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Chapter 1 

Introduction 

Artificial fabrication of semiconductor nanostructures has been inciting novel interest 

m physics and providing a valuable application. Its beginning was a proposal about 

superl a tticc and quantum wells in 1970 [1], which broke new ground in the concept of 

nanostructure creation and attracted a great deal of attention because of its potential in 

designing the band structure of semiconductors. Development of thin-film growth techniques 

using molecular beam epitaxy (MBE) and metalorganic vapor phase epitaxy (MOVPE) has 

enabled growth of nanometer-thick semiconductor layers, and electrical and optical properties 

of carriers in two-dimensional systems have been experimentally investigated L2, 3]. With 

two-dimensional nanostructures, new electronic and optical devices have been invented, such 

as the high-electron mobility transistor (HEMT) [4] and quantum well lasers [5, 6J . By the 

mid-1990s, the main properties of quantum wells and superlattices were rather well 

understood, and the interest of researchers shifted toward structures that are further reduced 

dimensionally -- quantum wires and quantum dots. 

Reducing the remaining two-dimensional extension of quantum wells to the nanoscale 

leads to carrier localization in all three dimensions and a breakdown of the classical band 

structure model of a continuous dispersion of energy as a function of momentum. The 

resulting energy level structure is discrete, like in an atom. Quantum dots enable laboratory 

studies of textbook quantum structures at the extreme limit of the zero dimension, and also, 

the unusual behavior seen there appears to be translatable into novel device concepts [7, 8-j. 

Thus, this field is exciting to quantull_l theorists, spectroscopic experimentalists, and 

electronic and optoelectronic device researchers alike. 

One of the most attractive concepts for a quantum dot device is quantum dot lasers [9, 

1 0]. The predicted advantages of these lasers are ultra-low electric power consumption, 

stability against temperature variations, and high-speed and high-efficiency operation. In the 



ideal quantum dot laser (i.e., a dot ensemble has an identical state density and infinite barriers 

for carrier confinement), all injected carriers contribute to swift lasing and the threshold 

· · · · 1 · t m of quantum dots current is mscnsttivc to temperature. The very narrow matcna gam spec ru 

· · · · h · · · · s expected to be more than one order causes a lngh differential gam, and t c maximum gam I 

higher than that for higher-dimensional systems. These distinct effects of low dimensionality 

· · • · 1 · d f the theoretical research on lasing properties have motivated extensive expenmcnta an ur r 

on quantum dots. 

s1 nee the 1980s, considerable effort has been devoted to the realization of 

semiconductor microstructures that provide carrier confinement in all three directions and 

behave as electronic quantum dots. The first realization of quantum dots were nano-sizcd 

semiconductor inclusions (e.g., CdSe) in glass [11], which have been commercially available 

as color filters for decades and were used to investigate physics in the zero dimension. The 

size of these molecules can be controlled during growth, and their shape is nearly spherical. 

Colloidal techniques have been perfected mostly for ionic II-VI systems (CdS, CdSc) and 

more recently for Ill-Y semiconductors (lnP, GaP, lnAs) [12- 141. An electrically isolating 

matrix, however, prohibits electric injection and use in electronic and optoelectronic device . 

To eliminate the problem, many alternative semiconductor nanofabrication approaches have 

been developed based on thin-layer epitaxial techniques, such as sclccti\·e intermixing of 

quantum wells, the use of strcssors, controlled coarsening during epitaxial growth, and 

nuctuation. of quantum well thickness [ 15- 171. 

By the end of the 1980s, the fabrication of quantum dots by patterning quantum wells 

was the most common method in the field. Patterning attracts much attention because the 

lateral shape, size and arrangement of dots can be controlled within the resolution of the 

particular lithographic technique used and a variety of processing techniques , like dry and wet 

etchtng, that arc continuously improving at a researcher's disposal. The I i thographic 

techniques comprise optical lithography and holography, X-ray lithography, electron and 

focused ion beam lithography, and scanning tunneling microscopy [18- '21]. The techniques , 

however, still continue to suffer from low uniformity in dot size, poor interface quality, and 

low numerical density. High uniformity is required to achic\'e an identical state density in a 

dot ensemble. High quantum cflicicncy and high density arc required to obtain a large optical 

gain. Quantum dot lasers using artificial nanofabtication techniques, therefore, have difficulty 

achieving room-temperature operation 1221 . 

A breakthrough occurred at the begmning of the 1990s. Through the employment of a 

sclf-asscm bling mechanism during epitaxy of lattice-mismatched materials, high-dcnsi ty 

quantum dots were created, and they exhibited excellent optical properties, particularly high 

quantum efficiency, up to room temperature. The mechanism is also called self-organization 

or self-formation. Both thermodynamic and kinetic ordering together create unique three­

dimensional patterns of islands within a matrix for many different material system. The most 

popular self-assembling process is the Stranski-Krastanov (SK) mode, which produces 

growth islands accompanied by a thin wetting layer to release the strain energy accumulated 

by a large lattice mismatch. The SK growth technique has been successfully applied to Si 

l23j, SiGc [24], InAs [25, 26], InGaAs [27- 30], InP [31], GaSb (32], lnSb [33], CdSe f34], 

and GaN [35]. 

The impact is that self-assembled quantum dots is one ultimate production of lattice­

Imsmatchcd heteroepitaxy. Lattice-mismatched II I-V semiconductor heterosystcms are 

indispensable in present and future semiconductor device technology. Strained InGaAsP/InP 

quantum wells are now used as active layers in semiconductor lasers for fiber-optic 

telecommunication system. GaN structures used for light emitting diodes (LEOs) and visible 

lasers in the blue spectrum region are grown on sapphire or SiC substrates under highly 

mismatched conditions. Therefore, self-assembled semiconductor nanocrystals are 

compatible with present optoelectronic device technology. 

The purpose of this thesis is to ( 1) present a unique growth technique of elf­

assembled quantum dots emitting at 1.3 JAm, (2) describe basic optical characterization of 

carriers in the zero dimensional structure, and (3) demonstrate a successful application of 

quantum dots in semiconductor lasers. At the beginning of work on this thesis, self-assembled 

quantum dot structures had not yet been discovered. Up to now, lasing performances of 

devices with self-assembled quantum dots have been advancing close to that of quantum well 

lasers. The author has contributed to several significant progresses in this field. During a 

study on the effect of lattice mismatches on InGaAsP nanostructures, the author developed a 

unique growth method to obtain self-assembled InGaAs/GaAs dots. The emission wavelength 

of the dots covers the application wavelength of 1.3 and 1.5 JAin, which cannot be obtained by 

ordinary InGaAs/GaAs SK dots. The uniformity of the developed dots is higher than that of 

SK dots . Discrete higher-ordered sublevels were first observed by optical diagnostics in 

highly uniform self-assembled dots . The author experimentally investigated the phonon 
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bottleneck effect, which i the slowdown of carrier relaxation rates among discrete sublevels 

in quantum dots due to a lack of phonons to satisfy the energy conservation rule. With a new 

model to dec cribc the earner relaxation process among dot sublevels, carrier relaxation rates 

were analyzed quantitatively . The author enabled operation of a quantum dot laser with a 

milt-ampere-order threshold current, and achieved the first 1.3-~m continuous wave (CW) 

quantum dot lasing at room temperature. 

This thesis is organized as follows: 

Chapter ::?. describes the effect of lattice mismatches on nano-scalc lnGaA P 

semiconductor structures. First, the author discusses how a lattice mismatch induced by 

intcrditTu ion affects the interface of InGaAsP/InP quantum wells. Then, the structural 

stability of strained InGaAs/lnP quantum wells is investigated: dynamics of tress relaxation 

during growth arc analyzed as functions of time, temperature, and magnitude of lattice 

distortions. Finally, the discovery of self-assembled InGaAs/GaAs quantum dots during a 

trial to grow highly lattice-mismatched quantum wells is briefly described. One of the most 

strikmg properttcs of the dots is their 1.3-,um emission. 

Chapter 3 is focused on the growth of the 1.3-,um-emission dots described in Chapter::?.. 

The dots were grown using an alternate §Upply of source materials in MOVPE, and named 

ALS dols. A basic characterization of ALS dots is presented here. In particular, how the dots 

vary with an alternate supply cycle, growth temperature, and composition of buffer layers on 

which the dots arc grown is illustrated. Finally, the author describes the finding that the 

temperature sensitivity of intcrband emission energy was suppressed significantly by an 

InGaA overgrowth on the self-assembled dots. 

Chapter 4 deals with optical characterization of self-assembled quantum dots. Here, 

the first observation of discrete energy levels in self-assembled dots is presented using macro­

and micro-photoluminescence measurements. Advantages of ALS dots compared with those 

of SK dots arc discussed in addition to long-wavelength emissions and high uniformity. The 

controllability of quantum confinement in ALS dot is demonstrated using magnet-optical 

diagnostic techniques, and ALS dots are shown to have high radiative efficiency. 

In Chapter 5, carrier dynamics in self-assembled quantum dots are demonstrated. The 

author here proposes a model to describe the process of carrier relaxation in quantum dot 

system having multiple sublcYcls. ALS dots have a high crystal quality, featuring narrow 

spectrum broadening and high quantum efficiency, that enables pursuit of the so-called 

4 

phonon bottleneck problem. Electroluminescence and time-resolved photoluminescence data 

arc analyzed to provide a quantitative discussion. Experiments on annealed samples are also 

explained to demonstrate the effect of retarded carrier relaxation in ALS dots on emission 

spectra. 

In Chapter 6, the high performance of quantum dot lasers fabricated with elf­

assembled dots is described. Mili-ampere-order threshold current operation of quantum dot 

lasers with the CW condition was attained at room temperature by improving the uniformity, 

density, and emission efficiency of quantum dots. A key point was the transfer of the growth 

technique of ALS dots to SK-dot growth by MBE. The first 1.3-~m CW lasing of quantum 

dots at room temperature is also described. Details on the laser performance arc discussed to 

show the future prospects of quantum dot lasers. 

Finally, the conclusions of the work are presented in Chapter 7. 
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Chapter 2 

Effect of lattice mismatch on InGaAsP nanostructures 

2-1 Introduction 

Lattice mismatch to substrates greatly affects the crystallographic characteristics of 

nano-scale semiconductor structures. The subject of this chapter is the effect on three types of 

nanostructures : lattice-matched InGaAsP/InP quantum wells (2-2), strained InGaAs/InP 

quantum well s (2-3) , and self-assembled InGaAs/GaAs quantum dots (2-4). 

Even in the lattice-matched quantum wells, lattice mismatch is introduced during 

interdiffusi on. The author found that the composition at the quantum-well interface i ' 

discontinuous even after interdiffusion when strain energy is introduced. The author proposes 

a novel formula to describe the intcrdiflusion profile of quantum wells , and analyze the 

mterdifl'u, ion process in lnxGal -xAsyPl -y and AlxGal -xAs quantum wells. The mechanism of 

mtcrdiffus10n is also discussed. 

1 n strained epitaxial layers, a dislocation glides when the strain is over the elastic 

limit. The dislocation multiplication dynamics are functions of the time, temperature, and 

magnitude of a lattice mismatch. The author investigated the glide process in lnxGal-xAs/InP 

quantum wells based on an empirical model. Dislocation multiplication was found to start 

when the layer thickness is much thinner than the commonly believed critical thickness, and 

the stress rcla\.alion process in the growth of strained quantum wells is calculated with 

experimentally obtained parameters. 

A self-assembly of three-dimensional structure occurs on the growth surface if a 

lattice mismatch is much larger than the crystal elastic limit of a monolayer structure. In 

1994, the author discovered a way to grow 1.3 -,um-emission self-assembled quantum dots 

during a trial to grow 1.3-,um-emitting highly-strained lno.sGU(J_sAs/GaAs quantum wells, 

8 

ustng the atomic layer epitaxy (ALE) technique. The discovery is briefly dcsc ri bed in thi s 

chapter, and details of the growth are presented in Chapter 3 . 

2-2 Interdiffusion in lattice-mismatched lnGaAsP/InP quantum wells 

The interdiffusion process in nanostructures of III- V compound semiconductors 

cannot be directly measured due to the small size, although i nterdiffusion is a significant 

phenomenon in electronic and optoelectronic device applications . The profiles of quantum 

wells after interdiffusion are not necessarily the same as those measured directly in wide 

hctcrostructures . Since quantum well layers arc thin , interdiffusion penetrates alternate barrier 

layers, \vhich complicates interdiffusion profiles . In addition, interdiffusion causes latlice 

strain in III- V compound semiconductors, and the lattice strain, in turn, affects the 

interditlusion process. Lattice strain in heterostructure layers wider than the critical thickne s 

generates dislocations and defecl~. 

The interdiffusion in GaAs/AlGaAs quantum wells has been extensively examined 

because of its importance in practical applications and the simplicity of the analysis. Group­

III atoms are the only possible interdiffusion species, and no lattice distortion occurs due to 

the mterdiffusion. The interdiffusion in GaAs/AIGaAs quantum wells is known to begin 

above 800°C, and GaAs/AIGaAs quantum wells arc thermally stabler than InGaAs/InP 

quantum wells. The effect of implanting active impurities l1-7J and lattice defects l8-1ll on 

interdiffusion has been examined using tran mission electron microscopy and by measuring 

quantum energy shifts. The interdi ff used compositional profiles of these materials were first 

reported by Chang and Koma [12] for 150-nm-wide GaAs/AIAs double heterostructures 

measured by Auger electron spectroscopy (Fig. 2-1 ). The profiles were error-functional and 

symmetrical. The calculations include two assumptions: 1) the intcrdiffusion coefficient is 

constant in both the GaAs and AlAs layers, and 2) the interface is smooth. Considering that 

the strain in interdiffused AlGaAs layers is negligible, several other researchers used Chang's 

profiles to explain how quantum energy shifts in GaAs/AIGaAs quantum wells relate to 

interdiffusion [ 11, 13, 14]. These researchers did not, however, directly examine or further 

confirm the interdiffusion profiles or the quantum wells. 

After GaAs/AlGaAs quantum wells, the next most studied structure is InGaAsP/InP 

9 
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Figure 2-1 Interdiffusion profile in GaAs/AlAs systems measured by Chang and Koma using 
Auger electron spectroscopy [12]. Dashed lines indicate the initial AI composition, x's show 
the data after 14 hours of annealing, and solid lines indicates the AI composition calculated 
using the simple error function. 
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Figure 2-2 Schematic of our model. The author solved diffusion equations as a three-body 
system. Three conditions were imposed in solving the diffusion equations: 

1) the interdiffu.ion coefficients differ depending on the structural region, 
2) the composition of diffused species is discontinuous at the interface, 
3) diffusion from one barrier layer penetrates to the next barrier layer. 
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quantum wells, which arc the main components of 1-]-lm-rcgi n optoelectronic de\'ices. This 

system has two possible interdiffusion species, group-III atoms and group-V atoms. The 

interdiffusion of group-III atoms and that of group-V atoms must be considered separately 

ince the atoms do not mix because of their polarities. Group- V atoms reportedly interdiffuse 

more easily than group-III atoms [15]. Arsenic and phosphorus atoms begin to intcrdiffuse at 

about 500°C [ 161 . The effect of impurities and defects on intcrdiffu ion propertie has been 

examined [17-23J, but the intcrdiffusion profile in InGaAsP/InP quantum wells is not yet well 

understood. The interdiffusion profile cannot be estimated by direct observation of wide 

heterostructures smce the lattice constant of InGaAsP materials depends on the composition, 

and the induced lattice strain affects the interdiffusion process. Some researchers have 

pointed out the difference between the interdiffusion profiles of Ino.s3Gao.47As/InP quantum 

wells and those of GaAs/AIGaAs systems using indirect methods. Nakashima et al. [15] used 

X-ray analysis and the Fleming model [24] to show that arsenic composition in an 

lno.s3Gao.47As well layer decreases uniformly and that interdiffused arsenic atom 

accumulate near the interface on the InP barrier layer side. Fujii et at. [16] reported that a 

large compositional discontinuity of group- V atoms must be at the interface, even after 

intcrdiffusion , by roughly estimating the dependence of quantum energy shifts on well-layer 

width. 

The purpose of this section is to present the interdi [fusion process in III- V compound 

quantum well and quantum dots. The author first shows a formula that comprehensively 

describes interdiffusion profiles in quantum wells, and then evaluates the intcrdiffusion 

process of group- V atoms in lattice-matched InGaAsP/InP and that of group-III atoms in 

GaAs/AIGaAs quantum wells using that formula [25, 26]. The formula was derived by 

analytically solving diffusion equations for a stacked three-layer system, taking into account 

the different interdiffusion coefficients between layers and the compositional discontinuity of 

diffused species at interfaces. The author relates the formula to the dependence of quantum 

energy shifts on annealing time and annealing temperature for various well layer widths. The 

dependence of quantum energy shifts is shown to be very different between InGaAsP/InP and 

GaAs/AIGaAs quantum wells, and the formula explains the difference. Then, the author 

demonstrates how to enhance the thermal stability of I nGaAs/InP quantum wells and 

discusses the interdiffusion mechanism, examining the growth-condition dependence of 

intcrdiffusion coefficients using the formula [27]. 

11 



2-2-1 . Model of intcrdiffusion profile 

Lmcar diffusion equations are solved for a stacked three-layer structure. In the 

mathematical model, outside layers extend infinitely in the -x and +x directions (Fig. 2-2). 

The origin of the x axis is defined as the center of the middle layer. Two boundaries are at x 

= -Land \ = L. First, linear diffusion equations are solved assuming a momentary plane 

source at x = ~-The solution is then integrated using an initial composition profile to fit the 

actual structure. In the actual structure, diffusion species in the two outside layers can mix via 

the middle layer, which is equivalent to a single quantum well. To derive a solution , the 

author makes two generalizing assumptions [281. First , the diffusion coefficients of the 

outside layers arc assumed to be the same but different from that of the middle layer. Second, 

the author assumes a certain distribution ratio for diffused species at the interface [29], so the 

composition of diffused species can be discontinuous there. Two more assumptions are made 

to elimmatc difficulties in solving the diffusion equations: 1) both the interdiffusion 

coefficient in each layer and the distribution ratio at the interface are constant during 

intcrdiffusion, 2) the Smigelskas-Kirkendall effect, where unbalanced interdiffusion velocity 

causes the interface to move, is ignored. Practical results are shown to be consistent with 

these a sumptions. In addition, if the thicknesses of layers are less than 3 nm, a gradient 

correction term should be considered [30]. In this work, the correction term is disregarded . 

The formula IS dcnvcd as shown below. The three linear diffusion equations are 

c1C 1(x ,t) = Dt d
2
Ct(x,t) 

ot ()x2 
t ~ 0, X 2 L, 

(2. 1) 

t ~ 0, lxl < L, 
(2. 2) 

and 

t ~ 0, X~ -L. 
(2. 3) 

The boundary conditions arc 

12 

C1(x,t) = kC2(x,t) for x ~ L, (2. 4) 

C3(x,t) = kC2(x,t) for x ~ -L, (2 . 5) 

D oC1(x,t1) ~ ac2(x,t) 
forx ~ L, 1 ax ax 

(2. 6) 

01 ac3(x,t1) = ~ ac2(x ,t) 
for x ~ -L 

OX dX 
(2. 7) 

and the initial conditions arc 

c 1 (X , t) = o(x- ~), C2(X, t) = C3(X, t) = 0 fort~ 0. (2. 8) 

Here, Ci (i = 1, 3) is the concentration of diffusion species in the outside layers , and C2 is the 

concentration in the middle layer. Di (i = 1, 2) is the diffusion coefficient in the outside layers 

and the middle layer, respectively . The interfacial distribution ratio of concentration is k = 

Ci /C2 (i = 1, 3). Equations (2. 4) and (2 . 5) model the discontinuous concentration at 

interfaces, and Eqs. (2. 6) and (2. 7) express Dux continuity. o(x- ~) is a delta function. 

These diffusion equations arc solved to obtain Eqs. (2 . 24), (2 . 25), and (2. 26). 

Details of the sol uti on are as follows. The author rearranges Eqs. (2. 4) to (2. 7) to obtain the 

conventional solution. C2 can be expressed by a Maclaurin expression using the value at x = 

L: 

where x' = x- L. From Eqs. (2. 1) and (2. 2), the following equations are given: 

d11 C1(x',tl) IY1 ()
211 C 1(x',t) 

dtn l ax'2n ' 

d11 C2(x',tl) 

dl11 

(2. ] 0) 

(2. 11) 

The author differentiates Eqs. (2. 4) and (2. 6) by t, substitutes them into Eq. (2. 1 0) and gets 
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(2. 12) 

-:\2!1+ 1 ( I ) 02n+ 1 c ( I ) 

~HI a c] x,t I - kDn+l 2 x,t I 
u! o- ,., o· 

dx 12n+l - dx 12n+l (2. 13) 

Equations (2. 1 0) to (2. 13) arc substituted into Eq. (2. 9): 

(

. I ) - 1 (1 )~ 1 ( l)fl d11
C](X

1

,t)l l(.L- )~ l(-axl\11 (tcl(xl,t)l c,., x t - - -+a L - ax o + a L 1 J o, 
~ , 2 k n=O n! dxln 2 k n=O n. dxln (2. 14) 

where a= v'D1 /D:2. Then, a new condition is given: 

C2(x- L,t) = t(~ +a) C 1(a(x- L,t)) + t(k-- a) CJ(-a(x- L,t)). 
(2. 15) 

Using the same sol uti on as above obtains 

C 1(x- L,t) = ~ (k + ~) C2(~x- L,t)) + t(k- t) C2(- ~x- L,t)). (2. 16) 

At x = -L, using the same process as for C1(x, t) and C2(x, t) above obtains 

C2(x + L,t) = i (~+a) C3(a(x + L,t)) + t(t-- a) C3(- a(x + L ,t)) 
(2. 17) 

and 

(2. 18) 

Note that Eqs. (2. 15) to (2. 18) are sufficient conditions for Eqs. (2. 4) to (2 . 7). 

The sol ution must satisfy diffusion equations (2. 1) to (2. 3), boundary conditions 

(2. 15) to (2. 18), and the initial condition (2. 8). If only two layers separated by the boundary 

at x = L are considered, the solutions are [28] 

i) X;::: L 

(2. 19) 
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ii) lxl < L 

~ ( )") x-L+L_~-
C2(x,t) = 1 2a ex _ ' a a . 

2 v'1tTilT 1 +ak 4 D2 t (2. 20) 

These arc normali zed. Considering the boundary at x = -L [Eqs. (2. 17), (2. 18)1 and the 

initial condition [Eq. (2. 8)], Eq. (2. 20) must be transformed to 

ii) lxl < L 

+ 2a(l-ak) ex I_ (x + 3L- -\i-+ if)} 
(1+ak)2 ~ 4~t ' 

(2. 21) 
and then 

iii) x ~ -L 

C ( ) _ 1 4ak ~ ( x + 2L - 2aL - ~ )2) 3 x t - ex - ..:........_ ____ ____.:._ 
' 2 v'1tTilT ( 1 +ak)2 4DJ t · 

(2. 22) 

Because of the added second term of Eq . (2. 21), Eq. (2. 19) must be transformed to 

i) X ;:::L 

l-ak ~ (x- 2L + 4aL + ~)2 ) + --ex - "'-------"'-
1+ak 4D1 t 

(2. 23) 

_ (_1:&.)2 ex { _ (x- 4aL- ~Y)} . 
1+ak f\ 4DJ t 

Equation (2. 23) satisfies the diffusion equations and boundary conditions, but not the initial 

conditions . The last term of Eq. (2. 23) shows a diffusion source at x = 4aL + x, which 

contradicts the single source in Eq. (2. 8) . To cancel this last term, the author introduces a 

negative source at x = 4aL + x, which has the same absolute value as the last term of Eq. (2 . 

23). This imaginary source requires additional terms in regions x;::: L, lxl < L, and x ~ -L to 

satisfy the boundary conditions (2. 15) to (2. l 8). However, this also produces a diffusion 

source in x ;::: L. The author finally found solutions that satisfy all conditions are infinite 
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scncs. 

i) \. ~ L 

1 [ j (x-~f\ 1-ak j (x-2L+~f\ 
CJ(x,t)=2(1tl}1T cxp\- 40

1
t J-1+akexp\- 40It f 

4ak ~ ( 1-ak )2n-I '{ (x- 2L + 4aL + ~)2 \J] + L -- cxp-
( 1 +akf n=l 1 +ak 40t t (2. 24) 

ii) lxl < L 

[ ,, ~'2] 
oo 1 x + L - 4n - 3 L - -

C-,(x tl) = 1 2a ~ ( l-ak)2(n-l) (exp _ \ a ( ) a/ 
._ ' 2(1tl}1T l +akn=l 1 +ak 4~t 

_. _ [ l x - L - (4n - 11)L + ~r]) + 1 ak cxp _ a a 
l+ak 4~t 

(2. 25) 

iii) x ~ -L 

1 4ak ~ (1-akl)2(n-l) [ {x+2L-(4n-2)aL-~fJ C3(x t) = L exp -
- ' 2 f1tiJ1T ( 1 +akf n=l 1 +ak 401 t (2. 26) 

Next, Eqs. (2. 24) to (2. 26) arc integrated using the initial composition profile. The 

inittal conditions arc 

F(x, O) = Fo 

F(x, 0) = 0 

and the calculated equations are 

i) X~ L 

lxl ~L, 

lxl <L, 

F(x,t)=F{r Ct(x,t)d/;+ r C3(-x,t)dl;] 

ii) lxl < L 

F(x,t) = F{r Cz(x,t) dl; + r Cz( -x,t) dl;] 

iii) X~ -L 

F(x,t) = F{r C3(x,t) dl; + r Ct(-x,t) dl;l 
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(2. 27) 

(2. 28) 

(2. 29) 

(2. 30) 

(2. 31) 

Then, the following formulae arc derived: 

i) lxl ~ L 

F(x,t) = Fo ( 1 + erf ( lxl- L)- 1-ak ( 1 - crf ( ~~~ L 1)\ 
2 2 vTijT 1 +ak 2 1 t / 

00 

+ 4ak ~ ( 1-akl)2(n-tl)r 1 _ erf(lxl- L + (4n- 2)aL) 
( 1 +ak)2 n=l 1 +ak 2 YIJiT 

+ 1-ak J 1 _ erf (lxl- L + 4naL)\J ) , 
1+ak \ 2YI'JiT f 

ii) lxl < L 
(2. 32) 

F(x,t)= Foa i (1-ak)2(n-I ) [ 2 +erf(x-(4n-3)L)-erf(x+(4n-3)L) 
l+ak n=l l+ak 2VD2f 2VD;T 

+ 1-ak /2 _ err(x + (4n- 1)1) + erf (x- (4n- 1)L)\]. 
l+ak \ 2fD2[ 2VD2f / 

(2. 33) 
Equations (2 . 32) and (2. 33) generally give the concentrations of diffused species; these 

equations describe the interdiffusion profile if F(x, t) is regarded as the composition of layers. 

In a practical analysis of interdiffusion in quantum wells, three unknown material­

specific parameters , 01 (in the barrier layer) , 02 (in the well layer) and k, are determined in 

this formula. 

2-2-2. Calculation of quantum energy shift 

The three unknown parameters, interdiffusion coefficients, and the ratio of interfacial 

discontinuity are determined by fitting quantum energy shifts calculated with the fonnula to 

measured shifts. The author used a numerical method to calculate quantum energies because 

the effective mass equation [31] cannot be solved analytically in these cases. 

The effective mass equation is 

i = e, hh, lh, 

(2. 34) 
where Yi(X) is the potential energy, Si(X) is the strain energy, Ei is the eigcncnergy, and <pj(X) 

is the envelope wave function. Subscripts i = 'e', 'hh', and 'lh' mean 'electron', 'heavy hole', and 

'light hole', respectively. The potential energy, Yi(x), is calculated from the composition, 
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which is shown as a function of x in the formula. The strain energy, Si(X), is 

(2. 35) 

and 

(2. 36) 

where ac and av arc hydrostatic deformation potentials, and b is the shear deformation 

potcnttal [32-341. C11 and C12 arc clastic stiffness. E(x) is misfit strain. Upper and lower signs 

correspond to the light-hole band and heavy-hole band, respectively. 

The author used the Runge-Kutta method suggested by Sakurai [35] to solve the 

effective mass equations. The author computed the envelope function numerically with the 

boundary conditions that both cpi(x) and 1/mi.acpi(x)/ax are continuous at the interface, and 

dctermmed eigcnenergics for both the conduction band and valence band. The author 

calculated total energy shifts as the sum of energy shifts in the two bands. 

The following parameters were used to calculate the quantum energy levels in 

InxGal -xAsyPl-y/InP quantum wells: effective mass, me = 0.04lmo, mhh = 0.50mo, and 

m111 = 0.052mo 111 an Ino.s3Gao.47As well layer, me = 0.08mo and mhh = 0.56mo in an InP 

barrier layer, me = 0.044mo and mhh = 0.49mo in an lno.7oGao.3oAso.6tP0.39 barrier layer; 

clastic stiffness, c 11 = 1.016 x1011 dyn/cm2 and C12 = 0.509 x1011 dyn/cm2 [36]; and the 

distribution ratio of conduction band offset, 6.Ec = 0.4•6Eo [37]. The author used the 
e 

hydrostatic deformation potentials, ac = av = -3.94 cV, and the shear deformation potential, 

b = - 1.75 c V 1381. The author assumed that the hydrostatic deformation potential was 

distributed evenly between the conduction and valence bands, and disregarded the 

compositional dependence of these three deformation potential s. Since the compositional 

dependence of the energy gap at 4.2 K has not been reported, to our knowledge, the 

compositional dependence at 295 K was used [39]: 

E~95K(x,y) = 1.35 + 0.672x- 1.091 y + 0.758 x2 + 0.101 y2 
+ 0.111xy- 0.580 x2y- 0.159x y2 + 0.268x2y2 (2. 37) 

The author believes this is a good approximation when calculating shifts of quantum energies 

since band offset docs not depend on temperature. 

The follov-.'ing material parameters \Vere u cd when calculating quantum energy levels 
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Figure 2-3 Photoluminescence spectra of as-grown and annealed samples of 
Ino.53Gelo.47As/InP quantum wells 5, 7.5, 10, and 20 nm wide at 4.2 K. Annealing was 
performed at 650°C for 2 hours. 
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in GaAs/AlxGa1_xAs quantum wells: effective mass, me= 0.067mo and mhh = 0.42mo in a 

GaAs well layer, me= 0.088mo and mhh = 0.53mo in an Alo.2sGacl.7sAs barrier layer; and the 

d1stributton ratio of conduction band offset, ~Ec = 0.65·~Eg [14J. Strain energy is negligible 

in this material. For the same reason as in an lnxGat -xAsyPt -y system, the compositional 

dependence of the energy gap of AlxGat -xAs at 300 K was used [40], 

EifXlK(:\) = 1.424 + 1.247x 
' 

(2. 38) 

and shifts of quantum energies were calculated. 

2-2-3. I nterdiffu. ion process in InGaAsP/InP quantum wells 

Experimental samples were grown by metalorganic vapor-phase epitaxy (MOVPE). 

The samples were undoped I no.s3Gao .. .nAs/InP and I no.s3Gao.47As/Ino.7oGao.3oAso 61 Po39 

single quantum wells (SQWs) on (001)-InP substrates grown at 570°C. Each sample had a 

cap layer, quantum well layers, and a buffer layer on the substrate. Quantum well layers were 

compo. ed of four well layers with different thicknesses to give enough data to find the three 

unknown material-specific parameters. The well layers of Ino.s3Gao.47As/lnP SQWs were 20, 

10, 7.5, and 5 nm in width, separated by 50-nm-wide barrier layers. The well layers of 

Ino.s3Gao .. .nAs /lno.7oGao.3oAso.6IP0.39 SQWs were 20, 15, 10, and 5 nm in width, separated 

by 30-nm-widc barrier layers. Cap and buffer layers were 200 nm wide in all samples. Width 

and composition were controlled via the growth conditions, which were checked by X-ray 

diffraction and transmission electron microscopy (TEM). 

