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ABSTRACT 

A FORTRAN program has been developed to calculate the eigenstates of two
dimensional semiconductor heterostructures. It is based on the effective mass/envelope 
function approximation, assuming parabolic bands. In addition, it uses model-solid 
theory to calculate the band edge line-up at the interfaces between two different III-V 

semiconductor layers. 
The program, called QW ALL, is capable of incorporating strained layers, and can 

selfconsistently solve the eigenvalue problem of doped heterostructures. On top of that, 
an electric field can be applied to generate a Stark effect. The material properties are 
easily adaptable, using input files for the binary III-V compounds. Finally, the program 
has a menu driven, graphical user interface, to ensure feedback while generating the 
structure definition and during the calculation. 

The program has been tested on several systems, such as a single, double and 
coupled multiple quantumwell. The convergence of the calculated eigenenergies is 
proved to be linear. 

Although the envelope function approximation assumes a slowly varying potential, 
which is not true at interfaces, it has proven to be successful to produce the correct 
eigenenergies. In this thesis, a study has been made of strained layers of a single or a 
few monolayers. Although this contradiets the main assumption of the model, it does 
produce acceptable results in comparison with experiments reported in literature and 
predicted by the microscopie empirica! tight-binding model. 
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1 INTRODUCTION 

Most semiconductor devices are made from the group IV atoms Ge and Si. These 

semiconductors have an indirect band gap, which makes them very inefficient to 

produce light. However, the 111-V semi conductors, containing atoms of group 111 and V 

of the perioctic table of elements, mostly have a direct band gap. These semiconductors 

are therefore much more useful to produce light and thus opto-electronic semiconductor 

devices will have to be made of III-V (or 11-VI, IV-IV) semiconductors. 

In this introduction, the basic band structure of 3D and 2D 111-V semiconductors will 

be discussed. lt also indicates the goal and the structure of this thesis. 

1.1 30: BULK III-V SEMICONDUCTORS 

The most useful group 111 and V atoms are listed in Table 1.1. 

Table 1.1: The group lil and V atoms of the periodic table of elements. This thesis discusses lil-V 
semiconductor heterostructures containing the bold printed atoms. 

111 V 

2 B N 

3 Al p 

4 Ga As 
5 In Sb 

The 111-V semiconductors have a Zine-Blende lattice, constructed from two fee 

lattices: one containing the group 111 atoms and the other containing the group V atoms, 

see Figure 1.1. The centre of the first Brillouin zone is called the r point. This thesis is 

focussed on the band structure at the r point (k = 0). 

Figure 1.1: The Zine-Blende lattice. 
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There are two main groups of energy bands in a semiconductor: the valenee band, 

which is totally filled at zero temperature, and the conduction band, which is totally 

empty at absolute zero. A forbidden region, the band gap Eg, separates the two bands. 
At finite temperature, electrans can reach the conduction band, leaving "holes" in the 
valenee band. Only the bands around the band gap are important in optica! processes. 
They are shown in Figure 1.2. In this thesis, we will only look at the lowest electron 
band (el), and the heavy and light hole bands (hh, lh). Because of the spin degeneration, 
all these bands are two-fold degenerate. 

E 

el 

r6 

Eg 

rs 
k[OOI] 

L1o hh 

lh 

s.o. 

Figure 1.2: Band structure around k = 0 in a bulk III-V semiconductor. The lowest electron band is 
separated from the valenee band with a band gap Eg. The three highest hole bands are the heavy and light 
hole band, and the split-off band, which lies Ao under the other two hole bands. 

Besides binary alloys, like GaAs, it is also possible to form crystals of temary or 
even quatemary compounds, like InGaAs and InGaAsP. In In0.2Gao.8As for example, the 
In and Ga atoms are randomly distributed over the group III sites, with an average 
concentration of 20% In and 80% Ga. The (direct) band gaps of the most common 
temary alloys are depicted in Figure 1.3, below. 

1.2 20: SEMICONDUCTOR HETEROSTRUCTURES 

Using modem growth techniques, such as MBE (molecular beam epitaxy) and CBE 
(chemica! beam epitaxy) it is possible to grow (quasi) two-dimensional semiconductor 
heterostructures, which exist of layers with a thickness of the order of the de Broglie 
wavelength of the free carriers. In this limit, quanturn mechanica! effects will occur. 

Layers of different semiconductor material will have a different band gap. The band 

gap line-up can therefore lead to wells in the conduction and the valenee band potential, 

as shownon the leftin Figure 1.4. Note that the hole energy is measured in the negative 

direction, which means that the holes will indeed experience a welf in their potential. 
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Figure 1.3: Plot of the direct band gap vs. the lattice constant for several ternary lil-V compounds. For 
GaP and AlAs, the indirect band gap is smaller than the direct band gap. 

z 

Figure 1.4: The eigenstates of a quanturn wel!. On the left, the eigenfunctions are shown. On the right, 
the subbands are shown. In the upper part of the plot the electron subbands are shown, in the lower part 
the heavy hole subbands ( dasbed curves) and the light hole subbands (solid curves). 

The equation of motion for the free electrans and holes, the Schrödinger equation, 
will have a discrete spectrum of solutions, eigenstates, as shown on the left in Figure 1.4 
above. Each eigenstate corresponds with a different subband, as shown on the right. 
Here, the heavy and light hole bands interseet This is not allowed, however. The 
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coupling between the subbands will generate 'anti-crossings', which means that the 
subbands no longer interseet We will neglect this coupling in this thesis. This is a valid 
assumption in the vicinity of the r point. 

Optical processes mainly take place between subbands, at the r point. Because the 
subbands change when the quanturn well structure is changed, the optical characteristics 
of two-dimensional heterostructures can be altered easily. In addition, doping (donors 
and acceptars) can be added. This leads to a fini te electron/hole concentration, which 
can form a two-dimensional electron/hole gas (2DEG/2DHG) in the quanturn well. The 
net charge density will curve the band potentials and thus also change the eigenstates. 

