microresonators, 

including photonic bandgap defects, apertured or etched-pillar Fabry-Perot 

microcavities, or microdisks.  Electronic confinement is also critical because of the 

need to confine electrons and holes within the small mode volume.  For this purpose 

quantum dots (QDs) are attractive, and have been proposed for microcavity lasers to 

enhance the modulation response based on the Purcell effect [73].  However, as we 

show below, QDs also offer the prospect of high slope efficiency for very low power 

levels based MCLEDs, with cavity Q 's that are much more readily achieved and with 

potentially greater fabrication ease.  The use of QDs has led to clear observations of 

controlled spontaneous lifetimes based on semiconductor microcavities [68-72]. 

In the following we present calculated device characteristics for apertured 

MCLEDs based on quantum dot (QD) emitters, and show that this type of device can 

in principle obtain high efficiency at ultralow power.  We also consider the case for a 

single QD MCLED.  Although our calculations apply to etched-pillar microcavities 
[70], we specifically study an apertured-microcavity designed to obtain a small 

minimum mode volume [71-72, 82].   

The QD MCLEDs may lead to highly efficient light sources for new or 

existing applications.  One application may be for data transmission from a dense 

focal plane array.  Such a system might use spatially dense, low power, and relatively 

low speed optically cross-linked interconnects.  The QD MCLEDs might also be used 

for portable head-set displays, in which the microcavity directivity, low power, and 

high efficiency reduce weight and increase battery lifetime.  By increasing the total 

output power through use of a microarray, these MCLEDs might offer improved 

efficiency and speed over existing fiber-optic LEDs.   
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3.3.1   QD MCLED Design 

The apertured QD MCLED we consider is schematically illustrated in Fig. 3-5.  

In this type of cavity a thin dielectric aperture provides the lateral optical confinement 

and provides current funneling into the small area active region.  Its minimum lateral 

mode size is set by the relative shift in the vertical resonances inside and outside the 

aperture [83-84].  Assuming a Bessel function lowest order mode due to the cylindrical 

symmetry of the cavity, the minimum optical mode size for a given apertured 

microcavity is approximately given by [83]  

 
2
,

2
,

1
n
40.2

czaz

c
kk

w
−

≥ .                                                                                   (3-3)  

 

 
Figure 3-5: Schematic illustration of the oxide apertured QD microcavity light 

emitting diode. One oxide layer has been placed above the QD active 
layer for lateral optical confinement. Two quarter-wave pairs of 
AlxOy/GaAs DBRs are so chosen to match single Ag mirror while obtain 
the wanted cavity Q . The GaAs layer underneath QD active layer is half 
λ .  
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In (3-3), the optical mode is assumed to be the lowest Bessel function, w  is the mode 

radius,  is the average refractive index in the cavity, 

c

n kz,a  is the (free-space) vertical 

resonant wavevector component in the region containing the aperture, and kz,c  is the 

(free-space) vertical resonant wavevector component in the cavity region inside the 

aperture.  Given apertures of the same thickness, the largest resonance difference 

occurs for a cavity with the shortest effective length.  This type of microcavity has the 

advantage of providing high efficiency by choosing the bottom mirror reflectivity 

(AlxOy/GaAs shown in Fig. 3-5) for high output coupling. 

 

 
Figure 3-6: Calculated reflectivity versus wavelength for single Ag mirror QD 

MCLED either without (solid curve) or with (dashed curve) the oxide 
layer.  
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Figure 3-6 shows reflectivity curves calculated for normally incident plane 

wave modes impinging on either the oxidized or unoxidized regions of the 

microcavity when the structure uses a Ag upper mirror, a selectively oxidized AlxOy 

/GaAs lower mirror, and an aperture formed by a combination of an etch step on the 

crystal surface and a thin oxidized region.  The calculated resonances shown in Fig. 

3-6 correspond to  = 5.676x10azk ,
6
 /m and  = 4.833x10czk ,

6
 /m. Taking n  = 3.0 and 

inserting the values in Eqn. (3-3) predicts that a minimum optical mode size of  = 

0.27 µm can be achieved with this cavity design.  The upper Ag and lower 2-pair 

Al

cw

xOy/GaAs mirror reflectivities are 99% and 52% respectively, and the calculated Q  

of a plane wave mode in the planar microcavity without the aperture is ~ 480.  The 

low  is an advantage for fabrication tolerance, and below we show that even this 

moderate  value is sufficient to give high efficiency based on this microcavity 

design for reasonable spectral widths from a QD ensemble.   

