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Chapter 1 

General Introduetion 

The advent of crystal growth techniques in the past decade offers the possibility to 

deposit atomie layer upon atomie layer of a speciflc semiconductor in a controlled 

manner. These ultrathin semiconductor layer structures, so-called heterostructures, 

exhibit new basic physical phenomena as for example the Quanturn Hall Effect1• A 

widely used type ofheterostructure is the quanturn well, which is schematically plotted 

in Fig. 1.1. A quanturn well structure consistsof a thin layer of semiconductor W. the 

quanturn well, embedded between two thick layers of a semiconductorB with a larger 

band gap, the harrier layers. When the thickness of the quanturn well is comparable 

Conduction Band 

. 
B w 

Valenee Band 

•• •• •• 

B E 

"1-z 
x,y 

Fig. 1.1. 1he macroscopie potenfiat seen by the electrans in the 
conduction band and the holes in the valenee band of a semiconductor 
quamum welt structure. 1he carriers are conjined in the energetically 
favourable layers with the smallest band gap. 
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8 Chapter 1 

to the de Broglie wavelength of the carriers, the motion of the carriers perpendicular 

to the layer structure (z-direction) is quantized. In this case a discrete spectrum of 

energy levels is created for the potential in the well. If excess carriers are injected or 

photogenerated in the harrier layers, the carriers will diffuse to the energetically 

favourable quanturn well where they are captured. However, there seems to be a 

fundamental problem in the understanding of the carrier capture process by a quanturn 

well according to the large differences between observed and predicted capture times 

in literature2
•
11

• Furthermore, the performance of quanturn well lasers is often 

suggested to be related to the injection efficiency of carriers into the quanturn welP2
, 

but a detailed analysis is Jacking. 

In this thesis we present the results of both experimental and theoretica) studies of 

the carrier capture process in GaAs/ AlxGa1_xAs separate confinement heterostructure 

quanturn well (SCHQW) structures. We have observed an oscillating carrier capture 

time between 3 and 20 ps as a function of quanturn well thickness, which is for the 

first time in agreement with a state-of-the-art ambipolar capture model based on 

quanturn mechanica) calculations of Brum and Bastard3• As a result the carrier capture 

efficiency in QW laser structures can be improved by more than one order of 

magnitude by optimizing the dimensions and composition of the active layers. 

Furthermore we have strong indications that a low capture efficiency can degrade laser 

performance through excess carrier heating, non-uniform pumping of the individual 

quanturn wells, and carrier accumulation in the harrier layers. By maximizing the 

carrier capture efficiency in laser structures we for the first time are able to predict 

the active layer architecture for an optimum laser performance. 

Quanturn we11 lasers were expected to exhibit a lower threshold cuerent than bulk 

double heterostructure (DH) lasers13
, due to the modification of the density of states. 

The absence of this performance improvement in the first quanturn well lasers14 

appeared to be related to the injection efficiency ofthe carriers in the laser structurel2, 

a problem which is notpresent in bulk lasers. After the application of cladding layers, 

which improve the collection of carriers by the quanturn well and the optical 
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confinement, the quanturn welliasers have demonstraled a superior laser performance 

with regard to bulk DH lasers, such as low threshold current density12
•
15

• low 

temperature dependenee of threshold current1
6-

111
, extended lasing wavelengtil tunability 

by varying structure parameters, and excellent dynamic properties1<)..::1D. In this thesis 

we consider a quanturn well laser structure as shown in Fig. 1.2. This SCHQW 

structure consists of a GaAs quanturn well, surrounded by Al.;Ga1.xAs harrier layers 

and by AIAs cladding layers. The electroos and holes are injected into the harrier 

A lAs 

e 

N 

E 

In· eetion 

GaAs 

I 

!Laser Action 
I 
I 

p 

Fig. 1.2. Representation of a GaAs/AlxGa1.xA.s SCHQW laser structure 
with A/As cladding layers. Ihe electrans and holes are injected jrom the 
n- and p-doped AlAs cladding layers respectively into the Al,Ga1_xA.s 
harrier layers. After injection the carriers are captured by the quanturn 
wel/ and subsequently partielpare in the laser action. 
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layers from the n- and p-doped cladding layers respectively. After a fast relaxation 

process to the lowest energy states in the harrier Iayers, the carriers are captured by 

the quanturn well where they can participate in the lasing action. The capture process 

is expected to be relevant for the design of low-threshold semiconductor quanturn well 

lasers as well as for the development of gain-switched quanturn well lasers with 

improved modulation frequency21
•
24

• 

In early theoretical studies25
•
26 the carrier capture was regarded as a classical 

process in which the carrier capture time defined a longitudinal optical (LO) phonon

scattering-limited mean free path in bulk GaAs. In these calculations, the bulk GaAs 

LO pbonon scattering time of 0.1 ps leads to a mean free path length of about 60 Á. 

As a result, carrier capture was expected to be efficient for quanturn wells with a 

thickness larger than 60 Á. In more recent studies2•5 the quanturn mechanical character 

of the capture process was taken into account. In this approach the capture time is 

expected to show resonances as a function of the quanturn well thickness. The capture 

process, which is governed by the emission of LO phonons, is enhanced whenever a 

harrier state couples into the quanturn well giving rise to efficient capture at distinctly 

different QW thicknesses as fn the classical model mentioned above. For a 

GaAs/ AlxGa1.xAs single quanturn well (SQW) structure capture times oscillating 

between 30 ps-1 ns were predicted by Brum and Bastard3
• Babiker and Ridley4 

reported capture times oscillating between 1-10 ps for a GaAs/ AlxGa1.xAs superlattice, 

in which the formation of minibands and the folded spectrum of polar optical phonons 

were taken into account. Furthermore, they predicted27 additional resonances in the 

carrier capture process in a superlattice due to the two dimensional properties of the 

pbonon states in the quanturn wells of the superlattice. With respect to the carrier 

capture time, it is a major question whether the predicted oscillations in the carrier 

capture time do exist or not. Or in other words, is the quanturn mechanical approach, 

which prediets these oscillations, correct or is the classical approach adequate? 

Experimentally, most observed capture times seemed to contradiet the theoretical 

predictions or at least did not show the predicted oscillations of the carrier capture 
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time. Capture times of <20 ps6
, 4 ps7 and 2-3 ps8 were ohtained from time-resolved 

studies on SQW structures. From CW photoluminescence experiments on a 

GaAs/ AlxGa1.xAs MQW structure9 a capture time of 0.1 ps was derived. Electron 

capture times of < 1 ps were reported10
'
11 for I11yGa1.,As/InP multiple quanturn well 

(MQW) structures from time-resolved luminescence experiments and no well width 

dependenee was ohserved. It was deduced that for thick harrier layers (>500 Á) the 

carrier capture process is dominated hy drift and diffusion, while thin harrier layers 

( < 200 Á) give rise to a quanturn mechanical process. lt was reported hy Tsang14 that 

the active layer thickness for MQW laser structures which gives rise to an optimum 

laser performance is in the order of 1000-1500 A. The question whether the capture 

process in these laser structures is dominated hy classical diffusion and drift (no 

oscillations expected) or by quanturn mechanical capture (oscillations expected) is 

relevant for the optimization ofthe capture efficiency in quanturn weUlaser structures. 

In this thesis we focus on the carrier capture process in GaAs/ AlxGa1.xAs SCH 

single quanturn wells. As a model structure we choose a quanturn well with thickness 

Lw, located in the middle of a wide well with thickness 2 x I;+ Lw (Fig. 1.3a). The 

energy statesin the quanturn well are indicated as 'bound states' whereas the energy 

statesin the wide well are labelled as 'harrier states'. For simplicity the AlAs cladding 

layers are assumed to he of infinite height. Furthermore, we adopt a constant effective 

mass m* for the carriers throughout the whole structure and its dispersion relations are 

taken as parabalie and isotropie with respect to the wave vector k. The energy zero 

is taken at the onset of the QW continuum. As a result the potential energy is zero in 

the harrier layers and -V0 inside the quanturn well. After injection, the carriers relax 

very fast ( < 1 ps) by LO pbonon emission until they are within one LO pbonon 

energy of the lowest harrier state. Then the carriers are scattered from the lower 

harrier states into the quanturn welt. The dominant scattering mechanism for carrier 

capture was calculated to he the scattering of carriers hy polar optical phonong28.29. 

The capture process in which a carrier in an initial harrier state emits a LO pbonon 

and is captured by the wel! is depicted in Fig. l.3h. Using Fermi's Golden Rule the 
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Fig. 1.3. A schematic of the electron capture process in the 
GaAs!AlxGa1.x:As SCH single QW structure. 1he energy levels (Fig. 1.3a) 
in the harrier appear in pairs with wave functions of even and odd 
symmetry with re gard to the quanturn well. 1he allowed final states in 
momenturn space for a capture process from an initia/ harrier state to a 
final hound state are indicated hy the dashed circle in Fig. 1.3h. 

total scattering rate is determined by the matrix element for LO pbonon emission as 

well as the sum over those final states wbicb are compatible with energy conservation. 

By emitting aLO pbonon the carriers lower their energy by 36.8 meV, wbicb defines 

the allowed final states in momenturn space as indicated by the dasbed circle in 

Fig. 1.3b. The lengthof the pbonon wave vector involved in the capture process is 

thus dependent on the energy position of the bound states in the quanturn well. As a 
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result a change of the quanturn wen width affects not only the carrier wave functions, 

but also the length of the pbonon wave veetors involved in the capture process. 

In chapter 2 we present a quanturn mechanical model for carrier capture in single 

and multiple quanturn welt structures, which prediets the dependenee of the carrier 

capture time on quanturn well thickness and laser energy. Furthermore, it is 

demonstrated that for multiple quanturn wells (MQW) the capture times asciilate not 

only as a function of well width but also as a function of harrier width, due to 

oscillations in the wave function overlap with the harrier states. The predicted capture 

times for large MQW struetures are very short ( < 1 ps), whieh is in agreement with 

the reported experimental results. We showed that the large diserepaney in literature 

between predicted eapture times3 (SQW) and experimental eapture times~~-11 (MQW) 

is mainly due to the often negleeted strong dependenee of the eapture times on 

strueture parameters sueh as well width, harrier width and number of wells. 

In ehapter 3 we present the experimental eapture times obtained from two different 

techniques with picoseeond resolution. We make use of the upconversion technique 

and the time-resolved pump and probe technique. The carrier eapture times are 

experimentally studied by both QW luminescence rise times and harrier luminescenee 

decay measurements. In the first technique we campare the QW rise times after direct 

(below the harrier band gap) and indirect (above the harrier band gap) excitation, in 

order to eliminate the effect of relaxation of the carriers in the quanturn wel I. Por a 

corrèct elimination of this relaxation process, we first investigated the dependenee of 

the QW exeiton Iuminescenee rise time after direct excitation on laser energy. In 

previous studies:J0-38 exciton luminescence rise times of several hundreds of picoseconds 

were obtained and no dependenee on the laser energy was observed when the laser 

excess energy exceeded the exciton binding energy. From time-resolved lumineseenee 

experiments it was deduced30
•
35

•
37

•
38 that the exciton relaxation process is responsible 

for the long rise times of several hundreds of picoseeonds of the exciton luminescence 

after excitation with a laser putse. Various mechanisms were proposed for the reduced 

energy toss rate of excitons in quanturn wells, such as the migration of exeitons 
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towards the lower energy positions in an inhomogeneous quanturn well by emission 

of acoustic phonons30
•
32

•
35

, the intrinsic relaxation of excitons 37
·, and a drift-diffusion 

motion deiven by potential fluctuations in the quanturn well plane'8• In GaAs/AlGaAs 

quanturn well structures with a quanturn well thickness of only 26 A, which enhances 

the exciton relaxation process as a result of interface roughness35
, we for the first time 

demonstrate that the exciton luminescence rise times oscillates as a function of laser 

excess energy because of resonances in theexciton formation process. A minimum in 

the rise times is observed whenever, after an initia! pbonon cascade, the sum of the 

excess electron and hole energies with regard to their subband minima is a discrete 

number of LO pbonon energies larger than the exciton ground state. For thick 

quanturn wells no resonant exciton formation process would be observed, since the 

variations in our exciton rise time (15 ps) are very small in comparison with the 

reported luminescence rise times of 400 ps30
•
35

•
37

•
38

• 

With regard to the carrier capture process we report the first experimental 

observation of oscillations in the carrier capture time between 3 and 20 ps as a 

function of quanturn well thickness, obtained from QW luminescence rise time 

measurements as well as by two-pulse correlation measurements on the luminescence 

decay of the harrier layers. The observed capture times are for the first time in 

agreement with theoretica! predictions from an ambipolar capture model. In this 

model, which takes into account the mutual electrostatic interaction between electrons 

and holes, the net capture process is governed by a quanturn mechanical capture 

process of the electroos and a classical capture process of the holes. The ambipolar 

character of the capture process was confirmed by experiment& on p- and n-doped 

samples. Furthermore, these experiments reveal the dependenee of the carrier capture 

time on the harrier subband population as well as the dominanee of LO pbonon 

emission in the capture process. 

Chapter 4 describes the relevanee of the carrier capture efficiency for the 

performance- of a quanturn well laser. Under lasing conditions the carrier capture 

process is not only governed by LO pbonon emission but also by carrier-carrier 
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scattering induced capture, which both give rise to oscillations in the capture time as 

a function of quanturn well thickness. In single quanturn well lasers a smalt pbonon 

induced capture rate is expected to lead to excess carrier heating due to a high carrier

carrier induced capture rate. In multiple quanturn well lasers a low capture efficiency 

tends to pile up all injected carriers on the p-doped side, resulting in an unequal 

pumping of the quanturn wells. Furthermore, an efficient capture process reduces the 

accumulation of carriers in the harrier layers, which improves the dynamic behaviour 

of a quanturn well laser. 
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Chapter 2 

Calculation of the LO Pbonon Indoeed Carrier Capture Time 

2.1. Introduetion 

The carrier capture efficiency is expected to influence both the quanturn efficiency1 

and the dynamica! performance2
•
4 of quanturn welllasers. The problem of the capture 

of carriers in quanturn well structures was first studied by Shichijo et al.5 and Tang 

et al. 6
, who performed a classica! calculation of the mean free path length for LO 

phonon scattering. In such a classica! description (section 2.2) the capture process is 

described by a local capture time, which solely characterizes the scattering process 

between 3-dimensional harrier states and 2-dimensional subbands for carriers which 

are spatially located in the welL In more recent studies7
-
10 the quanturn mechanica! 

aspect of the carrier capture process was taken into account. Strong resonances 

(30 ps -1 ns) of the capture times were predicted by Brum and Bastard8
• In recent 

experiments1
1-1

6
, however, the observed capture times ranged from 0.3-3 ps and no 

well width dependenee was observed. Thus there seems to be a fundamental problem 

in the understanding of the carrier capture process by a quanturn well. 

Since the carrier capture times are expected to depend strongly on structure 

parameters such as well width, harrier width and number of wells, a direct comparison 

between predicted capture times of a single quanturn well8 and experimental results on 

multiple quanturn wells1
4-

16 is not correct. The dependency of the capture times of our 

GaAs/ Al GaAs SCH -SQW structures on structure parameters and ex perimental 

conditions are calculated in section 2.3 by applying and extending the capture model 

ofBrum and Bastard8
• Insection 2.4 we applied this model to multiple quanturn wells, 

which enables us to compare the reported experimental results on MQW structures 

19 
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with our theoretical predictions. Finally, in section 2.5 we propose an ambipolar 

capture model, in which the different capture times of electroos and holes and the 

carrier distribution in the harrier subbands after excitation are taken into account. 