As shown in Figure 1.3, the semiconductors GaAs and AlAs have almost exactly the 
same lattice constant. A crystal of a GaAs/ AlAs heterostructure will therefore be lattice
matched. In case the lattice constant of a thin layer does not match the lattice constant of 
the substrate it is grown on, the layer experiences strain. Strain has a great influence on 
the band structure. 

1.3 THIS THESIS 

There was a need for a user-friendly program, which could calculate eigenstates of 
two-dimensional semiconductor heterostructures. The program had to be based on the 
effective mass/envelope function approximation and had to use a general approach. 1t 

had to be able to deal with any heterostructure, independent of the number of different 
semiconductor layers, doping and strain in the structure. In addition, the program had to 
be modular, so that laterother modulescan be added. In this work, such a program has 
been constructed (for k 11 = 0: assuming parabalie subbands) and has been tested on 
several structures. The limits of the model have also been studied. 

In chapter 2, the applied theory will be discussed. In particular, the Schrödinger 
equation, the envelope function approximation and the model-solid theory, which is 
used to calculate the band edge line-up at the interfaces. After that, in chapter 3, the 
program structure and implementation will be discussed. In chapter 4, a comparison 
with other models is made. It also discusses the limits of the envelope formalism. In 
chapter 5, the conclusions and recommendations are listed. 

Information for users of the program can be found in the appendices. Appendix A is 
a copy of the user' s manual, appendix B contains flowcharts of the most important 
program modules, and appendix C shows the used material constants, and their sources. 



2 THEORY 

In this chapter, the theory that is used in the program will be discussed. The chapter 
starts with a discussion of the Schrödinger equation in the effective mass/envelope 
function approximation. The Schrödinger equation is used for the calculation of the 

eigenstates of two-dimensional semiconductor heterostructures. After that, the relevant 

equations of the model-solid theory, by van de Walle, will be discussed. This theory 
prediets the band edge line-up at the interfaces. This model includes band edge shifts 
generated by strain. The chapter concludes with a brief discussion of three many
particle effects. First, the Coulomb interaction, which is introduced through the Poisson 
equation, and then the exchange and correlation interactions will be discussed briefly. 

2.1 SCHRÖDINGER EQUATION 

The electron and hole levels of a semiconductor structure can be calculated using the 
Schrödinger equation. Here, the Schrödinger equation in 111-V semi conductors, using 
the effective mass/envelope formalism, will be discussed. 

The effective mass/envelope function approximation is a macroscopie model. lt 

describes the band structure around the r point. Full microscopie calculations would be 
too colossal for heterostructures with common well thickness. However, there are also 
some more or less simplified roodels that give a microscopie description: 
1. The empirica} tight-binding model (ETB). Herein, the potentials and wavefunctions 

are calculated on anatomie scale. The model is however mostly overparameterised, 
and intraetabie for doped structures, because the selfconsistent calculation of the 
charge distribution is difficult to take into account. 

2. The pseudo-potential formalism. In this model, a periadie heterostructure such as 
(GaAs/ AI As )n is considered as a perturbation of the bulk mate rial, e.g. GaAs. 

The advantage of these microscopie roodels lies in the fact that they describe the 
dispersion relations in the whole Brillouin zone. The effective mass/envelope formalism 

is restricted to only the high symmetry points (the r, X and L points). However, these 

high symmetry points determine the optical and electronic properties, and therefore we 
will use this model. Furthermore, the envelope function approximation (EFA) has 
proven to be simp Ie, accurate and versatile. Because of its simplicity, the numerical 
results can more easily be traeed backtotheir physical source. 

2.1.1 30: effective mass/envelope formalism 
The quantum-mechanical motion of a partiele or wave packet in a potential U (r) is 

described by a wavefunction \f'(r,t), which is the salution of the time-dependent 

Schrödinger equation [Gas74] 

in éJ\f'(r,t) = H'I'(r,t) =( P2 

+U(r) \v(r,t), 
dt 2m r (2.1) 
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where H is the Hamiltonian and p2 is a hermitian operator. The momenturn operator p 
can be written in a real space form, which will be used later. 

Since the Hamiltonian does notdepend explicitlyontime t, \{'(r,t) factorizes into 

( iEt) \{'(r,t) = x(T)exp -h (2.2) 

provided that X(T) satisfies the eigenvalue problem 

(2.3) 

where E is the eigenenergy of the wavetunetion X(r). In the following, \{/(T) will be 

used to indicate this time-independent wavefunction. 

In semiconductor bulk materials, the one-electron Schrödinger equation changes into 
[Bas88] 

(2.4) 

where m0 is the free electron mass and U(r) is the crystalline potential. We already saw 
the first term in equation (2.3). Thesecondis due to the spin-orbit coupling, with Ö' the 
Pauli spin operator and p the momenturn operator. 

The potential U (r) has the periodicity of the crystallattice. Using the Bloch theorem 
[Kit86], this periodicity can be excluded from (2.4). Where un.k (r) is a Bloch function, 
the wavetunetion is written in the Bloch form 

\TJ (-) N (-) ik·r r-r= u-re. n,k n,k 

Taking the real space form of the momenturn operator 

- nn p=--:v, 
l 

equation (2.4) will transform to 

(2.5) 

(2.6) 

(2.7) 
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Using perturbation theory, this equation can be simplified. Around k = 0, theE- k 

relation is well approximated by a second order k · p expansion: 

(2.8) 

Herein, m * is the effective mass of the band and En,o is the band edge. The effective 
masses are smaller than the electron rest mass m0. For the hole bands (the heavy hole, 

light hole and split off band) the effective masses are negative. 
In this approximation, the bands are parabolic. The effective mass determines the 

curvature of a band: the bigger lm *I the flatter the band. Wh en the interactions between 

bands for k 'i' 0 is introduced, the bands will have a more complex form. The Luttinger 
model, see e.g. [Bas88], includes the main interactions between the bands and therefore 
gives a better description of the dispersion. Because we consicter only parabalie bands 
in the vicinity of the r point, equation (2.8) will be sufficient. 