Q

Q

Below we use estimated values from experiments for 1.3 µm wavelength QD 

emitters fabricated into the microcavity illustrated in Fig. 3-5.  To simplify the 

calculations we assume that the optical mode has a lateral Gaussian profile with a free 

space wavelength oλ , an effective mode area of πwc
2, an effective length of Lz , and a 

photon loss rate of ωc / Q  where oc c λω /2π=  and  is the speed of light in free 

space.  The precise value of Q  can be designed using the lower mirror layer 

thicknesses, but only easily achieved Q  values are considered below.  If the mode 

area (aperture) is large the device in essence becomes the planar MCLED 

demonstrated previously using a planar quantum well, with a maximum efficiency in 

the absence of photon recycling estimated to be ~16% 

c

[62].  Decreasing the mode 

diameter increases the differential slope efficiency through enhanced spontaneous 

emission into the apertured mode (in essence the Purcell effect [56]), as long as carriers 

are also confined to the mode. 
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Figure 3-7:  Schematic illustration of the assumed QD energy spectrum and the level 

degeneracies. 

Experimental results show that even 1.3 µm QDs that have deep confinement 

potentials attain quasi-equilibrium in the ensemble at room temperature [16], and we 

make this approximation below.  A simple way to include the QDs' electronic 

structure is through the assumption that the QD lateral confining potential is parabolic, 

which as shown elsewhere also provides good agreement with experiment.  Since the 

lateral QD dimension typically exceeds its height, the 2-dimensional parabolic 

confinement establishes the relevant QD electronic structure, with multiple confined 

energy levels having known degeneracies [16] as shown in Fig. 3-7.  Each QD of the 

ensemble has a homogeneous linewidth, and size variation between the QDs results in 

inhomogeneous broadening.  We assume that a voltage V  applied to the MCLED 

gives rise to a quasi-Fermi level separation in the QD ensemble, therefore a steady-

state recombination current Io  is set by the total spontaneous and stimulated emission 

(and/or absorption) rates of the ensemble.  Although we include the effects of 
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absorption and stimulated emission, they have a negligible effect on the light versus 

current characteristics for our low Q  values. 

For a collection of 2-level emitters for which the upper level population is 

given by  and the lower level by lN ,2 N1,l , where l  designates each QD ground state 

level, a rate equation for the upper level decay can be written as  
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where  gives the position dependent coupling to the optical mode shown in Fig. 3-

6, 

lΩ

dγ  is the homogeneous linewidth, n  is the photon number in the aperture mode, 

and osp,τ  is the spontaneous lifetime for unity electron and hole occupations in the 

absence of the cavity.  The cavity coupling term contains the dipole moment of the 

QD, which can also be placed in terms of osp,τ , but also includes the mode volume.  

This cavity coupling term  contains the Purcell effect.  The first term lΩ osplN ,,2 /τ  in 

the summation on the right in (3-4) accounts for spontaneous emission into all modes 

other than the lowest order aperture modes, which is approximately the same as the 

cavity free spontaneous emission rate.  Equation (3-4) can be generalized for a 

collection of discrete modes and a quasi-equilibrium voltage drive.  Averaging over 

the emitter positions and assuming the emitters are excited in a Gaussian distribution, 

and assuming a continuous frequency distribution for the inhomogeneous broadening, 

gives the steady state current in terms of the spontaneous and stimulated emission 

rates as  
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where m  is used to label each radiatively coupled level,  is the peak QD density 

(per unit area) with Gaussian radius , 

QDn

QDw Ω  is the averaged coupling to either of the 

two lowest order, orthogonally polarized aperture modes, q  is the electronic charge, 

  ωc  is the mode resonance, lω  is the QD lowest energy transition resonance, ω∆  is 

the inhomogeneous linewidth, kT  is the thermal energy,  hωo  is the energy separation 

between QD energy radiative transitions, and Qc /ω  is the mode loss rate.  For 

simplicity we assume that the electron and hole masses are equal, and so that the 

probability that a radiative transition labeled m  with energy  hω l + mhωo  is occupied 

by both an electron and a hole is simply 
 

1
e(hω l +mhω o −qV ) /(2KT ) +1

⎡ 
⎣ 

.  The aperture 

mode coupling depends on the mode volume, the cavity refractive index, the speed of 

light in free space, and the emission wavelength, and is given by 

⎤ 
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Both the cavity length, L , and the mode Q  must depend on the lateral mode size in 

order to maintain resonance with reducing w , with 
z

c

)/(1/)()( 2222
cozcz wnLwL π−∞= λ  and )(/)()()( ∞∞= zczc LwLQwQ  as long as 
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diffraction loss is negligible.  The second term on the right in (3-5) gives that portion 

of the current that leads to light emission from the two lowest order aperture modes.  