The author annealed samples in a reactor tube of a liquid-phase epitaxy system. 

During annealing, an InP plate was placed on InxGat -xAsyPl -y samples, and pure H2 gas wa · 

introduced. The author believes that the InP plate raises the phosphorous vapor pressure 

during annealing. 

Photoluminc ccncc spectra of these samples were measured at 4.2 K before and after 

annealing by immersing the samples in liquid helium. Luminescence was excited by the 

647.1 nm line of a Kr+ ion laser and detected by a PbS detector. Figure 2-3 is an example of 

the measured photoluminescence spectra of lnos3Gao.47As/InP SQWs. The four peaks 

correspond to four quantum wells of different widths, and all of them shifted to shorter 
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Figure 2-4 Quantum energy shifts as a function of well width: In0.53Ga0.47As/lnP quantum 
wells after annealing at 650°C for 2, 6, and 8 hours. Symbols show measured results and 
solid lines indicate calculated results. 
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Figure 2-5 Quantum energy shifts as a function of well width: In0.53Ga0.47As/InP 
quantum wells after annealing at between 600 and 750°C for 2 hours. Symbols show 
measured results and solid lines indicate calculated results. 
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wavelengths after annealing. These peak shifts are caused by changes of quantum energy 

levels, which arc sensitive to compositional profiles. 

The author com pared the measured and calculated dependence of quantum energy 

shifts on well layer width for various annealing times in Ino.s3Gao ... nAs/InP (Fig. 2-4). Solid 

li ncs indicate shifts calculated using the formula. The measured shifts closely agree with 

those shifts. The energy shift increased gradually in 20-nm-wide well layers; and in narrower 

well layers, the shift increased rapidly for up to 2 hours and then became saturated . The 

formula explains each of these characteristics using a set of parameters, that is, interdiffusion 

coefficients in each layer and the interfacial distribution ratio. This result is consistent with 

the fundamental assumption that the three parameters can be regarded as constant during 

mtcrdiffus1on . Note that this assumption for the interdiffusion coefficient is equivalent to the 

assumption that the coefficient depends negligibly on the composition of group- V atoms. The 

result suggests that the assumption is valid, at least under these experimental conditions. 

The author measured the dependence of quantum energy shifts on well layer width at 

several annealing temperatures for Ino.s3Gao.47As!InP quantum wells (Fig. 2 -5) and 

Ino.s3G<l() .47As/Ino.7oGao.3oAso.61P0.39 quantum wells (Fig. 2-6). The solid lines indicate the 

calculated shifts, which agree well with the measured shifts. Table 2-I lists calculated 

intcrdiffusion coefficients and distribution ratios for InxGat-xAsyPI -yllnP quantum wells . 

Intcrdiffusion coefficients in Ino.s3Gao.47As layers were found to be common to quantum 

wells having dtffcrcnt barrier layers. The distribution ratio, k, decreased as annealing 

temperature increased in Ino.s3G<l0.47As/InP quantum wells. 

Arrhenius plots of intcrdiffusion coefficients are shown in Fig. 2-7. The solid lines arc 

for an Arrhcmus expression with a single activation energy. The author found that activation 

energy was 0 .5 cV in an lno.s3Gao ... nAs layer, 2.0 eV in an lno.7oGao.3oAso.6IP0.39layer, and 

8.4 cV in an InP layer. The activation energy in InP was larger than the energy of self­

diffusion of phosphorus atoms in lnP, which has been measured to be 5.65 cV L41j. One 

possible reason for this discrepancy is lattice distortion, which adds excess energy to the 

activation energy. The activation energies in Ino.s3G<l0.47As and Ino.7oGao.3oAso.6tPo.39 

layer cannot be compared with other values due to the lack of reported dala. 

The author concluded the following concerning the characteristics of the 

intcrdiffusion of group- V atoms in InxGa, _xAsyPI -y materials. 
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Figure 2-6 Quantum energy shifts as a function of well width : In0_53Ga0.47As 

/lno.7oGao.3oAso.6tPo.39 quantum wells after annealing at between 680 and 750°C for 2 
hours. Symbols show measured results and solid lines indicate calculated results. 

Table 2-I Interdiffusion coefficients and distribution ratios of In0_53Ga0.47As/InP and 
In0.53Ga0.47As /In0.70Ga0_30As0_61 P0_39 quantum wells . 

--------------------------------

---------------------------------
0 rngaAs 
(em /s) 

---------------------------------
600 1.7 E-17 
625 2.0 E-17 
650 2 .1 E-17 
700 2.8 E-17 
720 

725 3.8 E-17 
740 

750 4.7 E-17 

--------------------------------------------------------- ----------------- ----------

----------------------------------------------------
0rn~ 
(em /s) 

k 0 rngaAs 
(em /s) 

--------------------------------
0 rngaAsP 
(em /s) 

k 

------------------------------------------------------------------ ------------------
4.3 E-21 40 
2.0 E-20 35 
2.1 E-19 30 2.6 E-17 5.1 E-20 2 
5 .6 E-17 17 2.8 E-17 1.4 E-19 2 

3.5 E-17 2.3 E-19 1 
3.8E-15 13 

3,5 E-17 4.3 E-19 
4.7 E-14 11 3.9E-17 5.5 E-19 

---------------------------------------------------------------------------------------------------------------------
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Figure 2-7 Interdiffusion coefficients in InxGa 1-xAsyPl-y quantum wells as a function 
of the inverse of annealing temperature. 
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The author assumes that interfacial compositional discontinuity is related to lattice 

distortion, which is first induced at an interface during interdiffusion. If there is no interfacial 

discontinuity, then the greater the difference in the initial composition of group- V atoms 

between well and barrier layers, the greater the lattice distortion produced by interdiffusion 

will be. In Table 2-I, distribution ratios of Ino.s3Gao.47As/InP quantum wells arc larger than 

those of Ino.s3GClQ.47As/Ino.7oGao.3oAso.6IP0.39 quantum wells. The ratio in GaAs/AlGaAs 

quantum wells is regarded to be one (shown in Fig. 2-1 and in detail in Table 2-ri) . This 

shows that the distribution ratio is larger at the interface where the greater lattice distortion 

was expected. Table 2-I also shows that the distribution ratio decreased as annealing 

temperature increased. These results support the assumption that compositional di continuity 

starts due to a thermodynamic potential barrier related to lattice distortion. Yu et al. reported 

that a lattice mismatch was prevented when both group-III atoms and group- V atoms 

interdiffuscd l42]. They speculated that this was because the intcrdiffusion that produces 

lattice distortion requires excess energy. Considering that strain energy follows compositional 

profiles in layers, ratio k is expected to vary versus time. The author supposes that the 

annealing time in the experiment is too short to observe the effect on ratio kin this work. 

Even though the author ignored the Smigclskas-Kirkcndall effect, the model 

accurately explains quantum energy shifts due to interdiffusion. This suggests that the 

Smigelskas-Kirkcndall effect was ncgli gi ble in the samples. The author assumes that this 

result is also related to the lattice distortion that adds excess energy to the i ntcrdiflusion 

activation energy. If group-III atoms do not move, as in the experiment, the motion of the 

interface of group-V atoms must produce a large lattice distortion between the stable interface 

of group-III atoms and the moved interface of group-V atoms. 

2-2-4. Interdiffusion process in GaAs/AIGaAs quantum wells 

Experimental samples were grown by MOVPE. The samples were undopcd 

GaAs/Alo.2sGao.7sAs SQWs on (001)-GaAs substrates grown at 72Crc. Each ·ample had a 

cap layer, SQWs, and a buffer layer on the substrate. The well layers of GaAs/Alo 2sGao.7sAs 

SQWs were 20, 15, 10, and 5 nm in width, separated by 50-nm-wide barrier layers. Cap and 

buffer layers were 200 nm wide . Samples were annealed in a reactor tube of a liquid-pha c 

epitaxy system. During annealing, a GaAs plate was placed on AlxGal -xAs samples and pure 
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Table 2-11 lnterdiffusion coefficients and distribution ratios of GaAs/Alo.2sGao.7sAs 

quantum wells. Interdiffusion coefficients of GaAs and Alo.2sGao.7sAs layers were 

equal. 

---------------------------------------
GaAs/ A1o.2sGao.7sAs 

---------------------------------------

D 

(cm2/s) 

k 

---------------------------------------

800 
825 
850 
875 
900 

2.2 E-19 
6.9 E-19 
1.1 E-18 
2.3 E-18 
4.0 E-18 

Table 2-III Interfacial phosphorous composition ratios of samples at various annealing 

temperatures. The error is about 10%. The sample II value for 680°C was not determined 

because it showed no energy shift. 

-----------------------------------------------------------
Sample 

I 

II 

III 

680 

100 

100 

700 

35 
35 
35 

26 

720 

25 
25 
30 

---------
740 

20 
20 
20 

H2 gas was introduced. 

The dependence of quantum energy shifts on the \\'ell width in GaAs/ AlGaAs SQWs 

differed greatl y from those in InGaAsP/lnP SQWs. Figure 2-8 show the dependence of 

quantum energy shifts on well-layer width for various annealing times. The energy in the 20-

nm-wide well layer was almost cons ta nt ; and in narrower well layers, the energy shtft 

increased but did not saturate. The formula explains each of these characteristics. Figure 2-9 

shows the quantum energy shifts for several annealing temperatures. The same tendency of 

energy shifts in Fig. 2-8 is seen, and this tendency differs greatly from that in 

Ino.53Gao.47As/InP quantum wells (sec Fig. 2-5) . 

Table 2-II lists calculated interdiffusion coefficients and di stribution ratios for 

GaAs/Alo.2sGao.7sAs quantum wells. The parameters in Tables 2-I and 2- II give an 

indication of' why the tendency in Fig. 2-6 is between those in Fig. 2-5 and Fig. 2-9. 

Interdiffusion coefficients of Ino.s3Gao47As/Ino.7oGao.3oAso.6 JP0.39 quantum wells arc 

different between layers, which is a characteristic of Ino.s3Gao_47As/InP, and interfacial 

di con tinuity IS small, which is a characteristic of GaAs/Alo.2sGao.7sAs . The parameters in 

Table 2-II suggest that Chang's model is applicable to GaAs/AixGa! -xAs quantum well s. It 

was confirmed that intcrdiffusion coefficients were common to both layers and that 

distribution ratios were 1 at all the annealing temperatures adopted for GaAs/Alo.2sGao.7sAs 

quantum wells . 

The author compared the i nterdiffusion profiles of I no.s3G3().47As/I nP and 

GaAs/Alo.2sGao.7sAs quantum wells . Figure 2-lO(a) explains the results found by Nakashima 

ct al. [15] and Fujii et al. [16] (arsenic composition in an Ino.s3Gao_47As well layer decreased 

uniformly, interdifTused arsenic atoms stagnated near the interface on an InP barrier layer 

side, and a large compositional discontinuity of group-V atoms existed at the interface even 

after interdiffusion). These profiles also help me understand the characteristics of energy shift 

in two types of quantum well. In I no.s3Gao_47As/I nP quantum wells, there is a large 

interfacial discontinuity that starts as the distribution ratio. The distribution ratio limits the 

increase of phosphorus composition in the well layer. Because of this compositional 

limitation , the shift of quantum energy saturates . At high velocities (sec Table 2-1), 

intcrdiffusion easily advances to the center of the well layer. Quantum energies therefore 

shift, even in a wide well layer. Distribution ratios were independent of well-layer width , so 
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Figure 2-8 Quantum energy shifts as a function of well width: GaAs/Alo.2sGao.7sAs 
quantum wells after annealing at 825°C for 2, 4, and 6 hours. Symbols show measured 
results and solid lines indicate calculated results. 
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Figure 2-9 Quantum energy shifts as a function of well width: GaAs/Alo.2sGao.75As 
quantum wells after annealing at between 800 and 900oC for 2 hours. Symbols show 
measured results and solid lines indicate calculated results. 
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Figure 2-10 Calculated com position profiles: (a) phosphorus composition profile in an 
Ino.s3Ga0.47As!InP quantum well 20 nm wide after annealing at 650°C for 6 hours, and (b) 
aluminum composition profile in a GaAs/AI0.25Ga0.75 As quantum well 20 nm wide after 
annealing at 825°C for 6 hours. 
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saturation and shifts occur earlier in narrower well layers. In GaAs/Alo.2sGao.7sAs quantum 

wells (Fig. 2- 10(b)), the distribution ratio was 1, so energy shifts increased gradually and did 

not saturate. 

Arrhenius plots of intcrdiffusion coefficients in GaAs/AlxGal-xAs quantum wells arc 

shown in Fig. 2- 11. The solid lines represent an Arrhenius expression with a single activation 

energy. An tnterdiflusion activation energy of 2.8 eV was found in GaAs/Alo.2sGao.7sAs 

quantum wells. Previously reported data were superimposed in Fig. 2-11. The author believes 

that the discrepancy between the values in this work and others is caused by a difference in 

crystal quality. Chang and Koma found an interdiffusion activation energy of 4.1 eV in 

Alo.2sG3.<1.75As [ 12]. They speculated that the disagreement between their activation energy 

and the Ga vacancy, which was 2.1 eV [431, was due to As vacancies via the formation of 

dtvacanc1es l44]. Our activation energy was closer to the Ga vacancy than Chang and 

Kama's , so our samples possibly had fewer As vacancies than their sample. This would also 

explain why our interdiffusion coefficients were lower than Chang and Koma's. Guido et al. 

examined the effect of vacancy concentration on interdiffusion [11]. The smallest activation 

energy among their samples was 3.4 eV. The results from Guido ct al. arc very similar to 

ours, although the1r activation energy is different. 

2-2-5. Growth-condition dependence of parameters 

The effect of growth temperature and buffer-layer thickness on a set of parameters 

(i.e., interdiffusion coefficients and interfacial distribution ratio) of Ino.s3G30.47AsllnP 

quantum wells is described in the following. Three samples of undoped Ino.s3G30.47As/InP 

stnglc quantum wells were grown on (100)-oriented InP substrates using MOVPE. Each 

sample consisted of a 100-nm InP cap layer, SQWs, and an InP buffer layer. The SQWs 

consisted of 20-, 10-, 7.5-, and 5-nm Ino.s3G30.47As well layers separated by 50-nm InP 

barrier layers. Growth temperatures and buffer layer thicknesses varied among the samples. 

Sample I was grown at 615°C \Vith a l-JAm buffer layer. Sample II was grown at 570°C with a 

l-JAm buffer layer. Sample II I was grown at 615°C with a 0. 1-JAm buffer layer. After etching 

away the epitaxial layers to expose the buffer layers, etch pits that originated from substrate 

dislocations were observed. Etch pit density (EPD) was about 12,000/cm2 on a 0.1-JAm buffer 
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Figure 2-11 Jnterdiffusion coefficients in GaAs/Al0.25Ga0.75As quantum wells as a 
function of the inverse of annealing temperature. Results of previous research are shown 
for reference. 

31 



layer and about 6,000/cm2 on a 1-Jtm buffer layer. The EPD of the substrate was below 

5,000/cm2. Sample. were annealed at between 680°C and 740°C for 2 hours. 

The 4.2-K photoluminescence spectra were measured before and after annealing. 

Figure 2-12 ·hov\'S the measured and calculated energy shifts as a function of well width after 

annealing at 70CtC. The lower the growth temperature and the thicker the buffer layer, the 

stabler the peak energy. This tendency is consistent for annealing between 680oC and 740°C. 

The results suggest that the intcrdiffusion parameters varied among these samples. The 

calculated energy shifts agree very well with measured shifts, and intcrdiffusion coefricicnts 

and interfacial distribution ratios of each sample were determined for temperatures between 

Table 2-III shows the interfacial phosphorous composition ratios k. The ratios were 

constant for any given temperature. This means that the ratios arc independent of grmvth 

temperature and buffer layer thickness. 

Figure 2-13 shows the intcrdiffusion coefficients of samples I, II, and III as functions 

of temperature. In the InP layer, the interdiffusion coefficients for the sample grown at 615°C 

(sample I) are about 20 times that for the sample grown at 570°C (sample II). The diffusion 

coefficients for the sample with a 0.1-Jtm buffer (sample III) are also about 20 times that for 

the sample with a 1-}lm buffer (sample I). All samples have a common interdiffusion 

activation energy of 8.4 e V. In Ino_53Gao.47As layers, the interdiffusion coefficients arc 

almost independent of growth temperature and buffer layer thickness, and they how an 

activation energy of 0.5 cV. 

1t is remarkable that the activation energies arc the same in layers having the same 

composition under all cxpcnmcntal conditions. Even the values 111 Fig. 2-13 are equal to those 

in Fig. 2-9. The author infers that the difference in the activation energy between layers 

indicates a difference in the interdiffusion mechanism. In general, defect-dependent diffusion 

can be categorized based on the effective defects: vacancy, dislocation, and interstitial (Fig. 

2-14). Diffusion activation cncrgic are specified according to the defect types. The activation 

energy of vacancy or dislocation diffusion is several electron volts, and the energy of 

interstitial dillu. ion i , under one electron volt [45]. Based on these findings, it is concluded 

that interdillusion in the InP layer occur due to vacancy and/or dislocation defects, and that 

intcrdiffusion in the Ino.s3Gao..+7As layer is related to interstitial phenomena. The growth-

condition dependence of the intcrdi!Tu ion coefficient supports this idea if the following is 
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Figure 2-12 Quantum energy shift in InGaAs/lnP quantum well grown under various 
conditions. Annealing was performed at 700°C for 2 hours. 
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• Vacancy-related diffusion: 

5.6 e V (Pin InP), 3.9 e V (In in InP) 

• Dislocation-related diffusion: 

3.7 eV (Pin Si), 2.8 eV (In in Ge) 

• Interstitial-site-related diffusion: 

0.51 eV (Li in Ge), 0.38 eV (Au in Si) 

Figure 2-14 Defect-dependent diffusion is divided into three types and the obtained 
diffusion coefficient in each layer suggests the diffusion mechanism. 
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assumed. At increasingly higher temperatures, more vacancies arc generated . Ir this trend i 

retained after quenching, vacancy-assisted intcrdiffusion is enhanced in the high-temperature­

grown sample. Remember that EPD was twice as large in the 0.1-]Am buffer layer than in the 

1-]Am buffer layer. If the number of dislocation paths follows the EPD trends, dislocation­

assisted interdiffusion is enhanced in layers on a high-EPD buffer layer. Measurements of the 

InP layer matched these trends. Note that we cannot distinguish these two mechanism since 

the number of vacancies and number of dislocation paths may correlate to each other. On the 

other hand, it is reasonable that interdiffusion in the Ino.s3Gao_47As layer was not affected by 

the growth temperature or buffer-layer thickness if the interdiffusion is mainly due to the 

interstitial effects. The author considers that the interdiffusion in the Ino.s3Gao.47As layer 

resembles the Zn diffusion in GaAs [46]. Comparatively small phosphorous atoms arc 

expected to be able to enter an interstitial path in the Ino.s3Gao.47As layer and extend the 

cffccttve interdiffusion length. 

Quantum energy shifts are shown in Fig. 2-15 as a function of the interdiffusion 

coefficient in the InP layer for 7.5-nm Ino.s3Gao.47As well layers after annealing at 680°C 

and 700°C. No energy shift was attained from the 1-JAm buffer layer sample grown at 570°C 

and annealed at 680°C. This region is represented by a dashed line because Db was 

extrapolated for the case when no energy shift was observed. The thermal stability of samples 

was enhanced by improving the crystal quality of the barrier InP layer, which was realized 

by reducing the growth temperature and making the buffer layer thicker. 

The author has demonstrated that thermal stability is related to crystal quality, and 

also that lattice strain plays an important role in the interdiffusion process. The study enables 

a basic understanding of the interdiffusion process in III- V semiconductor quantum wells , 

providing an aid in their application to devices. 
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Figure 2-15 Quantum energy shift in a single 7 .5-nm-wide quantum well as a function 
of the interdiffusion coefficient in the InP layer, after annealing at 680 and 700oC for 2 
hours. 
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2-3 Dislocation multiplication in lattice-mismatched 

InGaAs/InP quantum wells 

Biaxially strained lnxGa, _xAs!InP quantum \vells arc now commercially important for 

usage in semiconductor laser diodes for high-speed and large-capacity fiber 

telecommunications 147- 50]. By intentionally introducing compressive or tensile stress into 

the well layer, we can control semiconductor band structure [51, 52], and hence improve the 

electronic and optical properties for device applications [53-60]. The clastic limit of latlicc 

distortion is one of the most significant research subjects in the field of crystal growth, and 

this research makes good usc of the strain effect. 

Dodson and Tsao proposed an empirical model for the dislocation multiplication 

process in a SiGe bulk crystal l61, 62]. They pointed out that we can grow the layers in a 

metastable region [63, 64], where the dislocation density is so small that device performances 

do not deteriorate. Since dislocation multiplication requires a finite time and its velocity 

depends on temperature [65], the dislocation density is affected by growth and structural 

conditions. Following Dodson and Tsao's kinetic model, stress relaxation processes in thick 

InGaAs/GaAs heteroepitaxial layers have been examined when the relaxation is much higher 

(greater than 10-4), high enough to detect it by the shift of an X-ray rocking curve [66j or 

renectJOn high-energy electron diffraction (RHEED) pattern [63]. 

In this section, the author investigates the dependence of dislocation multiplication in 

metastable InxGa1_xAs/lnP quantum wells on time, temperature, and stress distribution. To 

detect the small strain relaxation near the border between metastable and stable regions, 

dislocatiOn lines are directly observed using x-ray topography. The author applies Dodson 

and Tsao's model to quantum wells, assuming that dislocation multiplication is governed by 

the net strain of a layer. The dislocation density in as-grown single quantum well and its 

increase due to annealing are measured and analyzed by the expanded model. Dislocation 

glide activation energy and a material-specific proportionality constant at InGaAs/InP 

interface are precisely determined. Using the parameters, the author describes the dislocation 

multiplication process during the growth of quantum wells. The results ucccssfully explain 

quantitatively how the dislocation density in multiple strained quantum wells is practically 

suppressed in compressively strained well layers with tcnsilely straiiled barrier layers. 
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2-3-1 Model of dislocation glide process 

Stress relaxation is empirically described as a function of time, temperature, and 

stress. Following Dodson and Tsao's model, the time dependence of a stress relaxation 'Y(t) 

can be described by a single nonlinear differential equation: 

d)'\t) (cr(y))2 -= r. v· - ·r(t) 
dt 1-1 , (2. 39) 

where r is the phenomenological dislocation multiplication parameter, v is the dislocation 

veloctty, cr(y) is the effective stress propagating the dislocation, and )A is the shear modulus. 

The stress relaxation 'Y(t) is proportional to the misfit dislocation density r(t), 

'Y(t) = br(t), (2. 40) 

where b is the magnitude of the Burgers vector. Dodson and Tsao showed that the glide 

activation energy depends on the applied stress and that the dislocation velocity is 

(2. 41) 

where Cgl and Ccl arc the kinetic prefactors determining the relative importance of the glide 

(gl) and climb (d) processes, respectively, EOgi(l-cr(y)/'to) and Ec1 are the activation energies 

for dislocation glide and climb, respectively, 'to is the zero-temperature flow stress (which is 

about 0.1JA), and T is the temperature. Dislocation climb contributes to stress relaxation by 

constructing grain boundaries where dislocations gather. 

Dodson and Tsao defined excess stress using Matthews' force balance model [55] . 

They compared average strain force with the line-tension force of an initial dislocation line to 

evaluate driving force for strain relief (see Fig. 2-16). Their excess stress for a single-kink 

mechanism is 

_st-: (· )-1'") (1+V) st-: ~-~(}-VCOS2 ~)Jn(4zlb) 
Oexc 7. - -j.l } eequ 2 1 /b 

~ x -v z (2. 42) 

and that for a double-kink mechanism is 

~K( - )-1..., (l+v) oK l-j.l(l-vcos2 ~)ln(4h/b) 
exc Z - -j.l ] -V ecqu X 1-V h/b (2. 43) 
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Single kink 

Double kink 

Figure 2-16 Schematic of single kink dislocation glide and double kink 
dislocation glide in Dodson and Tsao's model. 
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Figure 2-17 Definition of excess stress in single layer (Dadson and Tsao) and that in 
multiple layers (in this study). Multiple layers are considered as a single layer having 
uniform strain as large as the average of the multiple layers. 
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where v is the Poisson ratio, )1. IS the share module, b is the length of Burger's vector, ~ is the 

angle of Burger's vector to a strained-layer/unstrained-layer interface, z is depth from the 

surface to an interface, h is the width between kinks, and eSKcqu and eDKequ arc equivalent 

strains, which arc 

and 

z 
e~u=1 c(z') dz' z 

() 

egqu=1z c(z') d~' 
Z- h 

(2. 44) 

(2. 45) , 
where e(z') is the strain in the overlayer, and z' is depth from the surface. The first term of Eq. 

(2. 42) and (2. 43) shows misfit-strain force, and the second term shows line-tension force. In 

most cases, the equivalent strain of a double-kink mechanism is larger than that of a single­

kink mechanism, and strain is expected to be relieved by the single-kink mechanism. 

To expand this model to multiple layers, the author assumes that the effective stress in 

multiple layers can be described as the net stress of a layer (see Fig. 2-17). The author uses an 

cflective stress, 

o(y) = 2~ (: ~~) (~' e(z') ~- )\t) - r(z)), 
(2. 46) 

where c(z') is the in-plane strain in the overlayer, z is the overlayer thickness, and r(z) is the 

critical strain predicted by Matthews and Blakeslee's model [67]. The effective stress is 

reduced in direct proportion to the misfit dislocation density. By defining the effective stress 

shown in Eq. (2. 46), the author discusses dislocation multiplication during the growth of 

quantum wells. 

2-3-2 Dislocation glide in InGaAs/InP quantum wells 

The author determined two material-specific parameters in InxGa 1_xAs/InP quantum 

wells, fCgt and EOgt, that describe the stress relaxation process with Eqs. (2. 39) to (2. 46). At 

low dislocation densities, the glide mechanism dominates stress relaxation. Hence, in this 

section, the author disregards the climb terms in (2. 41). Samples were undoped 

In0.77Gao.23As/lnP single quantum well grown by low-pressure MOVPE. The growth 
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Figure 2-18 Rocking curves of samples as-grown, annealed at 700°C, and annealed 
at 750oC measured by four-crystal X-ray diffraction meter. No significant change, 
such as peak shift was not detected by these evaluation. 
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temperatures were 550°C and 570°C. Each sample consisted of a 10-nm wide InP cap layer, 

·inglc well layer, and 500-nm wide InP buffer layer on (001) InP substrates. Etch pit densities 

(EPD) of substrates were below 5,000/cm2. The well layers were strained under compression , 

and their thicknesses were 5 and 6 nm , which are close to the critical thickness predicted by 

Matthews and Blakeslee's model. The growth rates were 4 A/s for Ino.nGao.23As and 2 Als 

for InP. Thicknesses and compositions of these samples were determined by growth 

conditions and ascertained by high resolution x-ray diffractmetory. 

Samples were annealed at 600, 650, 700, and 750°C under an InP plate for a period 

ranging from 40 to 300 seconds. During annealing, pure N2 gas was passed through the 

chamber. The author could not find any significant differences between the (004) rocking 

curves of samples measured before and after annealing. As an example, the rocking curves of 

6-nm wide single quantum wells are shown in Fig. 2-18. The X-ray diffraction patterns of 8-

28 scan were measured using (044)Ge four-crystal monochrometer. On the left side of the 

substrate peak, a broad diffraction peak corresponding to the strained well layer and fringes 

corresponding to the cap layer can be seen. Rocking curves are slightly different from each 

other, but no peak shifts indicating stress relaxation in the well layer can be ob erved. 

Dislocation Jines in samples were observed by X-ray topography. The incident beam 

was Cu-Ka line. The distortion field in the thin layer was so small that the penetrating X-ray 

beam was not available to detect the strain field. The author therefore used a rcDected X-ray 

beam. Conventional X-ray films were used as detecting plates, resolution of which was about 

20 ~m. In X-ray topographies, only dislocation lines perpendicular to the incident beam arc 

observed due to the small strain field. (224) and (224) planes were measured to evaluate 

dislocation den ity of (Ol1)- and (01 1 )-directions, respectively. Dislocation density wa 

defined to be the length of the dislocation line per area and converted to stress relaxation 

using Eq. (2. 40). 

From the X-ray topography measurements, dislocation multiplication due to annealing 

was found in the samples. The dependence of dislocation multiplication on annealing 

temperature and annealing time is plotted in Fig. 2-19. The author found that the effective 

stress of these samples i. negati vc i r the critical strain r(z) predicted by Matthews and 

Blakeslee's model is used. This suggests that the actual critical strain is smaller [68, 69] . 

When the author used a 55 to 6()C;{; scale factor for Matthews and Blakeslee's model, the 

calculated increa ·e of stress relaxation could be fitted to the measured one. Thi scale factor 
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Figure 2-19 Dependence of stress relaxation in single quantum wells on (a) annealing 
temperature and (b) annealing time. Lines represent the fitting results. 
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agrees with Whaley's report [68]. From the calculations, EOgl = 1.1 ± 0.1 eV and 1Cgt = 5 X 

107 to 1 X 108. The error was due to the uncertainty of critical strain r(z). The activation 

energy is close to that for undopcd GaAs crystal, which was reported to be I .00 eV (ex­

dislocation) and 1.35 eV (~-dislocation) by Choi f70], and 1.00 eV (ex-dislocation) and about 

1.7 eV (~-dislocation) by Maeda l71]. Our values are close to those for undoped GaAs. For 

SiGc crystal, Dodson and Tsao reported that EOg1 = 1.03 eY and !Cgt = 2 X 1010. Our results 

suggest that strained InGaAsP crystals take longer to relax than strained SiGe crystals. 

2-3-3. Stress relaxation process during growth 

The author calculated the stress relaxation process during growth of quantum wells 

using the obtained parameters. In the calculation, layers were assumed to grow step-by-step 

every second, which agrees well with the growth condition that the growth rates of the 

samples were one to two monolayers per second. 

Four types of lnxGal-xAs/InP strained quantum-well samples were prepared to 

confirm whether the above model can practically describe dislocation density. Sample A was 

composed of a 500-nm InP buffer layer, twice multiplied (6-nm Ino.77Gao.23As)/(6-nm 

lno.40Gao.6oAs) quantum wells, and a 6-nm InP cap layer. The opposite sign of strain reduced 

net strain in the structure. A lattice mismatch in the Ino.77Gao.23As layer was 1.6 %, and that 

in Ino.40Gao.6oAs layer was -0.9 %. Sample 8 was composed of a 500-nm InP buffer layer, 

twice multiplied (6-nm Ino.77Gao.23As)/(6-nm Ino.s3Gao.47As) quantum wells, and a 6-nm 

1 nP cap layer. Type C samples were single quantum wells. There were five samples of type C 

having well layers of different widths. The samples were composed of a 500-nm InP buffer 

layer, 1.2-, 5-, 6-, 10-, and 15-nm Ino.77Gao.23As well layers, and a 10-nm InP layer. Sample 

D and E \Verc multiple quantum wells on InP substrates; the former had Ino.40Gao.6oAs 

barrier layers under tension, and the latter had unstrained Ino.s3Gao.47As barrier layers. The 

composition of well layers in both samples was Ino.77Gao.23As, the same as that of the above 

single quantum wells. Growth rates were 0.2 nm/s in the InxGai-xAs layer and 0.4 nm/s in the 

InP layer in all amplcs. 

Figure 2-20 shows the calculated transition of excess stress during growth of samples 
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on a thickness/equivalent-strain plot. Equivalent strain for a single-kink mechanism is also 

plotted with dashed lines . Here, strain due to the difference of thermal expansion parameters 

bct\vcen layer. is disregarded since it is much smaller than intentional strain !72j. By 

comparing dashed ltnes of sample A with those of sample B, the tensilely strained barrier 

layer can be seen to reduce excess stress during growth. Assuming dislocation glides fast 

enough, dislocation density is evaluated by the maximum excess stress during growth. 