Using the effective masses of equation (2.8), the Schrödinger equation finally reads 

(- 2~. V' +u (f) }'<n = (E- E •. o )'!'(i'). (2.9) 

This is the effective mass equation, where 'P(r) is the envelope function. Notice the 
differences between equation (2.4) and (2.9). In the Jatter, the perioctic part has been 
removed from potential U and wavefunction 'P, and an effective mass m* is introduced. 

2.1.2 20: interface conditions 
Until now, only bulk material has been discussed. Using modem growing techniques, 

it is also possible to grow heterostructures containing layers with a thickness that is of 
the order of the de Broglie wavelength À = hip of the free electrans or holes. 

Here, we will use an extension the effective mass/envelope formalism of the previous 
paragraph to calculate the wavefunctions in (quasi) two-dimensional heterostructures. 

The model is extended with boundary conditions at the interfaces between the different 
semiconductor layers. 

In the envelope function approximation for two-dimensional heterostructures, the 
following assumptions are used: 
1. The potential varies slowly compared to the perioctic potential of the lattice. This 

means that the envelope functions also vary slowly on the scale of the lattice. 
2. The layers are considered to 'behave' as bulk. This allows us to use the general bulk 

material properties. 

3. The interfaces are ideal. This means, the band edge potential will make perfect steps 

at the interfaces, going from the bulk band edge of one material to that of the other. 
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And in our case, we will make an extra assumption: 
4. The wavevector in the growth plane k11 = 0. This means that only the component in 

the growth direction will remaio in the first term of (2.9). 

In the third assumption, it is neglected that the interfaces between the layers of a 

heterostructure are often not perfectly flat. The interface roughness has the result that, 

for example, the 'interface layer' between GaAs and AlAs is actually an AlGaAs layer. 

When we add the band edge En,o to the potential on the left side of equation (2.9), the 

Schrödinger equation of two-dimensional heterostructures reads 

(2.10) 

Herein, z is the growth direction, j is the band index (el, hh, lh) and n is the subband 

index (usually, there is more than one solution). Because we have restricted us to the 

solutions at ku = 0, the effective mass in (2.10) is that in the growth direction [001]. 

We will divide the potential U1(z) in (2.10) in four parts: 

U j (z) =U j,step (z) +U Coul (z) +U j,excor (z) +U gate (z). (2.11) 

These potentials are respectively 

1. UJ,step(z): The 'step-potential' due to the steps in the band edges En,o at the interfaces, 

as mentioned above. We will use the model-solid theory by van de Walle to 

determine the band edge line-up at interfaces, see paragraph 2.2. This potential 
usually confines electroos or holestoa eertaio region of a heterostructure. 

2. Ucou1(z): The Coulomb potential due to the charge density. This potential can be 
calculated with the Poisson equation and is equal for all bands, see paragraph 2.3.1. 

3. UJ,excor(z): The exchange and correlation potential due to quanturn mechanica! and 

Coulombic interactions between the particles, see paragraph 2.3.2. 

4. Ugare(z): The 'gate' potential due to an user applied voltage between two gates on 

the heterostructure. Such a voltage will result in an electric field between the gates 
(a gradient in the band edges). 

We will have to add interface conditions to make the eigenvalue problem complete. 
In our case, the interface conditions of the Schrödinger equation read 

(2.12) 

Herein, z- is just below the interface and z+ just above the interface. Roughly, you 

can say that the first interface condition corresponds to the continuity of the Bloch 
functions un.k (f) and the second to that of the probability current, see e.g. [Ait86]. 
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2.2 MODEL-SOLID THEORY 

The 'model-solid' theory by van de Walle [Wal88] prediets the band edge line-up at 

the interfaces in an easy and effective way. It is therefore most useful for calculating the 

'step-potential' UJ,step(z). The model uses band edge deformation potentials todetermine 
the effect of strain on the band edges. As for the envelope formalism approximation of 
the previous paragraph, the model-solid theory uses bulk parameters. lt assumes that the 
layer thickness do not exceed the 'critica! thickness'. Above this thickness, defects will 
occur in the strained layer. We will come back to this in section 4.3. Although the 
model can also be used for several growth directions, he re [00 1] growth is assumed. 

The discussion of the model-solid approach is divided in two parts. First, the general 

definition of the strain under pseudomorphic growth conditions will be discussed. After 
that, the model-solid equations will be explained. 

2.2.1 Strain equations 
Consictering pseudomorphic ( or commensurate) growth on a substrate, the strain is 

determined by minimising the macroscopie elastic energy. The in-plane lattice constant 
of each layer will then be equal to the lattice constant of the substrate as, see Figure 2.1. 

compression lattice D matched D tension 

Figure 2.1: Unit cells of the substrate (lower layer) and a grown layer (upper layer) under pseudomorphic 
growth conditions. When the layer thickness of the grown layer is smaller than the critica! thickness, the 
in-plane lattice constant of the grown layer will be equal to the lattice constant of the substrate as. 

The in-plane lattice constant a 11 and the lattice constant in the growth direction a1_, for 
a pseudomorphic grown layer with unstrained lattice constant a0 , will then be 

(2.13) 

where Ctt and c 12 are elastic constantsof the materiaL 
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The biaxial strain in the growth plane E11 and the uniaxial strain in the growth 
direction E1. are defined by 

au 
E

11 
=--1 

ao 
(2.14) 

a c 
E .i = ~ -1 = -2____g_E

11 

ao cll 

where in the formula of E1., equation (2.13) is used. 
Usually Eu is called the strain of a layer. For compressive layers (a0 > a5 ) the strain Eu 

is negative, for tensile layers the strain is positive. 

2.2.2 Model-solid equations 
The strain will shift the band edges relative to their unstrained values. The model

solid theory uses two kinds of deformation potentials to construct these shifts: the 
hydrostatic and shear deformation potentials. 