2.2. Classical Model of the Carrier Capture Process 

The validity of a quanturn mechanical description of the carrier capture process 

depends on the coherence lengthof the carriers, which is limited by inelastic scattering 

processes. For a coherence length which is small in comparison with the width of the 

harrier layers, the carriers are oot able to establish coherent wave functions and the 

carriers should beregardedas a classical fluid. Such a situation might occur at high 

temperature or at a high carrier density where carrier-pbonon and carrier-carrier 

scattering processes limit the caberenee length severely. The classical capture process 

is then governed by diffusive transport in the harrier layers in combination with a local 

capture time. This local capture time contains the scattering process between the 

3-dimensional harrier states, which are spatially located in the well, but energetically 

above the well, and the 2-dimensional subbands for carriers which are spatially and 

energetically located in the quanturn well. 

We consider a large GaAs/AlxGa1.xAs SCH-SQW with 2000 Á harrier layers and 

a well width of 70 Á as schematically indicated in Fig. 2.1. The temporal devetopment 

of the carrier density in a separate confinement laser structure cao be described in a 

one-dimensional rate equation17 

on(z,t) = D. o2n(z,t) _ B. n(z,t) _ W. n(z,t) 

öt öz 2 r" T~oc 
(1) 

where z is the direction perpendicular to the quanturn well layer. In this equation D 
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Fig. 2.1. Temporal dependenee of the carrier distribution after excitation 
with a short laser pulse (t=O) in a SCH-SQW structure with a harrier 
width of 2000 À and a well width of 70 À. In the calculation we used a 
dijfusion constant D=25 cm21s and alocal capture time T~oc=O.l ps. 
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is the amhipolar diffusion constant, B and W are unity in the harrier and wen, 

respectively, and zero elsewhere. The recomhination lossesin the harrier are given hy 

rb·t ànd the scattering rate of the carriers into the well is determined hy the local 

capture time r 100' 1• The initia! carrier distribution at t=O is instantaneously excited hy 

a short laser pulse and is determined hy the ahsorption coefficient a for laser photons, 

which results in 

(2) 

The flow of carriers across the AIAs confinement layers is prevented hy assuming 

periadie houndary conditions. In Fig. 2.1 the temporal evolution of the carrier 
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concentradon in the harrier layers of the GaAs/ AlGaAs SQW is plotteel for a diffusion 

coefficient 0=25 cm2/s and a local capture time T~oc=O.l ps. The photogenerated 

carriers tend to form a constant distribution in the harrier layers within a few 

picoseconds, with a dip at the position of the quanturn welt. It is important to note that 

the calculations are performeel under ambipolar conditions, where the strong 

interactions between electroos and holes maintain an equal density of electroos and 

holes at each position in the structure. 

After capture into the well, the carriers relax to the lowest energy states by 

emission of LO phonons and then recombine radiatively. The relaxation process and 

the radiative recombination, characterized by the time constants Tret and T"w 

respectively, are easily described by a two-level model, resulting in simple rate 

equations 

oN2(t) = 
Nb(t) N2(t) 

öt Tloc T,..z 

(3) 

oN1(t) = 
N2(t) NI(t) 

öt T,.,l Tqw 

{4) 

In these equations N2 and N 1 represent the accupation of the upper and lower level in 

the quanturn weB respectively, and Nh is the total carrier concentration above the 

quanturn well, which is found from Eq. (1). The relaxation time constant within the 

well and the radiative lifetime can be determined from the time-evolution of the 

quanturn well luminescence (N1h"w) after direct excitation (below the harrier 

band gap). For direct excitation the first term of the RHS of Eq. {3) is no longer 

applicable and the temporal dependenee of N2 is given by N2(t)=N2{0)exp{-th..,J. The 

diffusion constant and the local capture time are then provided by indirect excitation 

{above the harrier band gap). The time-evolution of the quanturn w~llluminescence 

of the structure of Fig. 2.1 is shown in Fig. 2.2 after direct and indirect excitation 

with a short laser putse. In the calculation we used a diffusion constant 0=25 cm2/s, 
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alocal capture time r~oc=O.l ps, a relaxation time constant rre1=40 ps and a radiative 

lifetime Tqw=250 ps. As a result by comparing the experimental rise times of the 

quanturn wellluminescence after direct and indirect excitation (section 3.4) with the 

theoretica! predictions as sbown in Fig. 2.2, we are able to obtain the local capture 

time as a function of quanturn well thickness (section 4.4). 

2.3. Quanturn Mechanical Calculation of the Carrier Capture Times in 

Single Quanturn Wells 

For small quanturn well structures, in which the harrier width is of the same order 

of magnitude as the coherence length of the carriers, the capture process is expected 

to be dominated by quanturn mechanical effects. We consider a GaAs/AlxGa1.xAs 

SCHQW as shown in Fig. 2.3. The transition probability Wu: for a carrier in an 
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Fig. 2.3. A schematic of the carrier capture process in the 
GaAs/Al,Pa1.,.As SCH single QW structure considered in this study. 1he 
energy levels in the barrier (labelled i"= 1 ,2 .. ) appear in pairs with wave 
functions of even and odd symmetry with regard to the quanturn well. 

initial harrier state with wave vector k to emit a LO pbonon and to beoome captured 

into a bound state in the quanturn well with wave vector k' is given by18 

with CJ.z the pbonon wave vector paraHel to the growth axis, I(qJ the overlap integral 

between the quanturn well and the harrier envelope functions wbicb determines 

momenturn conservation in the z-direction, given by 

(6) 
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and I c I the Fröhlich coupling èonstant for LO phonons 

(7) 

The total scattering rate for a transition from an initial state to the allowed final states 

is given by 

(8) 

It is assumed that no LO phonons are present, so there is no thermally activaled 

escape from the quanturn well. The capture time T is now valid for carriers in the 

whole structure and is therefore called the overall capture time. 

First we consider the envelope functions of the initial harrier states. The probability 

that an electron in a barder state is located in the GaAs layer ('above' the well) is 

shown in Fig. 2.4 as a function of well width for the two lowest harrier states. It is 

shown that this probability is strongly enhanced for eertaio resonant well widths. In 

Fig. 2.5 the harrier wave function is plotted for a resonant quanturn well width of 

46 A. We demonstrate that for the resonant well widths the wavelength of the harrier 

wave function above the quanturn well exactly matches with the quanturn well 

thickness. As a result the wave function reaches its maximum value at the edge of the 

quanturn well, which gives rise to a large probability of the electron being in the GaAs 

layer. These resonant wave functions appear at those quanturn well widths where a 

harrier energy level is decreasing in energy and just starts to become a bound state of 

the quanturn well, as is shown in the inset of Fig. 2.4. They correspond to the so

called virtual bound levels8 and give rise to maxima in the overlap integral and thus 

to large capture rates for these well widths, since the final bound states are also 

localized in the GaAs layer. 

The overlap integral (Eq. 6), which depends on the quanturn well design parameters 
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Fig. 2.4. 1he probability that an electron, which is energetically located 
in the lowest harrier state ofthe AlxGa1_fis harriers, is spatially localized 
inside the GaAs quantum wel! layer as a junction of the quantum wel! 
widthfor the structure shown in Fig. 2.3. 1he inset shows the position of 
the lowest two electron energy levels in the harrier with regard to the 
harrier bandgap (0 me V). 1he probability peaks at those QW thicknesses 
where a new energy level is bound into the quanturn wel!. 

by means of the wave functions, provides info~mation about the relative strength of 

the LO pbonon induced transitions between the different energy levels. In Fig. 2.6 the 

overlap integral is shown as a function of Clz for a transition of an electron in the 

lowest harrier state to the bound state of a 30 A quanturn welt. The overlap integral 

vanishes at Ciz=O due to the orthogonality of the wave functions involved in the 

capture process. Furthermore the overlap integral can be separated into a contribution 
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of the overlap integral in the GaAs quanturn well layer and a contribution due to 

transitions in the AlxGa1_xAs harrier layers. The relative contribution of the transition 

in the GaAs layer is also plotted in Fig. 2.6. We demonstrate that the relative 

contribution of transitions in the harrier layers to the overlap integral is twice as 

strong as the contribution of the quanturn well layer in the overlap integral. This 

unexpected result is due to the fact that the wave function of the electron harrier state 

is located 96% in the harrier layers and only 4% in the quanturn welllayer, whereas 

the wave function of the bound state is located 90% in the quanturn well and 10% in 

the harrier layers. Therefore, the overlap ofthe wave functions involved in the capture 

process is larger in the harrier layers than that in the quanturn well layer. As a result 

of the large contribution of the bulk-like harrier layers to the capture process we 

expect that the carrier capture process is well described by assuming bulk phonons. 

The incorporation of 2D phonons19 would only affect the contribution of the quanturn 

welllayers, which only dominates the capture process in structures with thin harrier 

layers such as for example superlattices. In Fig. 2.7 the overlap integral is plotted for 

capture processes from several different harrier states into the same bound state of the 

30 A quanturn welt. We observe that the carrier capture probability increases with 

increasing harrier subband number due to an improved overlap of the corresponding 

wave functions. As aresult the carrier capture time depends strongly on the population 

of the harrier subbands. Thus the observed capture times in time-resolved 

. luminescence studies depend on experimental conditions such as laser excess energy 

and excitation density, which determine the position of the Fermi-level of the carriers 

in the harrier layers as well as the carrier temperature. 

By calculating the carrier capture time we assume that there are no LO phonons 

present before excitation, eliminating thermally activated escape from the welt. 

Calculations of the carrier capture times were first presented by Brum and Bastard8
• 

They found strong oscillations as a function of well width. They assumed a constant 

carrier distribution in the harrier states up to 36 meV above the harrier band gap for 

both electroos and the holes. This distribution corresponds to the situation where 



Calculation of the LO Phonon ... 

lb•9 
2 

'!.. -N 
er -. 

w 1 0 .,... 

,'""''\~ 
I \ 

I \ 
l \ : \ 

I \ 
I \ 
' \ I \ 

I \ 

l lb-5 \ ' ,......... \. ,' ,' ''" \ ,• ,' "\., \ 
I I " ' l ,' ' ... ._. '," 

'/ ...... ,, 
1,~ lb-1 '......... .... ............. ,, .............. _ -.... __ 

0 •. _.... ------:;:-::---.,. .... 

0 1 2 

Fig. 2. 7. 1he overlap integral l(qj2 as a function of the phonon wave 
vector qz for transitions from three harrier states to the bound state of a 
30 À quanturn well. 1he overlap integral increases one order of 
magnitude between the lowest harrier state {i11 =1). which corresponds to 
the overlap inlegral of Fig. 2. 6, and the ninth harrier state. 

29 

carriers are injected at very high excess energies and cool down to below 36 meV by 

emitting LO phonons. Assuming this constant carrier distribution we calculated the 

well'width dependenee ofthe electron and hole capture time for the SCHQW structure 

as shown in Figs. 2.8 and 2.9. A minimum in the capture time is observed whenever 

a new bound state is coupled into the quanturn well. Furthermore, we find that the 

hole capture rate is one order of magnitude larger than the electron rate, because of 

the larger effective mass; thus the total capture rate is limited by the relative slow 

capture process of the electrons. The oscillation period of the heavy-holes is short in 

comparison with the electroos due to their large effective mass, which gives rise to a 

large number of energy levels. The electron capture times in our calculation range 

from 5 to 80 ps, which is one order of magnitude smaller than the electron capture 
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times (50 ps-1 ns) obtained by Brum and Bastard8
• This decrease ofthe capture time 

is due tothefact that the harrier width of our sample is about ten times smaller, which 

enhances the overlap of the harrier states and the bound states and thus the capture 

rate. As a result the calculated capture times are linearly proportional to the total 

structure width. It should be noted that we assumed parabolic bands in our 

calculations, which is valid for electroos but not for holes. Therefore, the calculated 

hole capture times only indicate the order of magnitude ofthe capture time but not the 

exact structural dependence. In the next section we will extend the quanturn 

mechanica! capture model to multiple QW structures in order to explain the fast 

capture times which were reported1
H

6 forthese structures. 

2.4. Optimization of the Carrier Capture Efficiency in Multiple 

Quanturn Weil Structures 

There is a fundamental difference in the capture process of a SCH-MQW structure 

compared toa SCH-SQW structure. The capture time in a SCH-SQW is proportional 

to the SCH harrier width20
, since a larger harrier red u ces the overlap of the harrier 

wave functions with the bound states in the well. In a SCH-MQW this overlap also 

depends on the harrier width between the wells21
• Since the carrier capture process is 

limited by the relatively slow capture of the electrons, we therefore focus on the 

electron capture time. In Fig. 2.10 we show the harrier width dependenee of the 

electron capture time for a GaAs/ Al0.3G~).7As laser structure with three 50 Á thick 

quanturn wells. We observe two minima in the capture time at harrier widths D., of 

155 and 280 Á. In Fig. 2.11 the wave tunetion of the harrier state located 27 meV 

above tbe harrier band gap is shown for harrier widths of 155 Á (2.11a, minimum 

capture time) and 90 Á (2.1lb, maximum capture time). For the harrier width of 

155 Á the harrier wave functions have a large overlap with the wells, which enhances 

the capture process. For the harrier widths at which the capture time is at a maximum, 
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the harrier wave functions are mainly localized in the confinement layers (4,) of the 

MQW. so they have a poor overlap with the bound states in the welt. 

An increase of the number of wells in the laser structure results in an increase of 

the total number of final bound states. It also gives rise to a decrease in the capture 

time. Fig. 2.12 demonstrates that the capture time is nearly inversely proportional to 

the number of wells for all the other structure parameters fixed. For example, a 

change from 1 to 10 wells in a SCH-MQW structure with 70 A well width gives rise 

to a decrease of the capture time from 34 to 2 ps. lf the number of wells exceeds 

about 20, it appears that the capture times are below 1 ps for all well widths, which 

is in agreement with the experimental results on the carrier capture time in MQW 

structures1
4-

16
• 

For the optimization of laser structures it is important to know how structure 
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parameters like well width Lw. harrier width Db and aJuminurn fraction x in the active 

layer determine the capture process. For example, a change in the aJuminurn fraction 

from 0.2 to 0.3 increases the capture efficiencyfora structure with a 50 A well width 

by a factor 4. A change of the harrier width from 100 to 155 A gives rise to an 

increase of the capture rate by a factor of 5. Thus the capture rate can be enhanced 

by more than an order of magnitude by choosing the optimum combination of the 

structure parameters. The coupling of a new bound state in the quanturn wells, which 

gives rise to an optimum capture efficiency. is determined by both the well width and 

the aJuminurn fraction in the harrier Jayers. In Fig. 2.13 we plot as a function of well 

width the optimum aJuminurn fraction for the carrier capture process. Also shown is 

the wavelength of the corresponding electron-heavy hole transitions for these 

combinations. The capture process in a GaAs/ AlxGa1.xAs quanturn weillaser structure, 

with the electron-heavy hole transition at for example 840 nm, is optimized for a 

quanturn well width of 70 A and an aJuminurn fraction of 0.2 in the harrier layers. In 
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Fig. 2.13. Aluminumfractionfor optimum capture (solid line) vs well 
width and the corresponding wavelength of the electron-heavy hole 
transition (dashed line). 
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Fig. 2.14 the optimum harrier width is shown. This width is smalt ( < 100 A) just 

before a new bound state is coupled into the welt. After the coupling of a new bound 

state the optimum harrier width jumps to widths of 150-170 A. For other aJuminurn 

fractions or different compounds, such asInGaAsPor InAIGaP, the bound states are 

coupled at different well widths, so the curve in Fig. 2.14 shifts along the x-axis. 