Figure 2-21 shows dislocation densities of (011 )- and (01 I)-directions as a function of 

maximum excess stress in the growth. In both directions, dislocation density is well fitted by 

single Jines . Dislocation density of the (011)-dircction was about twice that of the (011)­

direction, which agrees with previous reports [73, 74]. Note that dislocation density differed 

between multiple quantum wells having common 60-A Ino.77GC1().23As well layers . 

Dislocation density of sample A having tensilely-strained barrier layers was lower than that 

of sample B. Also, dislocation density was found to increase critically above crexclft = 0.015 

- 0.025. The critical excess stress is similar to that of crexciJA = 0.026 for SiGe reported by 

Tsao et al. [75]. 

Figure 2-22 shows the 4.2-K photoluminescence spectra of samples A to C, which 

have a common 6-nm Ino.77GC1().23As well layer. In the measurements, samples were 

immersed in li4uid helium, and luminescence was excited by 647.1-nm line of a Kr+ Ia er 

and detected by a PbS detector. The spectrum of sample C was twice as wide and half as 

weak as that of sample A (consequently, integrated intensity is almost equal). By comparing 

type A and B, the author saw that optical property of quantum wells was improved, which 

may be due to the tcnsilcly-strained barrier layer. Figure 2-23 shows the full width at half 

maximum (FWHM) of photoluminescence spectra at 4.2 K as a function of maximum excess 

stress during growth. Since carrier energy distribution is quite small at 4.2 K, the spectra 

width suggests uniformity of the band edge structure. Partial strain relaxation in real space 

causes broademng of emission spectra. The FWHM increased critically above CJexciJA = 0.005 

- 0.010. The figure sugge ts that the excess stress can be a good index for designing high­

quality quantum \Veils. The critical excess stress of FWHM is close to that of dislocation 

density, ' uggcsting the accuracy of the evaluation . Slight differences may be due to the 

resolution of X-ray topography. 

Using the parameter , the author calculated the stress relaxation during growth. The 
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results suggest that the velocity of stress relaxation in InxGal-xAs/InP is slow enough for 

control by varying the growth rate and growth temperature. 

Figure 2-24 shmvs the calculation of stress relaxation for sample C having a 6-nm 

wide single quantum welL After 65 seconds of growth, the calculated stress relaxation is 

close to the value measured in as -grown quantum well when using YO= l0-7. The figure 

mdicates that almost all stre s relaxation occurs dunng InP growth although only the 

I n0_77Ga.o.23As layer is strained. This is understood after determining the effective stress 

during the growth. The stress relaxation occurs while the effective stress is of the order of 10-

2 s/m. The time span for which that effective stress is of the order of I0-2 s/m is longer during 

InP growth than during I no 77Gao_23As growth. The stress relaxation process will be modified 

by changmg the grmvth rate of each layer. 

The dependence of the stress relaxation process on the growth rate is calculated for 

sample C having a 6-nm wide wei I (Fig. 2-25). If the growth rate of InP is 0.4 nm/s (II), the 

stress relaxation during InP growth decreases, and the resulting dislocation density is less 

than one-third of that in the experimental case (I). If the growth rate of Ino.nGao.nAs layer is 

0.2 nm/s (III), the stress relaxation during I no nGao 23As growth is twice that of the 

expenmental case. The results suggest that the growth rate of the ovcrlayer is a significant 

factor in controlling the dislocation density in strained quantum wells. 

Growth temperature also governs the magnitude of stress relaxation during growth. 

Figure 2-26 shows the measured dislocation density and calculated stress relaxation during 

growth of 6-nm wide Ino.77Gao.23As/InP single quantum wells at several temperatures. The 

dislocation density in quantum wells grown at 570°C was about twice that of quantum wells 

grown at 550°C. The calculated values after 65 seconds of growth agree well with the 

measured val ucs. The figure suggests that the growth temperature is also a significant factor 

in controlling the dislocation density in strained quantum wells. For instance, reducing the 

growth temperature from 600°C to soooc decreases stress relaxation by about one order of 

magnitude. The temperature sensitivity of stress relaxation is mainly due to the magnitude of 

activation energy, E0gl· 

The stress relaxation during growth of multiple quantum wells, sample D and E, is 

shown in Fig. 2-27. After 90 seconds of growth, the relaxation in the sample with strained 
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Figure 2-24 Strain relaxation and effective stress during growth of 60-A single 

quantum well calculated with EO gl = 1.2 eY and reg!= 7 X 107. 
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barrier layers under tension (sample E) was an order of magnitude lower than that in the 

sample with unstrained barrier layers (sample D). The calculation well explains the measured 

result. Stress relaxation did not occur during the growth of sample E since the inversely-

strained barrier layers decreased the effective stress to less than I G-2 s/m. The figure indicates 

that reducing the net strain of the layers is a practical and effective way to prevent stress 

relaxation, and that the effect can be understood by using the kinetic model described in this 

section. 

2-4 Self-assembly of InGaAs/GaAs quantum dots 

By expecting that lasers on GaAs substrates would have high temperature stability 

since high-potential barriers like AIGaAs and AIGalnP can prevent carrier leakage from the 

active region, the author and co-workers engaged to realize materials that emit at 1.3 J-tm on 

GaAs substrates using the atomic layer epitaxy (ALE) technique. To realize 1.3-J-tm emission 

by III- V compound semiconductor quantum wells on GaAs, highly lattice-mismatched 

epitaxial growth is required. The required well thickness is larger than the critical thickness of 

the crystal. The large lattice mismatch causes the generation of misfit dislocations during the 

growth, severely damaging crystal quality, as shown in section 2-3_ We believed that short­

period superlattices can break through the limit set by the critical thickness to reach a highly 

efficient 1.3-J-tm emission. Actually, Roan and Cheng have already succeeded in growing 

(GaAs)l/(InAs) 1 short-period superlattices on GaAs substrates by MBE to show 1.3-J-tm 

emission at room temperature [76]. 

This section briefly describes the growth of Ino.sGao.sAs/GaAs quantum dots that 

emit at 1.3 JAm at room temperature. The dots are found to be self-assembled during alternate 

supplies of InAs and GaAs monolayers on GaAs substrates using ALE technique. 

2-4-1 Discovery of 1.3-J-tm emitting nanostructures 

The ALE growth system is schematically shown in Fig. 2-28. The growth system was 

designed for pulse jet epitaxy (PJE) in which source gases arc supplied in a fast, pulsed 

stream [77 - 80]. The reactor was designed through a simulation to realize smooth ga flow 
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Figure 2-28 Growth system for pulse-jet epitaxy with a chimney reactor, in which 
precursors are supplied in a fast, pulsed stream and self-limited III-V compounds can 
be grown under a wide range of conditions. 
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streamlines without vortices. The author adopted the usc of a low pressure atmo ·pherc so that 

precursors decompose only on the heated substrate surface. The substrate was positioned in 

the fast gas stream emitted from a jet nozzle to prevent thermally decomposed source 

molecules from building up in stagnant layers. Source materials were trimcthylindium ­

dimethylethylaminc adduct (TMIDMEA) for InAs ALE, trimethylgallium (TMGa) for GaAs 

ALE, and arsine (AsH3). A growth temperature of 460°C gives distinct self-limiting growth 

by both TMIDMEA and TMGa. The 12 cycles of (lnAs)t/(GaAs)t short-period growth were 

performed on a 250-nm-wide GaAs buffer layer on a (001)GaAs substrate and followed by 

the growth of a 25-nm-wide GaAs cap layer. 

Plane-view and cross-sectional TEM showed that the alternated monolayer epitaxy 

formed microstructures. A plane-view image shows uniform dark circles of about 20 nm in 

diameter (Fig. 2-29(a)). The standard deviation of the diameter was 2.9 nm. Practical standard 

deviation was probably smaller than shown since contrast across the TEM image varied. 

Areal coverage of the circle was 5 to 10%. A cross-sectional image indicates that dark nat 

spheres were formed within the short-period-grown layer (Fig. 2-29(b)). Spheres were about 

10 nm in height. No dislocations can be seen around the spheres in these figures. Two borders 

can be seen, indicating interfaces between the GaAs layer and the layer grown by alternately 

supplying InAs and GaAs monolayers (short-period-grown layer). It is remarkable that even 

though the short-period-grown layer was far from a short-period structure, the width of the 

layer was the same as the width of 12-cycle (lnAs)I/(GaAs)I at 7 nm. The author looked at a 

high-resolution TEM image around the dot in a cross-sectional sample and did not find any 

dislocations or defects in the lattice image (Fig. 2-30). A weak contrast at the border of the 

dots suggests that composition and lattice distortion do not abruptly change around the dot. 

Figure 2-31 shows the spatial composition distribution of a sample cross section 

evaluated by energy dispersive X-ray microanalysis (EDX) with an excitation electron beam 

focused to a diameter of about 1 nm. The sample was thinned down to 10 nm, less than the 

in-plane diameter of the dots, to obtain a signal from only the dots. Signal intensity was 

calibrated to estimate a precise indium composition using the signal intensity of a lattice­

matched Ino.s3G<l().47As layer grown on an InP substrate as a reference. The indi urn 

composition was 0.5 at the center of the dots (i.e., Ino.sGao.sAs) and 0.1 in the quantum-well 

layer surrounding the dots (i.e., Ino.1Gao.9As). 

Figure 2-32 shows the photoluminescence spectrum of the ample at room 
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Figures 2-29 (a) Plane-view and (b) cross-sectional dark-field TEM images of ALS 
dots , grown by 12 cycles of (InAs)l/(GaAs)l periodic supply on a 250-nm GaAs buffer 
layer on a (001)-GaAs substrate and covered by a 30-nm-thick GaAs cap layer. 
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Figure 2-30 High-resolution TEM image around the dot in a cross-sectional sample. 
No dislocation or defects are found in the lattice image. 
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Figure 2-31 Spatial indium composition distribution of quantum-dot cross sections 
evaluated by energy dispersive X-ray microanalysis (EDX) with an excitation electron 
beam focused to a diameter of about 1 nm. 
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temperature. The figure suggests that a 1.3-]lm emission was successfully realized f81 ]. 

However, the grown structure was not short-period superlattices but bizarre structures, as 

shown in Fig. 2-29, where spherical dark regions are buried in the quantum wells. Having 

done various diagnostic examinations of the materials (see Chapter 4), the author finally 

concluded that the structures arc quantum dots. The full width at half maximum of the spectra 

ts 30 meY, which suggests inhomogeneity of the quantum dots. The author named these type 

of dots ALS doTs based on the unique growth method: alternate §.upply of source materials 

(see Chapter 3) . 

2-4-2 Unique dot structure 

ALS dots have unique surface flatness, which gtves a hint about their growth 

mechamsm. A cross-sectional TEM image shows that sample surfaces were f1at, even on the 

dots, although the cap layer thickness was only 25 nm (Fig. 2-29(b)). It also shows that a 

clear upper border extsts between the quantum-dot layer and overlayer. These results suggest 

that ALS dots were not formed via ordinary Stranski-Krastanov islanding growth but via a 

type of two-dimensional growth; that is, the dots were formed as a result of compositional 

nonuniformities on (or near) the growth surface. ALE is better for layer-by-layer growth than 

usual MOVPE and MBE. Our growth temperature (460°C) and growth rate (1 monolayer per 

I 0 seconds) arc significantly smaller than those of other three-dimensional structures (e.g., 

N6tzel et. al. [82] and Oshinowo et. al. [83]). The lower the growth temperature and growth 

rate, the longer the surface-migration length, and consequently, the more the two-dimensional 

growth is enhanced [84]. Additionally, the amount of the group-III precursor at one cycle of 

ALE is for only single-layer coverage. Therefore, even if three-dimensional metal island of 

group-III atoms were constructed on the surface, the islands deformed to a two-dimensional 

structure when arsine was supplied to the surface [85]. If the group-III metal islands do not 

form, the Stranski-Krastanov mode is prevented from occurring since an indium-stabilized 

surface is very reactive and arsenic atoms reaching the surface are immediately incorporated 

into the two-dimensional structure [86, 87]. Detailed discussion of the growth mechanism is 

presented in Chapter 3, ba. ed on the results of investigation on the effect of several growth 

conditions on the dot structure. 
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Figure 2-32 Photoluminescence spectra of the dots at 300 K measured using a 
Kr+ laser. Sample structure is shown as an inset. We see the first peak at 1.33 ~tm, 
the second peak at 1.4 ,Ltm and the week third emission at 1.25 ~tm. 
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2-5 Summary 

ln this chapter, the author discussed the investigation of various phenomena occurring 

in InGaAsP nann-scale crystal while introducing a lattice mismatch. 

In Section 2-2, the author showed that interfacial discontinuity in the composition of 

intcrdtffuscd species is generated in lattice-matched lnGaAsP/InP quantum wells, probably 

due to intcrdiffusion-induced lattice distortion. The author proposed a formula that describes 

i nterdiffusion profiles of quantum wells, looked at the interdiffusion process in quantum 

wells composed of lnxGat-xAsyPI -y and AlxGal-xAs alloy semiconductors, and demonstrated 

the accuracy of the formula. The formula was derived by solving diffusion equations 

assuming that intcrdiffusion coefficients differ between layers. The formula was applied to 

analysis of the dependence of quantum energy shifts on annealing time, annealing 

temperature, and well layer widths in lattice-matched InxGal -xAsyPI-yiinP and 

GaAs/AlxGat -xAs quantum wells; and it correctly explained the dependence and clarified the 

differences between tnterdiffusion processes in these two materials . 

In Section 2-3, the author examined the dislocation multiplication process in strained 

lnxGal -xAs!InP quantum wells using Dodson and Tsao's kinetic model. The dependence of 

the stress relaxation in InxGat -xAs/lnP quantum wells on time, temperature and effective 

tress was examined. The author measured the dislocation density in annealed strained 

4uantum wells by X-ray topography, and determined the dislocation glide activation energy 

and the material-specific proportionality constant of InxGal-xAs/InP quantum wells. 

Consequently, the dislocation density of as-grown single and multiple quantum wells was 

explained. How the stress relaxation proceeds depending on growth rate and growth 

temperature during the growth of strained quantum well was shown. Also, how the 

combination of strained barrier layers under tension and strained well layers under 

compression effectively upprcsses dislocation multiplication during growth was hown. 

In Section 2-4, the discovery of self-assembled InGaAs/GaAs quantum dots emitting 

at 1.3 JAm at 300 K was described. The dots were found during a trial to fabricate highly­

strained quantum wells composed of (GaAs)1/(InAs)t short-period supcrlattices on GaAs 

ubstrate , u ing the ALE technique. The author named the type of dots ALS dots based on 
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their unique growth sequence. Detailed descriptions of growth, structural and optical 

characterization, and application to semiconductor Ia crs is given in the following chapters. 

Here, the author has briefly discussed the unique structure of ALS dots that differs from that 

of Stranski-Krastanov dots. 
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Chapter 3 

Growth of Self-Assembled InGaAs/GaAs 

Quantum Dots Emitting at 1.3 pm 

3-1 Introduction 

Island formation on an initially flat surface was first reported by Stranski and 

Krastanow (SK) for the growth of ionic crystals [1]. The formation of defect-free islands as a 

result of SK growth at strained hetero interfaces is now systematically exploited for the 

fabrication of semiconductor quantum dots. The idea was a breakthrough in this field. Typical 

I nGaAs self-assembled SK islands have a flat shape with a base length of 20 - 50 nm and a 

height of several nanometers. Since the exciton Bohr radius is about 20 nm in an InAs- GaAs 

system, some SK islands are small enough for the three-dimensional quantum confinement 

erfcct to be observed (i.e., the islands work as quantum dots). After a number of early 

observations [2 - 41, good structural and optical qualities were reported about the self­

assembled coherent islands [5-9], suggesting that the microcrystals can be applied to practical 

devices. lnGaAs SK islands typically emit at 0.9 - 1.2 }Am at room temperature. 1.3-,um­

cmission I nGaAs quantum dots were first reported by the author [10- 12]. 

The growth of 1.3-,um-emission self-assembled InGaAs/GaAs quantum dots i , 

described in this chapter. The growth sequence is unique in that the group-III and group- V 

precursors are supplied alternately with an amount corresponding to one or less than one 

monolayer during metalorganic vapor phase epitaxy (MOVPE). The technique is based on 

atomic layer epitaxy (ALE). The original materials were named ALS quantum dots (ALS dots) 

for alternate §.Upply . These new quantum dots were found during a trial to fabricate 

(GaAs) 1/(lnAs)I short-period uperlattices on GaAs substrates by ALE, as explained in 

Chapter 2. 1.3-JA.m -emis ion dot had an impact because the emission wavelength is the zcro-
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dispersive wavelength of silica optical fiber used in practical optical data transmi ssion systems. 

Quantum dot lasers have the fundamental advantages over quantum well lasers (sec Chapter 6), 

and especially for InGaAs/GaAs dots , the dot active regions arc very attracti\·e since the 

cladding layer on GaAs substrates have a high energy barrier that reduces carrier leakage and 

enables a high characteristic temperature of threshold current. The acti vc regions a rc al so 

attractive to 1.3-,um-emission vertical cavity surface-emitting lasers (VCSELs) since hi gh­

reflectivity distributed Bragg reflector mirrors for 1.3 }AID can be easily fabricated on GaAs 

substrates. In addition to a 1.3-,um emission, ALS dots have a very narrow emission spectrum 

linewidth. The minimum full width at half maximum (FWHM) is 28 meV, much smaller than 

the 80- 120 meV for SK growth islands. Narrow spectrum linewidth will cause high optical 

gain in lasers. Thus, ALS dots with 1.3-,um emission and narrow spectrum linewidth arc very 

advantageous over SK dots. 

In this chapter, the author presents two kinds of growth sequences for ALS quantum 

dots: ( 1) an [In ~ As ~ Ga ~ As] sequence based on the concept of making monolayer 

superlattices by ALE, and (2) a subsequently developed [In ~ Ga ~As] sequence. As stated 

In Chapter 2, the original purpose was to grow short-period superlatticcs using the ALE 

technique. After the grown material was found to be quantum dots, growth conditions were 

refined to improve crystal quality. To obtain high emission efficiency, the growth sequence was 

changed from (1) to (2). Quantum dots are characterized by their shape, size, composition, and 

emission wavelength. In particular, the author illustrates how the dots vary with an alternate 

supply cycle, growth temperature, and composition of buffer layers on which the uots arc 

grown on the surface. Finally, the author describes a remarkable finding that temperature 

sensitivity of interband emission energy was significantly suppressed by an InGaAs 

overgrowth on the ALS dots. 

3-2 Alternate supply growth by In-As-Ga-As sequence 

In this section, the author explains the growth of ALS dots by an [In ~As ~ Ga ~ 

As] (hereafter, In-As-Ga-As) alternate supply using a reactor for pulse jet epitaxy (PJE) in a 

MOVPE chamber. Each supply was separated by H2 purging pulse (Fig. 2-28). Since the 

original purpose was to grow (I nAs) 1/(GaAs) 1 short-period superlatticcs using the ALE 
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Figure 3-1 InAs thickness per cycle of ALE growth as a functi~n of indiu~-source pulse 
duration at 460°C. When TMin is used, the thickness per cycle mcreases with the TMin pulse 
duration. When TMIDMEA is used, complete self-limiting growth can be achieved; that is, the 
growth thickness per cycle is saturated at one monolayer of InAs. 
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Figure 3-2 InAs and GaAs thickness per cycle of ALE growth as a function of growth 

temperature. InAs and GaAs were grown with self-limiting mechanism in the common temperature 
region. This makes it possible to grow InAs/GaAs heterostructures at a constant temperature. 
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technique, this section starts with a brief description of ALE growth. 

3-2-1 Short periodic growth of InAs and GaAs 

Source materials used for GaAs ALE, InAs ALE, and the growth of (lnAs) ti(GaAs) 1 

short-period superlattices were trimethylindium-dimethylethylamine adduct (TMIDMEA) , 

trimethylgallium (TMGa), and arsine (AsH3) diluted with hydrogen (H2). Experiments on self-

limiting ALE growth were done on GaAs substrates for GaAs growth and on InAs substrates 

for InAs growth. A new indium source of TMIDMEA was used to solve the problem for 

InAs/GaAs ALE, where the temperature range for self-limiting growth was different for the two 

binary compounds--- 450 to 550°C for GaAs using TMGa and 300 to 400°C for InAs using 

tiimethylindium (TMin) [13]. The ALE growth of InAs using TMIDMEA and TMin for indium 

sources is shown in Fig. 3-1, where the relationship between the group-III pulse duration and 

the growth thickness per cycle at 460°C is plotted. When TMin was used, the thickness per 

cycle increased monotonously with the TMin pulse duration, that is, a self-limiting mechanism 

did not work at this high temperature. When TMIDMEA was used, complete self-limiting 

growth could be achieved. The temperature dependence of the growth rate is shown in Fig. 3-

2. Self-limiting growth of InAs using TMIDMEA was observed over a temperature range of 

350 to 520°C. The upper limit of this temperature region is 100°C higher than that using TMln. 

Between 450 and 520°C, InAs/GaAs hcterostructures can be grown using a self-limiting 

mechanism at a constant growth temperature. 

With the ALE technique, the author and co-workers tried to grow (InA ·) r/(GaAs) 1 

supcrlatticcs on GaAs substrates. The sample was planned to consist of a 500-nm -thick 

undoped GaAs buffer layer, a 12-period (InAs)J/(GaAs)1 layer, and a 30-nm-thick undoped 

GaAs cap layer. The growth temperature was 460°C, which is preferable to self-limiting 

growth for both InAs and GaAs. Both buffer and cap layers were grown by conventional 

MOVPE using triethylgallium (TEGa). Growth pressure was 15 Torr. The room-temperature 

photoluminescence spectrum is shown in Fig. 3-3. An emission peak was observed at 1.34 J-tm 

with a full width at half maximum (FWHM) of 28 meV. The FWHM indicates inhomogeneity 

in a dot ensemble in terms of dot size, strain, and composition as long as the inhomogeneity i 

very larger than the homogeneous broadening of single-dot emission spectra. A spectrum of the 
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Figure 3-3 Room temperature photoluminescence spectra of (InAs)/(GaAs).l 
superlattices on ( 1 00) GaAs substrates. The spectrum of the sample grow:n ~sm~ . 
TMIDMEA shows a peak at 1.34 ~tm with a FWHM of 28 meV. The emiSSion mtenslty 

is much stronger than that of the sample grown using TMin . 
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Figure 3-4 Photolumine cence intensity of ALS dots at 300 K as a function of growth 
temperature. The ALS dots were grown by 12 cycles of (lnAs)/(GaAs) 1 alternate supply. 
Note that this figure is semi-log plot. 
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sample grown using TMin as a substitute source material for TMIDMEA is shown as a 

reference. We can sec that the usc of TMIDMEA is better to obtain a high emission intensity. 

Using TEM observation, the author found quantum dots in the alternately supplied layer 

instead of (InAs)I/(GaAs) 1 superlattices. A plan-view image shows uniform dot-like 

microstructures of about 20 nm in diameter and covering an area of 5- 10% (Fig. 2-29(a)). A 

cross-sectional dark field image, which is more scnsi tive to composition than a bright field 

image, indicates that spherical dots were self-assembled within an InAs/GaAs alternately 

supplied layer sandwiched by GaAs (Fig. 2-29(b)). The dots were about 10 nm in height and 

surrounded laterally by a quantum-well layer having almost the same thickness as that of the 

dots. The thickness of the quantum-well layer is definitely greater than that of the so-called 

wetting layer of SK islands [14- 17]. Two clear upper and lower borders can be observed 

between the GaAs sandwiching layers and the dot layer. These characteristics suggest that the 

dots were not self-assembled by the conventional SK mode. According to EDX measurements, 

the composition at the center of the dots is Ino.sGao.sAs and that in the quantum-well layer 

surrounding the dots is Ino. t Gao.9As.(Fig. 2-31). 

3-2-2 Optimization of growth condition 

In order to improve quantum dot crystal quality, various growth conditions, such as 

temperature, source supply amount, supply cycle number, and buffer layer composition, were 

optimized by checking the photoluminescence emission efficiency. Figure 3-4 shows the 

photo] uminescence intcnsi ty versus growth temperature for dots grown at 12 cycles or 

(lnAs) 1/(GaAs) 1· Growth temperature was critical. Above and below the optimi:t.ed 

temperature, emission intensities rapidly decreased. The optimized source supply amount was 

less than one monolayer. 

Changing the cycle of short-period growth and the indium composition of the InxGa 1-

xAs buffer layer gave the ALS quantum dots a wide-range wavelength tunability of between 

1.2 and 1.5 )Am via 1.3 JAm. Figure 3-3 shows that emission from the ground level of ALS dots 

grown by 12 cycles of (lnAs)I/(GaAs) 1 was 1.34 JAm, and that from the excited allowed level 

was 1.24 JAm. Figure 3-5 shows photoluminescence wavelength as a function of the number of 

cycles. The buffer layer was Ino.osGao.9sAs. When the alternate growth cycle number was 
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Figure 3-6 Photoluminescence wavelength at 300 K as a function of indium composition of 
the In Ga As buffer layer. With 12 cycles of alternate supply, the emission wavelength x 1-x . . . 
increa ed from 1.3 to 1.46 ~lm as x increased from 0 to 0.09. The reCiprocal latttce mappmg 
by X-ray diffraction indicated that an increase in x caused an increase in strain relaxation. 
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increased from 7 to 24, the emission peak wavelength increased from 1.29 to 1.41 JAm . Figure 

3-6 shows the photoluminescence wavelength as a function of the buffer-layer indium 

composition. When the indium composition of the buffer layer wa increased from 0 (GaAs) to 

0.09 (Ino.o9Gao.91As), the emission peak wavelength increased from 1.3 to 1.46 JAm at 12 

cycles of InAs/GaAs. Since there was no distinct diflcrcnccs among the indium composition in 

dots measured by energy dispersive x-ray analysis (EDX), the author concluded that 

wavelength variations arc caused by changes in dot size. After combining the abo\'e results 

concerning the number of supply cycles and indium composition of the buffer layer, the 

emission wavelength was continuously controlled from 1.2 to 1.5 JAin. Quantum confinement 

in these samples are investigated in Chapter 4. 

During the optimization of growth conditions, other growth sequences such as [In ~ 

Ga ~As], [Ga ~In ~As], and [(In+ Ga) ~As] were tested, and the sequence [In~ Ga 

~As] (hereafter, In-Ga-As) was found to be most effective to improve emission efficiency. In 

this sequence, the total group-III source amount (In and Ga) in a single cycle was set to less 

than one monolayer. With the In-Ga-As sequence, the concept of ALE was not adequate for 

growth of ALS dots, but the alternate supply of source materials is still unique for growth of 

1.3-JA.m-emission dots. 

Using the ALS dots grown under ln-Ga-As optimized conditions, stripe lasers were 

fabricated (sec Chapter 6). However, lasing was done at a higher-order cxci ted level and at a 

low temperature because of insufficient optical gain due to the low sheet density of the ALS 

dots. In addition, since the PJE system was not equipped with gas supply lines sufficient to 

fabricate laser devices, a laser structure other than the quantum-dot active region had to be 

grown by other growth systems via an air-transfer process. This process possibly damaged the 

crystal severely. 

3-3 Alternate supply growth by In-Ga-As sequence 

In this section, the growth conditions of ALS quantum dots arc further explored using 

the ln-Ga-As sequence in a state-of-the-art MOVPE system, where two types of ALS quantum 

dots are obtained by changing the growth temperature and the alternate supply cycle. 
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Figure 3-7 Schematic of MOVPE reactor. The inset shows the cross section of the 
multiple gas injector. Injectors are classified into three groups; A, B, and C, 
according to their radial location. 
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3-3-1 State-of-the-art metalorganic vapor phase epitaxy system 

The state-of-the-art MOVPE system is a standard type designed by Fujitsu Laboratories 

to produce commercial optical semiconductor devices. Figure 3-7 is a schematic of the reactor, 

which has a vertical configuration with a wide-area inlet consisting of multiple gas injectors 

[18]. The injectors are arranged in a threefold honeycomb configuration so that inlet gas 

impinges perpendicularly in the entire area of the substrate. Organometallics, hydrides, and 

dopants arc mixed with the main hydrogen carrier gas in a compact gas-switching manifold , 

then divided into subflows and introduced to the injectors. The flow rate of each injector is 

controlled by a mass flow controller that is designed to operate under low differential pressure. 

For the gas-handling system, a pressure-balanced vent-and-run configuration was used. The 

injectors are classified into three groups according to their radial rotation: A, 8, and C. By 

fixing the flow rate of injectors at the same radial location, and changing the flow rate ratio for 

injectors at different radial locations, a wide area and axis-symmetric flow with a variety of 

radial flow velocity distributions was obtained, including a radially uniform velocity flow. 

Self-limiting growth was again observed for InAs and GaAs at common temperatures 

with TMIDMEA and TMGa in the new MOYPE system. Note that the growth temperature 

indicated in this section does not agree with the temperature of the PJE reactor in Section 3-2. 

In comparing temperatures for self-limiting growth in each reactor, a growth temperature of 

460°C for the PJE reactor in Section 3-2 corresponds to 520°C for the MOVPE reactor in this 

section. For the growth sequence of In-Ga-As, optimized source supply amounts were 2.0 

seconds for TMIDMEA and 0.3 seconds for TMGa, corresponding to 0.5-monolaycr indium 

and 0.1-monolayer gallium. The duration of the AsH3 supply was fixed at 7 seconds. The H2 

purge was inserted after the TMGa and AsH3 supply for 3 seconds and 0.5 seconds, 

respectively. TMIDMEA, TMGa, and AsH3 sources had supply rates of 0.04, 4.6, and 40 cc 

per minute, respectively. A single cycle time of 12.8 seconds provided a very low growth rate 

of about 0.04 ML per second. 
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Figure 3-9 Peak wavelength of photoluminescence spectra as a function of the In - Ga- As 
cycle number grown at various temperatures. The relationship between the cycle number 
and the emission wavelength varies considerably between the two temperature ranges. 
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3-3-2 Growth of two types of dot 

Samples were prepared as follow . First, a 0.25-j.Jm GaAs buffer layer was grown on a 

(100)-GaAs substrate at 630°C. The growth was then interrupted for 10 minutes, and the 

substrate temperature was lowered to, for example, 520°C under an AsH3 atmosphere. After an 

additiOnal 0.05-jJm GaAs buffer layer growth , the In-Ga-As layer was grown by the alternate 

source supply, followed by a growth of a 30-nm GaAs cap layer. The GaAs buffer and cap 

layers were grown by conventional MOVPE using TEGa and AsH3. The growth pressure was 

I 5 Torr throughout the growth of the structure . 

Figure 3-8 shows the wavelength of a photoluminescence spectrum peak as a function 

of growth temperature for an 18-cycle In-Ga-As supply. The emission wavelength varied 

considerably between 1.2 and 1.3 JAm depending on the growth temperature, with a 1.3-JAm 

emission at around 500°C. Figure 3-9 shows the photoluminescence peak as a function of the 

cycle number at various growth temperatures . Variations in the relationship between the cycle 

number and the emission wavelength were found, depending on the temperature ranges (i.e., 

the dots grown at 435 and 460°C showed almost constant emission wavelength, but the 

emission wavelength of dots grown at 490- 5l0°C increased as the cycle number increased.) 

This suggests that there are at least two types of ALS dots grown according to growth 

temperature . 