By considering upper electron levels that have radiative transitions as well, 

our calculations also include saturation of the output power due to saturation of the 

ground state population.  As upper electron and lower hole energy levels become 

excited, a greater fraction of output light is radiated into modes other than those 

established by the aperture.  Although the maximum output power from the QD 

MCLED (for reasonable currents) will then depend on temperature, the QD energy 

level separations are large enough that this is not yet too important at room 

temperature. 

We also consider the case of a single QD in the cavity, so that only 

homogeneous broadening exists.  The single QD case is obtained from (3-5) by 

letting  = 1, , and QDQDnw2π 0→QDw )(
2/
/)2ln( ])2//())(2[ln( 22

cl
cle ωωδ

ω
ωωω −→

∆
π ∆−−  for 

a resonant cavity.  We assume that the single QD has two degenerate ground state 

levels, so that the relationship between the steady state current and voltage for the 

single QD microcavity is given by 
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3.3.2   Calculated Results of QD Ensemble MCLED 

For the emitter characteristics we take values consistent with those measured 

experimentally for 1.3 µm QDs.  These QDs have a density of  = 1.5x1010 cm-2 

and 

QDn

osp,/1 τ  = 2.5x109 sec-1 [50].  Figure 3-8 shows calculated slope efficiencies versus 
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mode diameter for an ensemble excited in an effective area of .  The slope 

efficiencies are calculated for three different values of inhomogeneous linewidths of 

cQD ww =

ω∆h  = 30 meV,   h∆ω  = 10 meV, and  h∆ω  = 0 meV.  For each case the 

homogeneous linewidth is assumed to be dγ2  = 5x10
12

 sec-1, or dγh2  = 6.6 meV.  

This homogeneous linewidth is a reasonable estimate of what may be expected from 

QDs at room temperature for moderately low carrier densities.  Note that the Q s are 

changed for the different linewidths to give a maximum efficiency.  However, even 

the highest Q of 483 can still be considered moderate as compared to that required for 

vertical-cavity surface-emitting lasers [73].  Therefore the MCLED requirements for 

high efficiency are not too stringent, except in obtaining the small optical mode. 

 

 
Figure 3-8: Calculated slope efficiency versus mode diameters for QD ensemble 

MCLEDs with ω∆h  = 30 meV, ω∆h  = 10 meV, and ω∆h  = 0 meV. 
The dashed line represents the minimum mode diameter that we 
approximate from Eqn. 3-3. 
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The dashed line in Fig. 3-8 shows the estimated minimum mode size 2  = 

0.54 µm for the cavity structure of Fig. 3-5.  The maximum efficiencies for the 

estimated minimum mode size (for 

wc

dγh2  = 6.6 meV) are ~ 25% for   h∆ω  = 30 meV, 

~ 42% for   h∆ω  = 10 meV, and ~ 64% for  h∆ω  = 0 meV. The slope efficiency of ~ 

25% for   h∆ω  = 30 meV is in good agreement with the experimental results of the 

QD MCLEDs demonstrated in our lab [66]. In Fig. 3-8 we also note that the slope 

efficiency are somewhat less than if the mode diameter can be reduced to ~ 0.3 µm 

diameter.  We note that for λo  = 1.3 µm the wavelength inside the semiconductor 

crystal is ~ 0.4 µm.  Therefore the 0.3 µm diameter is the minimum that can be 

obtained for the Gaussian mode while maintaining resonance, and for smaller 

diameters the cavity length must be significantly increased and increases the mode 

volume.  As for the inhomogeneous broadening levels,  h∆ω  = 30 meV has been 

reported for 1.3 µm QDs [16], and in other works inhomogeneous linewidths as narrow 

as ~ 21 meV have been experimentally measured [85].  It seems reasonable to expect 

that with further research   h∆ω  ≤ 10 meV may be achieved. 

Figure 3-9 shows the calculated output powers versus injection current for 

three different mode diameters of  = 5 µm, 1.0 µm, or 0.6 µm. The 

inhomogeneous linewidth is 
  2wc

 h∆ω  = 10 meV.  Higher energy radiative transitions are 

excited as the applied voltage is increased and the quasi-Fermi energies for electrons 

and holes are more widely separated.  Since output coupling is considered for only 

the lowest order aperture modes, excitation of the higher energy levels results in 

spontaneous emission into directions other than that for the apertured modes.  The 

saturated powers for each aperture size is approximately the same and is ~ 40 nW.  