The carrier capture efficiency in GRINSCH-MQW lasers can also be optimized 

using our model when we approximate the GRINSCH hy a staircase-like harrier with 

step heights of 36 meV. By choosing the width of the individual steps, the index 

profile ofthe staircase-like harrier can he made nearly identical to a true graded-index 

harrier. As a consequence of the fast carrier cooling due to optical phonons, the 

carriers relax very efficiently in the staircase-like structure until they are within 

36 meV of the harrier band gap. As a result of this cooling, the carriers are 

approximately confined in a SCHQW type of structure, which is the lowest step in the 

staircase-like harrier. As an example we calculated the capture time as a function of 

the harrier width D" in a SCH-MQW with Lt.= 100 A, which corresponds to a 

GRINSCH structure with a slope of 0.18 meV/Á, as is shown in Fig. 2.15. As 
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Fig. 2.15. Electron capture time vs harrier width Db for a 
GaAs/Al,Pa1.r4s SCH-MQW structure with a well width of 50 Ä, a harrier 
width Lb of 100 Ä, and an aluminumfraction of0.3. The inset shows the 
graded-index harrier with a slope of 0.18 AlmeV approximated by a 
staircase-like harrier with step heigths of 36 me V. 

al ready stated ahove the capture time is proportional to the width Lu of the harrier. 

Therefore, in a GRINSCH structure the decrease of the harrier thickness gives rise to 

a very efficient carrier capture. In comparison with the data for the SCH-MQW in 

Fig. 2.10 with 4=500 Á we now find that the oscillations in the capture time reduce 

from (0.8-3.5 ps) to (0.1-0.6 ps). On the other hand, our step-like approximation of 

a GRINSCH does not influence the resonances in well width and harrier width 

between the wells. The minima in the capture time are still located at harrier widths 

Db= 155 and 280 Á, independent of~. As a result the calculated structure parameters 

for optimum carrier capture are valid for SCH-MQW structures as wellas GRINSCH

MQW structures. 

In conclusion, we have demonstraled that the carrier capture efficiency in SCH

MQW and GRINSCH-MQW laser structures can he improved by more than an order 

of magnitude hy optimizing the dimensions and composition of the layers in the active 

region. The predicted capture time for large MQW structures is very short ( < lps), 
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in agreement with reported experimental results. In the next section we discusshow 

the quanturn mechanica! capture model applies to experimental conditions. 

2.5. Dependenee of the Carrier Capture Time on the Barrier Subband 

Population 

In sections 2.3 and 2.4 the carrier capture times were calculated by assuming a 

constant carrier distribution up to 36 me V above the harrier band gap for the initia! 

harrierstatesof both electroos and holes. Our experiments, however, are carried out 

at low excess energies for which such a constant hole distribution is unrealistic. We 

approximate the initia! carrier distribution function in the harrier subbands by 

calculating the overlap of the envelope functions of the hole and electron harrier 

states, which determines the absorption strength. From this approximation, we obtain 

the result that the number of harrier subbands which are occupied after absorption of 

a laser putse is equal for both electroos and holes. So in our model the initia! harrier 

states of the capture process are determined by the number of allowed transitions after 

absorption of a laser pulse. Aft er excitation the relaxation of the carriers in the harrier 

subbands is governed by carrier-carrier scattering and not by LO pbonon emission, 

since the separation of the barrier subbands (4-8 meV) is less than the LO pbonon 

energy (36.8 meV). The carrier-carrier scattering induced inter-subband transitions 

between the harrier states are relatively slow processes at carrier densities below 

5.1017 cm-3
• The inter-subband scattering is several orders of magnitude slower than 

the intra-subband scattering as a result of the orthogonality of the harrier wave 

functions involved in the scattering process22
• Experimentally, a carrier-carrier induced 

inter-subband scattering time of 20 ps was observed23 at a carrier density of 

3.1017 cm·3
, which equals the density in our correlation experiments. Therefore, most 



38 Chapter 2 

of the carriers will only relax within a few hundred femtoseconds to their harrier 

subband minimum (intra-band) during the capture process, resulting in an equal 

population of the harrier subbands. Our calculations show that the capture probability 

in a harrier subband is only slightly dependent on the exact position of the carriers in 

the subband. A difference in the carrier wave vector parallel to the quanturn well plane 

only changes the length of the pbonon vector in the capture process, not the overlap 

integral. Therefore, an increase of the excitation density from 2.1015 cm<' to 

2.1017 cm·3 only affects the distribution ofthe carriers within each harrier subband and 

not the relative population of the different subbands. As a result at these low excitation 

densities no large dependenee of the carrier capture times on the excitation density is 

expected. 

We demonstrate in Fig. 2.16 for a 50 Á single quanturn well that the capture times 

of electroos and holes decrease whenever a new pair of harrier states is excited. The 

sharp decrease at an excess energy of 36 me V, which was also experimentally 

observed24
, originates from the presence of a quanturn well bound state located only 

4 meV below the harrier band gap. Only electrans with an excess energy larger than 

32 meV, which corresponds toa laser excess energy of 36 meV, are able to make a 

LO pbonon induced transition to this bound state. The overlap of the wave function 

of this bound state with the wave functions of the harrier states is large and thus the 

capture rate is large, since the wave function of a bound state close to the continuurn 

is only weak:ly confined in the quanturn well layer. The electrans which have an 

excess energy of less than 32 me V with regard to the harrier band gap are only able 

to make a transition to the lowest bound subband. Such a transition results in a smalt 

capture rate due to the smaH overlap of the wave functions. The large pbonon wave 

veetors involved in such a capture process also lead to a small capture rate, since the 

LO pbonon matrix element is inversely proportional to the square of the lengthof the 

pbonon wave vector. We finally note that the carrier capture rate is limited by the 

relatively slow capture rate of the electrans for small excess energies ( < 36 me V), 

whereas for high excess energies the capture rate is limited by the holes. 
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Fig. 2.16. Calculated electron, heavy hole and ambipolar capture times 
as a junction of the laser excess energy with respect to the harrier 
handgap, in a SCHQW structure with a welt width of 50 Ä. 1he positions 
ofthe energy levels in the harrier are indicated hy the arrows. For excess 
energies larger than 36 me V the electrons are captured hy the hound state 
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2.6. Ambipolar Carrier Capture 
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At low excess energies, as relevant for our experiments, holes will be captured by 

the well first; After capture, they will electrostatically attract electroos towards the 

quanturn well, resulting in an increase of the electron capture rate. The remaining 

holes in the harrier layers will be electrostatically repelled by the well, which gives 

rise to a decrease of the hole capture rate. The net result is an ambipolar capture 

process with a capture rate which is in between the electron and hole capture rates. 
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This ambipolar capture rate can be derived by inserting the electron and hole capture 

rates in a rate equation model. The solution of such a model reads 

dnb = _ nb -.!.(Pb_ nb) = 
(T., +TJ - nb 

- n = -dt T., 2 Th T., 2T.,Th b Ta 
(9) 

dpb 
= _Pb+ .!_(Pb_ nb) = 

(T., +TJ 
= Pb - p 

dt Th 2 Th T., 2TT b Ta .. h 

(10) 

with T., and Th the electron and hole capture times and Ta the ambipolar capture time. 

The term O.S*(pb/rh-nb/Tc) represents the increase and decrease ofthe electron and hole 

capture rate, respectively, as aresult of their mutual electrastatic interaction. 

The validity of the quanturn mechanical capture model for both electrans and holes 

is dependent on the coherence length of the carriers, which is limited by inelastic 

scattering processes. For a coherence length which is smalt in comparison with the 

width of the harrier Iayers, the carriers are not able to establish coherent wave 

functions and the carrier,s should be regat:ded as a cJassical fluid. Quantization of the 

harrier states was observed25 by photoJuminescence excitation spectroscopy in 

GaAs/Al,.Ga1.,.As SCH-SQW for structure widths up to 750 Á. Furthermore, from a 

time-resolved luminescence study26 on single quanturn well structures with and without 

confinement layers an effective trapping area of about 800 Á was obtained. As aresult 

we expect that the carrier capture process in our structures, with a width of 1000 Á, 

is governed by the quanturn mechanical oscillations. It should be noted that the 

coherence length of the heavy holes is one order of magnitude smaller than the 

electron coherence leng~, du.e to the large effective mass which enhances the inelastic 

scattering processes. As a result the capture of the heavy holes should be described 

in terms of a classical diffusion process. Therefore, we expect that the ambipolar 

capture process in our structure is governed by a quanturn mechanical capture .J?rocess 

of the electroos and a çlassical capture process of the holes. From steady-state 

photoluminescence experiments in GaAs/ Al,.Ga1.xAs single quanturn well stru,ctures, 



Calculation of the LO Phonon ... 

30 --Cl) 
Q. ....., 

25 
(I) 

E 
j:: 20 
(I) ... 
:I ... 15 Q. 
al 
(.) 
.... 10 al 
0 
.9-

5 .t:l 

E 
< 

0 
0 20 40 60 80 100 120 

Quanturn Weil Width (Ä) 

Fig. 2.17. Ambipolar capture time as a function of quanturn well 
thickness for the GaAs!AlxGa1_.,As SCH-SQW structure of Fig. 2.3. 1he 
ambipolar capture time consists of a quanturn mechanica/ electron 
capture time, which oscillates as a function of well width, and a classica/ 
hole capture time of 12.5 ps. 
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with a width of 1500 A, resonances in the carrier capture were already observed as 

a function of well width27
• Furthermore, it was demonstrated that the resonances were 

due to the quanturn mechanica! character of the electron capture process, which 

supports our capture model. From the mobility of our n-doped bulk Al"Ga1."As 

samples we obtain a diffusion time of 12.5 ps for the holes in our structures. This 

classical diffusion time is also roughly equal to the quanturn mechanical hole capture 

timefora laser excess energy of 36 meV, as shown in Fig 2.16. As aresult we 

calculated our ambipolar capture time with a classical hole diffusion time, which is 

independent of well width, and a quanturn mechanical electron capture time, which 

shows oscillations as a tunetion of well width. The well width dependenee of our 

ambipolar capture time is plotted in Fig. 2.17. The predicted variations of the carrier 

capture time originate from the quanturn mechanica) character of the electron capture 
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process. In the next chapter the dependenee on structure of the ambipolar capture time 

as well its dependenee on laser energy, which determines the harrier subband 

population, wilt be experimentally investigated by subpicosecond time-resolved 

luminescence spectroscopy. 
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Chapter 3 

Carrier Capture Time Measurements in GaAs/ AlxGa1.xAs 

Separate Confinement Single Quanturn Wells 

3.1. Introduetion 

In chapter 2 we have presented both a classical diffusion model and a quanturn 

mechanical model for the carrier capture process in a SCHQW laser structure. The 

question whether the capture process in these laser structures is dominated by classical 

diffusion and drift {no oscillations expected) or by quanturn mechanical capture 

(oscillations expected) is relevant for the optimization of the capture efficiency in 

quanturn well laser structures. In order to investigate the capture mechanism we 

measured the carrier capture times of four separate confinement heterostructure single 

quanturn well structures {SCH-SQW) with well widths corresponding to maximaand 

minima in the capture times of the quanturn mechanical model (section 3.2.A). In 

order to study the carrier capture dynamics in our GaAs/AixGa1.xAs quanturn well 

structures we have at our disposal a subpicosecond (0.6 ps) laser system. Time

resoived luminescence experiments are performed using the upconversion technique 

(section 3.2.B) and the pump and probe technique (section 3.2.C). For both 

ex perimental techniques the time-resolution is only limited by the duration of the laser 

pul se. 

In section 3.3 we discuss the dependenee of the QW luminescence rise times after 

direct excitation on laser energy, which is relevant for the determination of the carrier 

capture time from the QW luminescence rise times (section 3.4). Furthermore, the 

carrier capture times are also obtained from harrier luminescence decay measurements 

45 
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(section 3.5). The dependenee of the eapture time on quanturn well thickness 

(section 3.6) and laser excess energy (section 3.7) are reported and cornpared with 

theoretica} predictions. Furtherrnore, we tracked the Fermi-level in the harrier during 

capture, whieh will he reported inseetion 3.8. 

3.2. Experimental Techniques for Subpicosecond Luminescence 

Spectroscopy 

The scattering rnechanisrns of charged carriers in low dirnensional semiconductor 

systerns have been extensively studied in the past decades1
•
3

• lnforrnation ahout the 

various scattering rnechanisrns ean he ohtained hy investigating the tirne-resolved 

hehaviour of the carrier distribution function. The time dornains of the dominant 

scattering rnechanisrns, i.e. carrier-pbonon and carrier-carrier collisions, are in the 

picosecond and ferntosecond regime. The investigations of these scattering processes 

therefore require an experirnental technique with high speetral as well as high temporal 

resolution. As a result of the availability of ultrashort laser pulses optical spectroscopy 

bas proven to he very suitahle4
• In this section our GaAs/Al"Ga1.,As quanturn well 

structures as well as the utilized time-resolved lurninescence techniques will he 

discussed. 

A. Quanturn Weil Samples 

The experirnents presented in this thesis are perforrned on GaAs/Al"Ga1."As QW 

structures grown hy Molecular Bearn Epitaxy (MBE)M. The carrier capture process 

is studied in GaAs/Al"Ga1.,.As single QW structures as shown in Fig. 3.1. These 

structures consist of ten separate single quanturn wells with equal width. The quanturn 

wells are surrounded hy 500 A Al1.,.Ga,.As harrier layers and 100 A AlAs cladding 

layers. An advantage of using ten quanturn wells rather than one single QW is the 
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Fig. 3.1. A schematic of the conduction band structure of the multiple 
SCH-SQW sample used in the experiments. 1he structures consistsof JO 
single quanturn wells with equal well width which are separated by 100 Á 
AlAs confinement layers. 1he Al fraction in the AlxGa1.xAs harrier layers 
ranges in the various samples from 0.3 to 0.4 and the quanturn well 
widths were chosen to be 30, 50, 70, and 90 Á, which correspond 
alternately to maxima and minima in the LO-phonon induced capture 
times. 

47 

increased luminescence intensity, allowing to measure at a reduced excitation density 

where carrier-carrier scattering can be neglected as a capture mechanism. As 

demonstrated in secdon 2.4, for large multiple quanturn well structures the capture 

time reduces to < 1 ps, independent of well width, which can not be measured with 

our experimental resolution. By applying the AlAs harriers between the wells, we 

combine the advantage of large signals from MQW samples with the slow capture 

process of SQW structures. Ho wever, the number of SQW structures in a sample is 

limited, due to variations of the excitation density in the various wells. The excitation 

density induced in the single wells close to the surface of the sample is higher than the 

density induced in the quanturn wells close to the superlattice, due to absorption of the 

laser putse. Large differences in excitation density, i.e. more than one order of 
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magnitude, are inconvenient in studies of the dependenee of the carrier capture and 

relaxation processes on excitation density. By limiting the number of SQW structures 

to 10, the difference in excitation density between the first and last QW amounts to 

a factor of 3 for indirect excitation and is negligible for direct excitation. 

In our time-resolved experiments we measure the carrier capture times in quanturn 

wells with well widths Lw=30, 50, 70, and 90 Á. In the quanturn mechanical model, 

which bas been discussed in chapter 2 (Fig. 2.17), the weB widths Lw=30 and 70 Á 

correspond toa maximum in the capture time and Lw=50 and 90 Á toa minimum. 