Figures 3-10 and 3- 11 are cross-sectional TEM images and photo! uminesccnce spectra 

for two types of ALS dots. Both dots were grown at 520°C. Dots in Fig. 3-lO(a) emit at 1.2 

JAm, and have a diameter of 15 nm and a height of 5 nm. Dots in Fig. 3-1 O(b) cmi tat 1.3 JAm, 

and their diameter and height arc 25 nm and 8 nm, respectively. The indium composition 

detected by EDX for type-A dots was almost the same as that for typc-8 dots, indicating that 

the longer photoluminescence wavelength is due to larger dot sizes. (Obtained indium atomic 

percentages were 15% for type-A dots and 12% for type-B dots. These values were not 

calibrated using the standard sample.) The quantum well layer surrounding quantum dots 

became thinner, like the wetting layer of the SK mode in the In-Ga-As sequence. This is 

because the supply of group-III source gases has been reduced to less than one monolayer. The 

photoluminescence intensity of 1.2-jAm-emission dots is weaker than that or 1.3-jAm-emission 

dots. The photoluminescence linewidth for the 1.3-JAm-emission dots is narrow , typically with 

an FWHM of 30- 50 meV, while the Iinewidth for type-A quantum dots is broad, typically 
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Figure 3-10 Cross-sectional TEM images of quantum dots: (a) 1.2-Jiffi emission 
dots grown at 520°C with 14 cycles, (b) 1.3-Jllll emission dots grown at 520°C 
with 18 cycles. 
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Figure 3-11 Photoluminescence spectra of type-A ALS dots and type-B ALS dots. 
Intensity of type-A dots is weaker than that of type-8 dots. FWHM of 
photoluminescence for type-8 dots is 40 meV, while that for type-A dots is 90 meV. 
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wtth a FWHM of 80- 120 mcV. A shorter wavelength peak in the spectra of 1.3 -J-!m emission 

dots was assigned to be the second sublevel cmis ion because, as excitation laser power 

increases, several peaks appear in the higher energy regime of the second peak (sec Chapter 4). 

The growth temperature and the supply cycle number govern the formation of 1.2-j-!m­

cmission and 1.3-j-!m-cmission ALS dots. The author found that the 1.2-j-!m-cmission dots 

grown with various growth temperatures and supply cycle numbers share common structural 

and spectral characteristics [1 2]. In this chapter, the author therefore calls the 1.2-j-!m-cmission 

dots (i.e., grown at 435- 460°C) 'type-A dots', and the 1 .3-~m-emission dots (i.e., grown at 

490 - 510°C) 'type-S dots'. Type-A ALS dots are similar to SK dots in that the emission 

wavelength is independent of the source supply amount. 

3-3-3 Stacking of quantum dot layer 

The author shows how vertical stacking proceeds in type-A and type-S quantum dots in 

the follmving. Vertically stacked quantum dot layers result in high optical gain in a laser cavity 

as long as quantum efficiency m the dots is not seriously damaged. Tcrsoff eta!. demonstrated 

that the sizes and in-plane spacings of the dots become more uniform with the growth of 

successive layers [ 19] by using a simple model showing that new quantum doL'i tend to nucleate 

above buried quantum dots in a stacked tructure. Because of these importance and interest, the 

stacking of quantum dot layers is a well-founded research subject [20- 24]. 

The examined samples were triple-layered structures of type-A and type-8 ALS dots 

with GaAs intermediate layers whose thicknesses varied from 10 nm to 30 nm. The growth 

temperature for both samples was set at 520°C. The cycle number of alternate supply was set to 

14 and 18 for type-A and type-S, respectively. Figure 3-12 shows cross-sectional TEM images 

of the samples. TEM images of a single-layer structure are also shown for comparison. In both 

types, the vertical alignment of multistackcd quantum dots occurred by thinning the GaAs 

intermediate layer, originated by a crystal lattice distortion induced by buried quantum dots. The 

vertical alignment occurs with a 15-nm intermediate layer for type B but not for type A because 

the lattice distortion is larger in type 8 due to a larger quantum dot volume. V crtically aligned 

quantum dots became larger toward the upper layers in triple-layered type-A dots with 10-nm 

intermediate layers, a phenomenon also observed in SK islands. The diameter of the dots at the 

top layer was about 35 nm, while the diameter of those at the bottom layer wa, about 25 nm. 
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(A) (B) 

Figure 3-12 Cross-sectional TEM images of triple-layered structures of (A) type-A 
quantum .dots grown with 14 cycles and (B) type-B quantum dots grown with 18 cycles. 
Growth temperature for both was 520°C. The GaAs spacers are 20 nm, 15 nm, and 10 
nm. Single-layered structures are shown in (d). 

Figure 3-13 ross-sectional TEM image of stacked ALS dots grown by PJE reactor. 
The compo ition of intermediate layer, buffer layer, and cap layer was GaAs. T hickness 
of the intermediate layer was 40 nm and the number of multiple-layer growth was fi ve. 
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A unique phenomenon was found in the tacking of typc-B quantum dot"> if the dots 

were separated with a thick GaAs intermediate layer. In the case of a :20-nm GaAs spacer, fc\\ 

dots were fom1ed on the upper layer.. For type-A quantum dots, a drastic decrease in dcnslt) 

did not occur and similar structures were simply repeated. Similar multi pic stacking behavior 

was observed in ALS dots grown via the In-As-Ga-As equence in a PJE reactor (Fig. 3-13). 

The ALS dots were self-assembled only in the first grown layer. At the present tage, it is not 

known why the two types of dots display different multiple stacking behavior. 

In the closing of thi section, the author would like to demonstrate that the unique 

structure of ALS dots grown in a PJE reactor can be reproduced in a state-of-art MOVPE 

system. The dots were urrounded by quantum well having the same thickncs, as the dots. To 

reproduce the structure, one method uses the In-As-Ga-As sequence again, and the other uses 

an lnGaAs overgrowth layer to cover the island shape. TEM images of Figs. 3-14 and 3-15 

shows the results of the two methods. In Fig. 3-14, the upper and lower borders of the 

quantum \veil are not nat since growth conditions had not yet been optimized, but the dot emit 

at 1.3 ~m. The merit of the method presented in Fig. 3-15 is that we can intentionally determine 

the compo Ilion of the overgrowth quantum well layer (an Ino.2Gao.8As layer was used here), 

and also, a 1.3-,um emission can be achieved. Using the overgrowth method, the author 

achieved the fir t 1.3-~m contmuous wave (CW) lasing of quantum dot lasers at room 

temperature (see Chapter 6). In addition, the author found that the temperature sensitivity of 

cm1s 10n wavelengths of quantum dots can be controlled with the method. Details arc presented 

in Section 3-5. The experiment suggest that quantum dot lasers might achieve a high stability 

of lasing ·wavelength against ambient temperature variations in the 1 .3-~m wavelength region. 

3-4. Growth process of dots 

So far in this chapter, ALS dots have been shown to be very different from SK islands. 

(An exception is type-A ALS dots, which have many common characteristics with SK dots. 

The author, therefore, assigns type-A quantum dots as a kind of SK island .) The main rca 'On 

why ALS dots emit at a wavelength of 1.3 ~m or longer is probably their tructurc that is 

thicker than that of SK islands. The FWHM of the emission spectra of A LS uots is 30 - 50 
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Figure 3-14 TEM image of ALS dots grown by an In-As-Ga-As sequence in the state­
of-the-art MOVPE system. Thick quantum well is observed around the quantum dots. 

Figure 3-15 TEM image of ALS dots grown by an In-Ga-As sequence embedded by 
an In0.2Ga0.8As overgrowth layer. The structure is similar to the ALS dots grown in 
PJE system. 
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mcV, which IS much mailer than the 80- 120 meV of SK islands. ALS dot.~ arc buncd in a 

quantum \veil \·Vith clear upper and lower borders against the GaAs. The thickncs~ of the 

quantum \'\'ell decreases and becomes like that of a wetting layer in SK-modc gn.m th as the 

supply amount of group-III source is reduced. The area co\·crage of the dots is 5 - I CYk, 

\\ hich is definitely smaller than the 20 - 40% of SK islands. As the alternate supply cycle 

increases, dot emission wavelength increases, whereas SK islands arc almost in ·cnsitivc to the 

supply amount of InAs. 

A the supply cycle incrca cs, three-dimensional structures become large in the growth 

of ALS dots. The process gives us a hint to identify the growth mechanism of the ALS dots . 

Pnmal nuclei islands are self-assembled probably by the thermodynamical balance between 

strain energy and surface energy. If only indium is supplied after primal islands form, dot si;.c 

hardly changes, as in theca c of usual SK growth, since the islands have already reached an 

equilibrium point. A supply of gallium to the islands decreases the total strain energy, making it 

possible to add further mdium to the islands and thus incrca cs dot size in a direction 

perpendicular to the growth surface. This proccs repeats itself until the dots reach another 

equilibrium pomt. 

The author believes that the growth proces of ALS dots is not exactly the same for the 

supply equcncc of In-As-Ga-As and In-Ga-As, although both sequences provide a unique 

1.3-,um emission. The plan-view TEM images in Fig. 3-16 and 3-17 indicate how the indium 

ourcc gas contents in a supply cycle affect the structure of the ALS dots with the two growth 

'cquenccs. For the I n-Ga-As sequence, surface density increases but the diameter docs not 

change after the increase of source gas content (Fig. 3-16). For the In-As-Ga-As sequ~ncc, 

surface density doc not change but the dot size becomes large after the increase of source gas 

contents (Fig. 3-17). During the In-A -Ga-A sequence, the supply of AsH3 fixes metal islands 

on the growth surface by forming a semiconductor. The author suppose that the metal i land 

constitution at AsH3 supply is the origin of the difference between the figures . In the In-As-Ga-

As sequence, only In or Ga metal islands exist on the surface, but in the In-Ga-As sequence, 

both In and Ga metal islands exist. Therefore, in the In-As-Ga-As sequence, InAs and GaAs 

are piled up step-by- tcp. However, in the ln-Ga-As sequence, InA and GaAs arc crystallized 

in one layer. If the indium source gas content is raised, the number of In metal islands incrca cs 

on the surface, and the island size docs not change if other particles such as the Ga metal 

i lands do not interfere with In metal island formation. 
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(a) 

(b) 

Figure 3-16 Plan-view TEM images of the ALS dots grown by 18 cycle of the In-Ga-As 
supply sequence: (a) the standard case and (b) the case when indium source gas content in a 
supply cycle was raised by 20%. 

(a) 

(b) 

Figure 3-17 Plan-view TEM images of the ALS dots grown by 12 cycle of the In-As­
Ga-As supply sequence: (a) the standard case and (b) the case when indium source gas 
content in a supply cycle was raised by 100%. 
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The problem of low surface density in ALS dots probably arises from a low source 

supply amount at pnmal nuclei formation. Therefore, the problem can be solved by raising the 

number of the nuclei. If high-density SK islands are formed on the surface and an alternate 

supply is then started, sources will gather at the islands, resulting in high ALS dot densities. 

Figure 3-18 shows a trial of the above, a plan-view TEM image of a sample grown by 10 

cycles of the ln-Ga-As sequence after a supply of 2 monolayer InAs. The figure indicates the 

formation or quantum dots with a diameter of about 20 nm, and the increase of the surface 

density (sec Fig. 2-29 (a)). Figure 3-19 shows photoluminescence spectra of the sample at 

room temperature. A 1.3-,um emission with good emission efficiency was obtained by this 

hybnd (SK + ALS) growth method, suggesting that the method can solve the dot density 

problems. The author expects that the hybrid method will rectify the incapable stacking of ALS 

dots because SK dots can be ' tacked well. 

3-5 Suppression of temperature sensitivity 

of interband emission energy 

As briefly premised in Section 3-3, the temperature sensitivity of a band gap in ALS 

dots was greatly suppressed by the InGaAs-Iayer overgrowth, and that is the subject of this 

section. 

Lasing vvavclcngths or semiconductor lasers change greatly as a function of ambient 

temperature, primarily due to temperature-induced changes in the band gap energy of the active 

region. This phenomenon is a serious problem for lasers that work in fiber optics data transition 

systems, such as wavelength division multiplexing (WDM) systems, where the Ia ing 

wavelength should be strictly controlled. To solve the problem in the device itself, development 

of new materials whose band gap is constant against temperature variations is required . 

TIInGaP [25] and GalnAsBi [26], which arc alloys of semiconductors and scmimctals, were 

prop )Sed for this purpose. These materials can be lattice-matched to InP and InAs substrates, 

respectively, and the weak dependence or their band gap energy on temperature has been 

c\.pcnmcntally demonstrated thereafter 127- 29]. However, high-quality epitaxial growth of 

these materials is ~till under invesl!gation, and a practical laser structure has not yet been 

prm idcd \\ i th these matcnals. 
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Figure 3-18 Plan-view TEM image of a sample grown by 10 cycles of an In-Ga-As 
sequence after supply of 2-monolayer In and As. Quantum dots having an in-plane 
diameter of 20 nm were observed. · 

RT 

ALS dots on SK dots 

0.9 1.0 1.1 1.2 1.3 1.4 1.5 

Wavelength (}lm) 

Figure 3-19 Photoluminescence spectrum of a sample grown by 10 cycles of the In-Ga­
As sequence after supply of 2-monolayer In and As. A 1.3-jtm emission was obtained at 
room temperature. 
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A stable threshold current against temperature variations is generally a tradeoff with 

stable lasing wavelength. In quantum-well lasers operating at a uniform carrier density , the 

la<;mg wavelength will be greatly shifted according to any band gap changes since the maximum 

gam is obtained off their band edge at almost the same energy. In quantum dot lasers where 

state density is similar to the delta-function, this situation is very severe. Lasing wavelengths of 

quantum dot lasers must follow the band gap changes exactly. Therefore, the insensitivity of 

band gap to amb1cnt temperatures is especially significant for quantum dots in aiming laser 

application. 

The author found that an overgrowth of an InGaAs layer on self-assembled 

I nGaAs/GaAs quantum dots drastically modified the strain distribution around the dots, and 

that the mterband emission energy became less responsive to temperature under the modified 

strain field 130]. The findings open up an optimistic future where quantum dot lasers achieve 

htgh stability in both threshold current and lasing wavelength against ambient temperature 

variations smce quantum dot lasers have already the potential of achieving temperature­

insensitive threshold current. 

3-5-1 Embedded dot structure 

Growth was performed in a state-of-the-art MOVPE system, as in Section 3-3. The 

growth temperature was 5:20°C. Self-assembled quantum dots were grown by 18 cycles of 

alternate supply of (TMIDMEA)-(TMGa)-(AsH3) on a GaAs substrate (typc-B ALS dots). The 

dots were buried in a 10-nm-thick compressively-strained InxGa 1-xAs (0 s x s 0.3) layer and 

capped by a 30-nm GaAs layer. 

Cross-sectional TEM images of samples are shown in Fig. 3-20. Dot structure without 

an InGaAs overgrowth (i.e., x = 0) consists of a two-dimensional layer and three-dimensional 

islands on it (Fig. 3-20(b)). With the InGaAs overgrowth, a dark contrast expands from the top 

of dot in the overgrowth layer (Fig. 3-20(a)). Spacial distribution of the indium composition in 

cro s-scctional . amplcs was evaluated by EDX (Fig. 3-21). The electron beam was focused to 

a diameter or 1 nm, and ignals were calibrated using four reference samples, 20-nm-thick 

strained In,Ga 1-xA, (x = 0.1, 0.2, 0.25, 0.3) single quantum wells grown on a GaAs 

substrate. The calibrated indium composition was 0.5 at the center of a dot and 0.3 at the 

overgrowth layer beside the dot. Remarkably, the composition was also 0.3 on the dot in the 
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Figure 3-20 Class-sectional TEM images of ALS dots: (a) buried in a 10-nm-thick 
strained In0.3Ga0.7As overgrowth layer followed by a GaAs layer, and (b) covered with 
only a GaAs layer. Structures are illustrates in right-hand figures. 

focus size= 1 nm 

Calibrated composition 

6: Inoz9Gao 71As 

5: lno.01Gao.99As 

4: lno.28Gao.nAs 

3: Ino.4"]GClQ.53As 

2: Ino.3sGao.6sAs 

1: GaAs 

Figure 3-21 Energy dispersive X-ray (EDX) analysis of cross-sectioin sample. Data were 
calibrated using four reference samples composed of a 20-nm-thick strained [nxGal-xAs 
(x = 0.1, 0.2, 0.25, 0.3) layer grown on a GaAs substrate. 
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overgrowth layer where the dark contrast expands. The result suggests that the indium 

com poL ition in the overgrowth layer was uniform, but additional lattice distortion is generated 

on the dots. The author compared cross-sectional TEM images of samples having various 

indium compositions in the overgrowth layer, and found that the dark contrast on dots got 

strong as x rose. The result suggests that lattice distortions in the overgrowth layer on the dots 

en I argcd as x rose. 

3-5-2 Photoluminescence characteristics 

Photoluminescence spectra of the samples were measured at between 4.2 K and 300 K. 

For the measurements, samples were set in a temperature-controlled cryostat for the 

measurements at over 20 K, and immersed in liquid helium for 4.2-K measurements. A 5l4.5-

nm Ar+ laser beam was focused on the sample surface, and luminescence was monochromed 

by a 50-em monochromcter and detected by an InGaAs photo-multiplier detector cooled at 

-80°C. Emission wavelength was found to got longer as the indium composition of the 

overgrowth layer increases (Fig. 3-22) l3lj. This is probably because the in-plane potential 

barrier height was reduced by the overgrowth layer, and also because the generated strain field 

on dots enlarged the actual dot s1zc. 

Figure 3-23 shows the photoluminescence spectra of dots with an Ino.3Gao.7AS 

overgrowth layer at between 20 and 200 K. Intensity has been normalized. Ground and second 

sublevel peaks were observed up to 200 K. Since the peak intensity of the ground level was 

drastically reduced at over 200 K, the relative intensity of peaks below 1.3 fAll appeared strong 

at 200 K. Emission energy of the ground level showed a gradual shift in the 1.3-J.Am region 

during a temperature increase. Since the shape and width of ground-level peaks were almost 

uniform at these temperatures, the author suppo es that the dot structure worked as a quantum 

dot up to 200 K. 

Figure 3-24 compares the emission energy shift of the ground level among samples as a 

function of temperature. The shift of bulk GaAs is superimposed as a reference [32]. The 

results varied depending on x. Emission energy at x = 0, 0.1, and 0.2 decreased monotonou ly 

w1th temperature increases, and the shifts arc almost uniform and similar to that of bulk GaAs. 

The results at:\.= 0.25 and 0.3 were remarkable. At x = 0.25, energy shifts stopped above 1.50 

K. At x = 0.3, the shift between 4.2 K and 200 K was less than half that of bulk GaAs. The 
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Figure 3-22 Photo! urn inescence spectra of samples where dots are buried in 
overgrowth layer having various composition. As the indium composition of the 
overgrowth layer increased, emission wavelength got longer. 

200 

~ 
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Figure 3-23 PL spectra of dots buried in a 1 0-nm-thick In0.3Ga0.7 As overgrowth 
layer at between 20 and 200 K. Intensity has been normalized. 
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Figure 3-24 Emission energy shift of dots buried in a 10-nm-thick InxGa1_xAs 
(Os x s 0.3) overgrowth layer as a function of temperature. Energy shift of bulk 
GaAs is indicated as a reference. 
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results suggest that the temperature scnsi ti vity of emission energy is controlled by the 

overgrowth layer. 

In addition to the ground-level cmisston \vavclcngth, the author found that level 

separation was also non-linear to temperature at x = 0.3. In Fig. 3 -25, we can sec that energy 

separation between the ground and the second level decreased linearly during temperature 

mcreases without an overgrowth layer but not with an Ino.3G3{)_7As overgrowth layer. 

3-5-3 Discussion on mechanism 

Let me consider a mechanism for the temperature insensitive emission energy of 

InGaAs-covered dots. A major cause of semiconductor band gap shrinkage with temperature 

increases is thermal expansion of the material lattice constant, which is an essential 

phenomenon. In quantum wells, band filling ink space causes a shift of emission energy, but it 

cannot be expected in quantum dots having the delta-functionlikc state density. Carrier 

distribution among dots having non-uniform energy may be related to the emi sian peak shift. 

However, the distribution is determined by a carrier capture process that is random and 

independent of temperature unless dot-potential depth is shallow enough for carriers to be 

thermally excited out of dots, or unless dot-to-dot distance in real space is small enough for 

carriers to tunnel via phonon scattering (neither condition was satisfied in the amples). The 

author then considered that a lattice-constant variation itself provides the most likely explanation 

for the temperature insensitive emission energy. The author supposes that a three-dimensional 

strain distribution peculiar to the dot structure is a key issue. 

A simple model for the InGaAs-buried quantum dot structure helps us to consider what 

is the point in the mechanism. Figure 3-26 illustrates the model. Here, cylindrical Ino.s03D.sAs 

dots are sandwiched by GaAs and surrounded by an InvGa 1-vAs (0.5 > v ~ 0) layer. The band 

gap energy shift of dots with a temperature increase is given by ~E = ~Ebulk + ~Estrain + 

~Eoffset. where ~Ebulk represents the shift due to a change of bulk band gap, ~Estrain 

represents the shift due to a change of lattice strain, and ~Eoffset represents the shift due to a 

change of band offset. ~Eoffset is secondary and negligible compared with the other two shifts. 

The lattice constant of InGaAs material expands simply as temperature increases, and thus, 

~Ebulk < 0. Let me check the temperature dependence of ~Estrain· Thermal lattice expansion in 
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Figure 3-25 Energy separation between the ground and the second sublevel as a 
function of temperature for sample with or without a 1 0-nm-thick In0.3Ga0_7As 
overgrowth layer. 

Tn0.5Ga0.5As 

--------- GaAs 

Figure 3-26 Schematic of the very simple model for InGaAs-buried quantum-dot 
structure. Cylindrical In0_5Ga0_5As dot is surrounded by InvGa l-vAs layer and 
sandwiched by GaAs layers. 
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the structure governs ll.Estrain · Since the thcnnal line expansion coefficient for GaAs (6.4 x 10-

6 K-1) is larger than that for InAs (5.2 X J0-6 K -1) [33J, thermal lattice expansion is larger in 

GaAs than in JnGaAs. Assuming that the in-plane lattice match is complete, the perpendicular 

lattice distortion of the InGaAs layer reduces as temperature increases. Here, the strain in the 

dots is compressive, ll.Estrain < 0. Since ll.Estrain has the same sign as ll.Ehulk, small lll.Estrain I 

reveals a small emission energy shift. As the indi urn composition of the I nGaAs layer 

increases, the emission shift due to I ll.Estrainl increases. However, the dots arc compressively 

strained not only in-plane but also perpendicularly. Therefore, in quantum dots, the value of 

lll.Estrain I due to perpendicular lattice distortion decreases as the indium composition of the 

surrounding InGaAs layer gets closer to that of the dots. 

However, temperature-insensitive energy shifts over 150 K in Fig. 3-24 cannot be 

explained by the simple model above since ll.Estrain cannot cancel ll.Ehulk· The problem in the 

model may be that the strain field in the dot structure was oversimplified. Although a practical 

dot structure ts too complex to understand completely, a strain field modified by an overgrowth 

layer is known to not be cylindrically symmetrical but multi-axial. It is not surprising that multi­

axial asymmetrical lattice distortion does not change linearly with temperature f34, 351. Also, 

we know that the line expansion coeffictent is not linear to temperature variations [37j. 

The author calculated the strain field and resulting wave function of embedded dot 

structures using the finite element method. Figure 3-27 shows the division of voxcl for the 

finite element method and calculated displacement of lattice plane at the positions indicated by 

arrows. The author calculated in the quarter area because of symmetry of the system. The 

author here assumed a pyramid-shaped SK dot structure [36] in which the indium composition 

( = x) of both dots and wetting layer was 0.5. The x of the overgrowth layer was set to be 0.22. 

Dot size was assumed to be 160 A on x- and y-axes, and 112.5 A on the z-axis. The thickness 

of wetting layer was assumed to be 7.5 A and that of the overgrowth layer to be 105 A. An 

interesting result is that the contour of the displacement of lattice plane is far from a pyramid 

shape. Plane (b) is very hollow just under the dot, and more remarkably, plane (c) is also 

hollow in the center of quantum dot. Conversely, the overgrowth layer swells everywhere ncar 

the dot. By solving the Shrodinger equation under the model in three dimensions, we can 

calculate sublevel energy in the buried dot structure. Figure 3-28 shows an example: heavy-hole 

wave function for the ground and the second levels at plane (d). The second level is 
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Figure 3-27 The division of voxel for the finite element method and calculated 
displacement of lattice plane at the position (a) - (f) indicated by arrows. The author 
calculated in the quarter area because of symmetry of the system, assuming the pyramid­
shaped SK dot structure. The indium composition of dot, wetting l~yer, and overgrowth layer 
is 0.5, 0.5 , and 0.22. Dot size is 160 A in x- and y-axis, and 112.5 A in z-axis. Thickness of 
wetting layer i 7.5 A and that of overgrowth layer is 105 A. 

Figure 3-28 Heavy-hole wave function for the ground and the second level at the plane 
(d). The econd level is degenerated with the symmetric dot structure. 
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degenerated with the symmetrical dot structure. Jf non-linear dependence of the line expansion 

coefficient to temperature is taken into account in the calculation, the mechanism of temperature 

insensitivity of emission energy will be understood in the future [371. 

3-6 Summary 

This chapter reviewed the growth of ALS quantum dots that arc produced by an 

alternate supply of source materials in an amount of one monolayer or less. In Section 3-2, 

ALS dots grown with a sequence of In-As-Ga-As in a PJE reactor were described. The dots 

have a 1.3-JAm emission and narrow spectrum linewidth of 28 meV. The quantum dots al so 

acquire great controllability in emission wavelength by an adjustment in the cycle number and 

the composition of buffer layers on which the dots are grown. In Section 3-3, ALS dots grown 

With a sequence of In-Ga-As in a state-of-the-art MOVPE system were described. The dots 

grown at various growth temperatures and by various supply cycle numbers were categorized 

into two types by photoluminescence characteristics. Difficulty in multiple-layer growth of ALS 

dots were presented. In Section 3-4, a possible picture of the growth process of ALS dots is 

discussed. Based on the discussion , the author showed that the surface density of the ALS dots 

can be raised with hybrid growth in an SK and ALS mode. In Section 3-5, suppression of the 

temperature sensitivity of inter band emission energy from dots using an I nGaAs-layer 

overgrowth layer is presented, and this offers the possibility that quantum dot lasers will 

achieve high stability in both threshold current and lasing wavelength against ambient 

temperature variations. 
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Chapter4 

Optical Characterization of Quantum Dots 

4-1. Introduction 

Opt1cal evaluation is particularly well suited to revealing unique properties of 

semiconductor nanostructures. By probing photons that interact with electrons m 

nanostructures, and by analyzing the optical spectra in time and wavelength regimes, we can 

obtam wide-ranging information on the electronic states of nanostructures (e.g., level energy, 

state density , band structure, wave function) as well as their carrier dynamics (e.g. , carrier 

capture, relaxation , recombination). Also, in the fabrication of optical devices, information on 

the strength and resonant wavelengths of the photon-electron interaction process itself, such as 

spontaneou. emiss1on, stimulated emission, optical absorption and a variety of optical nonlinear 

interactions, is required. over the past two decades of quan tum-well research, many useful 

optical cval uation techniques have been establ ished. Photo! uminescence is one of the most 

conventional and useful techniq ues. It provides information on not only energy levels but also 

crystal quality. Other optical methods are photol uminescence excitation spectroscopy, time­

resolved photoluminescence, microprobe optical spectroscopy performed with a microscope or 

sharpened optical fiber, and magneto-optical measurements. 

The discovery of self-assembled semiconductor microcrystals caused an explosive rise 

in the population of researchers in the field of quantum dots. It was a great breakth rough. 

Microcrystals have a uniform and small size, high emission efficiencies, and high numerical 

dcnsittcs, which arc not possible with artificially fabricated structures. Various types of self­

assembled microcrystals have been reported. The most popular microcrys tals are Stranski ­

Krastanov (SK) dots ll , 21 . They arc dome- or pyramid-shaped islands on highl y la tti ce­

mismatched gnJ\Vlh surface l3 1. Di k-shaped dots [4] and dash-shaped dots [5] have also been 
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(a) Stranski-Krastanow (SK) dot 

(b) ALS dot 

Figure 4-1 Schematic and TEM images of two types of self-assembled dots in cross­
section. The InGaAs SK dots are grown by MBE or MOVPE via Stranski-Krastanow (SK) 
mode under highly strained epitaxy. The InGaAs ALS dots are grown by alternatively 
supplying InAs and GaAs precursors with one or fewer-than-one monolayer. While SK 
dots are dome- (or pyramid-) shaped islands on a growth surface, ALS dots are SP.herical 
and surrounded laterally by a quantum-well layer having almost same thickness as the dots. 
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reported . The author discovered 1.3-,um emitting sphere-shaped dots (ALS dots) f6l (sec 

Chapter 2). Figure 4-l compares transmission electron microscope (TEM) photographs of ALS 

and SK doll). While SK dots arc dome-shaped islands on a monolayer-thick wetting layer, ALS 

dots arc. phcrical and surrounded laterally by a quantum-well layer having almost the same 

thickness as that of the dots . It should be noted that some self-assembled microcrystals arc 

obviously too large. At the least, the size of quantum dots (observed by TEM, AFM, etc.) 

should be smaller than the exciton Bohr radius. 

Unique opllcal characteristics originated by a delta-functionlike state density arc 

expected in quantum dots, and therefore, the characteristics can be the criteria of optical 

characteristics as quantum dots. Multiple discrete sublevels appear in emission spectra of 

quantum dots. Widths of the emission peaks do not depend on temperature as long as the width 

arc determined by dot inhomogeneity since thermal carrier distribution does not exist in 

quantum dots. Ultra-narrow emission is observable from a single quantum dot. Emission 

energy is insensitive to a magnetic field application since excitons are initially localized in the 

dots. Carrier recombination lifetimes are independent of temperature ince carrier energy docs 

not have thermal distribution in a quantum dot. 

This chapter deals with the optical characterization of quantum dots , focusing on the 

ongmal ALS quantum dots Introduced in Chapter 3. Unique properties of ALS dots will be 

demonstrated, such as long emission wavelengths, emission spectra with multiple peaks from 

discrete energy levels, the harmonic-oscillator-type confinement potential, a large wavelength 

tunability between 1.2 and 1.5 ,urn by size control, and carrier lifetimes through radiative and 

nonradiativc recombinations. These properties indicate the advantages of the alternate supply 

growth method. ALS dots are shown to satisfy the criteria of optical characteristics as quantum 

dots. 

4-2. Light emission from discrete energy levels 

4-2-1 Em is. ion spectra 

Photoluminescence spectra of ALS and SK dots at 300 K are compared in Fig. 4-2 [7J. 

Dillcrcnccs between the two arc remarkable. The spectrum peak wavelength of the ALS dots is 
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Figure 4-2 Photoluminescence spectra at 300 K of the ALS dots and the SK dots, 
measured with a Kr+ laser at a low excitation power of 60 W/cm 2. The emission 
wavelength of ALS dots was above 1.35 ~tm, longer than that of the SK dots. The full width 
at half maxim urn of the spectrum is 30 me V in the ALS dots, showing high uniformity. 
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Figure 4-3 Diameter of ALS dots observed in a plan-view TEM image. The distribution 
follows a Gaussian curve with a standard deviation of 2.9 nm. 
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about 1.35 JAm, which IS longer than the 1.12 JAin of the SK dots. Spectrum broadening in the 

ALS dots is less than half that of the SK dots. Figure 4-3 shows the si;_e 11 uctuation of ALS 

dots evaluated by plan-view TEM images. The diameter distribution follows a Gaussian curve 

and is comparable to or smaller than that of SK dots l2, 8]. Since a spectrum consists of an 

ensemble of one emission line per quantum dot, the narrower spectrum in ALS dots indicates 

higher uniformity of dot emission energies and thus higher uniformity of dot si~:c, composition, 

and strain. 

Figure 4-4 shows the full width at half maximum (FWHM) of the emission spectra of 

ALS dots as a function of temperature between 60 and 300 K. Spectra at 4.2, 77 and 300 K arc 

shown in the msct. The temperature-independent spectrum width indicates that broadening is 

dominated neither by the thermal carrier distribution nor by homogeneous broadening from 

phonon scattering, but by structural inhomogeneity. The homogeneous broadening of a single 

SK dot has been shown by microprobe photoluminescence to be less than 0.1 mcV at lov. 

temperatures, much smaller than the measured spectrum width in the figure [91. Theoretically, 

the homogeneous broadening of a single quantum dot is determined by the spontaneous 

emission rate and carrier scattering rate. It is yet to be investigated hmv large the homogeneous 

broadening of a single dot becomes at room temperature and when there are numerous carriers 

both inside and outside the dots, as is the case with lasing operations. Note that, in quantum 

wells, photoluminescence spectra broaden toward high energies as temperature increases, 

primarily due to the thermal distribution of carriers over continuous energy levels. The 

temperature-independent spectrum width in Fig. 4-4 is one proof that photoluminescence is 

caused by i ntcrband transitions between discrete levels in the conduction band and valence 

band. 