The hydrostatic strain shifts are the band edge shifts due to the fractional volume 
change 2Eu + E1. = (2 - 2c12/c11 )Eu of the unit cells of the strained layer. Because the 
elastic constant c11 > c12, the volume change will be negative for compressive layers. 
The hydrostatic strain shift of the conduction band edge M/Y and of the average of the 
valenee band edges (heavy hole, light hole and spin-orbit band edges) Mv,av hy are 

{ 
M:Y =ac(2E11 +E.l) 

till::~v = av (2E11 + E .i) 
(2.15) 

where ac and av are the hydrostatic deformation potentials of the conduction and valenee 
bands in the materiaL In the literature, these hydrostatic deformation potentials are often 

combined, because only the resulting effect on the band gap is relevant. The hydrostatic 

change is M/Y- Mv.avhy = a(2Eu + E1.), where a= ac- av, according to equation (2.15). 

Because a < 0, this means that the band gap will be increased by the hydrostatic strain 
for compressive layers, and decreased for tensile layers. 

The shear strain component only affects the valenee band. The shear strain shift is 

(2.16) 

where b is the shear deformation potential of the valenee band in the materiaL Because 

the shear strain E1.- Eu= (-2c12/c 11 - l)Eu is positive for compressive layers, and the 
hydrostatic deformation potential bis negative, the shear strain shift 8E11 is negative for 
compressive layers and positive for tensile layers. 

The shear strain component also couples to the spin-orbit interaction. This leads to a 
splitting of the heavy and light hole band edges. Where ~0 is the spin-orbit splitting of 
the unstrained material, the shear strain shift of the heavy hole band edge tillhhsh and of 
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the light hole band edge M 1hsh are (relative to the unstrained heavy and light hole band 

edge Ev,av + t1.c/3) 

(2.17) 

Because ÓQ > 0 and we already saw that 8Eh is negative for compressive layers, the 
light hole band edge will lie below the heavy hole band edge for compressive layers, 

and above it for tensile layers. 
Adding strain shifts (2.15) and (2.17) to the unstrained band edges gives the strained 

conduction band edge Ec. heavy hole band edge Ehh and light hole band edge E1h 

l 
Ec = Ev,av +1!!.0 /3+ Eg +fill:Y 

Ehh = Ev,av + /).0 /3+ fill::~v + fill~~ 

Elh = Ev,av + Óo /3 + M::~v + fill~h 

(2.18) 

An example of the strain shifts in GaAs is depicted in Figure 2.2. The strain in the 
left plot is Eu = -3.8 %, and in the right plot it is Eu = 3.9 %. Note that, although the 
strain is in its absolute sense almost the same for both plots, the band gap change differs 
extremely. This is due to the non-linearity of M 1hsh, see equation (2.17). 

compresswn 

el 

~ . 

lattice 

matched 

el 

tension 

... ·r·. E hr el 

- ..... - .... - ......... ~- ... -......... -.. . ................................. 'l' .. 
~Ehy 

c 
······· -· 

Figure 2.2: Example of the hydrastatic and shear strain shifts in a pseudomorphic grown GaAs layer. On 
the left the compressive situation (GaP substrate) and on the right the tensile situation (lnP substrate). The 
shear shifts are not explicitly shown, but are equal to the distances between the heavy/light hole band 
edge and the horizontalline, which lies dr/3 above the by hydrastatic strain shifted average valenee band 
edge Ev.av· 
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In our approach, the 'step-potential' UJ,step(Z) of equation (2.11) is equal to the 

relative position of the band edge in a particular layer with regard to the band edge in 

the substrate. The 'step-potential' can therefore be calculated with equations (2.18). 

This means that the following material properties are required in the calculation: the 

lattice constants a0, elastic constants c 11 and c12, deformation potentials ac. av and b, 

unstrained average valenee band edge Ev,av. band gap Eg and spin-orbit splitting Óo· The 

values of these material properties in the binary Ill-V compounds used in this thesis can 

be found in appendix C. 

The model-solid equations above only predict the shifts for binary compounds, e.g. 

GaAs. To estimate the strained band edges of temary or even quatemary compounds, 

e.g. AlGaAs or AlGaAsP, we will have to use an interpolation of the material properties 

of the binary constituents. Our interpolation scheme in general follows Krijn [Krij91]. 

Linear interpolation is used for every material constant, except for the band gap. For 

a material parameterPof a Ill-V temary compound AxBt-xC, e.g. AlGaAs, this means 

P(AxB1_xC) = xP(AC) + (1- x)P(BC). (2.19) 

A second order interpolation is used for the band gap of a temary compound: 

(2.20) 

where Cg is the 'bowing parameter' (second order component). The bowing parameters 

of some temary compounds can also be found in appendix C. 

For quatemary compounds AxByCI-x-yD, the same interpolation scheme is used as in 

equations (2.19) and (2.20). For the quatemary constituents AxBt-xCyDI-y however, an 

interpolation of the material properties of the temary constituents, as given by equations 
(2.19) and (2.20), is used. 

Note that, although the linear and second order interpolation for temary compounds 

is widely accepted (because it produces acceptable results), the interpolation used for 

especially the AxBI-xCyDI-y quatemary compounds is at the least questionable. But, 

because there is noother (and better) solution, we will use this interpolation scheme. 

2.3 MANY-PARTICLE EFFECTS 

In case of doping, the one-electron ( or hole) description of flat band edges, has to be 

adjusted. The free carrier concentration (electrons and holes) will be too high to ignore 

the interactions between these free carriers. 

Generally, there are two kinds of many-particle effects. First of all, charge produces 

a Coulomb potential Ucout(z), which is determined by the Poisson equation. Secondly, 

the free carriers will interact, which leads to the exchange and correlation effects. These 

can be described by an effective potential UJ,excor(Z). When Ucout(Z) and UJ,excor(Z) are 

added to the bare band edges, a 'proper' description of the physics is obtained. 

The many-particle effects will be briefly discussed in the concluding subparagraphs. 



Theory 13 

2.3.1 Poisson equation 
The Poisson equation describes the potential generated by a charge density, and 

therefore is a macroscopie effect. The Coulomb potential (or Hartree potential) is the 
solution of the Poisson equation 

d 2 ep(z) 
U (z)- ---=----d 2 Coul - ( ) Z E0E, Z 

(2.21) 

Herein is p(z) the total charge density (electrons, holes and ions). 