In the classical point of view the quanturn wells of 70 and 90 Á, which exceed the 

mean scattering length of 60 Á, are expected to collect the carriers more efficiently 

than the 30 and 50 Á quanturn wells. The quanturn well structures are grown on top 

of a 100 period GaAs/AlAs superlattice, which improves the quality of the quanturn 

wen interfaces. We also performed experiments on structures with n-doped and p

doped 30 Á quanturn wells, in order to study the ambipolar character of the capture 

process. The structures of the samples used are summarized in Table I. The aluminum 

T ABLE I. Structure parameters of the samples used in the experiments 

Sample Lw (Á) x FWHM exciton (meV) life time (ps) 

W231 26 0.30 10.1 290 
W234 90 0.30 4.0 290 
W235 48 0.35 7.8 150 
W240 70 0.36 5.5 82 

W253 (i) 26 0.40 10.0 206 
W272 (p) 26 0.39 10.0 180 
W273 (n) 26 0.39 10.0 280 
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Fig. 3.2. Time-integratedphotoluminescence spectrum which contains the 
QW exciton peaks of the jour samples with various welt widths. 1he 
spectra were obtained at T=4.2 K by CW excitation with a He/Ne laser 
and the excitation density amounted to 110 mW/cm2

• 1he FWHM ofthe 
excitonpeaks were 10.1, 7.8, 5.5, and 4.0meVjorthe well widthsof30, 
50, 70, and 90 À respectively. 
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fraction of the harrier layers was determined from the speetral position of the harrier 

luminescenee peak as well as from photoluminescence excitation (PLE) measurements. 

The quanturn weB thiekness bas been calculated from the speetral position of the QW 

exciton peak. The FWHM ofthe QW exciton luminescence peak was determined from 

the spectra as shown in Fig. 3.2, which were obtained for the various structures at a 

CW excitation density of 110 mW /cm2
• We observe that a decreasing well width gives 

rise to an increasing FWHM of the ex ei ton luminescence, since the shift of the energy 

levels in the well due to a variation in the quanturn well thickness of one monolayer 

inereases with decreasing well width. The lifetimes of the photoexcited carriers were 

determined from the decrease of the QW luminescence after excitation with a short 

laser putse, which was measured by using the upconversion technique (section 3.2.B) 
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B. The Upconversion Technique 

As a result of the availability of ultrashort laser pulses luminescence techniques 

were developed in which the time resolution is limited by the width of the laser putse. 

The upconversion technique makes use of the nonlinearity induced by the laser putse 

as a "lightgate" for the luminescence. It is based on a frequency mixing technique, 

which was first used by Mahr and Hirsch7
• In this upconversion technique the 

luminescence excited by an ultrashort laser pulse is mixed with the laser itself in a 

nonlinear crystal to generate the sum or difference frequency radiation. Since the 

mixing process takes place only during the presence of the laser putse, this provides 

time resolution comparable to the laser pulse width, provided eertaio conditions are 

satisfied. 

Our laser system consists of a modelocked Coherent Antares Nd:YAG laser and 

a Coherent 702 double jet dye laser. After frequency doubling the Y AG laser output 

consists of a pulse train at 532 nm with a pulse width of 80 ps, a repetition rate of 

76 MHz and a maximum power of 3 W. The synchronously pumped double jet dye 

laser makes use of the dye DCM as a gain medium and of DTDCI as a saturable 

absorber. Due to the saturable absorber the pul se width is reduced to 0.6 ps at a 

typical output power of 200 mW in the wavelength range of 610-670 nm. 

The experimental setup for the upconversion technique is shown in Fig. 3.3. The 

laser beam is divided by a beamsplitter (BS) into two parts. One part ofthe laser beam 

(10%) is used for the excitation of the sample. By means of three mirrors (Ml..M3) 

the laser pulses are focused on the sample by a positive lens Ll (f=60 mm) to an 

excitation spot of 40 p.m. The sample is mounted on a cold finger which is connected 

to a liquid nitrogen or helium bath. After collection through lens Ll (f/3) the 

luminescence of the sample is focused on the nonlinear Lil03 crystal by lens L2 

(f= 100 mm). The spot size ofthe luminescence on the nonlinear crystal is determined 

by the lens combination Ll and L2 and amounts to 70 p.m. The other part of the laser 

beam (90%) is deflected to a delay Iine and is used for the sum frequency generation. 
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Fig. 3.3. Schematic of the luminescence upconversion setup. The dye 
laser beam, with a typical power of 200 m Wand a pul se width of 0. 6 ps, 
is split into two beams by a beamsplitter BS. The sample is excited via the 
mirrors Ml .. M3 and lens Ll with a typical power of 2 m W, which gives 
rise to an excitation density of 2.lfJ6 cm<~ in a GaAslAlGaAs MQW 
structure. The spot sizes of the luminescence and laser on the nonlinear 
crystal are determined by the lens combination Ll .. L3 and amount to 
70 pm. A fier sum jrequency generation the upconvened signa/ of severa/ 
hundred counts per second is focused into the spectrometer by a quartz 
lens L4. 

The delay Iine consistsof a retro-retlector attached toa translator, which is controlled 

by a stepper motor drive. A single step equals a displacement of 12.5 p.m which 

corresponds to a time delay of 83.3 fs. The maximum time delay of the system is 

limited by the length of the translator and amounts to 2 ns. From the delay line the 



52 

Excitation 
w1 

Delay 

0 

Luminescence 
w2 

Time-

Delayed laser 
pulse 

Time-

Chapter 3 

Fig. 3.4. In a nonlinear crystal sumfrequency radiation can be generated 
only with that part of the luminescence which coincides with the delayed 
laser pulse. 

laser beam is guided (M4,M5) to and focused into (L3, f=200 mm, ·spot 

size=70 llm ) the nonlinear crystal. 

Sum-frequency generation between the laser pulses (w1) and the luminescence (w:z) 

is obtained at a frequency w3=w1 +w2 whenever both pulses overlap in time as well 

as position. At a fixed delay sum frequency radiation is only generated between the 

laser pulses and that part of the luminescence which arrives exactly at the sametime 

at the crystal as the laser pulse, as is illustrated in Fig. 3.4. As aresult the dependenee 

of the sum frequency radiation as a function of the delay directly reflects the change 

of the luminescence intensity as a function of time. The whole design of the setup is 

optimized for a maximum sensitivity which requires an optimal upconversion 

efficiency. A maximum spatial overlap can be obtained by optimizing the lens 

combination Ll .. L3 to realize equal spot sizes of the laser and luminescence light on 

the nonlinear crystal. The intensity of the sum frequency radiation is dependent on the 

product of the luminescence intensity and the laser intensity. Apart from energy 
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conservation {w3=w1 +wz), sum frequency generation requires phase-matching8, i.e. 

~=k1+k2, wbere k., kz, and k3 are the wave veetors of the laser pulse, the 

luminescence and the sum frequency radiation, respectively. In an anisotropic crystal 

sucb as Lil03, with different indices of refraction for tbe ordinary and extraordinary 

rays, pbase-matching can be obtained by adjusting tbe angle between tbe k-vectors of 

tbe light and tbe optical axis. However, since tbe luminescence is emitted in all 

directions from tbe excitation spot, tbe spread in tbe direction of the luminescence 

wave veetors in the nonlinear crystal is determined by tbe relative aperture of lens L2. 

For collinear phase matching, tbe acceptance angle for the luminescence upconversion 

is quite limited. Fortunately, tbe angle of acceptance of tbe luminescence by tbe 

nonlinear crystal can be somewhat enhanced by using a non-collinear geometry9 

{Fig. 3.5.) A maximum experirnental quanturn efficiency of 1.10-5 was obtained at an 
;z axls 

a) 

z axis 
b) 

Fig. 3.5. Locus ofthe sumjrequency wave vector k3 in the plane ofthe 
optie axis (z-axis) whose location is determined by phase-matching 
conditions for 

a:) collinear phase-matching by which k conservation is only 
valid for one particu/ar direction of k and 
b:) non-collinear phase-matching, which enlarges the angle of 
acceptance of the luminescence allowing an increase in the 
upconversion efficiency. 



54 Chapter 3 

extemal angle of 18° between the luminescence (k2, 700-800 run) and the laser putse 

(k .. 610-670 run) fora typicallaser power on the non-linear crystal of 30 mW. 

The temporal resolution of the sum frequency {330-370 nm) generation is limited 

not on1y by the width of the laser pulse, but also by the group velocity dispersion in 

the nonlinear crystal between the laser pulse {610-670 nm) and the luminescence 

(720-800 nm)10
• For a laser pulse of 620 nm and luminescence of 800 run the group 

velocity dispersion in our Lii03 crystal with a thickness of 3 mm amounts to 0.6 ps, 

which is equal to the laser pulse width. By using non-collinear phase matching this 

dispersion is reduced by more than a factor of three due to the reduction of the 

effective length of the upconversion region. For broad luminescence spectra the 

speetral resolution of the upconversion technique is determined by the speetral 

bandwidth of the nonlinear crystal, which is governed by the phase-matching 

condition. By adjusting the angle of the nonlinear crystal the time-resolved speetral 

distribution of the luminescence can be obtained. The speetral resolution can further 

be enhanced by dispersing the upconverted signal in a spectrometer. Due to the small 

signal of the upconverted photons, typically 100 counts/sec, pboton counting 

techniques are used to discriminate against noise. Furthermore, a cooled 

photomultiplier (EMI 9659 QA) is used to reduce the dark noise. In this thesis the 

upconversion technique is used to study the carrier capture process as well as the 

dynamics of excitons in GaAs/ AlxGa1_xAs quanturn well structures. 

C. Tbe Pump and Probe Technique. 

A direct metbod to study the carrier dynamics in semiconductors is the optical 

pump ahd probe technique3
•
11

•
12

, in which the amount of probe induced 

photoluminescence is measured as a function of the pump-probe delay. After 

photoexcitation with the pump putse, the optically created nontheemal carrier 

distribution relaxes by carrier-carrier and carrier-pbonon collisions. Within a very 

short time ( < 1 ps) the carriers thermalize toa Fermi-Dirac distribution characterized 
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by an effective temperature Terr which is higher than the lattice temperature4
•
13

•
14

• The 

hot carrier plasma then relaxes to the lattice temperature within several tens of 

picoseconds. The pump putse is of sufticient intensity to partly saturate the absorption 

of the probe putse as a result of Pauli's exclusion principle. By measuring the 

reflection, absorption or transmission of the probe putse as a function of the time 

delay between the pump and probe putse, time-resolved information on the occupation 

of the energy levels located at the laser energy can be obtained. In our experimental 

setup we determine the absorption of the probe putse by measuring the intensity of the 

time-integrated luminescence induced by the probe putse as a function of the laser 

wavelength and of the pump-probe delay, yielding both the energy dependenee and the 

temporal dependenee of the carrier occupation. A schematic of the experimental setup 

is shown in Fig. 3.6. The laser and detection systems are equivalent to the systems 

described in section 3.2.B. We use two laser pulses, which are separated by 

beamsplitter BS 1, with equal energy and temporal width of 0.6 ps. The first strong 

laser (pump) putse is used for the excitation of the sample. The second weaker laser 

(probe) pulse, which excites the sample with a variabie delay with regard to the pump 

putse, is used for detection. A single step of the delay line of 2 p.m gives rise to a 

time delay of 13.3 fs, the total temporal range amounts to 300 ps. By using linear 

polarizers (POL) in front of our detection system, which block the reflections of the 

linear polarized pump or probe beam, we are able to use detection energies as little 

as 10 meV from the laser energy. 

At zero time delay between the pump and probe beam we observe undesirable 

interterenee effects, which effectively limit our metbod to time delays larger than 2 ps. 

In our carrier capture experiments on the SCHQW samples, as discussed in section 

3.2.A, the excitation density of the pump pulse (20 mW) is 3.1017 cm·3 and of the 

probe putse (8 mW) 1.3.1017 cm·3 for an excess energy of the laser of 36 meV with 

regard to the harrier band gap. Forthese excitation densities a typical change in the 

absorption of the probe pul se of 15% is obtained, depending on the time delay. The 

experimental error in this technique is mainly due to the noise of the laser system of 
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Fig. 3.6. Schematic ofthe expertmental setup ofthe excitation and probe 
technique. 1he sample is excited by two laser pulses, which are separated 
by a beamsplitter (BSJ). After excitation ofthe sample by the pump pulse 
(20 mW), the probe pulse (8 mW) excites the sample with an adjustable 
delay with regard to the pump pulse. A measurement of the time
integrated luminescence, which is induced by the probe pul se, as a 
function of time delay between the pump and probe pulse, then provides 
the time-resolved accupation ofthe energy levels at the laser energy. For 
laser energies close to the luminescence energy, the rejlections of the 
linear polarized laser spots on the sample are blocked by linear polarizers 
(POL). 

about 4%, which is almast one third of the total variation of the luminescence of the 

probe pulse due to saturation effects. This noise, however, can be reduced by a factor 

of 4 by continuously monitoring the laser intensity with a pbotodiade for normalizing 
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the detected luminescence and by using long integration times of 10 s. Under these 

conditions the relative uncertainty in the absorption change of the probe pulse is 

approximately 0.07. 

In comparison with the upconversion technique, which has a larger dynamic range, 

the pump and probe technique bas a larger sensitivity and is experimentally less 

complicated. We use the pump and probe technique for the measurements of the 

decrease of the carrier concentration in the harrier states after excitation with a laser 

putse, which is directly related to the carrier capture dynamics. 
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3.3. Resonant Exciton Formation in GaAs/AixGa1_xf\s Quanturn WeiJs 

As discussed in section 2.2 information about the carrier capture process can be 

obtained from the differences in the rise time of the quanturn well exciton 

luminescence after direct (below the harrier band gap) and indirect (above the harrier 

band gap) excitation with a subpicosecond laser putse (0.6 ps). By comparing the QW 

luminescence rise times after direct and indirect excitation, we eliminate the effect of 

relaxation of the carriers to the Iowest level, where the luminescence is detected. 

However, a dependenee of the QW rise time on laser energy after direct excitation is 

relevant for the interpretation of the experimental results. In that case, the relaxation 

of the carriers in the quanturn well after indirect excitation will depend on the energy 

at which the carriers enter the quanturn well after the capture process. As a result the 

laser energy for direct excitation bas to be chosen in such a way that the carriers will 

start their relaxation process from the same energy position in the quanturn well after 

direct and indirect excitation. 

The exciton luminescence rise time after direct excitation is governed by carrier 

cooling, exciton formation and exciton relaxation. In previous studies1s.23 exciton 

luminescence rise times of several hundreds of picoseconds were obtained and no 

dependenee on the laser energy was observed. This relatively slow rise time was 

attributed to the slow exciton relaxation process15
•
20·22.23

• An expected dependenee of 

the exciton formation process on laser energy was not observed since variadons in the 

exciton formation time, which is expected to be < 20 ps, are very small in 

comparison with the luminescence rise times. Ho wever, in thin quanturn wells the 

slow exciton relaxation process is enhanced due to an increase of the scattering rates 

ofthe excitons as aresult ofthe interface roughness20
• Then theexciton luminescence 

rise times become comparable with the exciton formation time, which enables us to 

investigate the dependenee of the ex ei ton formation process on laser energy. 

We investigated the exciton luminescence rise times of GaAs/AIGaAs multiple 

quanturn weJI structures as discussed insection 3.2.A, which consist of 10 wells with 
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a thiekness of 26 Á. The aluminum fraetion in the AlGaAs layers is 0.3 (sample A) 

and 0.4 (sample B). For both aluminum fractions the quanturn wells contain only one 

electron bound state. The speetral peak of the exeiton lumineseence had a FWHM of 

10 meV for both samples. Our speetral window is determined by the phase-matehing 

conditions in the non-linear erystal and amounts to 2 meV. As a result we only 

monitor the time-resolved behaviour of the central part of the exeiton lumineseence 

peak. In Fig. 3. 7 the time evolution of the exciton lumineseenee of sample A after 

exeitation with a subpicosecond laserpulseis shown for laser energies of 1.892 eV 

and 1. 877 e V, which are both beneath the harrier band gap of sample A. For the 

different laser energies rise times of 27 and 32 ± 1 ps were obtained respectively. The 
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Fig. 3. 7. 1ime-evolution of the exciton luminescence of sample A at the 
speetral peak (1. 705 e V) for two different excitation photon energies. The 
experiments were carried out at T=8 K with an excitation density of 
5.J{i0 cm-2 in the quamum wells. The fitted curves, which are plotred as 
solid and dashed lines, provide luminescence rise times of 27 ps and 
32 psfor the laserenergiesof 1.892 eV and 1.877 eV respectively. 
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Fig. 3.8. Exciton luminescence rise times (•) at T=8 Kas ajunetion of 
excitation energy of sample B (x=0.4). 1he excitation density amounts to · 
5.10'0 cm·2• Oscillations between 25 and 40 ps in the exciton 
luminescence rise times are observed with a periodicity of20 meV. 1he 
solid line is a guide to the eye. 

time-resolved experiments were carried out at T=8 K using the upconversion 

technique at an excitation density of 5.1010 cm·2• Fig. 3. 8 shows the dependenee of the 

exciton luminescence rise times on laser energy in the interval 1.92-2.00 eV for 

sample B. We observe an oscillating rise time of the exciton luminescence with a 

period of nearly 20 me V and a difference in amplitude of about 15 ps. This oscillating 

rise time was also observed in sample A with the same periodicity. 