The first sign or excited-level photo emission from self-assembled dots was observed in 

ALS dots l6, 10]. The inset of Fig. 4-4 shows additional shoulders at the peak wavelength 

regime of the spectra. Multiple peak emissions from discrete levels can be detected because of a 

narrower spectrum lincwidth than that of intcrlcvcl separation. Figure 4-5 shows the excitation 

power dependence of the photoluminescence spectra of" ALS dots at 77 K. As the excitation 

power increased, the second peak appeared and i ts intensity increased to exceed that of the first 

peak. At the highest power of 306 W /cm2, a shoulder appeared. Figure 4-6 compares the 

photolummcsccncc spectrum at a rather high excitation intensity or 100 W/cm2 and the 
~ , 

photoluminescence excitation spectrum, monitored at the energy of 1.0 eV (the energy of first 
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Figure 4 -4 Photoluminescence spectrum width (FWHM) of the ALS dots as a function of 
temperature. The dots were grown using 12 cycles of the In-As-Ga-As alternate supply on 
an In0.05Ga0.95As buffer and capped with an In0.05Ga0.95As layer. Photoluminescence 
spectra at 4 .2, 77 and 300 K are shown . The width of 30 me V is independent of temperature. 
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Figure 4-5 Excitation power dependence of photoluminescence spectra of ALS dots grown 
using 9 cycles of alternate supply. The sample was excited by a 647.1 -nm Kr+-ion laser. As 
the excitation power increased, the second peak appeared and its intensity increased to 
exceed the first peak . At the highest power, a shoulder assigned to the third peak appeared. 
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peak emission). It \vas possible to detect two clear resonances exactly at the same energy as 

those m the photoluminescence spectra. This represents direct proof that multiple peaks in 

photoluminescence spectra arc due to the discrete levels under the three-dimensional quantum 

confinement. Let us call the first peak in the photoluminescence spectra the ground-level 

em1sston and the second peak the first excited-level emission. 

Figure 4-7 shows the clectrolumineseence spectra of ALS dots at 77 K. The electrode 

size was 20 x 900 JAm2. Since electric carrier injection can provide many more carriers into dots 

than optical excitation, up to the 5 peaks appeared at the current injection of 400 rnA. As the 

InJected current increased, the emission intensity of the first and the second peaks were almo 't 

saturated. Since the emission rate is given by N/'tsp. where N is the carrier number occupying 

the level and 'tsp is the spontaneous emission lifetime, saturation of the emission in tensity is 

due to saturation of the carrier number in the corresponding energy level. As levels become 

fully occupied by carriers, the relaxation rate into the levels decreases due to Pauli blocking, 

and the cmtssion starts to rise from higher energy levels. 

However, Pauli blocking cannot com pletely explain the excitation intensity dependence 

of cmtssion spectra m F1g. 4-7. Note that, a t 10 rnA, the second and third emissions appeared 

a lthough the first emission intensity was less than its maximum . The carrier number, N, of each 

level, governing the emission intensity, is determined by the balance between rates of different 

kmd processes, such as spontaneous emission at the level, relaxation in to the level, and thermal 

emission from the level. In ALS dots with an energy separation of 50 to 80 meV --- much 

higher than the thermal energy at 77 K --- the thermal emission rate is negligible, and the 

experimental emission spectrum with multiple peaks even at low excitation indicates that the 

relaxation rate is comparable to the spontaneous emission rate. T his is a phonon bottleneck 

(discussed in detail in Chapter 5). T he e mission spectru m at 10 rnA in the figure cannot be 

r produced by a calculation that simply combines the Fermi-Dirac distri bution at 77 K and the 

state density of quantum dots. 

Three other features of the emission spectra of ALS dots arc observed in Fig. 4-7. First, 

the higher the peak order, the larger the maxi mum peak intensity. Second, peak energies were 

constant during increases of injected current , su pporting the belief that the observed peaks 

correspond to sublevels in the dots . Third, the peak in tervals between the neighboring emission 

lines arc almost common--- a characteristic of harmonic-oscil lator- type quantum confinement. 

The confi nemcnt potential is determined by the magne to-opt ical measurements described in 

104 

4.2K 

0.9 1.0 1.1 1.2 1.3 

Energy (eV) 
Figure 4-6 Photoluminescence excitation spectrum a t 4 .2 K of the sample grown by 18 
cycles of In-Ga-As supply . The sample was excited by the monochromated light of a 
Halogen lamp, and a Ge detector was used to detect luminescence from the sample surface 
at the energy of 1.0 e V, that is, the lowest-energy first emission. Two clear resonances 
could be detected ex ac tly at the same energy as that in the photoluminescence spectra. 
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Figure 4-7 Electroluminescence spectra of ALS dots grown by 18 cycles of In-Ga-As 
altern ate supply. The luminescence paralle l to the surface was dispersed and detected by 
an InGaAs photo-multi de tector qu enched to -70°C using a co nventional lock-in 
technique . Elec trode size was 20 x 900 ~tm 2 . Up to the 5th emi ss ion peaks appeared as the 
injected current increased. 
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Section 4-3. 

4-2-2 Wafer mappmg 

Microprobe photoluminescence maps of an ALS quantum-dot wafer at room 

temperature arc shm n in Fig. 4-8: (a) energy separation between the ground-level (first) and 

the first cxcitcd-lc\'cl (second) emission peaks; (b) the ground-level emission energy; and (c) 

FWHM of the ground-level emiss10n spectrum. The correction of luminescence from the 

sample surface wa. restricted in an area measuring 2 X 2 ,um2 using a crossing slit. The sample 

was grown by 14 cycles of an In-Ga-As supply on a 2-inch ( 100)-GaAs \vafer in a tate-of-the­

art MOVPE system (sec Chapter 3 for detai ls on growth). During growth , the wafer was 

rotated at the rate of 30 rpm, which caused the distribution of the three diagnostic items to have 

a rough rotational symmetry around the wafer center. 

By comparing the three maps, we can deduce what caused the observed patterns. The 

energy separation of Fig. 4-8(a) is in the 85- to 95-meV range and is almost uniform except at 

the wafer edge. The ground-level emission energy in Fig. 4-8(b) i greatest at about 1 inch 

from the wafer center. The FWHM in Fig. 4-8(c) has a distribution similar to that of the 

ground -level emission energy of (b) --- the higher the ground-level energy, the narrmver the 

spectrum width . To understand the patterns, the author notes two factors causing the observed 

dtstributtons: the dot size and indium composition of dots. As the quantum-dot size decreases, 

all three i terns of Fig. 4-8 --- the energy separation, ground-level emission energy, and 

spectrum width --- increase. A the indium composition decreases, the ground-level emission 

energy increases but the energy separation hardly increases. 

The observed maps are explained as follows. First, energy separation in Fig. 4-8(a) 

suggests good uniformity in dot sit.e across all wafer sizes. Second, the high-energy region otf 

the wafer center in Fig. 4-8(b) has the smallest indium composition but docs not have the 

smalle t dot si;.c. Third, the narrowest pectrum broadening off the wafer center in Fig. 4-8(c) 

is due to the uniform tndium composition. This indicates that the spectrum broadening is caused 

not only by sit.e fluctuation but also by compositional nuctuation of indium in each quantum 

dot. 
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4-2-3 Mtcroprobc photolummcsccnce 

Raising the spatial resolution of the optical probe is a major target in the development of 

optical diagnostic techniques. It enables us to understand the optical properties of a small 

number of dots [ 11 ]. Microscope photoluminescence that focuses the excitation laser beam via 

an objective lens to about a 1-}Am diameter on a sample surface is already a popular technique, 

and its expenmcntal setup is commercially available. Higher spatial resolutions are obtained via 

Simple sample proccssmg that opens a window in a metal mask covering the surface through 

which the photoluminescence can be measured. Sharp emission lines caused by a single or a 

small number of dots can be detected, and the linewidth --- homogeneous broadening of a 

single-dot emission line--- has been evaluated by several researchers [9, 12] . 

The other approach to microprobe spectroscopy is ncar-field optical microscopy (fiber 

probe microscopy) [ 13, 141, which involves collecting near-field light. Its advantage is that 

spatial resolution is not limited by the wavelength of the excitation laser; its drawback is weak 

signal intensity. With the shear-force feedback technique, high resolution optical imaging can 

be obtained by tracing the surface structure of samples llS-18]. 

The author performed microprobe photoluminescence spectroscopy of ALS dots using 

the ncar-field scanning optical microscopy system (NSOM). The equipment in the experiment is 

illustrated in Fig. 4-9. The excitation beam of a wavelength of 633 nm from the laser diode 

went through an optical fiber to the sample surface, and luminescence from the surface was 

collected by a fiber probe. The luminescence was monochromed by a monochrometer with a 

resolution of 1 nm. The tip was kept in close proximity to the sample ( ~ 10 nm) by applying the 

shear-force feedback technique [19]. The fiber probe resolution was restricted to - 1 JAm 

because of a tradeoff between spatial resolution and detection sensitivity [201. The number of 

the dots was estimated to be about 200 in a 1-JAm spot. 

Figure 4-l 0 shows the luminescence spectrum of ALS dots using the NSOM system 

with an excitation power of 90 W/cm2 [21]. Spectra of macroscopic photoluminescence with a 

300 JAm~ excitatiOn laser spot arc superimposed by a dashed line. Two sets of emission spectra 

with fine structures are denoted a· S 1 and S2 corresponding to the ground level and the first­

excited level, respectively. Note that S 1 and S2 arc well separated and that almost no emission 
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Figure 4-9 Near-field optical microscope. Samples were set in the cryostat and cooled to 
5 K. The excitation beam of a wavelength of 633 nm from laser diode went thorough a 
sharpened optical fiber to the sample surface. Luminescence from the surface was collected 
by the fiber probe. The tip was controlled in close proximity to the sample by the shear­
force feedback technique. The luminescence was dispersed by a monochrometer and the 
photon signal was counted with an InGaAs photo-multi detector kept at -80°C. 
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Figure 4-10 Photoluminescence spectra of the ALS dots by the near-field optical 
microscope. The excitation power was estimated to be 90 W/cm 2. The spectra of macro­
photoluminescence is shown by a dashed line. The two sets of multiple emission peaks in the 
NSOM spectra correspond to the ground-state (S 1) and the first excited-state (S2) emission. 
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was observed in between . This is because the smaller probing area reduced the inhomogeneous 

spectrum broadening. Ho\\cvcr, the emisston spectrum of S 1 and S2 did not become as narrow 

as expected, indicating that inhomogeneity of the dots had already occurred in an area smaller 

than 1 JAffi. Inhomogeneity in such a small area cannot be caused by non-uniformity in grow th 

conditions, such as wafer tern perature distribution and source gas stream! i ne. T he fi nc 

structures on S 1 and S2 are reproduced by repeated measurements and can be attributed to 

emission from one or a few dots, so the sharp peaks denoted by a common letter with/wi thout 

an apostrophe might be the ground-level and excited-level emissions of the same dots. Differing 

from SK dots, ALS dots have a closely spherical symmetric structure, and the ref ore, fine 

degeneracy can be expected at higher sublevels. 

Ftgurc 4- 11 shows the excita tion-power dependence of the NSOM spectra. Arter 

companng that wi th the macroscopic photoluminescence spectra of Fig. 4-5, the emission from 

each level is found to be sharper, and emissions up to the seventh emission arc resolved, due to 

the higher spatial resolution. It was found that the higher the sublevel order, the wider the peak 

wid th, and thus, htghcr-ordcr peaks were not well isolated. Possible explanations are that the 

"ublevel-energy interval was not uniform in dot ensembles in the area (i.e., non- uniform 

interval enhances peak broadening at excited sublevels), and that the degeneracy of hi ghcr 

levels was slighlly split. Another reason might be that an additional emission appeared at the 

lower-energy side in each peak. T he spectrum arou nd the ground-level emission is magn ified in 

Fig. 4-12. As the excitation power was increased from 90 W/cm2 to 9 kW/cm2, the peak 

emission 111tcnsity or the ground level decreased, and the lower-energy emission rose. T his red 

shift of emiSSIOn might be due to the many-body effect in quantum dots 1221. 

4-3. Controllability of quantum confinement 

Energy band structures of quan tum nanostruc tu res can be artificially controlled . In 

quantum wells, well width and strain arc designed to match target devices using the well -

established k · p band calculation methods [23 J, and the designed s tructures are precise! y 

actualized in the atomic scale using state-of-the-art epitaxial growth techniques like MOVPE and 

molecular beam epita ·y (MBE). The ability to control quan tum-dot structures is not yet as 
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Figure 4-11 Photoluminesce nce spectra of the ALS dots by a near-field optical 
microscope at variou s excitation-power densities. As the excitation power increased, 
a higher-energy emi ssion peak was clearly di scem able. 
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Figure 4-12 NSOM spectra around the ground-state emission. An 
additional emission appeared at the lower-energy side of the peak at high 
excitation. 
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strong as it can be in spite of its significance for practical device applications. In self-assembled 

InAs SK dots on GaAs substrates, the size and emission wavelength can be controlled only 

wtthin a narnm: range by changing the growth temperature. Changing the supply amount of 

sources has a negligible effect because the self-assembly process is driven toward a 

thermodynamic equilibrium point. 

In this section, the author describes two methods of controlling the size and emission 

wavelength of InGaAs ALS quantum dots over a wide range of 1.'2 to 1.5 )Am, that is followed 

by an explanation of the quantum-dot confinement potential evaluated by magneto-optical 

measurements. 

4-3-1 Two methods of controlling quantized energies 

The first method of controlling the emission wavelength of ALS dots is to change the 

number of supply cycles in the alternate supply growth (see Chapter 3 for the ALS growth 

sequence). Figure 4-13 shows the 4.2-K photoluminescence spectra of ALS quantum dots at 

several cycle numbers of the In-As-Ga-As supply. At cycle 7, the dots were self-assembled to 

release the strain energy accumulated by a lattice mismatch between InAs and GaAs. As the 

number of cycles increased from 7 to 30, the peak wavelength shifted from 1.17 to 1.3 )Am. 

Weak peaks or shoulders (indicated by arrows) that had higher emission energies than the first 

peaks were observed . In the 7-cyclc sample, a second peak was barely observable, probably 

due to low opt1cal quality. As the number of cycles increased, the second peak moved toward , 

the first peak; and in the 30-cycle sample, the two merged. Plan-view TEM images of the 

samples in Fig. 4 - 14 show that, as the supply cycle increased, the diameter of the dots 

increased. As summarized in Fig. 4-15, the cycle increase enlarges the diameter and reduces the 

emission energy and energy separation between the two peaks. If the first peak is assigned to 

the ground-level emission and the second peak to the excited-level emission, as in section 4-2-

1, the result· in Fig. 4-15 go along well with the quantum-confinement concept of energy 

increase due to confinement. The maximum emission intensity and narrowest spectrum width 

were achieved at the same time at 9 cycles, showing that the alternate supply method controls 

not only ' izc but also crystal quality. 

The second way to control emission wavelength is to change the lattice constant of the 

layer on which dots arc grown. This method is based on the ideas that formation of self-

112 

4.2K 

1.0 1.1 1.2 1.3 1.4 

Wavelength (~m) 
Figure 4-13 Photoluminescence spectra of the ALS dots grown by various cycles of In-As­
Ga-As alternate supply. As the number of cycles increased, the peak wavelength shifted 
from 1.17 to 1.3 ~tm. The second peaks were observed at the left side of the first peak. The 
maximum emission intensity was obtained by the sample grown by 9 cycles. 
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(a) (b) (c) 40nm 
Figure 4-14 Plan-view TEM images of ALS dots grown with (a) 9 cycles, (b) 12 
cycles, and (c) 24 cycles. The dot diameter increased as the number of cycles increased. 
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Figure 4-15 Energies of the first and second peaks in the photoluminescence 
spectra and dot size observed by TEM as a function of the supply cycle 
number during ALS quantum-dot growth. 
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assembled three-dimensional islands is motivated by the release of accumulated train energy , 

and that the size of the islands increases as a lattice mismatch between the substrate and 

supplied materials decreases. 500-nm InxGa1-xAs buffer layers with a composition of x = 0 to 

0.09 were grown on GaAs substrates. A reciprocal space map of X-ray diffraction showed that 

up to 50% strain relaxation occurred in the lnxGa 1-xAs buffer layer and that the lattice constant 

of the buffer layer increased along with increases of x due to the relaxation of strain . Figure 4-

16 shows that, as the indium composition of the buffer layer increased from 0 (GaAs) to 0.09 

(lno.o9Gao.9tAs), the emission wavelength increased from 1.3 to 1.46 JAin with supply cycle of 

12. TEM measurements show that the diameter of ALS dots increased from 20 nm to 35 nm as 

the tndium composition of the buffer layer increased (Fig. 4-17) . Energy dispersive X-ray 

microanalysis (EDX) determined that the composition of the dots was between 0.4 and 0.6 and 

did not obviously depend on the composition of the buffer layer. 

By combining the two control methods just described, the emission wavelength of ALS 

dots can be controlled from 1.2 to 1.5 )Am. The buffer layer can be also applied to tunc the size 

and emission wavelength of ordinary SK dots. 

4-3-2 Magneto-optical spectroscopy 

Diamagnetic shifts of excitons are powerful tools for evaluating not only the reduced 

effective mass but also the magnitude of affecting potential . A magnetic field confines excitons 

tn a plane perpendicular to the field and increases their energy. The magnitude of other 

competing confinement potentials can be determined by evaluating the diamagnetic energy 

shifts. In an examination of the diamagnetic shifts of luminescence from 1.3-]Am-cmission 

InGaAsP/InP quantum wells and the ALS dots, the confinement potentials were detected for 

localized excitons in the quantum wells and quantum dots. Magnetic fields were applied 

perpendicularly to the wafer using a superconducting magnet immersed in liquid helium. The 

sample was placed ncar the center of this magnet, which can generate a magnetic field of up to 

14 Tesla. A multiline Ar+ laser beam was fed to the sample through an optical fiber bundle. 

Photoluminescence from the sample surface was led to a 32-cm monochrometer through the 

optical fiber and detected by a cooled InGaAs photomultiplier using a conventional lock-in 

technique. 

Figure 4-18 shows the diamagnetic shifts of the main peak in the photoluminescence 
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Figure 4-16 Emission wavelength as a function of the indium composition of 
an InGaAs buffer layer. With 12 cycles of Jn-As-Ga-As alternate supply, the 
emission wavelength increased from 1.3 to 1.46 ~tm as the indium composition 
increased from 0 (i.e., GaAs) to 0.09. 
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Figure 4- 17 In-plane dot diameter observed by plan-view TEM and indium 
composition measured by EDX as a function of the indium composition of InGaAs 
buffer layer. Composition was determined by calibrating the signal intensity using the 
intensity of the lattice-matched In0_53Ga0 .47As/InP as a reference. 
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spectra of dot samples grown using several alternate supply cycles [241 . ln the mca-;urcments, a 

magnetic field was applied perpendicularly to the sample surface using a superconducting 

magnet. A multilineAr+ laser beam was fed to the sample through an optical fiber bundle. 

Photoluminescence from the sample wao;;; detected from behind the sample through another fiber 

bundle. The diamagnetic shifts of 1.3-JAm-cmission InGaAsP/InP quantum well s arc 

superimposed for reference. The diamagnetic shifto;;; in dots arc shown to be smaller than that of 

quantum wells, proving in-plane confinement potential in ALS dots. As the number of cycles 

decreased, the diamagnetic shift decreased. The shift was negligible in 9-cyclc samples. These 

results indicate that the quantum confinement potential was controlled by the number of cycles . 

By simulating energy shifts using the harmonic-oscillator-type confinement potential 

under eff ccti ve mass approximation, the author eva! uated the in-plane confinement potential or 
quantum dots. The dots were assumed to be disks, where electron coordinates arc (zc, r·e) and 

hole coordinates are (Zh, rh). The origin of the coordinate axis was set at the center of the disk, 

and the z axis was perpendicular to the layer [25]. The author assumed that the quantum 

confinement potential in the growth direction is much greater than the Coulomb potential 

energy. Also, the lateral quantum confinement potential for both electrons and holes is 

described by harmonic-oscillator-type potentials, mew2re212 and mhw2rh2f2, rcspccti vcly 

[26]. Here, me and mh arc the effective mass of an electron and hole, and co is the confinement 

frequency. Under these assumptions the relative motion and center-of-mass motion of the 

exciton are exactly separated. In a magnetic field parallel to the growth direction , the effective­

mass equation for the relative motion is 

[-Ji. V'2 -~+ ~w2r2 + e2B2 r2] ':1' = E;:'f' r 
2~ r 47t£p 2 8~ r , ( 4. 1) 

where tJ is Plank's constant divided by 27t, JA is the reduced mass described by (mc-l+mh-lt 

1, r = [r2 + (ze - Zh)2] 112, Ze and Zh are the electron and hole coordinates in the z direction 

(growth direction), r = Ire- rhl is the in-plane electron-hole distance, and£ is the static dielectric 

constant. The fourth term in this Hamiltonian describes the diamagnetic shift. For the center-of­

mass motion the effective-mass equation is 

(4. 2) 
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Figure 4-18 Measured and calculated magnetic-field-induced energy shifts as a 
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Figure 4- 19 Confinement potential estimated by TEM and EDX (dashed line) and that 
estimated by magnet-optical evaluation (solid line) for the sample grown using 12 
cycles. The origin of th e x-axis was set at the center of dot. The two results agree well. 
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where M =me+ mh, k = 0 , 1, 2, 3 , .. . , and I = 0 , ±1 , +" , .. .. , ±k. Equation (4. 2) can be 

solved analytically, with the energy given by 

E~ = (2k -Ill+ 1 )hw. (4. 3) 

Note that the energy of the center-of-mass motion is described by a multiple of nw, independent 

of magnetic fields . The diamagnetic energy shift was calculated by solving Eq. (4. 1 ), and fitted 

calculated shifts to measured ones using c.o as a parameter. In the calculation, )A = 0.035mo was 

used l27]. The obtained values arc w = 7 X 1013, 1 X 1014, 1.3 X J014, and 4 X ]()14 s-1 for 

24, 18, 12, and 9 supply cycles, respectively. 

As the cycle number increases, the confinement potential spreads. Figure 4- 19 

compares the confinement potential estimated by TEM and EDX (dashed line) with that 

estimated by magneto-optical evaluation (solid line) for the sample grown using 12 cycles. The 

origin of the x-axis was set at the center of the dot. The two estimations agree well. 

4-4. Radiative emission efficiency 

Laser performances (e.g., threshold currents and external quantum efficiencies) are 

quite sensitive to crystal quality. This is because nonradiativc centers consume carriers injected 

mto the laser active region. Considering that the emission efficiency of these dots is greatly 

reduced as the temperature increases [28, 29J, it is possible that non-radiative centers were 

produced during the self-formation phenomena, reducing device performances. We must pay 

attention to the quality of both inside dots and outside dots since the retarded carrier relaxation 

peculiar to quantum dots enhances the opportunity for carriers to be killed before they relax. 

Here, the author evaluates a nonradiative channel in quantum-dot crystals by measuring time­

resolved photoluminescence decay and photoluminescence intensity as a function of 

tern perature. 

4-4-1 Photoluminescence lifetime and intensity 

Recombination lifetimes of the discrete emission spectra from ALS dots are shown in 

Fig. 4-20 f30J. (Sec Chapter 5 for details on time-resolved photoluminescence measurements.) 
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nanosecond and almost independent of temperature up to 300 K. 
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Figure 4-21 Photoluminescence intensity of the ALS dots as a function of 
temperature. The intensity was normalized by the value at a low temperature. Excitation 
was done by a 647 .1-nm Kr+ ion laser. Reported intensities of the SK dots grown by 
MBE are also shown as references. Solid and dashed lines indicate the results of fitting. 
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The measured lifetimes , 'tr, arc almost independent of the emission level and arc about 0.8 to 

1.5 nanoseconds, which has been judged to be long enough for laser application . The measured 

lifetimes arc almost independent of temperatures up to 300 K because of the discrete quantized 

levels that prevent exciton thermal distribution, which are peculiar to quantum dots [31 ]. Since 

't'nr nom1ally depends on temperature, a nonradiative process does not seem to affect the 

recombination lifetime. 

Figure 4-21 shows the photoluminescence intensity of the ground-level emission of 

ALS dots as a function of temperature. The intensity was normalized by a value at 4.2 K. 

Reported photoluminescence intensities of SK dots grown by MBE arc also shown as 

references. From 4.2 K to 300 K, the photoluminescence intensity of the ALS dots decreased 

monotonously by about one order of magnitude. The decrease i almost equal to, or even 

smaller than, that of the quantum wells f28]. The photoluminescence intensity of the SK dots 

decreased by almost three orders of magnitude. For the SK dots, there seems to be a critical 

temperature between 150 and 200 K, where the slope inclination changes, suggesting that there 

arc at least two sources for the reduction in photoluminescence intensity. 

4-4-2 Theoretical investigation 

The temperature independence of recombination lifetimes tells us that nonradiative 

centers outside ALS dots degrade emission efficiency as temperature increases. Since the 

excitation wavelength was 647.1 nm, carriers were initially cxci ted outside the dots and 

diffused into the dots to emit inside them. Assuming nonradiative centers outside the dots, the 

author simulated the temperature dependence of photoluminescence intensity. Radiative 

recombination outside the dots was disregarded, since no emission was observed from the 

GaAs substrate and the Ino.1 Gao.9As layer surrounding the dots. The photoluminescence 

Intensity can thus be described using 

IrL= G [1 + 't'cY~i1t(T)J 1 

(4. 4) 

where G is the carrier generation rate, and 'td is the carrier relaxation time from outside to the 

ground level of the dots. Since only the emission from the ground level was observed, an 

intersubband carrier relaxation time was included in '!J. The lifetime of ~~~(T) is the 
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nonradiative recombination lifetime outside the dots and written as 
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~ '"d 1- il) 

c t.;: w w . . . , , cf>Ut(T) . .9 . ...... 
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quality orALS dots is that they arc in-situ annealed due to the low growth rate of the alternate 

supply of precursors . The growth rate is about 1 monolayer per 10 seconds for the alternate 

supply--- stgnificantly smaller than that of MBE. The growth temperature of ALS dots is lower 

than the temperature where arsenic desorption occurs [32], and some defects may have enough 

Ltmc to go out from the surface during the slow growth. 

4-5. Summary 

The optical characteristics of ALS quantum dots were investigated, and the results 

featured their advantages over SK dots. Self-assembled dots were shown to achieve discrete 

state dcnstty and unique characteristics not previously available. Multiple peak emissions from 

discrete levels caused by three-dimensional quantum confinement were observed using 

photo! urn i nesccncc, electro! umincscencc, and photo! urn i nescence ex.ci tati on. 

Photoluminescence mapping of a wafer revealed the compositional fluctuation of indium among 

quantum dots. Microprobe photoluminescence revealed the fine structure of emissions. 

Quantum confinement potential was controlled by changing the number of supply cycles and 

the composition of the buffer layer, and the potential was evaluated by diamagnetic energy 

shifts. Time-resolved photoluminescence and photoluminescence Intensity as a function of 

temperature were exammcd to evaluate the nonradiative recombination channel inside and 

outside the dots. 

Besides the intrinsic interests in it, optical characterization of materials is indispensable 

for the dc\'clopmcnt of practical devices. When ALS dots arc compared with SK dots, the 1.3-

J.lm emi . sion wa\'clcngth is the most remarkable advantage of ALS dots since it means that they 

can be applied to lasers in optical telecommunication systems. Good controllability or the 

wavelength of ALS dots is also significant in practical device manufacturing. ALS dots 

achieved a spectral width or 30 me V --- less than half of that of SK dots --- and have a better 

emission efficiency. However, ALS dots have the drawbacks of low density and insufficient 

m ul tiplc stacking (sec Chapter 3 ), making it difficult to realize high-performance lasers. 

Research on eliminating the drawbacks, described in Chapter 6, enabled the first 1.3-J.tm 

quantum-dot lasing to be attained. 
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Chapter 5 

Carrier Relaxation in Quantum Dots 

5-1. Introduction 

After the prediction was made about the promise of quantum dots in future 

optoelectronic device applications [ 1 - 51, carrier dynamics among discrete sublevels in a zero 

dimensional semiconductor structure, have been intensively investigated. Many researchers 

were worried that carrier relaxation into quantum-dot discrete levels would be significantly 

slowed due to a lack of phonons, which satisfies the energy conservation rule (the phonon 

bottleneck problem) [6]. If the phonon bottleneck exists, practical application of quantum dots 

are extremely limited. Before a self-assembling technique was developed to produce 

semiconductor quantum dots, the phonon bottleneck had been a theoretical research subject. 

Benisty predicted that low scattering rates in a OD system result in carrier relaxation lifetimes or 

nanoseconds or longer between discrete levels, and that slow relaxation rates enhance the 

nonradiative recombination process (Fig. 5-1) [7, 8]. Comparatively shorter lifetimes (i.e., 

more optimistic pictures) have been predicted with other theoretical approaches. Bockclmann 

stated that the lifetimes may be in the picosecond order considering electron-hole interaction f9]. 

Many researchers have suggested the Auger process can possibly create a fast relaxation 

channel with a lifetime of ten or fewer picoseconds [10- 12]. Inoshita and Sakaki examined the 

LA-LO phonon process and reported that the lifetime can decrease drastically (subpicosecond 

order) when level spacing matches LO phonon energy [13]. Nakayama noted a large margin 

for the energy conservation rule due to time-energy uncertainty and predicted a relaxation time 

of less than one picosecond, solving the time-dependent Schrodinger equation that includes an 

electron-LO phonon interaction Hamiltonian [14]. 

In Chapter 4, the author demonstrated that excited levels appeared before the intensity of 
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Figure 5-1 Schematic of the phonon bottleneck. Discrete sublevels in quantum dots may 
hinder carrier relaxation toward the ground level. In this case, carriers wi II recombine to 
emit at higher states or go to the nonradiative channel during a carrier cascade toward the 
ground level. 

Highest sublevel 

Second level 

Ground level 

Figure 5-2 Two cases of carrier relaxation in a quantum-dot system : (A) the relaxation 
from continuum and (B) the relaxation between discrete sublevels. It is expected that 
case (A) will occur faster than case (B) since the energy conservation rule is more severe 
for the latter case. 
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the ground level was saturated in photoluminescence and elcctrolumincsccnce spectra [ 15], 

suggesting slow earner relaxation among sublevels in the system . Thu , recent discoveries of 

self-assembled quantum dots composed of different kinds of semiconductor materials enabled 

us to experimentally evaluate canier relaxation lifetimes. Actual lifetimes have been compared 

with those in higher dimensional structures, which were reported to be I0-14 sin a GaAs bulk 

[16] and J0-13 sin a GaAs quantum well [17]. In the early stages of experiments, the author 

has observed the carrier relaxation lifetimes in ALS quantum dots using time-resolved 

photoluminescence measurements [18]. Retarded carrier relaxation with lifetimes of 10-11 ~- 10 

seconds, which are close to ours and longer than those in higher dimensional structures, have 

also been observed in many experiments [19, 20]. Some of the experiments for quantum dots 

confirmed the importance of phonon resonant excitation conditions in accelerating relaxation 

[21, 22]. Fast relaxation through the Auger process reportedly manifests itself during the fast 

rise of time-resolved photoluminescence and during the initial stage of carrier relaxation, when 

a large number of carriers surround quantum dots [23, 24]. Although more detailed theoretical 

and experimental work is required to reach precise conclusions about relaxation mechanisms, 

the phonon bottleneck does exist in the sense that relaxation in quantum dots is slower than in 

quantum wells. 