2.3.2 Exchange and correlation 
The exchange and correlation effects are interactions on a much smaller scale. The 

exchange term is due to the Pauli principle, which forbids that a quanturn mechanica! 
state is occupied by more than one fermion (bere, electron or hole). The correlation term 
(or Fock term) is a Coulombic interaction between free charges: equal charges tend to 
stay away from each other and therefore distribute more equally overspace than bound 
charges. Botheffects give rise to a decrease of the effective band gap. Therefore, these 
effects are also known as band gap renormalisation (BGR). 

In the program, an exchange and correlation model by Bobbert et al. is used [Bob97]. 
lt is based on the local density approximation (LDA) theory, which uses the local 3D 
(bulk) electron/hole densities instead of the 2D densities. 

With Ex and Ec the exchange and correlation energies per partiele in a homogenous 
hole or electron gas of density p(z), the exchange and correlation potential is equal to 

d d 
Uexcor (z) = --d [pEx c (p)](z) =-Ex c (p(z))- p(z)-d [Ex c (p )](z). p . . p . (2.22) 

The formulas for the exchange and correlation energy Ex,c are beyond the scope of 
this thesis. 

The model generally prediets a decrease of the bandgap of about 20 meV, both the 
conduction and the valenee band shift about 10 meV. In-plane calculations using the 
exchange and correlation model by Bobbert et al. have been proven to be in excellent 
agreement with the measurements of GaAs/AIGaAs heterostructures [Tho97][Kem98]. 



3 PROGRAM 

In this chapter, we will look at the program, which uses the theories discussed in the 
previous chapter. The general program structure will be shown in the first paragraph. 
We will take a more detailed look at the program in paragraph 3.2. First, it discusses the 
construction of a two-dimensional heterostructure. Then, the implementation of the 
Schrödinger and Poisson equation will be shown. 

More information about the program can be found in the appendices (the user's 
manual, flowcharts and used material properties). 

3.1 OVERVIEW 

In Figure 3.1 below, a simplified view of the program structure is shown. The three 
most important parts of the program, from the physical point of view, are the model
solid part, and the parts that include the Schrödinger and Poisson equations. However, 
the largest part of the FORTRAN code deals with the data streams. This is for the most 
part due to the user' s interface of the program, see appendix A. 

INPUT: 
Structure definition 
Material properties 

MODEL-SOLID 

SCHRÖDINGER 

Ejn' \{ljn (z) Not converged 

POISSON 

Converged 

OUTPUT: 

Ejn, \{ljn (z), U j (z) 

Figure 3.1: Schematic picture of the program structure. The input, the two-dimensional semiconductor 
heterostructure, is send through the model-solid theory, which yields the bare (undoped) band edges. 
Then, the Schrödinger equation is solved. In case of a doped structure, the Poisson equation is solved 
after that. When the solution is converged, the eigenstates and band edge potentials are saved. 



16 Eigenstates of iso-electronic monolayer insertions in lil-V semiconductors 

The structure and program parameters, from user input through the menu system or 

from input files, are send to a subroutine that uses the model-solid theory to deterrnine 

the undoped band edge potentials Uj(z). Another subroutine then solves the Schrödinger 

equation, which yields the eigenstates E1n, 'P1n(z). If the heterostructure is doped, these 

eigenstates are send to a third subroutine that solves the Poisson equation. This yields 

new potentials Uj(z) that are send back to the Schrödinger solver. When the solution has 

converged, the program saves the eigenstates and potentials in multiple files, see A.4. 

More detailed flowcharts of partsof the program can be found in appendix B. 

3.2 DETAILS 

As has been indicated in the previous paragraph, the most important equations in the 

program are the Schrödinger and Poisson equations. To solve these on a computer, the 

equations have to be made discrete. We do this, by taking a number of small steps in the 

growth direction, forrning a z mesh existing of NrPoints points. The value of an 

( envelope) wavefunction 'P1n(z;) in a particular point Z; then becomes 'P'Jn,i• where i 
indicates the position in the z mesh. The construction of the discrete versions of the 

Schrödinger and Poisson equations will be discussed in 3.2.2 and 3.2.3. Before that, we 
will take a look at the definition of the (quasi) two-dimensional heterostructure, as used 
in the program. 

3.2.1 Structure definition 
In the program, a heterostructure is built up by stacking individual layers on top of 

each other. Besides the substrate, only (parts of) layers that are relevant for the whole 

calculation have to be included. The numbering of the layers is as shown in Figure 3.2 

below. The substrate has layer index L = 0 and is used to de termine the strain in the 

layers. The relevant part of the structure is numbered from L = 1 to NrLayers. The 

material, thickness dz (À) and doping Ndopefree (cm-3
) of each layer are needed to 

complete the layer definition. Data of the binary compounds is used to deterrnine the 

material properties of each layer. Then, model-solid theory is used to estimate the line
up of the band edges at the interfaces, see 2.2. 

L= 0 2 3 4 NrLayers 

ZNrPoinrs = Ldz(L) 
L 

Figure 3.2: The layer structure in the program. The substrate has layer index L = 0. The other Iayers are 
numbered from I to NrLayers. Each layer is defined by its material, thickness dz and donor/acceptor 
concentration (the ionised part that yields the free electron/hole concentration). 
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In actdition to the doping of layers, a background doping can be added. This willlead 

to depletion when for example a few layers are doped with donors and the structure has 
a constant acceptor background concentration, see 3.2.3 and A.3.3. 

Applying a voltage between two gates generates an electric field. This results in an 

incline in the band edges between the two points. The electron and hole states will shift 

to the lowest points in the conduction and valenee band edge, respectively. The overall 

result are therefore lower transition energies between the electron and hole subbands, 

the so-called Stark effect, see 4.2.2. 