The rise time of the exciton luminescence is determined sequentially by the 

relaxation of the photoexcited electrons and holes, the formation of excitons and the 

exciton relaxation. An electron and hole cao form an exciton by means of acoustic and 

optical pbonon emission as well as carrier-carrier scattering. In order to explain the 
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Fig. 3.9. The calculated band structure of a 26 A GaAs/Al0.4Ga0.ttis 
quanturn well, which consists of one electron subband, one light-hole 
subband and two heavy-hole subbands. 1he dispersion ofthe electron and 
hole subbands is calculated using empirica[ pseudo-potentials24

• After 
photoe.xcitation the electrons and holes emit LO phonons until they are 
within one LO phonon energy (36.8 meV) oftheir subband minima. 
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oscillations in the rise time we consider the positions of the electrans and holes intheir 

subbands after photoexcitation and during exciton formation. In Fig. 3.9 the band 

structure of the bound states in a quanturn well with a well width of 26 A is plotted. 

The ·quantum well contains one electron bound state, one light-hole bound state and 

two heavy-hole bound states. The dispersion relations of the various subbands in 

momenturn space are calculated by means of an empirica! pseudo-potential metbod 

described by Cuypers and van Haeringen24
• After absorption of laser photons, 

electrons are excited from the first heavy- and light hole subbands to the electron 

subband. Initially, the spread ofthe electronsin energy and momenturn space is small, 

since it is only determined by the laser linewidth (0.5 meV). Thus the electrans are 

created at two specific energies in their subband and the holes at a certain energy in 

the heavy- and light-hole subbands. After excitation both the electrons and holes will 
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relax by means of a LO pbonon cascade until they are within one LO pbonon energy 

oftheir subband minima, as shown in Fig. 3.9. The light holes will first relax within 

their own subband and subsequently scatter to the heavy-hole subband. During and 

after the LO pbonon cascade the carriers spread out in momenturn and energy space 

due to carrier-carrier scattering. As a result of the larger effective mass the carrier

carrier scattering and thus the ditfusion in momenturn space of the heavy-holes are 

almost one order of magnitude larger than the scattering rate and ditfusion of the 

electrons. From Monte-Carlo calculations25 we obtained that for a carrier density of 

5.1010 cm·2 the distribution of the electroos in momenturn space only broadens from 

0.5 meV to a few meV during the LO pbonon cascade. In Fig. 3.10 the energy 

positions after the pbonon cascade of the electroos (3.10a), which were excited from 

the heavy- (ew,) and light-hole bands (elh), and of the heavy- (bh) and light holes (lh) 

(3 .1 Ob), relative to their subband minima, are plotted as a function of laser energy. 
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Fig. 3.10. 1he excess energy ofthe electrons (3.10a), which are excited 
from the heavy-hole (e-hh) and light-hole (e-lh) subbands, and holes 
(3.10b) ajter the LO phonon cascade as a junction of the excitation 
energy. 1he electron excess energies continuously vary between 0 and 
36.8 me V with a pertod of 42 me V. 1he excess energy of the light holes 
gradually decreases from 32 me V to 20 me V as the excitation energy 
decreases from 2010 me V to 1920 me V. Ihe heavy-hole excess energy 
first decreases from 5 me V to 0 me V as the excitation energy decreases 
from 2010 meV to 1962 me V and thenjumps to the LO phonon energy. 
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Fig. 3.11. Comparison between electron excess energies (3.1la) and 
exciton luminescence rise times (3.11 b) as ajunetion of excitation energy. 
A minimum in the exciton rise times is observed whenever free electrans 
and holes are able to form excitons by LO phonon emission. The minima 
correspond to electron excess energies of about 25 me V, since holes are 
available at the subband maximumjor alllaser energies. 
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In order to understand the origin of the oscillating behaviour of the exciton rise 

time we compare in Fig. 3 .11 the position of the photoexcited electroos after their LO 

pbonon cascade (3.1la) with the observed rise times (3.1lb) as a function of laser 

energy. We find that the minima in the experimental rise times correspond to the 

situation that electroos and holes can form an exciton by the emission of aLO phonon, 

a process which is expected26 to take place within 100 fs. For example at a laser 

energy of 1.985 eV the excess energy of the electroos excited from the heavy-hole 

subband (ew.) amounts to 25 meV, whereas the excess energy of the heavy-hole is 

about 2 meV. By emitting aLO pbonon of 36.8 meV, the electron-hole pair lowers 

its total energy by 10 meV, which is nearly equal to theexciton binding energy for 
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a thin quanturn well27
• With decreasing laser energy the next minimum occurs at 

1.970 eV where the excess energy of the electroos excited from the light-hole subband 

amounts to 25 me V after the pbonon cascade. The energy positions of the LO pbonon 

assisted exciton formation, which are indicated by the arrows in Fig. 3.11a, 

correspond within a few me V to the observed minima of the exciton luminescence rise 

times. It should be noted that the inaccuracy in the exact position of the exciton 

ground statealso amounts toa few meV, due to the large FWHM of 10 meV of the 

exciton peak. For laser energies smaller than 1. 960 e V the excess energy of the heavy

holes is close to the LO pbonon threshold. By means of carrier-carrier scattering, 

which is a fast process for the heavy holes as a result of their large effective mass, a 

part ofthe heavy-hole population exceeds the LO pbonon threshold and is immediately 

transferred to the subband minimum by LO pbonon ernission. It should be noted that 

the electroos have to emit 4 to 6 LO phonons to reach the subband minimum, which 

gives rise to a scattering time of about 1 ps for the total pbonon cascade. Our Monte

Carlo simulation reveals that for all laser energies a large part of the heavy holes, 

which have to emit only one or no LO phonon, is al ready transferred totheir subband 

minimum before the electroos have completed their LO pbonon cascade. Therefore, 

we also observe minima in the rise tirnes at laser energies of 1.948 and 1.927 eV, 

where the electron excess energies are close to 25 meV. According to our model, we 

should also expect a minimum at a laser energy of 1.957 eV, where the electron 

excess energy 11m equals zero and the light-hole excess energy (lh) amounts to 

25 meV. However, since the holes are already spread out in energy before the 

electroos have completed their LO pbonon cascade, no minimum is observed at this 

laser energy. 

In a sample with n-doped quanturn wells, however, this minimum should appear, 

since electroos are already available at the subband minima at the moment that the 

light holes have completed their cascade and start to diffuse in momenturn space. The 

experimental exciton rise tirnesfora n-doped (2.1011 cm-2
) GaAs/AlxGa1.xAs multiple 

quanturn well with a well width of 26 A and an aJuminurn fraction of 0.4 is plotted 
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Fig. 3.12. Exciton luminescence rise times (•) as ajunetion of excitation 
energy fora sample with n-doped quamum wells. The layer structure of 
the sample is identical to sample B and the dopant density is 2. J(jl cm·2

• 

Compared to the intrinsic sample B (dashed line) no maximum is 
observed at a laser energy of 1.957 eV, due to the LO phonon emission 
induced excitonformation of holes (lh) with an excess energy of25 meV 
and electrons at their subband minimum. 
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in Fig. 3.12 as a function of laser energy. The exciton peak of the n-doped sample 

was shifted slightly (9 meV) to a higher energy in comparison with the undoped 

sample, due to a somewhat smaller width. Therefore, in order to oompare the rise 

times of both samples the laser energies of the n-doped sample are shifted 9 me V to 

Iower energy. We abserve that for the n-doped sample the maximum in the 

Iuminescence rise time at 1.957 eV of the undoped sample has disappeared, which 

strongly supports our model. 

The diffusion of the carriers by means of carrier-carrier scattering in energy and 

momenturn can be enhanced by increasing the excitation density. We find that with 

increasing excitation density from 5.1010 cm·2 to 5.1011 cm·2 the oscillations of the rise 

times are reduced within our experimental error of± 1 ps. As expected, we find that 
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both the rise time as well as the amplitude of the oscillations decrease since at high 

carrier densities the electron distribution is already smeared out before the pbonon 

cascade is completed. The decrease of the average rise time with increasing excitation 

density, which was already observed by Damenet al.22, was attributed by them to an 

increase of the exciton-exciton collisions, which enhances the relaxation of the 

excitons after formation. 

For thicker quanturn wens with more than one bound electron state no dependenee 

of the ex ei ton luminescence rise time on laser energy was observed. Then the number 

of energy positions where carriers are created increases, whicb smears out the 

resonances. Furtbermore, the carriers created in the highest subbands smear out in 

energy and momenturn during the relaxation due to the inter-subband scattering, which 

is about one order of magnitude slower than intra-band scattering28 • Thus the choice 

of the laser energy in order to obtain the same cooling in the quanturn well after direct 

and indirect excitation is only relevant for rise time measurements at low excitation 

densities on thin quanturn wells. 

In condusion we for the first time have observed oscillations in the exciton 

luminescence rise times as a funètion of laser energy. The origin of these oscillations 

arises from the LO pbonon assisted exciton formation, a process wbicb is dominant 

wbenever the sum of the excess energies of the electroos and holes amounts to 

25 meV. Furtbermore, we have demonstrated that our model is consistent with 

experiments on n-doped samples, which show an additional minimum in the rise time. 

Finally, the amplitude of the oscillations decreases with increasing excitation density 

as a result of the enhanced carrier-carrier scattering. 

3.4. Rise Time of the Quanturn Weil Luminescence 

The capture times of photoexcited carriers in the SCH-SQW structures reported in 

section 3.2.A, are experimentally measured by two different techniques with 
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picosecond resolution. In the first technique, wededuce the carrier capture times from 

subpicosecond time-resolved luminescence experiments using an upconversion 

lightgate (3.2.B). The capture times are determined from the differences in the rise 

time of the quanturn well luminescence after direct (below the harrier band gap) and 

indirect (above the harrier band gap) excitation with a subpicosecond laser putse 

(0.6 ps), in order to eliminate the effect of relaxation of the carriers in the quanturn 

well. In order to obtain the same cooling inside the quanturn well for direct and 

indirect excitation, the number of carriers inside the wells is kept constant in both 

experiments and the excitation energy for direct excitation is chosenone LO pbonon 

energy (36.8 meV) times (1 +m*efm*J below the excitation energy for indirect 

excitation. The sample temperature is maintained at a temperature of 8 K in order to 

avoid pbonon absorption induced heating of the carriers. In Fig. 3.13 the time 
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Fig. 3.13. Experiment al determination of the carrier capture time using 
rise time dijferences of the quanturn wellluminescence after direct (closed 
circles) excitation into the quamum welt and indirect (open circles) 
excitation into the AlxGa1_r4s harriers with a laser pulse (0. 6 ps). The 
curves are fitted to the expertmeilts using simple rate equations. From 
these fits a capture time of 20 ps is derived for this structure. 1he 
experiments were carried out at an excitation density of 2.J(J6 cm-3 and 
at a temperature of 8 Kon a GaAs/AlxGa1.r4s SCH-SQW structure with 
a well width of 26 Á. 
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evolution of the quanturn well luminescence is shown for a 26 Á quanturn well after 

direct and indirect excitation. This experiment is carried out at a laser intensity of 

2 mW for indirect excitation, corresponding toa low excitatîon density of 3.1016 cm·3• 

For indirect excitation, the laser excess energy with regard to the harrier band gap is 

36 meV. By fitting the experimental rise times to the rate equations, as discussed in 

section 2.2, we obtain a capture time of 19.1 ± 2 ps for this well width. Furthermore, 

no dependenee of the capture time on the excitation density was found in the range 

3.1015 cm·3 to 2.1017cm·3• For larger excitation densities no capture times could be 

obtained due to band filling in the quanturn well. Finally, we performed upconversion 

measurements at T=77 K in order to investigate the temperature dependenee of the 

carrier capture time, as shown in Fig. 3.14. An increase of the temperature is 

expected to decrease the carrier capture efficiency due to an enhanced LO pbonon 

absorption, which gives rise to an increase of the carrier escape from the well. From 

1.0 

T-=77 K 
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o indirect axcitation 

0 10 20 30 40 50 
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Fig. 3.14. Experimental determination of the carrier capture time at 
T= 77 K using rise time dijjerences of the quantum well luminescence 
after direct (closed circles) excitation into the quantum welland indirect 
(open circles) excitation into the Al.,Ga1_fis harriers. 1he other 
experimental conditions are identical to those in the measurement of 
Fig. 3.14. 
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the rise time difference a capture time of 17.7±2 ps was ohtained, which equals the 

capture time of 19.1 ± 2 ps measured at T = 8 K within experimental error. At 

T=77 K, however, the pbonon absorption process is still two orders of magnitude 

smaller than the LO pbonon emission process. Furthermore, a large carrier escape is 

only possihle fora large occupation ofthe energy states located within one LO pbonon 

energy of the harrier states. This large occupation is not ohtained as aresult of the 

low excitation density and the large depth (250 me V) of the quanturn well. Therefore, 

no temperature dependenee of the carrier capture time is observed up to 77 K. 

3.5. Decay of the AI"Ga1.xAs Barrier Luminescence 

The rise time difference of the quanturn wellluminescence bas been compared with 

the decrease of the carrier concentration of the harrier states. Therefore, we have 

performed two-pulse correlation experiments on the luminescence ofthe harrier states. 

In a two-pulse correlation experiment, the PL-decay of the harrier layers shows up as 

an increase of the correlated PL-signal. This can be understood as follows: A strong 

excitation putse (2.1017 cm-3
) creates electroos and holes in the harrier states and 

reduces the ahsorption of a second laser pulse (1.1017 cm·3) with the same pboton 

energy. If, ho wever, the delay between the laser pulses exceeds the carrier capture 

time, then the absorption of the second laser pulse is no longer reduced. As a result 

the harrier luminescence due to the probe pulseis expected to increase with increasing 

time delay between the laser pulses until the carriers of the first pul se are captured by 

the well. In Fig. 3.1Sa the correlated harrier luminescence is shown for a 70 Á 

quanturn well as a function of the delay between the laser pulses together with a fitted 

curve, which indicates a capture time of 14.8 ± 2 ps. The temporal width ofthe laser 

pulses was 0.6 ps and the excess energy of the pump and prohe pulse (2.014 eV) with 

regard to the harrier band gap (1.981 eV) was 33 meV. The detection energy was set 

to the maximum of the harrier luminescence (1.987 eV) with a broad detection 

window of 10 me V. The fact that the increase of the correlated barrier luminescence 
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Fig. 3.15. Determination of the capture time from the decay of the harrier 
population. In the upper part (Fig. 3.15a) the correlated A(.Ga1.~s 
harrier luminescence is shown as a function of time delay between two 
laser pulses for a SCHQW with a 70 Ä quantum well. 'Ihe time-increase 
of the probe induced harrier luminescence results from a time-increase of 
the absorption of the probe pulse and is directly related to the carrier 
capture time. In the lower part (Fig. 3.15b) the correlated luminescence 
ofthe GaAs buffer layer, which is located underneath the quanturn wells, 
is plottedas function of the delay between the laser pulses. 'Ihe decrease 
of the bulk GaAs lurninescence arises from the fact that the transmission 
of the probe pulse through the quanturn well structure decreases in time 
as a result of the carrier capture process. 

is actually due to an increase of the probe absorption is confirmed by a "transmission" 

type of experiment in which we detect on the luminescence energy of the bulk GaAs 

buffer layer, which is located between the substrate and the quanturn wells. The 

intensity of the bulk GaAs luminescence peak decreases with decreasing probe 

transmission through the SCHQW structure, resulting in a decrease of this GaAs 

luminescence as a function of the putse delay, as is shown in Fig. 3 .15b. As expected, 
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the time constant of the increase of the AlxGa1_xAs luminescence (Fig. 3.15a) is also 

found in the decrease ofthe GaAs luminescence (Fig. 3.15b) as a functionofthe delay 

between the laser pulses. 