The subject of this chapter is carrier dynamics in self-assembled InGaAs/GaAs quantum 

dots. High crystal quality of ALS dots (i.e., narrow spectrum broadening and high emission 

efficiency) enables us to experimentally pursue the phonon bottleneck problem. First, the 

author describes a proposed model of carrier relaxation processes into quantum dot , and then 

analyzes electroluminescence and time-resolved photoluminescence data to provide 

recombination and relaxation lifetimes. The model is used to explain luminescence decay and 

rise. Then, experiments on annealed quantum-dot samples are explained to demonstrate the 

effect of retarded carrier relaxation on emission spectra. After this chapter, how the phonon 

bottleneck effect works in quantum dots is clarified. 

5-2. A model of carrier relaxation process in quantum dots 

The carrier relaxation process into quantum dots generally consists of two processes 
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(Fig. 5-2). One is carrier relaxation from continuous energy levels into quantum-dot discrete 

levels, and the other ts relaxation between the discrete levels inside dots. In many optical 

cxpcnmcnts as well as in quantum-dot lasers, carriers go through these two processes except 

when they arc brought directly into the discrete levels by optical resonant excitation or through 

tunneling l25]. Since the energy conservation rule must be satisfied for carrier relaxation, 

relaxing carriers transfer a corresponding amount of energy to other particles such as phonons 

and other carriers. Thus, the relaxation rate strongly depends on the density of the final levels 

and on the number of the particles other than the transition matrix elements. 

Figure 5-3 shows two representative processes from the continuum: (a) a single- or 

multt-phonon process, and (b) an Auger process. Usually, energy separation between the 

continuous level and sublevel in a dot does not exactly match the energy of a single phonon. 

Inoshita and Sakaki showed that two-phonon processes, including LO and LA phonons, reduce 

the requirements of energy conservation and drastically decrease relaxation lifetimes to the 

subpicosccond order ll3]. Even so, this relaxation process cannot send carriers deep inside 

dots since the transition probability for the relaxation processes that include more than three 

phonons are greatly reduced. Therefore, once carriers arc trapped in the upper levels of dots, 

they relax into lower energy levels by emitting phonons step-by-step. The Auger process of 

Fig. 5-3(b) works effectively if there are many carriers, since an electron can find another 

electron or a hole into which to transfer its energy and thus fall into the dot energy levels. This 

proccc s works to further relax carriers into lower energy regions, as long as there is stil l a 

larger number of carriers outside the dots. The Auger process is more effective for carrier 

relaxation into deep sublevels. 

Figure 5-4 shows an experimental report on the nse characteristics of 

photoluminescence for SK dots as a function of excitation power in Ref. 23. The rise time 

depends on the optical excitation density. For an excitation density between l0-1 and 4, the rise 

time stays almost con. tant at 90 ps. An increa<;e in the excitation density to 102 W/cm2 achieves 

a rise time of 40 ps. The results suggest that the rise time is dominated by the multi-phonon 

process \Vhile it is constant and by the Auger process while it decreases. 

A large number of carriers, many more than the number of dots, are excited by a short 

intense laser pulse in time-resolved photolumine cence. Then, within at least half a hundred 

picoseconds, most carriers arc captured to occupy the quantum-dot levels, primarily via the 

Auger process. This is follovvcd by a carrier relaxation process in individual dots toward lower 
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(a) multi-phonon process 

Shallow sublevel Deep sublevel 

(b) Auger process 

High carrier density Low carrier density 

Figure 5-3 Schematic of two processes of carrier relaxation from continuous levels : (a) 
the multi-phonon process and (b) the Auger process. There can be a combination of LO and 
LA phonons during relaxation from the continuous energy level, but this is unlikely for deep 
sublevels. The Auger process is effective when carrier density is high. 
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Figure 5-4 Experimental study of rising characteristics by Ohnesorge et al. (1996). The 
authors showed that the rising time depended on the excitation density in the SK dots. They 
reported that about 4 W/cm 2 was the critical excitation density for the Auger carrier relaxation 
process. (from Ohnesorge eta!., 1996) 
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energy levels v1a phonon cm1ss1on. In photoluminescence and clectrolumincsccncc, where there 

arc fewer carriers than quantum dots, carrier injection and relaxation into dots is dominated by 

phonon emission. As a result, carriers are first captured by upper energy levels and then relax 

as though they were going down a ladder of discrete energy levels. The capture process occurs 

at a relatively h1gh rate since the transition is from the continuous to discrete levels and energy 

conservation reqUirements arc easily satisfied by the multi-phonon process. However, 

intcrsubband relaxation is significantly slowed as long as the energy separation closely matches 

the phonon energies. During laser operation at a low injection level, even at level above the 

threshold, carrier relaxation relics on the ladder process. As the injection level increases, the 

number of carriers around dots increases, making the Auger process effective for carrier 

relaxation. 

5-3 Experiments on radiative recombination and relaxation 

of carriers in discrete energy levels 

ln th1s section, the injected-current dependence of the clcctrolumincsccncc spectra IS 

discussed to examine the impact of phonon bottleneck effect on carrier dynamics in ALS 

quantum dots. And then, the carrier relaxation and recombination lifetimes in the dots are 

directly measured by time-resolved photoluminescence. The emission decay curve from excited 

levels is found to be double exponential, but the decay from the ground level follows a single 

exponential curve. The decay curves are analyzed by a model that takes into account a rapid 

imtial carrier capture process and the independence of each quantum dot. This approach enables 

us to obtain relaxation lifetimes as well as recombination lifetimes. The unique injected-current 

dependence of clcctrolumincsccncc spectra is well simulated by the determined lifetimes with 

rate equation formulae. 

5-3-1 Elcctrolumincsccncc spectra 

Figures 5-5 shows clcctrolumincscence spectra for (a) 300 K and (b) 77 K. The diode 

structure is a 0.5-,um p-GaAs layer, 1-,um p-InGaP layer, ALS-dot layer sandwiched between 

100-nm GaAs layers, 1-,um n-AlGaAs layer, and 0.5-,um n-GaAs layer grown on a (OOl)GaAs 
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Figure 5-5 Electroluminescence spectra at (a) 300 K and (b) 77 K. As the injected current was 
increased, five discrete level appeared. Higher-level emissions appeared before the emission intensity 
of the lowest level reached its maximum value. Considering that the k8 T value is much narrower 
than the broadening of the spectra, these figures suggest the existence of a phonon bottleneck. 
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substrate. Luminescence parallel to the ample surface was dispersed and detected with a lock­

In technique u. ing an InGaAs photo-multi detector that was kept at -70°C. The electrode size 

was 20 x 9CX) JAm2. The current-injected area was estimated by the ncar field pattern, and 

according to this estimation, it was spread out over 150 to 200 X 900 JAm2 in the quantum-dot 

layer. Three cm 1ss1on peaks corresponding to the interband transition between the discrete 

levels of the conductiOn and valence bands appeared at 300 K when the i njccted current wa. 

increased, and five peaks appeared at 77 K. In Chapter 4, a clue to the phonon bottleneck 

problem was pointed out in the electrolumincsccnce spectra at 77 K. At increasing amounts of 

current injection , second- and third-level emissions occur, that exceeds ground-level emission 

well before the emission from the ground level is saturated (at 10 rnA); in other words, the 

carrier di , tnbution between discrete levels in no way follows the Fermi-Dirac distribution at the 

measured temperature of 77 K. The most probable explanation for this is that the carrier 

relaxation lifetime IS comparable to the carrier recombination lifetime. 

Characteristics of sublevel emission varied between the two temperatures, indicating 

that some features of carrier dynamics depend on temperature. For example, when the emission 

intcns1ty of the ground level reached half maximum, the intensity of the second level \\as 

stronger than that of the ground level at 77 K ( 10 rnA), but the two were almost equal at 300 K 

(50 rnA) . The result suggests comparatively faster carrier relaxation at 300 K. The author 

directly evaluates the relaxation lifetimes in section 5-3-2. 

It should be noted that random carrier capturing into the dots [26] has been proposed as 

an al ternativc i ntcrprctat1on of multiple emission peaks [ 15, 27]. The emission spectra was 

calculated using a Poi on di tribution to count the number of carriers that were trapped in 

quantum dots. As a result, they claim that, even if retarded carrier relaxation is not taken into 

account, emissions from higher energy levels appears before lower-energy-level emissions arc 

saturated. However, their calculation of the emission spectra cannot explain the emission 

. pcctra measured, where the third-level emission exceeded the ground-level emission before the 

ground-level intensity saturated. Above all, the random capture model offers no explanations of 

the difference in the emission spectra between 77 K and 300 K. 

5-3-2 Time-resolved photoluminescence 

Carrier li fctimcs tn A LS quantum dot were measured by ti me-rcsol ved 
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photoluminescence. The ALS dots were grown in PJE reactor tube by 18 cycles of In-Ga-As 

alternate supply onto a 500-nm GaAs buffer layer on a (001)-GaAs substrate and capped by a 

100-nm GaAs layer (see Chapter 2). The growth temperature was 460°C. Samples set in a 

temperature-controlled cryostat were excited by a mode-locked 532-nm Nd:Y AG laser beam 

with a pulse width of 200-ps and a repetition rate of 82. MHz. Luminescence from the sample 

surface was dispersed by a monochrometer and time-resolved with a streak camera. Figure 5-6 

shows typical experimental results of luminescence intensity decay up to the fifth emi sion peak 

at 20 and 250 K. The order of emission peaks corresponds to that in the clectroluminescencc 

spectra of Fig. 5-5 (b). 

Some features appear in the decay curves. First, luminescence decays faster as the order 

of emission peaks gets higher. Similar results were obtained by Raymond et al. [28]. Since the 

spontaneous emission lifetime due to the interband transition in quantum dots is common 

among energy levels if a constant oscillator strength is assumed [29], the observed variation of 

the decay curves suggests that carrier relaxation lifetimes decrease with increasing order of 

levels. Second, emission decay is not exponential, which is probably because the decay i ' a 

combmation of relaxation and recombination components. The decay is fast at the initial stage 

and becomes slow. This is in contradiction to theoretical curves, which arc moderate at the 

beginning but become fast at the end [26, 30]. Third, the decay is faster at 250 K than at 20 K , 

indicating that relaxation and/or recombination lifetimes are shorter at higher temperatures. 

To analyze the decay curves, the author developed a new model that describes the 

temporal evolution of carrier number and is based on the following two points r31 ]. First, 

assuming that carriers rapidly relax into the quantum-dot discrete levels during pulse excitation, 

calculations start at the point where levels inside the dots arc occupied by carriers. This is 

reasonable because there are a large number of carriers within 1012 to 1013 cm-2 around the 

dots during short pulse excitation, and carrier-carrier scattering causes rapid carrier relaxation 

from the continuum into dots via the Auger process. Second, the model takes into account that 

the carrier capture process occurs random I y, and that the number of carriers and the1 r 

distribution in discrete levels differs from dot to dot. Therefore, the author named the model 

the 'RIO' (random initial occupation) model. 

Taking into account only the two electron levels of ground and excited for reasons of 

simplicity, the initial situation of carriers and levels is categorized into the four types shown in 

Fig. 5-7: A, both levels are filled; B, only the excited level is filled; C, only the ground level is 
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Figure 5-6 Example of luminescence decay of the five levels at 250 and 20 K. The 
higher the temperature, the faster progresses the decay; the lower a state, the slower 
the decay. 
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filled; and D, both levels are empty. All paths to the final situation in this system is described in 

the figure. When a dot is initially in case A, three paths, A 1, A2, and A3, arc possible for 

reaching the final destination of D. Also, two paths, B 1 and 82, are pos ible for case 8, and a 

single path, CJ, is possible for case C. Radiative decay is allowed in both levels on the 

assumption that hole quantization energies are less than kBT due to the comparatively heavy 

effective mass [7]. 

The number of carriers in the excited level is counted by evaluating the paths beginning 

from case A and also the paths beginning from case B. Let NAA(t) be the number of A at timet, 

and NAB(t) to be the number of B formed from A as a result of the recombination of only the 

ground-level carrier. The earner number in the excited level in dots if the initiaJ situation is A is 

described by 

(5. 1) 

Here, the rate equation for NAA(t) is 

dNAA(t) = _ 2NAA(t) 
dt 'tr (5. 2) 

where 'tr is the carrier recombination lifetime, which is assumed to be common between the two 

levels. Considering both paths A 1 and A2, the rate equation for NAB(t) is given by 

dNAB(t) = NAA(t) _ NAs(t) _ NAB(t) 
dt 'tr 'trel 'tr , (5.3) 

where 'trel is the carrier relaxation lifetime from the excited to ground levels. Solving Eqs. (5. 

'2) and (5. 3) obtains 

(5. 4) 

N (t) = e-(-1 +:4)r1t NAA(s) J-1 +l..)sds 
A B 'trcl 'tr 'tr 'trc! 'tr 

0 ' (5. 5) 
where NAo is the initial number of case-A dots. If 'trel << 'tr, NAs(t) becomes zero and the 

decay lifetime of NA(t) reduces to 'tr/2. If 'trel is not negligible compared with 'tr, the decay of 

NAB(t) is not negligible and the decay lifetime of NA(t) is larger than "tr/2. 

For the number of carriers in the excited level if the initial situation is B, NB(t), the rate 

equation is 
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Figure 5.7 Model for the carrier dynamics between two levels in an uncoupled dot. When 
the carrier injection from continuous levels into sublevels is sufficiently fast, all possible 
initial situations can be classified as four cases, A, B, C, or D. The decay in the carrier 
number in the excited state is described by considering paths A 1, A2, A3, B1 and B2. 
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Figure 5-8 Calculated number of carriers in the excited levels as a function of time. The 
solid line shows N(t), the dashed lines show NA(t) and N 8 (t). The figure shows a double 
exponential decay line, which matches the measured results. The faster decay indicates a 
carrier process that begins at case B, and the slower decay indicates one that begins at case A. 
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_ Na(t) _ NB(t) 

'trel 'tr , (5. 6) 

and the result is 

(5. 7) 

where NBo is the initial number of case B. The decay lifetime of Ns(t) is ('trcl I+ 'tr-1)-1, and it 

gets closer to 'trcl rf 'trel << 'tr. As a result, the total number of carriers in the cxci ted level is 

grvcn by 

Nex(t) = NA(t) + Ns(t). (5. 8) 

The cm1 sion intensity is given by Nex(t)/'tr. 

The measured decay curves having (more than) two components in Fig . 5-6 arc 

reproducible by this type of calculation. Figure 5-8 shows an example. The solid curve in the 

figure is the number of carriers in the excited levels, as calculated by Eq. (5. 8) with 'tr = 3 ns, 

'trel = 200 ps, and NAo = Nso/8 as parameters . The resultant solid curve consists of two 

dashed lines: steep, reflecting the decay starting from case B (Ns(t)); and moderate, reflecting 

the decay starting from case A (NA(t)). The critical point where the inclination of the line 

changes depends on the ratio of NAo I Nso, and a decay curve with fast and slow components 

is obtained for NBo > NAO· 

The carrier number in the ground level is also calculated by considering the paths A 1, 

A3, B I, and C] . As for the excited level, let us define the numbers of carriers as NABc(t), 

NAc(t), Nsc(t), and Nc(t), as shown in Fig. 5-7. The rate equation for these are 

dNAsdt) N AR(t) NAsdt) 
dt 'trel 'tr (5. 9) 

dNAdt) NAA(t) NAdt) 
dt 'tr 'tr (5. 10) 

dN 8dt) _ N 8 (t) _ N8dt) 
dt 'trcl 'tr (5. 11) 

and 

dNc{t) _ Ndt) 
dt 'tr . (5. 12) 
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Solving Eqs. (5. 9) through (5. J 2) obtains 

it 

- _L NAR(s) L 
NAndt) = c 't, 't c'tr ds 

l rei 

' 
(5. 13) 

(5. 14) 

it 

_ _L N 8(s) ~ 
N ndt) = c 't, -'t-- c'tr ds 

l rei 
(5. 15) 

and 

(5. 16) 

where Nco is the initial number of carriers in case C. Finally, the total number of carriers in the 

ground level is given by 

Ngr(~) = Ni\sc{t) + NAdt) + NBdt) + Ndt). (5. 17) 

If 'trel << 'tr, Eqs. (5. 13) through (5. 15) become zero and the decay time of N gr(t) reduces to 

Tr. In the same case, the decay lifetime of NA(t) reduces to 'tr/2. However, in Fig. 5-6, the later 

moderate decay in the second level is not half of the decay in the ground level. This indicates 

that relaxation lifetimes are not negligible compared with recombination lifetimes and/or that 

recombination lifetimes arc not constant among the sublevels_ 

The measured decay curves are analyzed by the simple double-exponential formulation 

of 

(5. 18) 

after dcconvoluting the decay curves from the excitation pulse. The second term of Eq. (5. 18) 

is, of course disregarded in considering the decay of the ground level. Here, from the 

estimation of the RIO model at the limit of 'trel << 'tr, the author assumes the initial steep decay 

component to be dominated by carrier relaxation and the subsequent slow decay component by 

recombination. In st1ict treatment, the degeneracy and selection rules in relaxation for multiple 

sublevels mu t be taken into account in solving the rate equations. However, Eq. (5. 18) is a 

good approximation because the initial situation of dots is roughly categorized into two cases: 

when the lower lc\·el is empty and when the lower level is filled. 
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The results of the analysis are plotted in Fig. 5-9 as a function of temperature. The 

recombination lifetime in Fig. 5-9 (a) is independent of level order and temperature. The 

relaxation lifetime of Fig. 5-9 (b) varies among the levels and is temperature-dependent. The 

nanosecond recombination lifetimes and their temperature independence match a theory about 

the spontaneous emission of electron-hole pairs in quantum dots [29]. Similar experimental 

results were obtained for InGaAs/GaAs SK dots by Wang et al. [32] and Kamath ct al. [33], 

and for InP/InGaP SK dots by Kurtenbach ct al. [341. As the order of level rose from the 

second to the fifth, the relaxation lifetime decreased by one order of magnitude. This is 

probably because the state density increases with the order of levels, as seen in the 

elcctroluminesccnce intensity. High state density enhances the probability of carrier relaxation. 

The decrease in relaxation lifetimes following a temperature decrease can be attributed to the 

increase in the number of phonons following the Bose distribution function. 

Let me check what the decay curves look like if it is assumed that carriers relax from the 

continuous level to the topmost fifth level and then relax step-by-step. The rate equations for 

this case arc 

(5. 19) 

dN5(t) = NJt) _ Ns(t) (-1 + l) 
dt 'tw 'ts "tr , (5. 20) 

(i = 2, 3, 4), (5. 21) 

and 

dN1(t) = N2(t) _ N J(t) 

dt 't2 'tr , (5. 22) 

where 'twr is the recombination lifetime in the continuous level, Tw is the relaxation lifetime 

from the continuous level to the topmost fifth level, and 'ti denotes the relaxation lifetime from 

the i-th sublevel to the (i - 1 )-th sublevel. Using the occupation factor of fj = Ni/Di with the 

state density of Di obtains 

(5. 23) 

where 'tio is the intrinsic carrier relaxation lifetime at the i-th level. By defining the lifetimes in 
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Figure 5-9 Carrier lifetimes of sublevels as a function of temperature: (a) recombination 
lifetime and (b) relaxation lifetime. The recombination lifetime is independent of 
temperature and about I ns in all sublevels. The higher the temperature and the higher the 
level order, the faster the carrier relaxation. 
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Fig. 5-9 as 'tio, the temporal evolution of the carrier number in sublevels was calculated (Fig. 

5-10). To estimate the fastest rise under step-by-step relaxation, the author assumed fi = 0 in 

the calculation. The figure indicates that the delay of rising at lower-ordered levels cannot be 

ignored. The delay is about 2 ns between the fifth and the ground level , which is approximately 

equal to the simple sum of the relaxation lifetimes of the sublevels. Comparing the experimental 

results of Fig. 5-6 and the calculated results of Fig. 5-10, it is clear that the assumption of the 

step-by-step relaxation process cannot explain the fast rising of photoluminescence in the time­

resolved measurements. The RIO model, which assumes fast carrier setup in quantum dots 

resulting from the Auger process and the subsequent slow step-by step relaxation inside 

quantum dots, successfully explains the decay curves of time-resolved photoluminc 'Ccncc. 

5-3-3 S1mulation of electroluminescence spectra 

In this section, the electroluminescence spectra of Fig. 5-5 are simulated using the 

obtained relaxation and recombination lifetimes. Note that the carrier number around the 

quantum dots is estimated to be about two to three orders of magnitude smaller than that in 

time-resolved photoluminescence measurements. Thus, the author used the step-by-step 

relaxation model instead of RIO model; that is carriers first relax from the continuum into the 

topmost level and then relax between discrete sublevels. The thermal excitation of electrons was 

disregarded since the sublevel spacing is much larger than the value of kBT. 

The rate equation for the carrier number in sublevels during clcctroluminescence 

measurement is obtained from Eqs. (5. 20) through (5. 22) by assuming the differential of time 

1s zero, 

Ns + Ns- G = 0 
'ts 'tr (5. 24) 

~+Ni_Ni+L=O 
'tj 'tr 'tj + 1 ( i = 2' 3 ' 4) ' (5. 25) 

and 

(5. 26) 

where G is the earner injection rate from the continuous level into dots. Here, the 

recombination lifetime, 'tr, is considered to be common to all levels, as seen in Fig. 5-9( a), and 
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Figure 5-l 0 Calculated rise of the carrier number when the direct carrier relaxation 
from the continuous level is negligible. The rise slowed as the level order decreased. The 
delay is approximately equal to the simple sum of the relaxation lifetimes of sublevels. 
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nonradiat1ve recombination is disregarded m high-quality samples (sec Chapter 4). Assuming a 

Gaussian distribution for the broadening of emission spectra, the luminescence spectra were 

calculated by 

(5. 27) 

where E is the energy of the photon, Ei is the energy at the i-th level , and r is an 

Inhomogeneous broadening factor. 

Figures 5-11(a) and 5-11(b) show the results of the calculations for 300 K and 77 K, 

respectively. During calculation, the author used an in-plane dot density of 5%, a broadening 

factor of 50 meV, 'tr = 1 ns, and Di = 2 • i (i = 1 to 5), taking spin into consideration. The 

intrinsic relaxation lifetimes used were 't02 = 400, 't03 = 200, 't04 = 50, and 't05 = 20 ps for 

300 K, and 't02 = 1000, 't03 = 500, 't04 = 200, and 't05 = 90 ps for 77 K. The calculations 

explain the measured electroluminescence spectra of Fig. 5-5. The author found that the 

relaxation lifetime is short enough so that the ground-level emission is dominant at lower 

currents. As the number of injected carriers increases, the carrier relaxation rate decreases, and 

emissiOns from higher levels occur. Since the relaxation lifetime is closer to the radiative 

recombination lifetime at 77 K than at 300 K, emissions from higher levels at 77 K occur for a 

lower current. At 77 K, the calculated current values match the measured values. At 300 K, the 

trend of relative peak intensities is well explained. However, the values for the current by 

calculation are much smaller than that using the measured val ucs. This discrepancy grows 

larger as the current increases --- a tendency that can be attributed to consumption of carriers 

due to thermally activated non radiative recombination outside the dots (sec Chapter 4). A rise in 

local temperature due to the nonradiative process may lead to further acceleration or 

nonradiative recombination. 

Figures 5-12 shows the values of fi as a function of the CUITent for (a) 300 K and (b) 77 

K. Note that the ground, second, and third levels are not completely filled and that characteristic 

features depend on temperature. For example, the maximum of fj for the ground and the second 

levels are about 80% at 300 K and about 60% at 77 K. For the third level, these maximum are 

90% at 300 K and 80% at 77 K. Although the emission from the ground level is dominant, the 

maximum occupation factor at the ground level is 60% for 300 K . In quantum dot lasers, the 

suppression of carrier filling may limit the optical gain required for lasing at the ground level 
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Figure 5-11 Calculated electroluminescence spectra at (a) 300 and (b) 77 K using the 
rate equations of the five states. The results of the calculation correlate with the 
measured spectra in Figs. 5-S(a) and (b). 
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Figure 5-12 Value of fi as a function of injected current for (a) 300 K and (b) 77 K. The 
ground, second and third states were not completely filled, and the maximum occupation 
factor of these levels depended on the temperature. 
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[35]. 

5-4. Effect of thermal treatment 

A relative intensity of emission peaks in the elcctroluminescence spectra arc dominated 

by the balance between carrier relaxation and recombination rates, as explained in the previous 

section. In this section , an interesting example of this fact in annealed quantum dots is 

de. cribcd. 

5-4- 1 Change of emission spectra after annealing 

Annealing of ALS-dot samples was performed in a reactor tube of a liquid-phase 

epitaxy system between 500°C and 680°C, in a pure N2 gas atmosphere to protect the samples 

from oxidation (sec Chapter 1) . A GaAs plate was placed on a sample surface to raise the 

arsenic vapor pressure and thus prevent arsenic desorption from the sample surface. The 

quantum dots were originally grown at 460°C using the growth sequence of 18 cycles of In-Ga­

As (sec Chapter 3). 

Figure 5-13 compares the photoluminescence spectrum of an as-grown sample with the 

spectra of samples after annealing at 615°C for 30 and 60 minutes. In the as-grown sample, 

three peaks were observed that arc due to the interband transition between the discrete levels of 

the conduction and valence bands. The excitation power is very low; the emission intensity of 

the ground level in Fig. 5-13 is less than one-fifth of the maximum value reached at a higher 

excitation. Annealing greatly reduces the integrated photoluminescence intensity, broadens the 

spectra, and slightly moves the emission peak toward higher energies. What is most remarkable 

is that the relative peak intensity between the ground- and second-level emissions rs greatly 

changed after annealing: although the ground-level emission is about three times stronger than 

the second-level emission in the as-grown sample, the two peaks are almost comparable in their 

intensity after 30 minutes of annealing. This is not due to drastic structural changes and the 

resultant reduction or the transition oscillator strength since the emission energy shift is only 

about 5 meV and the TEM image of the 30-minute-annealcd samples shows no significant 
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Figure 5-13 Photoluminescence spectra before and after annealing at 6l5°C for 30 and 
60 minutes. The emission from the sublevels is observed. It is remarkable that the emission 
intensity of the ground level decreased several times over that of the second level. 

10 1.30 ,..........._ 
4.2 K '"d • c: --------<> "' 0l ' " 1.25 -- o( ' '"d \ ,..........._ 

c: \ > ::l \ 1.20 C1) 0 ""-" ~ 

0 \ >-. 
""-" ¢ meV 1.15 bJ) 

~ >-. C1) 
~ c: ........ 
C/) 

1.10 
C1) c: 
~ C1) 

C1) ~ 

10-l 2nd level > c: 
C1) ........ 

1.05 ~ 
~ 72 meV .D 
0 ::::s ........ 

(/) C/) 
C/) 1.00 ........ 

Ground level E w 10-2 
0.95 

500 550 600 650 700 

Annealing temperature (oC) 

Figure 5-14 Emission intensity of the ground level divided by that of the second level 
Cigrounii20d) and emission energy of the sublevels as a function of annealing temperature. At 
over 600°C, the energy shift occurred, and the relative intensity of the ground level was 
greatly reduced after annealing. The energy shift was larger in the second level up to 650oC. 
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changes in dot structure, si1.e, and numerical density. One possi blc explanation for this 

phenomenon is that the carrier dynamic process in quantum dots is affected by the thermal 

treatment. 

Figure 5-14 shows the energy of the ground- and second-level emission peaks, as well 

as the emission intensity of the ground level relative to the second level, as a function of the 

annealing temperature. The energy shift occurs at over 600°C because of intcrdiffusion, and 

simultaneously, the relative intensity of the ground-level emission is greatly reduced. The figure 

also shows that the energy shift is larger in the second peak and that the level separation is 

increased by annealing. This contradicts the experiences in the study of interdiffusion in 

quantum wells, where the level separation always decreases after interdiffusion since 

interdiffusion spreads the confinement potential in the growth direction. This umquc feature can 

be attributed to structural asymmetry between the in-plane and perpendicular directions in ALS 

dots with a disk-like shape; because of the asymmetry, the intcrdiffusion in early stages occurs 

faster at the edge of the dot than in the central region [36]. Since this corresponds virtually to 

the decrea, c in the in-plane diameter of the dots, the energy separation increases. 

5-4-2 Competition between carrier relaxation and recombination 

Figure 5-15 shows examples of time-resolved photoluminescence of the ground- and 

second-level emissions after annealing at 6l5°C for 60 minutes. The decay time of the ground­

level emission decreases as the temperature rises . This is in contrast to the decay times of as­

grown samples, which are insensitive to temperature (Fig. 5-9(a)). The decay curves of the 

. ccond level arc double-exponential, a result of the competition between relaxation into the 

ground level and recombination at the second level, as seen in Section III. As the temperature 

increases, the relaxation accelerates but the recombination lifetime is not sensitive to 

temperature. Figure 5-16 shows (a) recombination and (b) relaxation lifetimes up to the third 

level before and after annealing. The solid and open symbols indicate the lifetimes of as-grown 

and annealed samples, respectively. The third level in the annealed sample is not clearly visible 

because of emission broadening. The recombination lifetimes at the ground level become 

temperature-dependent after annealing and decrease to a few hundred picoseconds near room 

temperature. This suggests that the nonradiative channel affects only the ground level. The 

nonradiativc lifetime for the ground level is estimated to be 250 ps if the recombination lifetime 
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Figure 5-15 Examples of decay curves of the ground and second levels after 
annealing at 615 oc for 60 minutes. The decay time of the ground level decreased as 
the temperature rose, but was insensitive to temperature in as-grown samples. The 
decay curves of the second level were double-exponential. 
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Figure 5-16 Lifetimes up to the third level as a function of temperature: (a) recombination 
lifetimes and (b) relaxation lifetimes. The solid and open symbols indicate lifetimes of 
as-grown and annealed samples, respectively. The recombination lifetimes in the ground level 
became temperature-dependent after annealing and decreased to a few hundred picoseconds 
near room temperature. The relaxation lifetimes decreased slightly after annealing. 
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of 200 ps and the radiative lifetime of 1 ns are used. The relaxation lifetimes decrease to about 

half after annealing, and it is not clear whether the decrease is significant since, following the 

RIO model used in the analysis, the faster decay time is not a pure carrier relaxation lifetime. 

However, it should be noted that nonradiative levels possibly assist carrier relaxation, which 

was predicted by Sercal [37]. 

Let me test several possibilities to explain why the nonradiative channel affect only the 

ground level. One is that carrier trapping may require some phonon scattering and the 

probability of scattering is low for higher levels. Another is that defect levels outside the dots, 

resonant in energy with the ground level, are the origin of the nonradiative channel (such 

resonant carrier trapping was reported by Tsang [38]). 

The photoluminescence spectra were simulated by the same procedure as in section 5-3-

3 . The rate equation for the ground-level population should be changed to include the 

nonradiative process as 

N1+N1_N2=0 
'tnl 'tr 't2 (5. 28) 

where 'tn 1 is the nonradiati ve I ifetime at the ground level. Figure 5-17 shows the 

photoluminescence spectra calculated using the nonradiativc lifetime as a parameter. Parameters 

used are a carrier injection rate of 0 = 10-6 s-1 per individual dot, a broadening factor with a 

Gaussian distribution of 50 meV, 'tr = 1 ns, Di = 2 • i (i = 1, 2, ... , 5), 't02 = 200, 'tQ3 = 100, 

't04 =50, and -ros = 20 ps. Unknown relaxation lifetimes of 't03 were assumed to be half of that 

used in section 5-3-3, since present experiments show that the relaxation lifetimes of 't02 

decrease by about half after annealing. The unknown relaxation lifetimes of 't04 and 'tQ5 do not 

affect the results of Fig. 5-17 as long as emission from either the fourth or fifth level docs not 

appear. The injection rate was chosen to give a low injection condition, where the fourth and 

fifth levels do not appear in the calculated spectrum. The occupation at the ground level, f J, is 

about 8%. As the nonradiative lifetime decreases from infinity to a few hundred picoseconds, 

the emission intensity of the ground level decreases and becomes comparable to that of the 

second level. The value of the nonradiative lifetime in the simulation well matches the value 

estimated in Fig. 5-16. 