However, this saturated power level is reached at much different current values for 

the different aperture sizes.  For the smallest aperture of  = 0.6 µm the light 

output saturates above ~ 250 nA, and above ~ 500 nA for  = 1 µm.  For the 

largest aperture of      = 5 µm the light output saturates at ~ 10 µA. 

  2wc

  2wc

2wc
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Figure 3-9:  Output power versus current for the QD ensemble MCLED for 0.6 µm, 1 
µm, and 5 µm mode diameters, and ω∆h  = 10 meV. Due to their higher 
efficiencies and higher spontaneous emission rates, the saturated output 
powers for the smaller apertures are approximately the same as for the 5 
µm aperture.  

When the aperture is small, the change in slope efficiency due to the reduction 

of aperture size is set approximately by the change in the spontaneous emission rate.  

The averaged spontaneous emission rate is given approximately in terms of the 

differential slope efficiency by 

 
ospcavsp ,,

1
1

11
τητ −

≈ .                                                                                       (3-8) 

where cavsp,τ  is the averaged spontaneous lifetime shortened by the cavity.  We expect 

that the modulation response of the MCLED will be set mainly by τsp, cav .  The slope 

efficiencies for the estimated minimum mode size of  = 0.54 µm (Fig. 3-8) 

correspond to increases in bandwidth of a factor of ~ 1.3 for 
  2wc

 h∆ω  = 30 meV, ~ 1.7 

for   h∆ω  = 10 meV, and ~ 2.7 for ω∆h  = 0 meV  (for dγh2  = 6.6 meV in each case).  

These increases can move the MCLED into gigabit modulation rates.    
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3.3.3   Calculated Results of Single QD MCLED 

The characteristics of a MCLED based on a single quantum dot in a cavity has 

also been calculated.  Figure 3-10 shows the calculated slope efficiencies versus 

mode diameter for spontaneous linewidths of dγh2  = 1 meV, dγh2  = 5 meV, and 

dγh2  = 10 meV for a single QD in an  apertured  microcavity.  As for   the   ensemble, 

the microcavity Q  needed to approximately reach the maximum efficiency is 

moderate for each of the linewidths, and the dashed line shows the estimated 

minimum mode size of  = 0.54 µm for the cavity structure of Fig. 3-5.  The 

maximum efficiency for the estimated minimum mode size is  ~ 94% for 

cw2

dγh2  =1 

meV and  = 1450, ~ 79%  for Q dγh2  = 5 meV and Q = 483, and ~ 66% for  dγh2  = 

 

 
Figure 3-10: Calculated slope efficiency versus aperture size for single QD MCLEDs 

with ω∆h  = 10 meV, ω∆h  = 5 meV, and ω∆h  = 1 meV.  
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Figure 3-11: Output power versus current for four different values of the mode 

diameter and dγh  = 5 meV. The maximum output powers increase as 
the mode size decreases due to greatly increased coupling to the aperture 
modes and increased spontaneous emission rate.   

10 meV and Q  = 290.  Also as with the ensemble, these values are somewhat less 

than if the mode diameter can be reduced to ~ 0.3 µm diameter.  However, the actual 

maximum efficiency should be calculated with Bessel function solutions for the 

optical mode for greater accuracy.   

Figure 3-11 shows the calculated output powers versus injection current for 

four different mode diameters of  = 5 µm, 1.0 µm, 0.6 µm, or 0.3 µm. The 

homogeneous linewidth is       

  2wc

2hγ d  = 5 meV and the cavity Q  is 483.  The saturated 

output powers for different mode sizes are 9.7 nW for currents greater than ~ 15 nA 

for      = 0.3 µm, 3 nW for currents greater than ~ 4.9 nA for  = 0.6 µm, 1 nW 

for currents greater than ~ 2.4 nA, and 0.04 nW for currents greater than ~ 1.1 nA and 

 = 5 µm.  The saturated powers are quite small, but as with the QD ensemble it 

2wc   2wc

    2wc

 62 



could in principle be increased using microarrays.  The technological challenge for an 

efficient microarray would be greater though, given the need for proper QD 

placement and resonance tuning. 