3.6. Weil Width Dependenee of the Carrier Capture Time 

We have measured the capture time for a set of SCHQW samples with different 

quanturn well thickness. The variation of the observed carrier capture times as a 

function of well width is shown in Fig. 3.16. In all measurements the excess energy 

ofthe laser with regard to the harrier band gap was between 30 and 36 meV. We for 
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Fig. 3.16. Observation of an oscillating carrier capture time. 1he figure 
shows the agreement between the experimentally observed capture times 
with the theoretica/ calculated ambipolar capture times. 1he experimental 
data have been obtained by (o) upconversion measurement of the 
dijference in QW rise times, by ( .t.) two-pulse correlation measurements 
of the population decay in the barrier layers and by (•) "transmission
like" correlation experiments detecting the bulk GaAs PL-signal. 
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the first time find oscillations in the carrier capture time between 3 and 20 ps as a 

function of quanturn well width. It should he noted that for all samples the capture 

times obtained from the correlation measurements reproduce within ex perimental error 

(±2 ps) with the capture times derived from the quanturn well rise times. AJso 

included are the predictions of our ambipolar capture model. In this model, the 

variadons of the capture time are governed by the quanturn mechanical electron 

capture time, as discussed insection 2.6. The observed capture times are in excellent 

agreement with the theoretically predicted ambipolar capture times. 

The large diserepancies between predicted29.30 (SQW and superlattice) and 

experimental31
•
36 (MQW) capture times reported in literature and especially the lack 

of observed oscillations in the carrier capture time, were initially attributed37 to the 

fact that the quanturn mechanica) approach of the carrier capture process in quanturn 

well structures would not he valid, beeause the harrier states are not coherent over the 

entire harrier width. For structures with thick harrier layers of 2000 A, as regarded 

by those authors, the classica! approach is expected to provide a more realistic 

description of the capture process than the quanturn mechanica! model. However, in 

a recent theoretical study38 we showed that the carrier capture efficiency in MQW 

structures oscillates not only as a funetion of well width but also as a function of the 

harrier width between the wells. This strong dependenee of the carrier capture time 

on the quanturn well and harrier width appears to he one of the main reasoos for the 

large diserepancies between predieted and experimental capture times reported in 

literature. The reported experimental results31
•
36 for large MQW structures of < 1 ps, 

which seem to contradiet to the quanturn meehanical predictiong29 (SQW), are in very 

good agreement with the recent predictions of the quanturn mechanieal capture times 

in precisely these large MQW structures38
• 

In order to verify the ambipolar character of the carrier capture, we measured the 

carrier capture times in samples with p- and n-doped quanturn wells and undoped 

harrier layers. If the holes are eaptured first by the quanturn well, the quanturn wen 

luminescence rise time of the n-doped sample should he faster than the rise time of the 



Carrier Capture Time Measurements ... 73 

p-doped sample. In our experiments no dependenee of the carrier capture time on the 

dopant was ohserved, which confirms the ambipolar character of the carrier capture 

process. Because of the mutual agreement between the amhipolar capture model and 

two experimental methods for determining the structure-dependence of the carrier 

capture time, we are confident that our amhipolar capture model provides a realistic 

description of the carrier capture process in SCHQW structures. 

3. 7. Carrier Distribution in the Harrier after Excitation: Relevanee for 

Capture 

A. Pump-Probe Measurements 

We investigated the dependenee of the carrier capture times on the population of 

the harrier subbands after excitation with a laser pulse. The carrier distribution 

function is dependent on the laser excess energy with regard to the harrier handgap. 

In Fig. 3.17 the observed rise of the correlated harrier luminescence is shown for laser 

excess energiesof 32 and 36 me V in a SCHQW structure with a quanturn well width 

of 50 A. At a laser excess energy of 36 meV, as plotted in Fig. 3.18, we abserve a 

sharp decrease of the carrier capture time from 20 to 6 ps. The 50 A quanturn well 

contains two hound states for the electrons, located at 190 meV and 4 meV helow the 

harrier band gap respectively. It should be noted that a laser excess energy of 36 me V 

with regard to the harrier band gap corresponds to an excess energy of 32 meV for 

the electroos and to an excess energy of only 4 me V for the heavy holes, due to the 

differences in the effective masses. Electrans with an excess energy larger than 

32 meV are ahle to emit a 36 meV LO pbonon and are captured into the second 

subband, which is located only 4 meV below the harrier band gap. The electrans 

which have an excess energy of less than 32 me V with regard to the harrier band gap 

are only able to make a transition to the lowest bound state. Thus we show that the 
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experimental capture times strongly depend on the population of the energy levels in 

the harrier. 

Furthermore, tbe sharp decrease of the carrier capture time demonstrates the 

dominanee of the LO pbonon emission in the capture process as well as the quanturn 

mecbanical cbaracter of the electron capture process. For the quanturn we11s with no 

bound state close to the continuurn only a s1igbt decrease of the carrier capture time 

as a function of laser energy is observed. We did not measure the capture times for 

laser excess energies larger tban 41 meV, since forthese laser energies the electron 

excess energy exceeds 36 me V. As a result tbe electroos are able to emit a LO pbonon 

before the capture process wbich complicates the distribution function. 

B. Upconversion Measurements 

One can also try to investigate the dependenee of tbe carrier capture times on laser 

excess energy by the upconversion measurements of the QW luminescence rise times. 

In Fig. 3.19 the capture times of a 26 A quanturn well are shown as a function of the 

laser excess energy. We observe that the observed "effective" capture time increases 

with increasing excess energy, in contrad ietion with theoretica! expectations. However, 

it should be noted that also for laser energies larger than the harrier band gap a certain 

part of the carriers is still directly excited in the quanturn well, as is schematically 

indicated in the band diagram of Fig. 3.20a. These carriers are captured by the 

quanturn well by an intraband LO pbonon emission with a time constant of 0.1 ps. In 

Fig. 3.20b the integrated QW luminescence is plottedas a function of laser energy in 

order to determine the absorption difference after direct and indirect excitation. The 

part of the carriers tbat is directly excited in the quanturn well is indicated by the 

shaded area. For laser energies just above the harrier band gap, a large part of the 

QW luminescence will arise from carriers which are directly excited in the quanturn 

welt and no large difference in the rise times after direct and indirect excitation will 

be observed. 
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The observed capture time depends on the ratio between the directly and indirectly 

excited carriers as well as on both their capture times. From the capture times of the 

directly (0.1 ps) and indirectly excited carriers (ambipolar capture time) and their 

ratio, which is provided by the absorption curve of Fig. 3.20b, we are able to 

calculate an effective capture time. This effective capture time then represents the net 

capture time, which would actually be expected from the experimental rise time 

difference. The calculated and the observed effective capture times are also plotted in 

Fig. 3.19 together with the theoretica! ambipolar capture time. The agreement with 

the experimental capture times confirms the large contribution of the directly excited 

carriers to the capture process at small laser excess energies. For larger excess 

energies, where the number of directly excited carriers is small in comparison with 

the indirectly excited carriers, the effective capture time approaches the theoretica! 

ambipolar capture time. 

3.8. Measurement of the Quasi Fermi Level in the Barrier 

In the previous experiments we showed that the carrier capture time depends on the 

population of the harrier states. The carrier capture time was determined by measuring 

the energy integrated harrier luminescence with a broad detection wavelength window. 

For low carrier densities ( < 2.1017 cm-3
), where carrier-carrier scattering is smal! in 

comparison with LO pbonon emission, the carrier distribution in the harrier subbands 

after photoexcitation will be mainly determined by the capture times of the various 

sub bands. At high carrier densities ( > 5.1017 cm-3
), however, the photoexcited carriers 

will form a Fermi-Dirac like distribution immediately after photoexcitation. In such 

an experiment the number of carriers and thus the quasi Fermi level in the harrier 

layers wil! decrease, due to the capture process, as a function of time after excitation 

with a laser pulse. As a result, the population of the harrier subbands and thus the 

carrier capture time will be time dependent. Therefore, the carrier capture times, 

which are determined from the QW luminescence rise times and the harrier 
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luminescence decay, are time-averaged values. We study the dynamical behaviour of 

the carrier capture process by measuring the position of the quasi Fermi level after 

excitation with a subpicosecond laser pul se (0.6 ps) as a tunetion of time. Th is can be 

achieved by reducing the detection wavelength window to 3 me V and then varying the 

deleetion energy at a fixed laser excess energy. After excitation with the first laser 

pulse (3.1017 cm-3
) the quasi Fermi level of the electroos in the harrier states starts to 

decrease due to the capture of the carriers. As long as the quasi Fermi level is above 

the detection energy, the carriers created hy the weaker pro he pulse (1.1011 cm"3) will 

contribute to the luminescence at the detection energy and thus to the rise of the 

correlated harrier luminescence. If, however, the quasi Fermi level is below the 

detection energy, then the carriers of the second pul se will quickly relax down to the 

quasi Fermi level without contributing to the luminescence at the detection energy. As 

a result the rise of the correlated harrier luminescence as a tunetion of pulse delay 

stops at the moment the quasi Fermi level, which is determined by the number of 

carriers created with the pump pulse, has passed the deteetion energy. In our 

experiments the quasi Fermi level is lifted almost 9 meV by the second laser pulse, 

which means that the quasi Fermi level is 9 meV below our deteetion energy at the 

moment that the harrier luminescence reaches its maximum constant value. By 

measuring the rise time of the correlated harrier luminescence at various deteetion 

energies we are ahJe to track the electron quasi Fermi level as a tunetion of time. In 

Fig. 3.21 the rise of the correlated harrier luminescence is shown fora 50 A QW for 

detection energies located at 9 me V and 15 me V above the harrier band gap. The time 

constantsof the correlated rise times are 25.0 ± 2 ps and 15.2 ± 2 ps respectively. 

The excess energy of the laser with regard to the harrier band gap was 36 meV. By 

detecting at 15 meV above the harrier band gap we deduce from the rise time of 

15.2 ps that the quasi Fermi level was located 6 me V above the harrier bandgap 15 ps 

after excitation. In Fig. 3.22 the position of the quasi Fermi level with regard to the 

harrier bandgap, which is determined from measurements at several detection 

energies, is plotted as a tunetion of time. As stated ahove, the decrease of the carrier 
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concentration and thus the quasi Fermi level after photoexcitation will be governed by 

a time-dependent capture time. The carrier capture process, however, is generally 

characterized by a time-averaged constant capture time. The calculated decrease of the 

quasi Fermi level due to the measured time-averaged capture time is also shown in 

Fig. 3.22 as the solid curve. The agreement between the experimental points and the 

curve calculated with a time-averaged capture time suggests that the time-averaged 

capture time provides an adequate approximation of the dynamics of the capture 

process. 

In conclusion, from both subpicosecond QW rise times measurements and pump

probe correlation experiments on the harrier luminescence, oscillations in the capture 

time between 3 and 20 ps were deduced, dependent on quanturn well thickness. The 

observed capture times are in agreement with the theoretica} predictions of an 

ambipolar capture model. In this model, the variations ofthe carrier capture times are 

due to the quanturn mechanica] capture process of the electrons. The ambipolar 

character of the capture process was confirmed by experiments on doped samples. The 

dynamics of the capture process are studied by measuring the position of the quasi 

Fermi level as a function of time. From the dependenee of the carrier capture time on 

the laser excess energy we find that the capture times are very sensitive to the 

population of the harrier subbands. Furthermore, these experiments also reveal the 

dominanee of the LO pbonon emission in the capture process. 
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Chapter 4 

Relevanee of the Carrier Capture Efficiency for 

Quant,um Weil Lasers 

4.1 Introduetion 

Due to the modification of the density of states quanturn weUlasers were expected 

to exhibita lower threshold current than bulk double heterostructure (DH) lasers1
• The 

absence of this performance impravement in the tirst quanturn well lasers2 appeared 

to be related to the injection efficiency of the carriers in a laser structure\ a problem 

which is notpresent in bulk lasers. It has been recently established'-7 that the carrier 

capture process in a separate confinement heterostructure quanturn well (SCHQW) 

laser adds additional damping to the relaxation oscillations which limits the modulation 

response of these lasers. The damping arises from well-barrier hole burning, giving 

rise to a carrier accumulation in the harrier layers of a quanturn well laser due to a 

finite capture time of the carriers into the quanturn well. Furthermore, the carrier 

accumulation in the harriers is shown to lower the differential gain teading to an 

increased threshold current density. In the case of inefficient capture, the carriers in 

the structure reach a 'non-Fermi' like distribution9 in which the harrier states are 

highly populated. 

In the available theoretica! models in literature descrihing the carrier capture 

process into a quanturn well, LO pbonon emission is regarded as the dominant capture 

mechanism1
0-

12 (ph-capture). Oscillations of the ph-capture time as a function of 

quanturn well width10 and harrier thickness11 have been predicted and have recently 

been experimentally observed by us12
• The understanding of the relevanee of the 
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carrier capture process for laser performance would allow to exploit the predicted and 

observed oscillations of the carrier capture time as a ftmction of structure parameters. 

Specifically, the minima of these capture time oscillatîóns predict the optimum well 

and harrier thickness for an optimized carrier capture efficiency and thus probably also 

for an optimized threshold current density13
•
14 and high-speed modolation 

characteristics. Insection 4.2 we campare our calculated electron capture times with 

experimental threshold currents reported by Tsang2.3 for some GaAs/ AlxGa1.xAs 

SCH-MQW laser structures. It appears that the dependenee of the threshold current 

density on the well width, harrier width and composition of the harrier Jayers is 

correlated with the ph-capture efficiency. Such correlations between the carrier capture 

time and the laser characteristics are not expected immediately since it is aften 

reasoned that the carrier capture time (1-100 ps) is negligible as compared to the 

radiative lifetime (1-10 ns) in a high-quality semiconductor laser. 

However, with increasing bias current and carrier accumulation carrier-carrier 

scattering indoeed capture (c-c capture) is expected to enhance the capture process and 

thus to reduce the carrier accumulation in the harrier layers required to obtain an 

equilibrium thermal carrier distribution. Therefore, a detailed analysis ofthe relevanee 

of the carrier capture efficiency for QW laser performance should include both the ph

capture and the c-c capture mechanisms. Insection 4.3 we present a theoretical study 

of the probability of the c-c capture process as compared to the ph-capture. We 

demonstrate that the c-c capture process also oscillates as a function of well width with 

the maximum capture rates at the same quanturn well thicknesses as the ph-capture 

process. As a result bath the carrier capture mechanisms can be enhanced by 

optimizing the structure parameters resulting in an improved laser performance. 

Furthermore, a small phonon-induced capture rate is expected to lead to excess carrier 

heating due to a high carrier-carrier scattering induced capture rate. 