The carrier dynamics in ALS dots are summarized in Fig. 5-18. The relative emission 

intensity of the ground and second levels is determined by the equilibrium between the radiative 
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Figure 5-17 Photoluminescence spectra calculated by assuming values for the 
nonradiative lifetime (-cn 1). As the nonradiative lifetime decreased from infinity to a few 
hundred picoseconds, the emission intensity of the ground level decreased and becames 
comparable to that of the second level. 
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Figure 5-18 Schematic of carrier dynamics in a quantum dot before and after annealing. 
The relative emission intensity of the ground and second levels was determined by the 
equilibrium between the radiative recombination process (rl, r2), the relaxation process (rei), 
and the nonradiative recombination process (n 1, n2). The non radiative lifetimes, -en 1 and -cn2, 
were neglectable for the as-grown sample, and after annealing, the nonradiative lifetime, -cnl, 
became effective. 

154 

recombination process (rl, r2), the relaxation process (rei), and the nonradiative recombination 

process (nl, n2). In an as-grown sample, the nonradiative lifetimes arc negligible, which can 

be expected from the temperature-independent radiative lifetimes (see section 5-3-3). After 

annealing, the recombination lifetime at the ground level decreases due to the nonradiative 

channel, while the nonradiativc process of the second level is still negligible. The drastic change 

in relative emission intensity demonstrates that the balance of radiative and nonradiative 

recombination and relaxation rates determines the shape of the emission spectrum. This 

contradicts the experience with quantum wells whose emission spectra generally narrow toward 

a lower energy regime as the emission intensity decreases. In quantum wells, intersubband 

carrier relaxation is much faster than the recombination process. 

5-5. Summary 

Theoretical and experimental studies on carrier dynamics in self-assembled quantum 

dots were explained. Electroluminescence and time-resolved photoluminescence data were 

analyzed to provide recombination and relaxation lifetimes as a function of temperature. The 

RIO model in the analysis explained the double-exponential decay of excited levels, and using 

the obtamed lifetimes, electroluminescence and photoluminescence spectra were successfully 

simulated even after annealings. Carrier relaxation between discrete energy levels was 

experimentally found to be very slow with a lifetime above 100 ps in ALS dots (but, it may 

depend on dot structure). Also, carrier-carrier scattering rapidly sends carriers deep inside the 

dots, as seen in the initial stage of time-resolved photoluminescence. These two findings help to 

clear up the confusion in this research field. 
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Chapter 6 

Quantum Dot Lasers 

6-1 Introduction 

The evolution of semiconductor lasers has been with creating population inversion in 

constricted energy ranges. Low threshold current densities (<50 A/cm2 at room temperature) 

were obtained using compressively strained quantum well lasers [1], and the further 

improvements in threshold current densities and other decisive fundamental parameters will 

be achieved by the introduction of a lower-dimensional structure in the active region . 

Semiconductor quantum dots, where electrons, holes, and excitons are confined in the zero 

dimension, arc believed to be the promising lower-dimensional structure. Because of an 

atom-like state density in quantum dots and the resulting increases in material and differential 

gain and limited thermal carrier distribution, quantum dot lasers arc expected to attain 

remarkable reductions in threshold current, temperature-insensitive operation, narrow spectral 

linewidth, and large modulation bandwidth [2- 5] . 

The distinct effects of low dimensionality on lasing properties have been the 

motivatiOn for extensive experimental research on quantum dot lasers. Primary experimental 

attempts to study the lasing properties of carriers under three-dimensional confinement were 

done with strong magnetic fields applied to quantum well lasers [6]. These experiments 

indicated a reduction in the temperature dependence of threshold current, but did not prove a 

reduction in threshold current (on the contrary, an increase was practically observed). More 

advanced quantum dot lasers used dots that were created by combining lithography and 

regrowth on a processed substrate [7, 8], but were still troubled by extremely high threshold 

current densities (e.g., 7.6 kA/cm2 at 77 K) due to nonuniform dot size, p<X)r interface quality, 

and lm\ surface density [91 . The development of a strain-induced self-assembling technique 
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was a breakthrough in the fabrication of quantum dots for lasers (sec Chapter 3 ). The most 

well-known self-assembled dots are growth islands formed via the Stranski-Krastanov mode 

(SK dots) [10, 11]. These self-assembled microcrystals have a uniform size, high numerical 

density, and high emission efficiency, none of which has been realized using previous 

artificial techniques. Fabry-Perot injection lasers based on self-assembled dots have been 

demonstrated since 1994 [12- 15]. However, the predicted distinct laser performances have 

not yet been achieved. 

To actualize the advantages of dot lasers, there are many problem to be solved. One 1s 

the traits of dot structure themselves. Peak material gains depend on spectra broadening due 

to dot inhomogeneity and volume density of dots. The actual spectra broadening is in the 

order of several tens of meV. There are about 106 quantum dots in the active region in a laser 

with typical dimensions, with quantum dot densities of several 1010 cm-2. Improving the 

imperfection in self-assembly and controlling dot nucleation will increase the peak material 

gain . Also, there might be a carrier injection problem. The velocity of carrier capturing and 

relaxation among sublevels affects laser performance (see Chapter 5). Thermal carrier 

excitation is allowed if sublevel separation is not large enough, in the case of which optical 

gain at the lasing level is reduced. 

Before work on this thesis began, even room-temperature lasing of quantum dots was 

a dream to be challenged. However, benefited by recent progress in self-assembling 

technology, the performance of quantum dot lasers have drastically advanced close to that of 

quantum well lasers. For instance, by closely stacking self-assembled dot structures in the 

growth direction, the threshold current of dot lasers was reduced to 5.4 rnA in 1998 f16]. 

Also, a threshold current density of 26 A/cm2 [17], a small-signal modulation of 8.5 GHz 

[18], 1.3-Jtm lasing, which is at a suitable wavelength for fiber-optic communicatwn systems 

[19- 21], have been achieved. 

In this chapter, the author describes an achievement with and improvements in 

quantum dot lasers using self-assembled microcrystals. Since quantum dot lasers that have 

been fabricated are very similar to quantum well lasers (the noticeable difference is that the 

optically active region consists of quantum dots), this chapter starts without any special 

discussion on laser structure. Metalorganic vapor phase epitaxy (MOVPE) and molecular 

beam epitaxy (MBE) are used to grow the self-assembled quantum dots. Improvements in 

threshold current, output power, and lasing wavelength has been attained by evolving a 
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special growth method for 1.3-ytm-emission InGaAs/GaAs dots. The first 1.3-}lm-emission 

dots (ALS dots) were grown by alternately supplying group-III and group- Y source materials 

under a \·cry low growth rate in a MOYPE chamber, as described in Chapters 2 and 3. The 

dot structure is quite different from that of SK dots (i.e., the dots were buried in an InGaAs 

quantum-well layer which has the same thickness as the dots). In the beginning of this 

chapter, the author describes lasers using ALS dots. Low sheet density is, however, the most 

rata! obstacle to achieving 1.3-fim lasing of the dots. The growth methods or 1.3-ytm­

emission dots were mherited by molecular beam epitaxy (MBE), where the growth process is 

momtored in-situ and therefore highly controlled. Drastic improvements in threshold current 

and output power was achieved with the quantum dots grown by applying the alternate source 

supply technique of ALS dots to growth in MBE. The author achieved the first 1.3-ytm 

continuous wave (CW) lasing of quantum dots. High-density 1.3-fim-emission InGaAs/GaAs 

dots were successfu lly attained in MBE, regarding the essence of ALS-dot growth: a low 

growth rate and a InGaAs-Jayer covering. Lasing properties and their temperature dependence 

of these quantum-dot lasers are demonstrated, indicating key points for the improvement of 

quantum dot lasers. 

6-2 Lasers with dots prepared by alternate supply method 

In this section, the fabrication and performance of ALS dot lasers arc described. This 

is one of the significant primary achievements of quantum dot lasers. Elcctroluminesccncc 

and diamagnetic shirts of lasing wavelength were measured to confirm that lasing occurred at 

a three-dimensionally confined sublevel in quantum dots. After an investigation of the device 

properties, the potential and drawback of ALS dot lasers get clearer. 

6-2-1 La ing at low temperature 

An active region of semicond uctor lasers was made up of ALS dots grown via an In­

Ga-As upply sequence in a MOYPE chamber (sec Chapter 3). A broad contact laser 

structure was fabricated [22J. Since the pulse jet epitaxy system was not equipped with gas 

supply lines sufficient to fabricate laser devices, the parts of the laser structure other than the 

quantum-dot active region were grown using other equipment. A n-GaAs buffer layer (0.5 

160 

40 

30 

20 

10 

80K 
Pulsed 

0 ~~~~~~~-*~~--~~ 

800 1000 1200 1400 

Wavelength (nm) 

Figure 6-1 EL spectra of an ALS-dot laser for various injection currents. 
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Figure 6-2 L-I characteristics of an ALS-dot laser. Lasing spectrum is shown in the 
inset. 
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JAm) and a n-InGaP cladding layer (1.0 JAm) were grown by a state-of-art MOVPE system . A 

p-AIGaAs cladding layer ( 1.0 Jlm) and a p-GaAs cap layer (0.5 Jlm) were grown by a solid 

source MBE system. The author supposes that this process severely damaged the crystal, and 

therefore, deteriorated lasing properties of this lasers. An active layer was one sheet of an 

ALS dot layer. The cavity length was 900 Jlm, and a high-reflective (HR) coating was applied 

to both facets. A 95% high reflectivity for a 1 Jlm region was realized by two pairs of (2050-

A Si02) I (840-A Si) coatmg. 

Figure 6-l shows clcctroluminescence spectra at vanous injection currents . 

Measurements were done at 80 K by pulsed current injection (pulse width: 500 ns; repetition 

rate: 10 kH1.). The peak wavelength of the dot ground level was 1.25 Jlm (sec Chapter 4), and 

peak broadening m shorter wavelength regions was observed during a current increase owing 

to emission from excited sublevels. In other words, band filling with current injection was 

observed. Laser oscillation occurred at a threshold current of l.l A. 

L1ght output versus injected current characteristics are shown in Fig. 6-2 . The 

threshold current of 1.1 A corresponds to a threshold current density of 815 A!cm2 since the 

width of the current injection area IS 150 Jlm in the near field pattern. This current density is 

one-order smaller than that of lasers built using artificially fabricated dots [9J. As shown in 

the inset, the lasing wavelength was 911 nm. Considering that the compositional wavelength 

of the lno.t0ao.9As barrier layer at 80 K is shorter than 850 nm, the lasing level can be 

assigned to be a high-order sublevel of ALS dots. 

Figure 6-3 shows the threshold current of ALS-dot lasers as a function of a 

temperature between 80 and 135 K. Observation of high-temperature lasing was limited by 

current source capacity. Characteristic temperature, To, defined by 

lth oc exp (T/To) (6. 1) 

was over 400 K for the measurements below 100 K. However, at higher temperatures, To was 

degraded to 130 K, which is significantly smaller than the expected value for quantum dot 

Ia. ers. The author suppo. e that the reason is related to radiative efficiency. As seen in Fig. 4-

21, emission cfliciency decreased in this temperature range. In addition, the laser structure 

was fabncatcd via air transfers between three kinds of growth equipment, degrading crystal 

quality. The decrease in radiative efficiency possibly requires an additional injection of 

carriers into the quantum dots, which result in a proportional increase in the threshold 
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Figure 6-3 Threshold current of ALS-dot lasers as a function of temperature. Observation 
of lasing was limited by current source capacity. Over 400 K of characteristic temperature 
was obtained for the measurements below 100 K. 
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6-2-2 Diamagnetic mea urcmcnt of laser emission 

To confirm that the obtained laser oscillation is reall y from a high-order sublevel or 

quantum dots , diamagnetic shifts or the lasin g peak at 80 K were compared with those for a 

quantum well laser (sec Chapter 4) . A 0.98-Jim single-quantum-well laser was used since it 

operates in the same wavelength region at 80 K as a quantum dot laser. A magnetic field was 

applied perpendicular to the lasers up to 13 Tesla using a superconductor magnet. Light 

output under pulsed current injection was collected through a bundle fiber and introduced into 

a monochrometer. Figure 6-4 shows the results . The emission energy of the quantum dot laser 

is almost insensitive to the magnetic field in the weak magnetic field region, and the total 

amount of energy shifts was less than 2.5 meV. On the other hand, the reference quantum 

well laser oscillated at several modes under a strong magnetic field , and the envelope of 

emi SSion shifted to a high energy region . The amount of energy shifts was about 5 me V, 

which was obviously larger than that of the quantum dot laser. Even though the magnetic­

field dependence of higher-order sublevel energy is not theoretically supported, the 

experimental results prove that lasing did not occur at the two-dimensional layer but at the 

quantum dots , considering that the indium composition of the two-dimensional layer 

surrounding ALS dots was close to that of the reference quantum well laser. 

Lasing at the three-dimensionally confined sublevel in ALS quantum dots has been 

achieved. The observed electroluminescence spectra indicate that the ground level was filled 

with an extremely low current injection level (below 50 rnA). This suggests that ultra-low 

threshold current density operation can be realized in quantum dot lasers. One of the reasons 

why laser oscillation occurred at a high-order sublevel of ALS dots may be a small ground­

level optical gain that was caused by low dot density. Sheet density is quite low, and stacking 

is not capable for ALS dot , owe cannot raise even the volume density (see Chapter 3). The 

other reason i low crystal quality due to air transfers between the three kinds of growth 

equipment used during the fabrication of the laser structure. Increasing dot sheet density and 

multiplication of the dot layer in the growth direction raises optical gain, leading to lasing at 

a lower sublevel. Also , it should be noted that the phonon bottleneck effect was 

experimentally observed in ALS dot (see Chapter 5). After these results, a new type of self-
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assembled dots , described in the foll owing , •.vcrc developed based on the growth technique 

for ALS dots. 

6-3 Lasers with columnar closely stacked dots 

In this section, achievements in quantum dot lasers with a mili -ampere-ordcr threshold 

current and output power of over 100 mW are described. A new type of dots were grown vm 

alternate supply of source materials by MBE, resulting in directly stacked SK-dot tructurcs 

havwg a columnar shape (columnar dots) [16, 23 , 24] . Spectral broadening o f 

photoluminescence is reduced by the alternate supply growth in MBE without detriment to 

emission efficiency. The surface density is larger than that of ALS dots. Improvements in 

uniformity, emission efficiency and density actually caused better performance of quantum 

dot lasers. 

6-3-1 Growth of dots by molecular beam epitaxy 

Alternate supplies of InAs and GaAs on a (OOl)GaAs substrate in solid source MBE 

succeeded in producing self-assembled dots with a high uniformity and high emission 

efficiency [25]. The dots are a kind of closely stacked In As dots with a GaAs i ntcrmediate 

layer. The growth conditions are illustrated in Fig. 6-5 and compared with those of ordinary 

closely stacked dots. In the novel growth method, at first, InAs SK islands are prepared by a 

supply of 1.8 monolayer's (ML's) as nuclei for the following three-dimensional growth. Then, 

InAs of 0.71 ML and GaAs of 3 MLs are supplied repeatedly. Since GaAs of 3 MLs cannot 

fully cover the InAs island layer, InAs islands formed during the supply of 0.71 ML come 

into contact each other. In a growth of ordinary closely stacked dot ( ee Fig. 6-S(b)), InAs 

islands are completely covered by intermediate GaAs layers, and the islands do not make 

contact in the growth direction but are coupled electrically through thin potential barriers of 

intermediate layers [26 - 28]. Figure 6-6 is a cross-sectional TEM image of the dots. Because 

of the columnar shape of the dots, the author calls this type of dot columnar dot. Two 

columnar dots can be seen in the figure. Both the diameter and height of the dots arc about 15 

nm. The figure also clearly indicates multiple wetting layers produced during each InAs 

supply, suggesting that columnar dots arc a type of closely stacked SK dots. However, clear 
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Figure 6-5 Schematics of structure in doss section of (a) columnar dots and (b) closely­
stacked dots. The columnar dots are grown by MBE. In the new growth methods (a), the 8 
cycles of InAs-GaAs supply were typically performed after a single 1.8-ML InAs supply. 
The growth temperature was 510°C. In the ordinary closely-stacked dots (b), dot does not 
make contact each other in growth direction but is coupled electrically through thin potential 
barriers of the intermediate layers. 

Figure 6-6 Cross-sectional TEM image of two columnar dots. Both the diameter and height 
of the dots were about 15 nm. InAs islands formed during 0.71 ML's InAs supply came 
into contact each other, and the multiple wetting layers were produced during each InAs 
supply. 
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multiple structures cannot be seen in the dots themselves , suggc ting that columnar dots are 

stack of small islands in physical contacted with one another [29, 30]. The amount of lnAs 

during alternate supply is critical in the new growth methods , as shown by the AFM images 

in Fig. 6-7. 

Figure 6-8 compares the photoluminescence spectra of columnar dot , SK InAs dots, 

and previously reported closely stacked SK dots. The emission wavelength of the ground 

level of columnar dots was 1.17 Jtm and that of the second level was 1.1 Jtm . An cmis ion 

peak related to multiple wetting layers was observed at 1.01 Jtm, which i longer than that of 

SK dots (0.92 Jtm). The author supposes that the longer emission wavelength of the wetting 

layers is because multiple wetting layers were coupled electrically in a columnar-dot layer. 

Two points deserve special attention in Fig. 6-8. First, the emis ion intensity of 

columnar dots is equal to that of SK dots and is quite improved compared to that of 

previously reported closely stacked dots, which hardly emitted at room temperature. 

Photoluminescence intensity in the closely stacked dots at room temperature is Jess than one 

thousandth of the intensity at 77 K. The emission efficiency of columnar dots is improved by 

optimizing the source amount of supply. Second, columnar dots have a narrower spectrum 

w1dth than SK dots . Because of the narrow spectra width, the existence of excited level 

becomes observable in columnar dots. The peak width of the ground level is almost half that 

of SK dots: the half width at half maximum (HWHM) in the spectrum was 20 meV for the 

ground level and significantly smaller than 45 meV of the ordinary single SK dots (but larger 

than 15 mcV of ALS dots). The narrower spectrum suggests that columnar dots have a better 

uniformity than SK dots. The author supposes that the thick dot structure of columnar dots 

makes the sublevel energy unresponsive to height fluctuations, compared with the case of SK 

dots. In addition, due to the stacking, the emission wavelength of columnar dots is longer than 

that of normal SK dots. 

The author insists that columnar dots are very similar to ALS dots in the growth 

sequence and structure. In the growth sequence, source materials are alternately supplied in 

the growth of both types of dots. As for the structure, both dots are surrounded by a quantum 

well layer which has the same thickness as dots (in columnar dots, nearly multiplied wetting 

layers are electrically coupled). The distinct difference is just the supply amount (i.e., ALS 

dots formed by an alternate supply of 1-ML lnAs and 1-ML GaAs while columnar dots 

formed by an alternate supply of 0.7-ML InAs and 3-ML GaAs). The role of alternate supply 
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Figure 6-7 Plan-view AFM images of columnar dots at various supply amount of InAs 
during alternate supply: (a) 0.46 monolayer (ML), (b) 0.71 ML, and (c) 0.81 ML. We can 
see that the amount of InAs is critical to grow clear dot structure. 

300K 

0.9 1.0 

Gnd 

1.1 1.2 
Wavelength 

1.3 
(Jlm) 

1.4 

Figure 6-8 Photoluminescence spectra of the columnar dots, SK InAs dots, and closely­
stacked dots grown by stacking 1.8-ML InAs dots with 3-nm GaAs intermediate layers. 
Improved properties of the columnar dots appear in this figure. First, the emission intensity of 
the columnar dots is higher than that of the closely-stacked dots. Second, the spectra width of 
the columnar dots is narrow. In addition, we can see that the emission wavelength of the 
wetting layer is quite long, which suggests the electrical coupling of wetting layer through thin 
intermediate layers. 
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in both types of quantum dots may be common (i.e., in erting gallium into the structures 

reduces the total strain energy and leads to higher and more uniform dots, but the growth 

process is not exactly the same). Multiple wetting layers are clearly observed in the columnar 

dot structure but not observed in the ALS dot structure. Dot surface density can be raised up 

to 1011 cm-1 for columnar dots, but 2 X JQlO cm-1 to the utmo t for ALS dots. 

6-3-2 Room temperature lasing with mili-amperc-ordcr threshold current 

Double heterostructure lasers With two columnar-dot layers (N = 2) were fabricated . A 

schematic of the laser structure is shown in Fig. 6-9. The structures were grown by MBE on a 

(00 1 )n-GaAs substrate followed by a 1.4-~m n-Alo.4G<1D.6As cladding layer, a quantum-dot 

active layer, a 1.4-~m p-Alo.4Gao.6As cladding layer, and a 0.4-~m p-GaAs contact layer. 

One or two sheets of the columnar-dot layers were used as the active layer and sandwiched 

between GaAs separate confinement heterostructure (SCH) layers. Two sheets of the 

columnar-dot layer were separated by a 30-nm GaAs layer. 3-~m-wide ridge structures were 

formed by chemical wet etching. 

Room-temperature CW operation was achieved for a laser with L (cavity length)= 

900 ~m and double cleaved facets [23]. Figure 6-10 shows the light output versus current 

characteri tic . The threshold current was 31 rnA, which is more than one order of magnitude 

smaller than that (520 rnA) of SK dot lasers having a common laser structure [14]. The lasing 

spectrum is shown as the inset. After the lasing wavelength is compared with the 

photoluminescence wavelength (Fig. 6-8), the lasing level is assigned to the second level. A 

high output power of 42 mW was obtained at an injected current of 150 rnA. The external 

quantum efficiency, Tld, was 36%, which did not decrease much when the temperature was 

increased (Tld = 30% at 70°C). Let me estimate the internal loss, a, of the laser structure. The 

differential internal efficiency (Tli) has been reported as being 70% for an Ino.sGao.sAs 

quantum dot laser and 81% for an lno.3Gao_7As quantum dot laser [13]. The external quantum 

efficiency is described by the differential internal efficiency and the internal loss as 

1 1 
= 

1 1 
a +-ln--

1 2L R1~ 
1 1 
-ln-
2L R1 , (6. 2) 

where ai is the internal loss, Tli is the internal quantum efficiency, and Rr and Rb arc the 
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Figure 6-9 Schematic cross section of columnar-dot laser. Two sheets of the columnar­
dot layer were separated by a 30-nm GaAs layer. The 3-~lm-wide and 1.2-~tm-high ridge 
structures are formed by chemical etching. The cavity length was 300 and 900 ~lm. 
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Figure 6-10 L-1 characteristics of a columnar-dot laser at 25°C. Both facets were 
as-cleaved. 
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Figure 6-11 L-I characteristics of columnar-dot lasers with L = 300 and 900 ~tm and HR 
coating on both facets. 
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Figure 6-12 L-I characteristics of a columnar-dot laser with L = 900 ~tm and HR 
coating on one facet at temperature between 25 and 70°C. 
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reflectivities of the front and rear facets, respectively. Assuming Rr = Rb = 0 .3 for the present 

~tructurc, the mtcrnal loss at 25°C is calculated to be about 3.5 cm-1 with lli = 90% and about 

5.5 cnr I at lli = I 00%, indicating that a very low internal loss or a high diflcrcntial internal 

efficiency can be expected in the columnar-dot laser. 

A further lowering of threshold current and higher output power were achieved by 

columnar dot lasers with 95%-HR-coated facets . For a laser with L = 300 JAm and HR coating 

on both facets , lasing oscillation occurred at a threshold current of 5.4 rnA at 25°C [161 (Fig. 

6-1 1). The low threshold current were a record for edge-emitting quantum-dot lasers at the 

time in 1998. The lasing wavelength of the devices was 1.15 JAm. Since the ground-level peak 

was 1.17 JA.ffi in photoluminescence spectra, the author infers that the lasing occurred mainly 

at the ground level and that some gain at the second level assisted the lasing. For a laser with 

L = 900 Jtm and HR coating on one side of the facets, an output power of 110 m W was 

achieved (Fig. 6- 12). Even at 70°C, an output power of 75 m W was obtained [24]. 

The author compares lasing characteristics of the columnar dot lasers having various 

cavity conditions. Figure 6-13 shows the L-1 curves of the lasers. Under the Clcave/HR facet 

condition, shortening cavity length did not always reduce threshold current due to the lasing 

level variation. The usage of two sheets of dot layer (N = 2) had advantages in lasing level 

and the resulting low threshold current. From these results, the relationship between threshold 

gain per dot layer and lasing wavelength is summarized (Fig. 6-14) . Here, the threshold gains 

arc estimated from mirror loss and by assuming a constant internal loss of 6 cm -l.This figure 

prove , that the wavelength jumps from the second level to the ground level with lowering the 

threshold gain per one dot layer by the use of long cavity structure and mul tiplc dot layers. It 

\\'as apparent that the maximum gain at the ground level was higher for the columnar dot 

lasers than for the SK dot lasers. Figure 6-15 shows the relationship between modal gain and 

threshold current density. Both values are normalized for one dot layer. Differences in 

differential gain were found for the ground level and the second level. Since degeneracy at 

the ccond level is expected to be larger than that at the ground level, the large degeneracy 

leads to large difTcrcntial gains. The intersection of the two straight lines agrees with the 

thrc hold gain for the wavelength jump from the second level to the ground level shown in 

Fig. 6-14. 

Several reasons for high gains in columnar dot lasers can be considered. First, high 
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Figure 6-13 L-I curves of columnar-dot lasers having various cavity conditions. 
CL and HR indicate as-cleaved and HR-coated facet, respectively. Lasing level is 
indicated in parentheses. 
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constant internal loss of 6 cm- 1. 
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uniform energy leveL and high radiative efficiency in columnar dots arc expected to be 

decisive factors. In addition, good optical coupling is expected in the structure. Due to the 

multiple wetting layer, optical confinement is possibly high around columnar dots. Large 

height may also contribute to optical coupling. A large overlap of electron and hole wave 

function expected in thick dot structures possibly increases the transition probability. 

Let me point out the possibility that multiple wetting layers work as a reservoir of 

carriers and raise the rate of carrier injection into dots (closely stacked wetting layers arc 

electrically coupled). Carriers arc possibly more easily captured by deep and wide quantum 

wcJl than by a single (and therefore shallow) wetting layer of SK dots. The deeper the wetting 

layers, the more strongly the thermal carrier diffusion from the wetting layers to GaAs layers 

is restricted. Any resulting good carrier capture efficiency would contribute to the threshold 

current and output power. 

6-3-3 Temperature characteristics 

Figure 6-16 shows the threshold current of columnar dot lasers as a function of 

temperature between 110 and 300 K. Data for SK dot lasers are superimposed as a reference. 

An exceJlcnt To (about 500 K) was obtained at low temperatures for both dot lasers , as in the 

ca c of ALS dot lasers (Fig. 6-3). However, To was also reduced at higher temperatures. For 

columnar dot lasers, a small To of 69 K was obtained between 180 K and 240 K, and near 

room temperature, To was 86 K, which is about twice that of SK dot lasers. 

An observed To at over 180 K is stiJl significantly smaller than the expected value for 

quantum dot lasers. The author assumes that there can be two factors dominating the 

temperature characteristics. The first one is related to radiative efficiency, as in the case of 

ALS dot lasers. A decrease in radiative efficiency requires additional carrier injection into the 

dot , re ulting in a proportional increase in the threshold current. The second factor is thermal 

carrier diffusion to the upper sublevel. The energy separation between the ground level and 

the second level i 45 mcY for columnar dots. As shown in Fig. 6-8, carrier distribution to the 

second level cannot be neglected at room temperature. The author supposes that, in order to 

tmprove the temperature characteristics of threshold current, energy separation between the 

sublevels of quantum Jots should be optimized regarding rapid carrier injection (the phonon 

bottleneck problem) and reduction of thcm1al diffusion of carriers, as well as improvement of 
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attributed to the difference in the degeneracy at the two level. 
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emission c!Ticicncy. 

The reason why To was smallest between 180 K and 240 K for columnar dot lasers is 

that the lasing level shifted from the second level to the ground level and threshold current 

decreased in the temperature region. The point where lasing level began to move was 240 K 

for the columnar dot lasers, which is lower than 280 K for SK dot lasers. This is because the 

total ground-level gam was smaller for the columnar dot lasers due to a smaller number or dot 

layers (N). 

Lasing-level variations are indicated in Fig. 6-17, which compares the 

electrolumincsccncc pcctra at 110 and 298 Kat various injected currents up to lasing. Facets 

were as-cleaved and cavity length was 300 )Affi. Clear differences can be observed here. At 

298 K, the threshold current is large, and the electroluminesccnce spectra below the threshold 

exhibit an asymmetric shape. The second sublevel emission was raised as the injection 

current was mcrcased , resulting in asymmetric spectra. The large threshold carrier density 

was due to the carrier distribution in multiple levels and the thermally activated nonradiative 

recombination. Low threshold current at lower temperatures leads to narrower broadening of 

the electroluminescence spectra because of negligible emission from higher-order sublevels. 

This is attributed to the suppression of thermal excitation of carriers. 

Lasmg occurred at many wavelengths at 110 K. Th1s is not the multi-mode oscillation 

observed in ordinary Fabry-Perot lasers. Various quantum dots with different sizes and 

compositions were simultaneou ly lasing, since the gains in the various dots can reach the 

threshold due to decreased nonradiative carrier recombination at 110 K. The wavelength span 

became smaller as the temperature was increased. This result gives an insight that each 

quantum dot is spatially separated and optically coupled. Also, it suggests the possibility that 

lasing operation at lower threshold currents will be enabled if the uniformity of quantum dots 

greatly improved, that is , when lasing occurs in narrower wavelength ranges. 

Lasing-level jumps to the higher level as temperature is raised. Figure 6-18 shows an 

example, which is light output versus injected current characteristics at 25 - 70°C for the 

columnar dot lasers of L = 300 JAffi and Cleave/HR facets. The inset shows lasing spectra at 

25 and 70°C at the injected curTent of 70 rnA, suggesting that the lasing-level order was the 

second at 25°C and higher (probably, the third) at 70°C (see Fig. 6-8) . With a lasing-level 

shift at between 50 and 60°C, slope efficiency changed and threshold current discontinuously 

increased. 
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Figure 6-17 Lasing spectra and EL spectra of a columnar-dot laser at 110 K and 298 K. 
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Figure 6-18 Light output versus injected current characteristics of the columnar­
dot lasers at between 25 and 70 °C. Lasing level shifted at between 40 and 50 °C. 

I 10 dB 

,.---_ ,.---_ 
C/l C/l .::::: .::::: 

c c 
::J 200 ::J 

300mA 

.D ..0 
1-o 1-o 

130 --< ~ ....__, ....__, 

>-> >-> ...... ...... 
C/l 80 C/l 

c 1=: 
~ ~ ...... ...... 
1=: c - 60 -

55 

0.9 1.0 1.1 1.2 1.3 0.9 1.0 1.1 1.2 1.3 

(a) 
Wavelength (~-Am) 

(b) 
Wavelength (~-Am) 

Figure 6-19 Lasing spectra at various injected current: (a) HR/HR, N = 1, L = 900 
~tm and (b) CL/HR , N = 1, L = 900 ~lm. For (a), the lasing level jumped from the 
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178 

The author found that a distinct jumping of lasing level also occurs during an inJected 

current increase. Figure 6-19 provides examples. In Fig. 6-1 9(a), the lasing level jumped 

from the ground level to the second level at the injected current of 80 rnA. External quantum 

efficiency was recovered at that point. Also, in Fig. 6- 19(b), the lasing level jumped rrom the 

second level to the higher level at 120 mA. Such distinct jumping has not been observed in 

SK dot lasers, where lasing spectra were continuously broadened even when higher levels 

began to lase during an increase of injected current. Higher uniformity of columnar dots 

enabled the observation of the distinct jumping. Figure 6-20 shows the relationship between 

the current density per dot layer, at which the lasing level jumped from the second level to the 

third level, and threshold gain for the second-level lasing per dot layer. The level jumping 

occurred with lower current density at 70°C rather than 25°C, clearly indicating that the 

jumpmg is dominated by thermal carrier diffusion. 