 

3.4 Summary 

Controlling the spontaneous radiation of light emitters is an area of great 

importance. By tailoring the mode density of states and also the spatial redistribution 

of the mode density, microcavity provides a means to enhance the spontaneous 

emission rate.  Quantum dots are useful to obtain the necessary electronic 

confinement to very small apertures and can provide a short spontaneous lifetime. By 

incorporating QDs with microcavity, we show that the modulation response of 

VCSELs can be greatly improved by scaling the optical-mode size to small 

dimensions. Spontaneous pulse response can also be greatly improved, even allowing 

multigigabit data transmission. We also show that high efficiency can be obtained at 

very low power using a QD MCLED.  For single quantum dot with moderate cavity 

loss rate and dephasing rate, slope efficiency is well around 80% for small sized 

apertured microcavity. For quantum dot ensemble, the slope efficiency is around 40% 

for inhomogeneous linewidth of 10 meV. If inhomogeneous broadening is eliminated, 

the calculated slope efficiency can be above 60% at room temperature for a 

homogeneous linewidth of 6.6 meV. 
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Chapter 4   Summary 

 
 Quantum dots are semiconductor nanostructures that act as artificial atoms by 

confining electrons and holes in three-dimensions. Due to the three dimensional 

confinement of the carriers in QDs with dimensions comparable to the de Broglie 

wavelength, the density of states becomes atom-like delta function, which is 

dramatically different from that of bulk materials or quantum wells. The fundamental 

advantages of QD lasers include ultra-low threshold current, temperature-insensitive 

operation, high material gain and differential gain, chirp-free operation, and larger 

tuning range of lasing wavelength. Since the advent of self-assembled quantum dots 

grown via molecular beam epitaxy (MBE) and metal organic chemical vapor 

deposition (MOCVD) in the early 1990s, rapid advances have been made in QD 

lasers.  

Self-organized QDs sit “on top of” a wetting layer, so that the QDs’ zero-

dimensional levels are electronically coupled to the wetting layer’s 2-D density of 

levels. A theoretical model is presented that is capable of describing both 

nonequilibrium carrier distributions in the QD zero-dimensional levels at low 

temperature, as well as quasiequilibrium distribution for higher temperature operation.  

Due to the larger thermalization rate out of higher energy QDs of the ensemble, 

rearrangement of the carrier distribution could occur, which produces asymmetric 

gain spectrum, and leads to the novel behavior that the threshold current density can 

in fact decrease with increasing temperature for a QD laser, and thus show a negative 

characteristic   temperature   coefficient. The narrowing of the full-wdith half-

maximum (FWHM) of the spontaneous emission spectrum could occur due to this 

gain spectrum narrowing.  

At room temperature the carrier transport is so fast that the most important 

characteristics of QD lasers can be analyzed using quasi-equilibrium solutions to the 

rate equations.  While an ideal QD laser is based on the assumption that only the 
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ground-state electron and ground-state hole levels are occupied, the closely spaced 

hole levels result in a thermal smearing of the hole population among many hole 

states. This thermal smearing results in a large fraction of injected holes that do not 

occupy the QDs’ ground states, so that injected carriers can be wasted by not 

optically coupling to the lasing mode. P-doping is proposed to build in excess holes 

and overcome the thermal effect of the close hole spacings. High characteristic 

temperature coefficient is predicted for these p-doped QD lasers. Large modulation 

bandwidth with zero or negative chirp is also predicted. 

According to Fermi’s golden rule, the spontaneous emission probability of an 

active emitter is given by the electronic transition probability from the excited state to 

the ground state times the photon density of states. Therefore, by tailoring the 

surrounding environment of an active emitter, both the spontaneous emission rate and 

the direction of emission will be altered. This will have great impact on device 

performance. We study a QD VCSEL with very small mode volume, and show that 

the modulation bandwidth has a strong dependence on the mode volume. The pulse 

response is also strongly mode volume sensitive, and at small mode volume the 

relaxation oscillation is greatly suppressed, even allowing multi-gigabit data 

transmission.  

In planar microcavity LEDs enhanced efficiency and narrower spectral 

linewidth are achieved through the Purcell effect. Quantum dots are useful to obtain 

the necessary electronic confinement to very small apertures and can provide a short 

spontaneous lifetime. To fully take advantage of the enhanced mode coupling 

provided by the microcavity, it is important to electronically confine the carriers to 

small optical mode volume, which can be achieved in apertured QD-MCLEDs. We 

study the performance of an apertured QD MCLED, and find that very high 

efficiency apertured QD-MCLED can be achieved with small mode volume and 

narrow QD inhomogeneous linewidth, while only a moderate cavity quality factor is 

needed. 
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