As another mechanism for the correlation between capture efficiency and threshold 

current we suggest in section 4.4 tbat an efficient carrier capture process contributes 

to a uniform pumping of the different quanturn wells in a MQW laser. Furthermore, 
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it is demonstrateel that an inefficient capture process gives rise to a large carrier 

accumulation in the harrier layers, which degrades the dynamical performance of the 

quanturn well laser. 

4.2. Comparison of Threshold Current Density and Electron Capture 

Time 

In secdon 2.3 and 2.4 we demonstrateel that the LO pbonon induced capture time 

not only oscillates as a function of weJI width but in addition also oscillates as a 

function of harrier width between the wells. In the present secdon we compare the 

structure dependenee of our calculateel capture times with experimental threshold 

currents reporteel by Tsangl for some GaAs/ AlxGa1.xAs SCH-MQW structures and by 

Fuji et alY for some GaAs/AixGa1.xAs GRINSCH-SQW laser structures. Tsang 

systematically investigateel the influence of such structure parameters as harrier width 

and composition of the harrier layers on the threshold current density. In Fig. 4.1 the 

threshold current density and the electron capture time are plotteel in the same figure 

as functions of the harrier thickness between the wells for a GaAs/ AlxGa1.xAs 

SCH-MQW structure with 5 wells. It can be seen that the variations in the 

experimentally determined threshold current density and the calculated capture 

efficiency are in very good agreement. In particular, the minimum threshold cuerent 

density matches with the maximum capture efficiency at a harrier width of 35 A. 
The dependenee of the threshold current density and the electron capture time on 

the composition of the harrier layers between the GaAs wells in a SCH-MQW 

structure with 8 wells is shown in Fig. 4.2. The harrier layer thickness ranges from 

47 to 60 A and the quanturn well thickness from 142 to 167 A. Again, it can beseen 

that the variations of the threshold current density and the calculated electron capture 

time as a function of the composition are in very good agreement. The increase of the 

calculated capture time for aluminum fractions lower than 0.1 is caused by the fact 
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composition of the graded barrier layers ranges from 0.18 to 0. 45 with 
a grading ofO.ll meVIÄ. Ihe solid line is drawn as a guide to the eye. 
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that for these compositions the quanturn wells are almost completely tilled with 

carriers at an injection level of 1 kA/cm2
• This band filling reduces the number of 

available final states for a transition from an initia! harrier state to a final bound state 

in the well, and thus increases the capture time. Finally, in Fig. 4.3 the threshold 

current density of a GRINSCH-SQW, reported by Fuji et aiY, and the electron 

capture time are plotted as a ftmction of quanturn well width. We find that the 

threshold current density is well described by the predicted oscillations of the capture 

time as a function of well width. Fuji et al. 15 attributed the large threshold current at 

small well widths toa reduced capture eftïciency. A possible mechanism, however, 

for a possible correlation between the capture efficiency and the threshold current was 

not pointed out. 

From theses series of experimentally obtained threshold current densities, which 

were the only series available to us, it appears that the dependenee of the threshold 
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current density on structure parameters and weH width is statistically correlated with 

the LO pbonon induced electron capture efficiency. However, it should be noted that 

a change of the structure parameters such as harrier width and composition not only 

changes the capture efficiency but also for example the optical confinement of the 

structure, which also influences the threshold current. Therefore, in order to make a 

valid comparison between threshold current density and capture efficiency these effects 

should betaken into account. Furthermore, the calculated capture times include only 

LO pbonon emission, but for a realistic description of the carrier capture process 

under lasing conditions the carrier-carrier scattering induced capture process should 

also be included. 

4.3 Carrier-Carrier Scattering in Quanturn Weil Laser Structures 

The carrier capture process as a result of the scattering of an electron in the 

"continuum" state with an electron in the bottorn of the quanturn well is shown 

schematically in Fig. 4.4. lt should be noted that a transfer of an electron trom a 

continuurn state to a quanturn well bound state due to carrier-carrier (c-c) scattering 

gives rise to an increase of the energy of the electron in the quanturn well as a result 

of energy and momenturn conservation. Therefore, a capture process which is 

dominated by c-c scattering gives rise to an increase of the carrier temperature of the 

carriers in the quanturn well. 

Let us consider the general situation that an electron in subband i with wave vector 

k and a second electron in subband j with wave vector ko are scattered to the final 

states m and n respectively with wave veetors k' and ko'. The c-c scattering rate is 

calculated using the Born-Approximation and is given in a quanturn well structure by16 

(I) 
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Quanturn Weil Continuurn States 

Bound States 

n-=1 

Fig. 4.4. The energy states of a single quantum well with two bound 
states are shown as a junction of the momenturn quanturn number kx.y· 
Also indicated are transitlans into the quanturn wel/ due to LO-phonon 
scattering and e-e scattering. 

with m* the effective mass, " the dielectric constant, A the normalization area, f(ko) 

the carrier distribution function, q = I k-k' I , q.o the inverse screening length in two 

dimensions, {) the angle between the relative wave veetors ko-k and ko' -k', and Fijmn(q) 

the form factor, which is given by 

F ijmn(q) =I -Oo oe dz J -Oo "'dz 11/t; (z)l/tj (z 1)1/t m. (z)l/t". (z 1)e -qlz-z'l (2) 

The form factor provides information about the relative strength of the different c-c 
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Fig. 4. 5. Electron-electron scattering form factor as a junction of wave 
vector q for a 70 Á SCH-SQW structure (Fig. 4.5b), of which the 
conduction band is schematical/y indicated in Fig. 4.5a. 1he energy levels 
labelled 1 and 2 are bound stat es in the QW and levels 3, .. ,9 are 
"continuurn" states in the SCH-barrier. 1he c-c capture transitions 
(31-+11, 91-+11, and 41-+21) have a three order of magnitude lower 
probability than the 11-+11 intraband transitions. 

scattering processes. We calculated the form factor for some transitions in a 70 A 
GaAs/ AlGaAs SCH single quanturn well structure with two bound states numbered 1,2 

and SCH-subbands 3,4 .. in the harrier layer, as shown in Fig.4.5a. The resulting form 

factors are plotted in Fig. 4.5b. 

It is demonstrared that the intra-subband scattering in the quanturn well (11-+11) is 

a very dominant process, as already shown by Goodnick and Lugli16
• The form factor 

ofthe transitions labelled 31-+11, 41-+21, 91-+11 and 44-+24, in which an electron is 

captured by the quanturn we11, is at least two orders of magnitude lower than the intra-
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band scattering and vanishes at q=O due to the orthogonality of the wave functions. 

The probability of a capture process due to a scattering event between two electroos 

which are initially both in a continuurn state (44-24) is negligibly small in comparison 

to the other capture processes, where one of the electrans is already in the quanturn 

well before the capture process, even for equal carrier densities in the well and in the 

harrier layers. As in LO pbonon emission12
, the capture probability increases with 

increasing subband number of the continuurn state (31-+11,91-11), due to the 

improved overlap of the correspond ing wave functions. The form factor of the capture 

processes labelled 31-+11 and 41-+21, which describe transitions to the lowest and 

highest quanturn well bound state respectively, are nearly equal. However, as can be 

seen in fig. 4.4, the transition in energy and momenturn for a scattering event to a 

bound state which is close to the continuurn is small in comparison with a transition 

to a bound state deep in the quanturn well. This rèsults in a smaller value of q and 

thus in an increased scattering rate since the total rate is proportional to q·2• 

Next, we calculate the dependenee of the c-c capture rate on the quanturn well 

width Lw. It is expected that for a quanturn well width with a long ph-capture time the 

capture process WiJl be dominated by c-c scattering. The dependenee of the c-c and 

the ph-capture times on the quanturn well thickness is shown in Fig. 4.6 for a carrier 

density of 1.10° cm·2• First it can be seen that the c-c capture time also oscillates as 

a function of well width with approximately the sameminima in the capture time as 

the ph-capture time. These oscillations of both processes are due to an oscillating wave 

function overlap between the continuurn states and the bound states in the quanturn 

well 12
, which for c-c scattering gives rise to an oscillation in the form factor. 

Furtherrnore, for the considered electron density we find that the transition 

probabilities of both capture processes are of the same order of magnitude. 

For laser operation, c-c capture is fundamenrally different from ph-capture since 

the excess energy of the carrier before the scattering event is not transferred to the 

pbonon bath, but this excess energy is fed into the carrier plasma inside the quanturn 

well. The energy exchange in a scattering event between a harrier state and a bound 
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Fig. 4.6. Average LO phonon (open circles) and e-e scattering induced 
capture rates (closed circles) as a function of the quantum well width in 
a GaAs/Al"Ga1_"As SCH-SQW. The thickness and composition of the 
harrier layers was 500Ä and 0.33 respectively. For the calculation ofthe 
e-e capture rate we assumed a carrier density of 1. ](jl cm-2 in the 
quantum well. The abrupt drops in the curves occur whenever a new 
bound state is coupled into the quantum well. 

state close to the harrier continuum, where the capture rate is large, is smaller than 

the energy exchange with a bound state deep in the quanturn weJI. As a result the 

energy exchange in a c-c capture event is dependent on the quanturn welt width, in 

contrast to ph-capture where the carriers transfer 36.8 meV to the pbonon bath. The 
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hearing (open circles) fora single e-e scattering induced capture process 
as a junction of the quanturn well width in a GaAs/Al,.Pa1.,.As SCH-SQW 
with a carrier density of J.J(f1 cm·2 in the quanturn wel/. The thickness 
and composition ofthe harrier /ayers was 500 Á and 0.33 respectively. 
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energy exchange per c-c capture event as well as the product of capture rate and 

energy exchange are shown in Fig. 4. 7. For quanturn weillasers with a well thickness 

below 40 A, the c-c capture rate is large as compared to the ph-capture rate (Fig. 4.6) 

and the energy exchange per c-c scattering event is also large (up to 100 meV), 

leading to excess carrier heating. 

In Fig. 4.8 the dependenee of the c-c capture time on the carrier density in the 

quanturn well is shown for quanturn well widths of 30 A and 55 Á, wbicb correspond 

to maximum and minimum LO pbonon induced capture times (see Fig. 4.6). For both 

well widths the ratio between the ph- and the c-c capture times is nearly equal, 

varying from a factor of 1.5 for a carrier density of 1.1011 cm·2 to a factor 8 fora 

carrier density of 1.1012 cm·2 in the quanturn well. Thus for both well widths the 

relative contribution of the c-c scattering process to the total capture process is equal. 
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Fig. 4.8. Average LO phonon (dashed line) and e-e scattering induced 
capture times (solid line) as a junction of the carrier density in the 
quanturn welt jor an electron making a transition jrom a continuurn state 
to a quanturn well bound state. The quanturn well thickness was chosen 
to be 30 or 55 A, which correspond to maximum and minimum LO 
phonon capture times respectively. The temperature was assumed to be 
300 K. 

However, as shown in Fig. 4.7, the exchange of energy for the 55 A quanturn well 

is smaller than the energy exchange for the 30 A well. Thus the increase of carrier 

temperature is indeed larger for the 30 A quanturn well. 

So far, we have demonstrated that both the LO phonon induced and the c-c 

scattering induced carrier capture times depend on the structure parameters of a 

SCHQW laser structure. The excess carrier heating is determined by the ratio between 

the ph- and c-c capture times and also by the average energy transition in a c-c 

scattering event. Hence, the cooling of the carriers down to the bottorn of the quanturn 
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well, after injection from the cladding layers, can be strongly enhanced by choosing 

an optimum quanturn well width. From the strong dependenee of the optical gain on 

the carrier temperature around threshold17
, it is well-known that a small increase of 

the carrier temperature gives rise to an increase of the threshold current density. Thus 

a low capture efficiency, giving rise to a large population of the harrier states, affects 

the threshold current density not only hy additional recombination lossesin the harrier 

layers but also hy excess carrier heating in the quanturn well. The LO pbonon induced 

capture process is expected to be particularly relevant for laser structures in which the 

carrier accumulation in the quanturn wells is relatively small, i.e. MQW lasers or 

lasers with HR-coated facets. When carrier accumulation in the quanturn wells is 

important, i.e. in SQW lasers, the relative probability for c-c capture will become high 

since this process is proportional to the product of the harrier and well carrier 

densities. 

4.4 Carrier Accumulation in the Barriers of a Quanturn Weil Laser 

It should he noted that an oscillating pbonon and carrier-carrier induced capture 

time is only expected for lasers in which the coherence length of the carriers exceeds 

the SCH-barrier width, i.e. for lasers with thin ( < 1000 Á) SCH layers such as 

GRINSCH-SQW lasers. For lasers with very thick harriers (> 2000 Á), the capture 

process is the sum of a classical transport time in the SCH-harriers and a smalilocal 

capture time. In the latter type of lasers, radiative and non-radiative recombination in 

the SCH-barriers will also be important, introducing a loss mechanism in the harriers 

which makes it obvious that the threshold current density should correlate18 with the 

capture efficiency in these type of lasers. In order to obtain an estimate of the local 

capture time used in a classica! description we compare our quanturn mechanica! 

model with the classica! diffusion model. In the quanturn mechanical model the 

temporal dependenee of the carrier density in the harrier layers, after excitation with 
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a short laser putse, is given hy 

(3) 

with Ta the amhipolar overall eapture time. In the classical model this carrier density 

is deserihed, neglecting recomhination losses in the harrier layers, by a 

on&-dimensional rate equation, 

n"(z,t) • W 

Tloc 

(4) 

with z the direction perpendicular to the quanturn well layer. In this equation D is the 

ambipolar diffusion constant, W is unity in the well and zero elsewhere, and T~oc is the 

local capture time. This local eapture time can be used as a fit parameter in order to 

equate the total carrier density in the harrier, resulting from Eq. 4, to the density, as 

given hy Eq. 3, for a eertaio overall capture time as a function of time. By equating 

the quanturn mechanical capture rate to the classica! capture rate, we are ahle to 

transfer the overall capture time (Fig. 3.16) into a local capture time and a diffusion 

constant. The ohserved resonances of the overall capture time of 3-20 ps as a function 

of well width give rise to oscillations in the local eapture time of 0.1-1.8 ps for a 

diffusion constant of25 cm2/s, as is shown in Fig. 4.9. The increase ofthe amplitude 

of the oscillations with increasing well width is due to the faet that in the classical 

model the carrier capture rate is proportional to the well width. As a result, for a large 

well width a relatively slow capture time is sufficient to ohtain a large flow of carriers 

into the quanturn well. Therefore, the wen width dependenee of the carrier capture 

rate is obtained hy normalizing the local carrier capture times to the quanturn well 

width. In our opinion a local capture time, which is dependent on well width, gives 

a more realistic description of the capture process in large QW laser structures than 

the bulk GaAs LO pbonon scattering time of 0.1 ps. We demonstraled that a relatively 
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small local capture time (0.1-1.8 ps) as well as its oscillations are not insignificant 

for device performance. Although it may appear that such a smalt local capture time 

can easily be neglected, it corresponds to quite large oscillations ofthe overall capture 

time (3-20 ps). 

An intermediate case between the quanturn mechanical and classica! description is 

the SCH-MQW laser with a total structure width of about 1500 A as is schematically 

illustrated in Fig. 4.10. We first discuss a simpte model in which we assume a 

constant carrier distribution in the harrier layers. The time dependenee of the carrier 

concentradon is then given by 

(5) 
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Fig. 4.10. Schematic representation of a SCH-MQW laser structure with 
a p-doped cladding layer on the left (x=O) and a n-doped cladding layer 
on the right (x=L} ofthe active region. The overall capture time defines 
a mean free path jor transpon over the harrier states. 

with J the injected current density, L the thickness of the active region, Tw the LO 

pbonon induced overall capture time, 7.,..,. the carrier-carrier scattering induced capture 

time, Tb-• the sum of the radiative and non-radiative recombination rate of the carriers 

in the harrier layers. The net capture time 7. is then given hy 

(6) 

The lossesin the harrier layer ~17b can safely be neglected, hecause the lifetime of 

the carriers is in the order of nanoseconds while the capture time is in the picosecond 

regime. As stated ahove, an inefficient capture process only gives rise to significant 

additional losses in QW structures with very thick harrier layers of several thousands 

of angstroms, since for these structures the capture time is of the same order of 
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magnitude as the lifetime of the carriers in the harrier layers. Neglecting harrier 

losses, a steady state solution yields 

J 
llb = T- , 

ceL 
(7) 

which means that the accumulation of carriers in the harrier layers is proportional to 

the capture time Tc for a certain injection current. In the case of inefficient capture, 

the carriers in the structure can reach a "non-Fermi" Iike distribution9 in which the 

harrier states are highly populated. 