From the point of view of application, lasing-level jumping during current injection is 

a serious drawback. Since the phenomenon depends on carrier distribution, enlarging level 

separation is effective in restricting the jumping. Also, it should be noted that gain saturation 

might be one of the root factors for the jumping. For exhaustive solution of the problem, 

Inhomogeneous broadening of the state density of dot ensembles must be reduced . In 

addition, improvements in dot density, carrier capture rate by dots, carrier rclaxatron rate 

among sublevels, oscillator strength of electron-hole pair, optical confinement factor at the 

active region are effective in suppressing the level jumping and to make the dot lasers 

applicable to practical application . 

High sheet density and multiplication of dot layers can be realized for columnar dots 

as well as SK dots since SK dots are used as nuclei of their formation, and actually provided 

advantages over ALS dots in the lasing properties. However, 1.3-ytm emission, which is 

suitable for present fiber-optic communication systems, was not attained by the growth 

method. In order to achieve 1.3-,um lasing with good lasing performance, a new type of 1.3-

,um-emission dots was developed by MBE, referring to the ALS-dot growth process again, as 

shown in the following section. 
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6-4 1.3-pm lasing at room temperature 

1.3-JAm-emission self-assembled dots (ALS dots) were first formed in an early stage 

of research into self-assembled quantum dots, in 1994 by the author [31] (sec Chapter 3). The 

growth method of alternate supply under quite low growth rates and the structure involved 

within quantum well have been taken over by MBE growth of dots [32- 34], but lasing at 1.3 

)Am had not been attained, due to the low dot density, until 1998 [19]. The lasers, however, 

required a pulsed injection current to operate at room temperature since the low dot density 

was compensated by diode design: enlarging the optical confinement factor with high­

refractive-index Alo.7Gao.3As cladding layers and reducing optical loss with a low doping 

concentration. In this section, the achievement of the first 1.3-)Am CW lasing at room 

temperature of self-assembled InGaAs/GaAs quantum dots is explained. High-dcnsi ty 1.3-

)Am-emission dots were successfully formed by applying the growth method of ALS dots to 

MBE growth. The achievement was a milestone for creating quantum dot lasers applicable to 

fiber-optic communication systems. Lasing properties and temperature characteristics of the 

lasers are investigated, and the keys to further evolution of quantum -dot lasers are discussed. 

6-4-1 Low-rate growth and lnGaAs-layer overgrowth 

As presented in Chapter 2, ALS dots emitting at 1.3 )All are grown with quite a low 

growth rate and surrounded by an InGaAs quantum well layer. To realize a similar structure 

by MBE and resulting long-wavelength emissions, SK dots have been grown using a low 

growth rate [331 and InGaAs-layer overgrowth [34]. However, low volume density did 

reappear in the MBE growth. Growth rate dependence of dot characteristics is shown in Fig. 

6-21. By reducing the growth rate, sheet density decreases, and the dot diameter increases 

with an emission wavelength shift to 1.3 )Am. The sheet density of 1.3-)Am-emission dots was 

under 1010 cm-1. Also, when stacking the 1.3-JAm-emission dots with a-fcw-tens-nm GaAs 

spacer layers, the upper dot layers contained an extremely small number of dots. An InGaAs 

overgrowth on SK dots also reduces emis ion energy, but emission efficiency was 

simultaneously degraded (Figs . 6-22 and 6-23). Thus, each technique has an individual 

problem. 

The author and co-workers noticed that the problem is moderate with a medium 

growth rate and a medium thickness of overgrowth layer, and hit the combination the growth 
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Figure 6-21 Photoluminescence wavelength and dot density as a function of gowth rate. 
AFM images are indicated as insets. 
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methods, with ~ hich both dot dcnsi ty and emission efficiency arc rather high. The new 

growth method is as follows. First, dots emitting in the 1.2-~m region arc grown with a low 

growth rate. Compared with the 1.3-~m region, the dot sheet density is rather high and 

decreases in dot density due to stacking arc restricted to some extent. Then, the dots arc 

covered with an InGaAs layer to make the emission wavelength 1.3 ~m. Consequently, high­

density 1.3-~m-cmission dots were successfully formed. After optimization of the growth 

condition [20J, the growth rate was 0.007 monolayers per second and the overgrowth layer 

was 4-nm-thick Ino nGao.s3As. The growth temperature was 510°C. Sheet density in an 

atomic-force microscope (AFM) image was 2-3 X 1010 cm-2. 

Figure 6-24 shows the cross-sectional transmission electron microscopy (TEM) 

tmages of the dot layers. Dot size was 15- 18 nm in diameter and 9- 12 nm in height. In thi ' 

figure, we can see that the stacking was successful, that is, self-assembled quantum dots were 

reproduced in all layers with a similar surface density. In TEM images of lower 

magntftcation, we found that the position of the dots was weakly correlated in the growth 

direction and that the numerical density was slightly reduced in upper layers. 

Figure 6-25 shows the photoluminescence spectra of samples having single and triple 

dot layers. Measurements were done at 25°C with a 647.1-nm Kr+ ion laser as a pump. In the 

measurements, p-type layers were removed by chemical etching. The emission wavelength of 

the dot ground level was 1.31 ~m and that of the second level was 1.22 ~m. A shoulder at 

1.16 ~m indtcates the third level, and an isolated weak peak at 0.98 ~m may be related to the 

two-dimensional . tructure composed of a wetting layer and overgrowth layer. We sec that the 

emission intensity of the triple-layered sample is stronger than that of the single-layer one. 

The result suggests that the quantum efficiency was not degraded by the stacking. Note that 

full width at half maximum (FWHM) of the ground level emission peak was about 40 mcV in 

both samples, indicating that the dot-energy medium and dot inhomogeneity were reproduced 

during stacking. The results suggest that stacking was effective to raise the optical gain of the 

active region. 

6-4-2 CW operation \\'ith low threshold current 

Ridge-type double heterostructure lasers were fabricated with 1.3-~m-cmission dots. 

The structures \\'ere grown on (00 1 )n-GaAs substrate followed by growth of a 1.4-,um n­

Alo4Gao.(As cladding layer, an active layer, 1.4-,um p-AJ04Gao.~s and 20-nm p-
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Figure 6-24 Cross-sectional transmission electron microscopy (TEM) image of 
InGaAs/GaAs quantum-dot layers: (a) single, (b) double, (c) triple, and (d) quadruple 
stacked structures. Dot layers were separated by 26-nm-thick GaAs barrier layers. 
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Figure 6-25 Photoluminescence spectra of samples having single and tripled quantum­
dot layers at 25°C. The peaks did not broad after the stacking. Small peak at 0.98 #ill 
corresponds to two dimensional layer composed of wetting layer and overgrowth layer. 
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Alo 2Gao gAs cladding layers, and a 0.4-,urn p-GaAs contact layer. The active layer was 

composed of dot layer(s) and GaAs separate confinement heterostructure (SCH) layers. The 

number of dot layers (= N) in the active layer was varied from I to 4 . The thickness of GaAs 

spacer layers separating dot layers was 26 nrn in all structures. The thickness of the SCH 

layers was changed following the number of dot layers to obtain high optical confinement in 

the active layer. Cavity length (= L) was 300, 600, 900, and 1800 JAm. Ridge structures were 

formed by chemical etching. Mesa width varied between 4.0 and 6.0 JAm. A 95% HR coating 

was applied to both facets. 

Figure 6-26 shows the clectrol uminesccnce spectra at 25°C of the laser diode where 

three sheets of dot layers were included (N = 3) and the cavity length was 300 JAm (L = 900 

JAm) [21, 35] . Data were obtained using an optical spectrum analyzer (MS9710B, Anritsu). As 

the injection current increased, luminescence at 1.31 ,urn rose to begin lasing at over 7 rnA. 

This was the first 1.3-JAm CW lasing of quan tum dot lasers. Comparing the spectra with the 

photoluminescence results in Fig. 6-25, we can see that the lasing occurred at the dot ground 

level. At the lasing threshold, there is no appearance of a third-level peak, and the second­

level emission intensity is IOdB below the ground-level one. These results indicate that the 

carrier injection rate from the continuous level into the dot ground level was much faster than 

the carrier recombination rate. The carrier injection rate was probably enhanced by the Auger 

effect at the high carrier densities near the lasing threshold (see Chapter 5). The results also 

mdicatc that the optical gain reached the lasing threshold when carrier overflow into the 

upper sublevels was still negligible. 

Figure 6-27 shows the CW light output versus injection current characteristics of the 

laser with N = 4 and L = 300 JAm [36j. T he threshold current, lth, was as low as 5.4 rnA at 

25°C. The inset shows the lasing spectrum at an injection current of 6 rnA (~ 1.1 X lth), 

where we saw one sharp spectrum at 1.31 JAm. We believe that the large gain realized by the 

improvements in dot density and stacking enabled low threshold 1.3-,um lasing. 

From the differential quantum efficiency of various cavi ty lasers, the author evaluated 

the internal loss and internal quantum efficiency of the 1.3-JAm ground-level lasing. 1.3-JAm 

lasing vvas ob 'Cf\'Cd for n = 3 and 4 for all cavity lengths as well as for n = 2 with L = 900 

and 1800 JAm. Differential quantum efficiency, lld, is descri bed by Eq. (6. 2), and the internal 

loss and the internal quantum efficiency were de termined from the relationship between the 

differential quantum efficiency and the ca\'ity le ngth with the assumption that the parameters 
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ai and Tl 1 arc constant and Rr = Rh. In Fig. 6-28, the calculation by Eq. (6. 2) was fitted to the 

measured results for N = 3 and 4 using the least squares method. Since the data in Fig. 6-28 

arc roughly on straight lines , the author supposes that the evaluation is valid. The internal los 

wa determined to be 1.16 cm-1 for N = 3 and 1.31 cm-1 for N = 4. The values are one order 

smaller than those of l.3-Jm1 quantum well lasers on InP substrates. Low absorption losses in 

the dot active region possibly caused the small internal losses. Also, the internal loss is less 

than a quarter of the equivalent value for columnar dot lasers . This is probably because 

optical scattering is more frequent in columnar dots having multiple wetting layers. The 

internal quantum efficiency was simultaneously determined to be about 20%. 

The author evaluated the maximum gai n of the ground level of the samples. Figure 6-

29 compares the lasing wavelength and threshold current density per sheet as a function of 

threshold gatn per sheet. Here, the threshold gains were calculated from mirror loss and an 

internal loss of 1.2 cm-1. The figure clearly indicates that the wavelength jumps from the 

second level to the ground level upon a lowering of the thres hold gain . The level jump 

occurred at a gain of 1.0 cm-1, which corresponds to the maximum modal gain of the ground 

level per sheet. The slope of the threshold current density per sheet line also changed to 

decrease at the gain of 1.0 cm-1. This is due to the larger differential gain caused by the high 

degeneracy of the second level. 

Let us discuss the maximum gain obtained of the ground level per sheet. The author 

calculated material gain taking into account both homogeneous and inhomogeneous 

broadening or quantum dot energy. Linear optical gain of dot sublevels can be described by 

[371 

(6. 3) 

where No is the volume density of quantum dots, c is the veloc ity of light, n, is the 

background refractive index, co is the permi ttivity of a vacuum, mo is the electron mass, l~v 

is the band gap energy, and h (i = c, v) is the occupation probability for the conduc tion and 

valence band, respectively. If charge neutrality is assumed, fc + fv = 1. Bois the normalized 

inhomogeneous broadening function described by a Gaussian distribution as 
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(6. 4) 

where FWHM ts given by 2.359;. Bcv is the normalized homogeneous broadening function 

dcscri bed by 

8 (E- E.) = 1i1C\ I n 
r v (E-£.)2 +1i2r: 

(6. 5) 

which obeys a Lorcntz.ian distribution with a FWHM of 2Tcv· is the square of the 

momentum matrix element, and assuming that the dots have a spherical shape, it is equal to 

that in bulk materials as 

(6. 6) . 
where nz" is the effective mass on the conduction-band edge, L1 is the spin-orbit splitting 

energy, and D' i. the second-order perturbation term. To calculate the maximum material gain 

• 
for the ground level , the author sctfc = 1 and solved Eq. (6. 3) using llr = 3.5, me = 0.044mo, 

L1 = 0.37 cV , and D' = 0. 

Figure 6-30 shows the calculated material gain for quantum-dot ground level. The 

author tested the cases for the several sets of parameters (No, 9-J, r ev) . In the figure, curve (a) 

denotes present samples where the dot sheet density is 3 X 1010 cm2, and inhomogeneous and 

homogencou broadening is approximately 40 and 16 meV, respectively [38]. The calculated 

maximum value was 1.2 X 102 cm-1. Now, the optical confinement factor per dot sheet in the 

diodes is calculated to be 1% or less, assuming several-percent coverage of I nGaAs dots with 

a 4-nm Ino.nGao.83A overgrowth layer. Therefore, the material gain for the ground level of 

1.2 X 102 cm-1 corresponds to a modal gain of 1.2 cm-1 or less, which agrees with the 

measurement. A larger modal gain is expected after the improvements in optical confinement 

and properties of the dot ensemble. The large optical confinement factor actually enabled 1.3-

JAm dot lasing with one sheet [ 19]. The effect of dot density and homogeneity is shown in Fig. 

9. Curve (b) indicates the case when the dot sheet density becomes one-order larger than the 
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present case. The material gain then becomes one order larger at a value of 1.2 X 103 em 1, 

which is comparable to the value of quantum wells [3]. Curve (c) indicates the case when the 

dot sheet density is 4.5 X 1011 cm-1, which is the arithmetic maximum for 16-nm dots, and 

both the inhomogeneous and homogeneous broadening factors arc 10 meV . In this case, 

material gain is expected to reach 5.0 X 1 0-~ cm-1. The results clearly indicate that present 

quantum dots arc required to improve sheet density and inhomogeneity in order to win a clear 

advantage in gain over quantum wells. 

6-4-3 Temperature charactcnstics 

Figure 6-31 shows the threshold current between 15 and 90°C for the laser where n = 
3 and L = 1800 }Am. As the temperature increased, the threshold current increased. The 

increase was enhanced between 40 and 60°C. The insets show the lasing spectra at 55 and 

60°C, and indicate that the lasing level shifted from the ground level to the second level 

between the temperatures. The lasing level shift is probably caused by the thermal carrier 

excitation to the upper levels and the thermally induced loss of ground-level optical gain due 

to nonradiativc recombination. Characteristic temperature, To, was determined to be 82 K 

between 15 and 30°C and 57 K between 60 and 90°C. To decreased as the temperature was 

increa ·ed in this sample case. The author supposes that this is related to the thermally induced 

mcchamcal stress in a long cavity with a ridge structure. In many cases when L ~ 900 )Atn, To 

was comparable or higher in the high temperature range (60 - 90°C) than in the low 

temperature range ( 15- 30°C). The author considers the reason for this as follows. While the 

thermal enhancement of nonradiative recombination and carrier excitation into upper levels 

causes low To, the state filling leading to carrier overflow requires high carrier density to 

occur at the second level having high state density [23]. Therefore, carrier overflow is small 

at the second-level-lasing threshold, which will cause high To. 

There was the relatiOnship between To and n. Figure 6-32 shows the To of 1.3-JA.m dot 

lasers at room temperature as a function of L for different values of N. Other reported data for 

N = 1 arc superimposed 119, 391. To is shown to increase with an increase of L. The author 

supposes that this owes to ' mall carrier overflow into the upper sublevels in long-cavity 

lasers; carrier den ity per dot at the threshold is reduced by the long cavity since threshold 
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gam gets small due to a decrease in cavity loss. Also, in Fig. 6-32, To increased as N 

increased up to 3, but a further increase of N deteriorated To. The author supposes the reason 

for this as follows. The increase in N reduces the threshold gain per sheet and delays state 

filling at the ground level of the dot ensemble. These cause the reduction of both the carrier 

density per dot at the threshold and the number of ovcrnow carriers, resulting in an increase 

of To. Meanwhile, the increase inN also magnifies lattice distortions in the active region, and 

probably enhances generation of the nonradiative recombination centers during epitaxial 

growth. This would deteriorate To. 

To support the above estimation based on the results of N variation in Fig. 6-32, the 

author evaluated nonradiative recombination in laser diodes by examining spontaneous 

emission efficiency as a function of injection current. 

Figure 6-33 shows the integral electroluminescencc intensity of laser diodes at 25°C 

as a function of injection current under the lasing threshold . Absolute intensity was not 

calibrated among samples. The index, a, of the exponential relationship between current and 

integral clectrolumincsccnce (EL) intensity is denoted for each sample in the figure. a in 

these current ranges was the same as that in the excitation power dependence of 

photoluminescence, and increased near the lasing threshold since the clectroluminescencc 

was amplified between mirrors. a was larger than 1 in all samples, and increased as N 

increased. According to the theory on spontaneous emission intensity , a = 1 if carrier 

consumption is dominated by radiative recombination , and a = 2 if dominated by 

nonradiative recombination. The experiments suggest that the nonradiati ve effect was not 

ncgltgiblc, supporting the low internal quantum efficiency found in Fig. 6-28. While a vaned 

merely by 8 % between N = 1 and 3, a increased by 23% from N = 3 to 4. The results suggest 

that generation of the nonradiati ve recombination centers were enhanced by the stacking of 

dot layers, and the enhancement was large when N > 3. This explains the result in Fig. 6-32, 

where To decreased as N increased from 3 to 4. Thus, the author expects that higher To will 

be obtained when the radiative efficiency of the structure is improved. 

Low-temperature experiments were performed to estimate the laser perfonnance when 

the nonradiative carrier consumption and thermal carrier excitation are eliminated. Figure 6-

34 shows the light output versus injection current characteristics of CW laser with n = 4 and 

L = 300 JAm at between 150 and 270 K. As temperature decreased, the threshold current 
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decreased below 2 rnA. A unique behavior in the curves was observed [38]. While the curves 

at 270 and 230 K show typical lasing characteristics with a linear increase of the output 

power above a clear threshold, the curves at 200 and 150 K show a gradual increase of light 

output with a rather unclear threshold. The slope efficiency at 200 and 150 K was 

consequently quite lower than at higher temperatures. The author conjectured that these owe 

to differences of lasing mechanisms at the temperatures. At high temperatures, lasing occurs 

with the aid of homogeneous spectrum broadening due to the scattcnng of carriers, but at low 

temperatures, for the lack of the aid from broadening, lasing starts in sequence from the dot 

ensemble isolated in energy. 

Figure o-35 shows threshold current as a function of temperature between 110 and 

300 K. As the temperature decreased from room temperature to under 200 K, To drastically 

mcreased to infinity. It should be noted that with other previous dot lasers, such as SK dot 

lasers [40] and columnar dot lasers [23], the reduction of the threshold current was still 

ob crved at between 200 and 150 K (see Fig. 6-16). One explanation for the high To at these 

temperature is the deep potential of 1.3-}lm dots that would be effective to prevent thermal 

carrier excitation into the contmuum. Below 200 K, the threshold current reached as low as 

1.6 rnA. The data promises that a high To is available with a low threshold current at room 

temperature if the nonradiative recombination is reduced in the 1.3-}lm dot structure with 

deep potential. 

The author then compared the optical properties of quantum dot lasers vvith and 

without an InGaAs-laycr overgrowth on dots to indicate that the radiative efficiency and deep 

potential were actually the key points for achieving good temperature characteristics [41 ]. 

Ridge-type double heterostructure lasers were fabricated. Two types of dot layers, with and 

Without the lnGaAs-ovcrgrowth layer, were used as the active layer. The number of dot 

sheets in the active layer was 2 or 3. The thickness of GaAs spacer layers separating the dot 

layers was 26 nm in all structures. The cavity length was 1800 Jim and a 95% HR coating was 

applied to both facets. In cross-sectional TEM images of the samples, the author found that 

the sheet density of the stacked layers was not decreased for the case without an InGaAs­

cwergrowth layer (i.e., when dots \vcrc covered only by GaAs), but was decreased for the case 

with the overgrowth layer. 

Figure 6-36 compares the photoluminescence spectra of samples for N = 2. For the 

measurements, p-typc layer were removed by chemical etching, and a 647.1-nm Kr+ ion 
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laser was used a an exciter. The excitation power density was about 60 W /cm2. In the 

spectra, we can sec multiple peak emi sions corresponding to quantized discrete sublevels in 

quantum dots . In the upper spectrum, the emission wavelengths of the ground, second, and 

third levels were 1.26, 1.17, and 1.1 fill, respectively. In the lower spectrum of reference 

dots, which were covered by InGaAs followed by GaAs, the emission wavelengths of the 

ground, second, and third levels were 1.31, 1.22, and 1.16 JAm, respectively. We suppose that 

an i olatcd weak peak at 0.98 )Am in the lower spectrum is related to the two-dimensional 

(20) structure composed of the wetting and overgrowth layer. Without the overgrowth layer, 

the wettmg layer of SK dots emits at about 0.92 )Am. 

Figure 6-36 reveals four remarkable differences in the spontaneous emission spectra 

between the samples; 1) emission intcnsi ty of the ground level is stronger in the upper 

spectrum, 2) integrated intensity is larger in the upper spectrum, and 3) emission wavelength 

of the 20 structure gets longer due to the overgrowth layer. The ground-level emission 

intensity of GaAs-covcred dots is about twice of that of InGaAs-covered dots, which is 

related the dot density and radiative recombination efficiency. Cross-sectional TEM images 

indicated that the dot volume density was about-10% higher for GaAs-covered dots than for 

lnGaAs-covered dots. 1 ntegrated intensity suggests that carrier consumption through the 

nonrad1ative channel was higher in InGaAs-covered dots. The emission wavelength tells us 

that the energy separation between the ground level and the 2D layer was 318 me V for the 

reference sample while the energy separation for GaAs-covered dots was 363 meV. The 

energy separation of GaAs-covered dots is 45-me V larger than that of InGaAs-covered dots 

and, for example, 143-meY larger than that of 1.1-)Am SK dot lasers [42]. 

Thrc hold current as a runction of temperature is shown in Fig. 6-37. To of GaAs-

covered dot laser was determined to be 120 K between 5 and 25°C, which is quite large 

compared with that of previous dot lasers in Fig. 6-16. A remarkable increase in threshold 

current was observed in all samples, which are indicated by dashed lines. The remarkable 

increase, were due to the lasing level shift from the ground level to the second level. The 

lasing level hift is caused by thermal carrier excitation from the ground level to the second 

level, that reduces the gain at the ground level. For a GaAs-covered dot laser with N = 3, a 

lasing level shirt was ob crvcd between 100 and 110oc (i .e., the ground-level lasing up to 

100°C was attained). In lnGaAs-covered dot lasers, the threshold currents themselves and 

their increase vvith the temperature rise were larger than those in GaAs-covered dot lasers. To 
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between 5 and 25oC was 65 K, which ic about half of that in GaA -covered dot lasers. The 

lasing level jump was observed between 40 and sooc for N = 2 and between 50 and 60°C for 

N = 3. Both of the critical temperatures are lower than those in GaAs-covered dot lasers. 

These advantages enabled GaAs-covered dot lasers to exhibit good temperature 

charactenstics. High volume density reduced earner overflow due to the tate filling effect at 

the ground level. High quantum efficiency resulted in a small effect of the thermal activation 

of the nonradiative channel. The deep potential suppressed carrier leakage into the 

continuum. These properties caused temperature-insensitive operation. The author supposes 

that future improvement in dot uniformity will also contribute to the high-temperature 

operation since it raises effective dot density. The results will help future designs of quantum 

dot laser structure aiming for high-temperature characteristics. 

6-5. Summary 

In this chapter, the author described the lasing characteristics of self-assembled 

InGaAs quantum dots on GaAs substrates. ALS dot lasers grown by MOVPE, columnar dot 

lasers grown by MBE, and 1.3-)Am-emission dot lasers grown by MBE are investigated. 

Using ALS dots, lasing at the three-dimensionally confined sublevel was 

demonstrated for the first time using magnet-optical measurement . Observed 

electrolumincscence spectra indicated that the dot ground level was filled with an extremely 

lo-vv current inJection level, suggesting that ultra-low threshold current density operation could 

be realized in quantum dot lasers . The small ground-level optical gain caused by low dot 

density and low emission efficiency limited the lasing in high-order-sublevel operation at low 

tern peratures. 

High sheet density and multiplication of the dot layers in growth direction was 

realized by columnar dots, which enabled low threshold current lasing at room temperature at 

the dot ground level. Dependence of lasing properties on cavity condition and temperature 

characteristics were discussed compared with those of SK dot lasers, indicating the 

advantages of columnar dot structure. Distinct jumping of lasing level during increases of 

injection current and temperature were demonstrated. The author showed that the high 

uniformity, emission efficiency, and density actually greatly improved the performance of 
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quantum dot lasers. Obtained low threshold current of 5.4 rnA at 25°C was a record for an 

edge-emitting quantum dot laser in 1998. 

Applying the growth methods of ALS dots to SK-dot formation in MBE, 1.3-,um CW 

lasing of quantum dots at room temperature was attained for the first time. The dots were 

grown with a combination of a low growth rate and InGaAs-layer overgrowth. A high dot 

density and the multiplication of the dot layers were successfully achieved and realized high 

gam. Several properties of 1.3-,um quantum dot lasers were demonstrated. A low threshold 

current of 5.4 rnA was obtained for 1.3-,um ground-level CW lasing with a cavity length of 

300 ,urn. Internal loss of the laser structure was estimated to be 1.16- 1.31 em- L. Measured 

material gain closely agreed with theoretical estimation, quantitatively exposing the 

importance of raising dot density. The characteristic temperature of threshold current 

depended on the number of dot layers. The dependence of spontaneous emission intensity on 

injection current indicated that the lasing performances were still degraded by non-radiative 

recombination. Low-temperature characteristics of the lasers indicated that infinite 

characteristic temperature with a lmv threshold current will be achieved if the nonradiati ve 

recombination channel is eliminated with a deep dot potential. Without the InGaAs-layer 

overgrowth, the dot laser exhibited the characteristic temperature of 120 K at room 

temperature and ground-level lasing up to 100°C, indicating that the key points for achieving 

high-temperature characteristics are large volume density, deep potential, and high quantum 

efficiency. 
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Chapter 7 

Conclusion 

Fabrication, characterization, and application of self-assembled InGaAs/GaAs 

quantum dots have been investigated in this thesis. The author has placed special emphasis on 

i) a unique growth technique of 1.3-j'Am-emission quantum dots, ii) optical properties peculiar 

to quantum dots, such as multiple emission peaks from discrete energy levels and the phonon 

bottleneck effect, and iii) a development of quantum dot lasers inclusive of the first 1.3-j'Am 

CW lasing at room tern perature. 

In the following, the results demonstrated in this thesis are summarized. 

Effect of lattice-mismatch on InGaAsP nanostructures 

The author discussed the effect of lattice mismatches on nano-scale InGaAsP 

semiconductor crystals. First, strain-induced non-error-functional interdiffusion profile of 

InGaAsP/InP quantum wells was demonstrated. Lattice strain was introduced by intermixing 

of group- V atoms. The author has proposed a formula describing the intcrdiffusion profile of 

quantum well , and . howed how the formula accurately models interdiffusion in InGaAsP 

and AlGaA quantum wells. It was shown that discontinuous concentration of group- V atoms 

was maintained at InGaAsP/InP interface during interdiffusion while concentration of group­

Ill atoms was continuous at GaAs/ AlGaAs interface where no lattice mismatch is generated. 

The author also discussed the difference between the interdiffusion mechanism in an InGaAs 

layer and in an InP layer. Next, the author investigated the dislocation multiplication process 

in strained InGaAsllnP quantum wells using X-ray topography to detect small stress 

relaxation in the early stages of dislocation multiplication. The author determined dislocation 

glide activation energy and a material-specific proportionality constant for Dodson and Tsao's 

empirical model. Using the results, the stress relaxation process during growth of strained 
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layers was simulated. Then, the disco\'cry of self-assembled Ino.sGao.sAs quantum dots on 

GaAs substrates after highly strained epitaxial growth was dcscri bed. The self-assembled dots 

were grown by supplying InAs and GaAs monolaycrs alternately in MOVPE. One of the 

most striking properties of the dots was 1.3-JAm emission. 

Growth of self-assembled InGaAs/GaAs quantum dots emitting at 1.3 fliD 

The author found the self-assembly of 1.3-j'Am-cmission quantum dots during an alternate 

supply of source materials (ALS dots). The growth technique is based on so-called atomtc 

layer epitaxy (ALE) that uses self-limiting one-atomic-layer growth of InAs and GaAs. The 

author has presented two kinds of growth sequences for the ALS dots: i) an In-As-Ga-As 

sequence based on the concept of making monolayer superlattices by ALE, and ii) a newly 

developed In-Ga-As sequence. Quantum dots are characterized by their shape, size, 

composition, and emission wavelength. In particular, how the dots vary with an a! ternatc 

supply cycle, growth temperature, and composition of buffer layers on which the dots arc 

grown was explained. The author also exhibited significant finding that the temperature 

sensitiVIty of Interband emission energy are suppressed in the self-assembled dots by an 

InGaAs-laycr overgrowth. Photoluminescence spectra showed that emission energy shift with 

a temperature increase was nearly negligible above 150 K when x;?: 0.25. The results reveal 

the potential of InGaAs-covered dots in realizing tcmperature-inscnsi tivc lasing wavelength · 

m laser diodes by manipulating three-dimensional strain distribution. 

Optical characterization of quantum dots 

Optical characterization of quantum dots has been described by focusing on the 

original ALS quantum dots. One of the most significant features of ALS dots is 1.3-JAm 

emission ---a suitable wavelength for optical data transmission systems. The author observed 

emission with multiple peaks from discrete energy levels in self-assembled quantum dots for 

the first time. Microprobe photolummescence revealed macroscopic distribution of dot 

optical properties and sharp emission lines caused by a single or small number of dots. Other 

unique properties orALS dots, such as harmonic-oscillator-type confinement potential, large 

wavelength tunability between 1.2 and 1.5 JAm through size control, and radiative and 

nonradiativc recombination lifetimes arc also examined using optical diagno tic technique , 

comparing ALS and SK dots to show the advantages of the alternate supply method. 
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Carrier relaxation in quantum dots 

Carrier dynamics in ALS quantum dots have been discussed based on the findings 

from time-resolved photoluminescence measurements. The dots have a high crystal quality, 

which features narrow spectrum broadening and high emission efficiency, enabling pursuit of 

carrier dynamics among discrete sublevels. After a discussion on possible carrier relaxation 

processes into quantum dots, the author proposed a model of the carrier relaxation process in 

a quantum dot to describe the emission decay profile of sublevels .. Electroluminescence and 

time-resolved photoluminescence data were then analyzed to provide recombination and 

relaxation lifetimes, suggesting the existence of phonon bottleneck in ALS dots. Experiments 

on annealed quantum dot samples were also presented to demonstrate the effect of retarded 

carrier relaxation on emission spectra. 

Quantum dot lasers 

The achievement of high-performance characteristics with quantum dot lasers, such as 

low threshold current, high output power, and the first 1.3-JAm continuous wave (CW) lasing, 

have been described . After a primary trial to fabricate quantum dot lasers with ALS dots, the 

growth technique was inherited for quantum dot lasers grown by MBE. It was found that the 

technique was again effective to grow quantum dots with a high uniformity, high emission 

efficiency, and long emission wavelengths. The author achieved a low threshold current of 

5.4 rnA and a high output power of 110m W at 2SOC, which were records in 1998 for edge­

emitting quantum-dot Ia crs. Also, the author attained the first 1.3-J.tm CW lasing of quantum 

dot laser at room temperature. The author investigated the basic properties of the quantum­

dot lasers, such a gain, internal loss, internal quantum efficiency and temperature 

characteristics, and discus cd future subjects for the improvement of quantum dot lasers . 
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