In actdition to the description above, the following remarks have to be made: 

1. The doping concentration Ndopefree of each layer is the part of the doping which 
yields the free electron or hole concentration. This means, the program determines 

the free charge concentration by summation of Ndopefree over alllayers: 

N2DEG = LNdopefree(L)·dz(L). (3.1) 
L 

N2vEG is the electron concentration of the two-dimensional electron gas (2DEG). In 
case of a two-dimensional hole gas (2DHG), N2vEG will be negative. 

2. The effective masses of the heavy and light holes are determined using the Luttinger 
formalism, which yields the Luttinger parameters y;. The effective masses in the 

growth direction [00 1] and in-plane (00 1) then become 

(3.2) 

The in-plane effective mass of the 'heavy holes' is smaller than that of the 'light 
holes'! This 'mass reversal' will, among other things, lead to the anti-crossings 
mentioned in the introduction. 

3.2.2 Schrödinger equation 
In the equations below, the subscripts j and n, the band and subband indices, are left 

out, to improve readability. Remember that these subscripts should be there. 

Using the new index i, indicating the position Z; in the formed z mesh, we can now 
write the wavefunctions and total potential as 

{

\}'(z;) ~\}'i 

U (zi) ~Ui =U step,L +U Coul,i +U excor,i +U gate,i 
(3.3) 

This yields for thesecondorder derivative in the Schrödinger equation 

tz2 (\}' I- 2\}'. + \}'. I ) 
~--- 1- I I+ 

2 * 2 mL Z.vtep 
(3.4) 

z=z; 
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Using transformations (3.3) and (3.4), we obtain for the Schrödinger equation (2.10), 
with E the eigenenergy 

(3.5) 

We now have one equation for each point. This means, we have a matrix equation 

LaiJ'I'J = E'l'i, where aiJ are the factors at the left side of equation (3.5). 
The interface conditions (2.12) must also be solved. They can be included in the 

matrix equation. The continuity of the wave function itself is automatically satisfied 

(there is only one 'interface point'). The continuity of the probability current reacts 

-. --'l'(z) = -. --'l'(z) ~- I 1- =- I+ I 1 d 1 d 1 ('~'· -\f. 1 J 1 ('~'· 1-\f.} 
m (z) dz z=z m (z) dz z=z· m2 zstep m2+i zstep 

(3.6) 

which can also be written as 

- _1_ 'l'i-1 + (-1- + _1_ }z:i - _1_ 'l'i+l = 0 
* * * * . 

mL Zstep mL mL+i zstep mL+i z .• tep 
(3.7) 

To make this equation compatible with equation (3.5) we have to multiply (3.7) by 
tz2

1(2Zstep) and add E'l'; toeach side of the equation. 

After actding the boundary condition '1'1 = 'I'NrPoints = 0, we finally get 

0 0 

=E (3.8) 

0 0 'J' NrPoint.l 'J' NrPoints 

where the matrix elements aiJ are equal to 

(3.9) 

when Z; lays in the same layer as Zi+J, or 

2 * 2 
mL+izstep 

(3.10) 

at the interfaces. In equations (3.8) to (3.1 0) the index i runs from 2 to NrPoints- 1. 
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These are the equations implemented in the program. 
Note that the eigenenergy E is one of the arguments of equation (3.10). It is however 

not known befare the Schrödinger equation is solved. This problem is solved by an 
extra subroutine, F02BFF [NAG81 b], which is used to estimate the eigenenergies of 
each band. In this subroutine the value E = 0 is used. Because the eigenenergy E is 
small in comparison with matrix components a;1, this will only lead to a small error in 

the estimate of the eigenenergy. 
The use of this 'extra' subroutine to calculate estimates of the eigenenergies E, has 

also a second purpose. The NAG subroutine F02SDF [NAG81 a], which is used to 
determine the 'exact' eigenstates, needs an estimate of each eigenenergy E. 

3.2.3 Poisson equation 
The integral form of Poisson equation (2.21) reads, in the z mesh 

(3.11) 

where p(zï) is the total charge density 

p(z;) = -eN2DEG (Z;) +eN dope (Z; ), (3.12) 

where N2DEc(zï) is the electron concentration and Ndope(zï) is the total doping (acceptors 
and donors, including background). 

The tata! electron concentration N 2DEG is determined by equation (3.1 ). The electron 
concentration at z; is determined by multiplying N 2DEG with the total probability at z;: 

N2DEG (z) = N2DEG · L lljn 'l'~n (z), (3.13) 
sub band• 

where llJn are the relative occupations of the subbands. These are determined by filling 
all subbands until N2DEG is reached, using constant in-plane masses (the parabalie bands 

approximation). This is shown in Figure 3.3. The energy at which NzDEG is reached, or 
below which all subbands are filled, is called the Fermi level EF. The density of states of 
each subband is equal to m*lntz2

, in two dimensions. Therefore, the Fermi level is in the 
program calculated by searching the selfconsistent solution of the equation 

(3.14) 

where the effective mass m *1n, 11 is the expectation value of the in-plane effective mass of 
subband n of band j. 

In case of a two-dimensional hole gas (2DHG), the concentration N2DEc(zï) will be 
negative, and equations (3.2) have to be used to calculate the in-plane hole masses. 
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EF 
.... 

EF 

,..-... t!j 

~ ,..-... 

3 s < '-' 
~ '-' 

Figure 3.3: In the program, the Fermi energy EF is determined by filling all subbands, the parabolas in 
the left picture, until the total electron concentration N2oEc is reached. The density of states (DOS) of each 
subband is constant (in the parabolic bands approximation). This is shown in the right picture. Thus, the 
grey area is the total electron concentration N2oEc (m-2

). 

So, the program calculates the Fermi level EF by filling all subbands until N 2vEG is 
reached. The proper way would be that the electron concentratien is determined by the 
Fermi energy instead of the other way round. However, in many occasions it is more 

convenient to use our method, because it will always result in the right electron or hole 
concentratien as obtained from characterisation measurements. 