As indicated in Fig. 4.10 electrons are injected into the harrier layers from the n

cladding layer whereas holes are injected from the p-cladding layer, which gives rise 

to large drift fields and concentration gradients. So the assumption of a uniform 

carrier distribution as presented in the simple model above is not correct. The carrier 

distribution in a SCHQW laser can be calculated13 by regarding the laser with undoped 

active layers as a p-i-n diode. After injection, the electroos in the harrier states drift 

towards the p-contact (x=O) and the holes towards the n-contact (x=L). The number 

of electroos and holes which reaches the p-and n-contact respectively is dependent on 

the electron and hole mobilities and on the carrier capture efficiency at a certain bias 

current. So the capture time defines a mean free path length for carrier transport in 

the harrier states. Since the holes combine a large capture efficiency with a low 

mobility and the electroos have a high mobility combined with a low capture 

efficiency, we expect that the accumulation of carriers at the p-contact is larger than 

at the n-contact. If, however, the electron capture efficiency is increased, more 

electroos will be captured directly after injection by the quanturn wells located near 

the injecting n-contact. These electroos wil! also attract more holes to the n-contact as 

a result of the strong internal electric tielcts which tend to rnaintaio charge neutrality 

in the structure. Therefore, an improved electron capture efficiency is expected to give 

rise toa more uniform distribution of the carriers in the active region of SCH-MQW 
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laser structures and thus to a more uniform pumping of the quanturn wells. 

The transport of the carriers in the harrierstatesof a SCH-MQW structure, wbich 

is dominated by drift and diffusion, is characterized by the current-flow equations 

(8) 

JP = eJL;'(x)E(x) (9) 

with e the electrooie charge, E(x) the electric field and VT the thermal voltage kT/e. 

Assuming ambipolar conditions, the carrier transport can further be described by the 

master equation19 

(10) 

which can be derived from the partiele conservation equations and the Poisson 

equation with nbO and pbO the thermal equilibrium density of electrons and holes in the 

harrier, n., the total free carrier density in the harrier and r" the carrier capture time. 

The carrier transport is further characterized by the boundary conditions 

(11) 
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(12) 

(13) 

which are directly ohtained from the conditions Jn(O)=O and JP(L)=O, and with the 

drift term in Eqs. 8 and 9 neglected in the vicinity of the cladding layers. Within one 

amhipolar diffusion length L,. from the cl ad ding layers the transport of the carriers is 

diffusion dominated, hecause the flow of electrans and holes is hlocked at the p- and 

n-cladding layer respectively, which gives rise to a large accumulation of carriers and 

smalt electric fields at the cladding layers. Therefore, the equations can be solved by 

using the Regional Approximation Metbod hy Lampert and Schilling19
, in which the 

transport of carriers in the harrier Iayers is dominated hy diffusion within one 

amhipolar diffusion length of the cladding layers and hy drift in the harrier layers 

located in the middle of the structure. In Fig. 4.11 the calculated carrier distrihution 

in the continuurn states is shown for capture times of 0.1 and 1.0 ps respectively in 

a SCH-MQW structure with a width of 1500 A. 
We find that for a multiple quanturn well laser the uniformity of the pumping of 

the quanturn wells in the middle ofthe structure is improved. For example, the carrier 

concentration reduces from x=250 Á to x= 1250 Á hy a factor 3 fora capture time 

of 0.1 ps and hy a factor 5.5 for a capture time of 1.0 ps. In a MQW with 

nonuniform pumping the spontaneous emission losses in the quanturn wells which not 

yet have reached lasing threshold should he compensated for by the gain of the lasing 

quanturn wells, which leads to a degradation of the threshold current~ From a model 

of current injection in MQW lasers it was already proposed hy Dutta20 that a uniform 

pumping of the quanturn wells can he achieved hy increasing the well-to-harrier ratio. 

This condition is met in our model, in which an increase of the well-to-barrier ratio 

gives rise to an increase of the carrier capture efficiency and thus to more uniform 
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Fig. 4.11. Carrier distributton in a SCH-MQW laser structure for capture 
times ofO.l ps and 1.0 ps at an injection current of 1 kAicrrr. 1he total 
width of the active layer is assumed to be 1500 A. 

pumping conditions. 

As stated above, a slow capture process leads to carrier accumulation in the harrier 

layers until a steady state is obtained in which the flow of carriers into the quanturn 

wells equals the injection current. We emphasize that in a steady state the number of 

carriers making a transition to the quanturn well per unit time (Dt.IT J only depends on 

the injection level and not on the carrier capture time. The carrier capture time 

delermines the carrier accumulation in the harrier layers and the carrier distribution 

in the quanturn well. After a disturbance of the steady state, by for example a sudden 

increase of the injection current, a new steady state will be reached when the injection 

current wiJl have added extra carriers to the harrier layers, in order to obtain a larger 

flow of carriers into the quanturn wells. 

In a quanturn well laser with an efficient capture process and thus a smalt amount 

of carriers in the harrier layers, only a small absolute change of the carrier 
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concentradon is neerled to obtain a new equilibrium. As a result, a large capture 

efficiency enables a quanturn well laser to follow very rapid external current 

modulations. In Fig. 4.12 the temporal variation of the total carrier concentration in 

the harrier layers is shown for capture times of l and 10 ps as a result of a modulated 

injection current. It can be seen that a laser with a capture time of 1 ps is able to 

follow the 20 GHz current modulation exactly, while a capture time of 10 ps reduces 

the modulation response by a factor of 2. We thus conclude that the carrier capture 

also limits the maximum attainable modulation frequency of a quanturn well laser. 

Since the carrier capture rate linearly increases 11 with the number of wells, a MQW 

structure is expected to exhibit a larger modulation frequency than a SQW structure. 

A more precise relation between the carrier capture time and the maximum attainable 

modulation frequency of a QW laser has been recently established. It has been shown 
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that the capture time adds an additional damping of the relrucadon oscillations which 

also limits the modulation response of a SCHQW laset-7 to an upper modulation 

bandwidth of fmoo~=0.22/{Tcap'leq2}, with 'leq the equilibrium harrier to well density". 

The advantage of adding more quanturn wells can now be simply understood in terms 

of the carrier capture efficiency which enhances 17"" as well as Tcap. 

In conclusion, we have demonstraled that the carrier capture efficiency is a very 

important parameter with respect to the performance of a quanturn well laser. As a 

mechanism for the correJation between the carrier capture efficiency and the threshold 

current density we suggest that, apart from recomhination losses in the harrier layers, 

the carrier temperature in the quanturn well depends on the carrier capture process. 

By optimizing the structure parameters in a quanturn well laser, the cooling of the 

carriers in the quanturn well can he enhanced, giving rise to low threshold current. 

Furthermore, for SCH-MQW Jasers a low capture efficiency tends to pile up all 

carriers in the quanturn well nearest to the p-doped side, resulting in unequal pumping 

of the different quanturn wells. The dynamica) hehaviour of a quanturn wen laser, in 

particular the modulation response and the maximum attainahle modulation frequency, 

is also improved hy an efficient ·capture process, which reduces the accumulation of 

carriers in the harrier layers. 
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Summary 

This thesis deals with the capture of injected or photoexcited carriers into a 

semiconductor quanturn well, a process which is expected to be relevant for the 

performance of quanturn well lasers. Specifically, the carrier capture efficiency 

influences both the quanturn efficiency and the dynamic performance. However, there 

seemed to be a fundamental problem in the understanding of the carrier capture 

process by a quanturn well according to the large differences between observed and 

predicted capture times in literature. In a quanturn mechanica] model, in which the 

carrier capture process is governed by the emission of optical phonons, strong 

resonances (30 ps-1 ns) of the capture time as a tunetion of quanturn well thickness 

were predicted by Brum and Bastard. The ex perimental capture times ranged from 

0.3-3 ps and no dependenee on well width was observed. The question whether the 

capture process is dominated by classica! diffusion and drift (no oscillations expected) 

or by quanturn mechanica! capture (oscillations expected) is relevant for the 

optimization of the capture efficiency in quanturn well laser structures. 

In chapter 2 we present the results of a theoretica] study on the carrier capture 

process in separate confinement heterostructure quanturn well (SCHQW) structures. 

The capture model of Brum and Bastard is extended to multiple quanturn well (MQW) 

structures and it is demonstrated that the predicted capture times for large MQW 

structures are very short ( < 1 ps), in agreement with the reported experimental results 

for precisely these structures. Furthermore, we present an ambipolar capture model 

in which the different capture times of electroos and holes as well as the their 

dependenee on the harrier subband population are taken into account. 

The results of our experimental study of the carrier capture process in SCHQW 

structures by sub-picosecond rise time measurements of the quanturn well 
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luminescence as well as by pump-probe correlation measurements of the population 

decay in the harrier layer are shown in chapter 3. We for the first time observed an 

oscillating carrier capture time between 3 and 20 ps as a function of quanturn well 

thickness, in excellent agreement with the theoretical predictions of chapter 2. In a 

classical picture, our results correspond to a local capture time oscillating between 0.1 

and 1.8 ps. Furthermore, the dependenee of the capture time on the excitation energy 

is analyzed and the time-dependent position of the quasi Fermi level in the harrier 

layer is tracked experimentally. We find that the carrier capture time is very sensitive 

to the detailed structure parameters as well as to the carrier distribution in the harrier. 

Carrier capture is found to be an ambipolar process in which the oscillations of the 

observed capture times are due to the quanturn mechanical oscillation of the electron 

wave function overlap above the well. At low carrier densities the electron capture is 

demonstraled to be dominated by LO pbonon emission. 

In chapter 4 we discuss the relevanee of the carrier capture process for the device 

characteristics of a quanturn well laser. The dependenee of the threshold current 

density on the structure parameters of the layers in the active region seems to be 

correlated with the electron capture efficiency. Under lasing conditions our 

calculations reveal that the carrier capture into a quanturn well can be due to either 

optical pbonon emission or carrier-carrier scattering. Both capture mechanisms have 

been calculated and show oscillations as a tunetion of the quanturn well thickness. The 

predieled structure parameters for an optimum capture efficiency are equivalent for 

these scattering processes, since in both capture mechanisms these oscillations arise 

from oscillations in the wave function overlap. A smalt phonon-induced capture rate 

is expected to lead to excess carrier heating due to a high carrier-carrier scattering 

induced capture rate. Furthermore, in MQW lasers a large capture efficiency 

contributes to uniform pumping of the quanturn wells. By maximizing the carrier 

capture efficiency in laser structures we are able to predict the structure parameters 

of the layers in the active region for an optimum laser performance. 
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Samenvatting 

Dit proefschrift is gewijd aan een onderzoek naar de invangst van optisch of 

elektrisch geïnjecteerde ladingsdragers in GaAs/ Al,.Ga,.xAs quanturnput structuren. De 

invangsttijd van ladingsdragers in een Separate Confinement Heterostructure Quanturn 

Weil (SCHQW) laser is mede bepalend voor de efficiëntie en maximale 

modulatiefrequentie van de laser. Tot nu toe bestond er echter een ernstige 

discrepantie tussen de theoretisch berekende en de experimenteel bepaalde waarden 

voor deze invangsttijd. In een quanturn mechanisch model van Brum en Bastard 

(1986), waarin de ladingsdragersinvangst wordt gedomineerd door emissie van 

optische fononen, werden sterke resonanties (30 ps-1 ns) voorspeld in de invangsttijd 

als funktie van de breedte van de quantumput. De in de literatuur gerapporteerde 

experimentele invangsttijden variëerden daarentegen van 0.3-3 ps en er werd geen 

afhankelijkheid van de quantumputbreedte waargenomen. De vraag of de 

ladingsdragersinvangst in een quanturnput al dan niet gedomineerd wordt door een 

klassiek diffusieproces (geen afhankelijkheid van de putbreedte verwacht) of door een 

quanturn mechanisch invangstproces (resonanties in de invangsttijd verwacht) is 

relevant voor de optimalisatie van de ladingsdragersinvangst in quanturnput lasers. 

In hoofdstuk 2 worden de resultaten van een theoretische studie naar de invangst 

van ladingsdragers in SCHQW structuren gepresenteerd. Door het theoretische model 

van Brum en Bastard toe te passen op meervoudige quanturnput (MQW) structuren, 

is er aangetoond dat de voorspelde invangstijden voor deze structuren zeer snel zijn 

( < 1 ps), hetgeen in overeenstemming is met de experimenteel gerapporteerde 

waarden in de literatuuur voor deze MQW structuren. Het theoretische model is 

vervolgens verder uitgebreid tot een ambipolair invangstmodel, waarin rekening wordt 

gehouden met de verschillende invangsttijden van gaten en elektronen als ook hun 

afhankelijkheid van de bezetting van de energieniveaus in de barrière. 
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De resultaten van onze experimentele studie naar de invangst van ladingsdragers 

in SCH QW structuren zijn weergegeven in hoofdstuk 3. De invangsttijden zijn bepaald 

door middel van subpicoseconde stijgtijdmetingen van de luminescenctie uit de 

quanturnput als ook door z.g. twee-puls correlatie metingen, waarin de afname van de 

ladingsdragersdichtheid in de barrièrelagen ten gevolge van het invangstproces wordt 

gemeten. Met deze beide experimentele technieken hebben wij waargenomen dat de 

invangsttijd oscilleert tussen 3 en 20 ps als functie van de breedte van de quantumput, 

hetgeen goed overeenstemt met de theoretische voorspellingen uit hoofdstuk 2. Verder 

is er waargenomen dat de invangstijd sterk afhangt van de ladingsdragersverdeling 

in de barrière. Voor lage ladingsdragersconcentraties hebben wij aangetoond dat het 

invangstproces, zoals reeds in het theoretisch model verondersteld, wordt gedomineerd 

door emissie van optische fononen. 

In hoofdstuk 4 wordt de relevantie van de invangst van ladingsdragers in 

quanturnput lasers behandeld. Gezien de hoge ladingsdragersconcentratie onder 

laserwerking moet het bestaande invangstmodel, waarin de emissie van optische 

fononen als het dominante proces werd verondersteld, worden uitgebreid met de 

onderlinge verstrooiing van ladingsdragers. Uit onze berekeningen blijkt dat beide 

invangstmechanismes aanleiding geven tot oscillaties in de invangsttijd met dezelfde 

optimale quantumputbreedtes, omdat in beiden de oscillaties voortkomen uit 

resonanties in de overlap tussen de golffuncties in de barrière en in de quanturn put. 

Indien het invangstproces wordt gedomineerd door de onderlinge verstrooiing van 

ladingsdragers, wordt er een toename van de ladingsdragerstemperatuur in de 

quanturnput verwacht, hetgeen de werking van een quantumputlaser nadelig 

beïnvloedt. In MQW lasers draagt een optimaal invangstproces bovendien bij tot een 

uniforme verdeling van de geïnjecteerde ladingsdragers over de verschillende 

quantumputten. Door de efficiëntie van de ladingsdragersinvangst in quantumputlasers 

te maxima1izeren zijn we in staat de optimale laagdiktes in het actieve gebied van een 

quantumputlaser te voorspellen. 
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