Using constant effective masses, or parabolic bands, is far from exact. Especially in 
heavily doped structures, this will lead to inaccurate calculations. In those cases, the 
Luttinger formalism can be used to get a better description of the band dispersions, see 
e.g. [Kem98]. However, in undoped heterostructures, the bands are empty and therefore 

the k11 = 0 solutions will be equal in both models. 

Until now, we have only discussed the charge distribution given by Ndopefree and 
N 2vEG· However, there will also be ionised donors and accepters that are depleted by an 
exchange of electrons. An example of the depletion process is shown in Figure 3.4. In 
the picture, a single heterojunction is shown. It has a ö n-doped layer on the left side of 
the junction (interface between two different layers) and an acceptor (p) background 
concentratien on the right side of the junction. 

The donor levels Ed lie above the Fermi level EF, while the acceptor levels Ea are 

located beneath the Fermi level EF. This results in an electron flow from the (high) 

donor levels to the (low) acceptor levels. In the program, this depletion process will 

continue until the energy gain of the 'transaction' becomes zero, i.e. when the empty 

acceptor levels lie on the Fermi level (EF = Ea). Note that this should be Ed = EF = Ea. 

but that we can not use Ed, because we already use Ndopefree to describe the donors in the 
program (N2DEG and thus EF is calculated from Ndopefree• see equation (3.1 )). 
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Figure 3.4: Depletion in a heterojunction. The width of the depletion area WJept is also indicated. 
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4 RESULTS 

This section discusses the possibilities and limitations of the envelope formalism in 
general, and the program in particular. In the first paragraph, some examples of the 
common building blocks of 2D semiconductor devices will be shown. In the next 
paragraph, the coupled multiple quanturn well will be discussed. First the analytica! 
solutions for a single and double quanturn well and for a superlattice will be shown. 
These solutions will be compared with program calculations; convergence will be 
shown to be linear. After that, the splitting of the eigenenergies and the resulting 
decrease of the transition energies in an applied electric field, the Stark effect, will be 
discussed. The last paragraph compares the envelope formalism with experiments and 
the empirica! tight-binding model (ETB), in the regime of extremely thin layers (in the 
order of one monolayer). 

In the first two paragraphs, we will use GaAs/Al0.33Gao.67As heterojunctions, except 
where indicated. These heterojunctions have a conduction band offset of 287.6 me V and 
a valenee band offset of 195.4 meV. The electron effective mass is 0.067 m0 in the 
GaAs and 0.0944 mo in the Alo.33Gao.67As layers. The last paragraph discusses thin InAs 
layers in GaAs and InP. In all calculations, except where indicated, 4020 calculation 
points are used. Note that the strange value of the number of calculation points has no 
special meaning. For the data storage we used a z mesh that is divided in 200 sections, 
i.e. 201 points. For solving the Schrödinger equation a 20 times more detailed z mesh is 
used, i.e. 4020 points. 

4.1 BASIC STRUCTURES 

As discussed in the theory, 2D semiconductor heterostructures are constructed by 
growing different doped and undoped layers on top of each other. Depending on the 
growth scheme, all kinds of structures can be created. Some common structures are the 
quanturn well, the heterojunction and the centre-doped quanturn well. 

4.1.1 Quanturn well 
The (undoped) quanturn well is the simplest 2D heterostructure. Quanturn wells are 

formed by growing layers of a particular semiconductor material between layers of 
another compound. The line-up of the band edges at the interfaces results in potential 
wells in the conduction and valenee band. When the electrous and the holes have a well 
in the same layer, these are called type I quanturn wells. Otherwise we call them type 11 
quanturn wells. An example of a single type I (GaAs/AlGaAs) quanturn well is shown 
in Figure 4.1. 

The real part of the even and odd solutions of the Schrödinger equation are a sinus or 
a cosinus in the (GaAs) well and they attenuate exponentially in the (AlGaAs) harriers. 
The exact solutions of an ideal quanturn well will be discussed in paragraph 4.2.1. 
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Figure 4.1: A GaAs/Al033Gao.67As single quanturn well. The well thickness is 80 Á. Intheupper half of 
the picture, the electron band edge and the electron levels are shown. In the lower half of the picture, the 
hole band edges and the hole levels are shown; the solid curves are the heavy hole eigenstates, the dotted 
curves are the light hole eigenstates. 

4.1.2 Single heterojunction 
A semiconductor heterostructure consisting of a single heterojunction, which exists 

at the interface between two different semiconductor layers, is more complicated than 
the quanturn well. This is because band bending is needed to confine the electrons or 
holes in a 2DEG/2DHG. The band bending can be accomplished by doping (a part of) 
the semiconductor layer with the largest band gap. Because the total band bending, due 
to the Coulomb potential and the exchange and correlation interactions, depends on the 
electron or hole distribution and vice versa, the solutions of a single heterojunction can 
only be calculated selfconsistently. An example of the groundstate in a GaAs/AlGaAs 

heterojunction is shown in Figure 4.2. 

The left (AlGaAs) layer is doped with donors. Because the donor levels lie above the 
conduction band edge of the GaAs layer, they will deplete, forming a 2DEG near the 
interface. Depletion of donor levels will continue until the donor level is equal to the 
Fermi level EF of the 2DEG (in the case of a 2DHG, acceptor levels are depleted). Note 
that, as mentioned in chapter 3, the user must provide the program with the electron or 

hole concentration in the 2DEG/2DHG and not the doping energy. The reason for this is 
that the carrier concentration is usually better known than the position of the donor or 
acceptor levels (due to deep donors for example [Moo90]). 

In the heterojunction of Figure 4.2, there is an undoped AlGaAs layer of 600 À 
between the doped AlGaAs layer and the GaAs layer. This is called the spaeer layer. It 
separates the free carriers (2DEG) from the ions (donors), which leads to higher free 
carrier mobility. 

The GaAs layer in the heterojunction of Figure 4.2 also has a constant acceptor 
background concentration. This will further deplete the donor levels in the AlGaAs 
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layer. Electrans will 'drop' from the higher donor levels into the lower acceptor levels. 
The depletion process continues until the not yet depleted acceptor levels lie on the 
Fermi level EF. The program calculates this depletion process automatically. 

1800 
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1500 

0 200 400 600 800 

z(Á) 

1000 1200 1400 1600 

Figure 4.2: A single GaAs/ Al033Gao.67As heterojunction. Only the conduction band is shown. The n-type 
doping in the AlGaAs layer is separated from the two-dimensional electron gas (2DEG) by a (undoped) 
spaeer layer. The first 380 À of the AlGaAs layer has a donor concentration of 5·1016 cm-3

. The spaeer 
thickness is 600 À. The acceptor background concentration in the GaAs layer is 2·1 0 11 cm -3

. Only one 
electron level is tilled in this example (in the parabalie bands approximation). The Fermi level EF is also 
shown. 

Note that the program uses constant effective masses (parabolic bands) to calculate 
the Fermi level. Therefore, the calculations of the eigenstates of a single heterojunction 
are not as accurate as for undoped structures, where the bands are empty. 

4.1.3 Centre-doped quanturn well 
Another common structure is the centre-doped quanturn well. An example of a 

GaAs/AlGaAs centre-doped quanturn wellis shown in Figure 4.3. 
The high concentration of ionised donors (here 3·1013 cm-2

) will give rise to a local 
parabolic well that confines the free electrans (ionised acceptors create free holes). A 
high number of electron levels will be filled, compared with the single heterojunction of 

the previous paragraph. This means that the error in the Fermi energy EF resulting from 
the non-parabalicity of the subbands will be much greater bere. In fact, this can mean 

that the found number of filled subbands is incorrect. A small error in the occupation of 
these subbands can also have a dramatic influence on the transition probabilities. This is 
due to the fact that the lower electron levels are concentraled near the centre of the well, 
while the higher electron levels, as well as the hole levels, are located near the edges of 
the well, see Figure 4.3. 

So, especially in highly doped structures like the centre-doped quanturn well, the 

used model can be inaccurate. When the more complicated Luttinger formalism is used 
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(and the exchange and correlation model of Bobbert et al.) a very good agreement with 

experimental values can be found [Tho97][Kem98]. 
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Figure 4.3: A GaAs/ Al0.33Gao.67As n-type centre-doped quanturn wel!. The 2DEG is not separated from 
the doping like in the heterojunction, Figure 4.2. The doping region at the centre of the 600 A well, has a 
thickness of 60 Á and a constant donor concentration of 5·1019 cm-3

. Here, seven electron levels are tilled 
(in the parabalie bands approximation). The Fermi level EF is also shown. 

Because the free carriers in a centre-doped quanturn well are roughly located near the 
doping, the mobility of these free carriers will normally be a lot smaller than that of the 
free carriers in the single heterojunction with a spaeer layer. 

4.2 COUPLED MULTIPLE QUANTUM WELL STRUCTURES 

When two or more quanturn wells are grown on top of each other, and the harrier 
thickness between the wells is small enough, the eigenstates of the individual wells will 
couple. This coupling lifts the degeneration of the states, which exists for infinite harrier 

thickness. Even and odd combinations of the single quanturn well solutions form 
minibands existing of N states each, where Nis the number of wells. 

The program is well suited for the study of the eigenstates of coupled multiple 

quanturn wells. Because of its general structure, the eigenstates of 'any' number of 

wells can be calculated easily. In fact, the available computer memory or time limits the 

maximum number of wells. This is also due to the simplicity of the envelope formalism. 

Programs based on more complicated microscopie models have a very limited amount 

of atomie layers that can be calculated with the samecomputer resources. 
In the first subparagraph, the electron eigenenergies calculated by the program will 

be compared with the analytica! solutions of the ideal single, double quanturn well, and 
superlattice (which has an infinite number of wells). After that, the effect of an applied 

electric field on the eigenstates will be shown (the Stark effect). 
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4.2.1 Comparison with analytical EFA solutions 
Below, the equations of the analytica} solutions of the eigenstates of a single 

quanturn well, double quanturnweB and a superlattice ( coupled multiple quantumwell) 
will be given. The derivation of these equations cao be found in [Bas88]. In addition, 

the convergence and speed of the program will be discussed. 
The (imaginary) wave numbers in the welland in the harrier will be indicated by kw 

and Kb· They are given by 

(4.1) 

where E is the eigenenergy, M the depth of the potential wells and m* the effective 
mass. The well width will be indicated by dw, the harrier width is db. Figure 4.4 gives a 
schematic view of the definition of these symbols, in a double quanturn well. Note that 
the eigenenergy E is measured relative to the bottorn of the quanturn wells. 

In this paragraph, only quanturn wells in the conduction band will be shown. 

----........................................... .-------,.·····································.------

E 
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Figure 4.4: Schematic view of a double quanturn well and one eigenstate. The thickness of the each well 
is dw. The thickness of the harrier is db. The depth of the quanturn wells is !:iE. The eigenenergy E is 
measured relative to the bottorn of the wells. 

Single quanturn well 

For energies below the band edge of the harriers, the Schrödinger equation has even 

and odd solutions cos(kwz) and sin(kwz) in the well, and exp(Kbz) and exp(-Kbz) in the 
lower and upper harrier, respectively. 

These eigenstates are for an ideal single quanturn well given by 

{

tan(kwdw /2) = Ç, 
arctan(kwdw /2) = -Ç, 

even wavefunctions 

odd wavefunctions 
(4.2) 

With ideal quanturn well is meant that the well has flat band edges and perfectly 
sharp interfaces, resulting in a one-dimensional square well. In addition, the effective 
mass in each layer is given by its bulk value, independent of the energy (the parabalie 

bands approximation). These are also main assumptions of our envelope function 

approximation (EFA) model, see 2.1.2. The eigenstates calculated with the program 

should therefore be equal to the solutions given by (4.2). 
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In Figure 4.5 below, the relation between the energy of the ground state Eo and the 

thickness of the well dw is shown. The program is in very good agreement with the 

analytica} solution (4.2). When dw lies between 15 À and 60 À, E0 decreases 

exponentially. For very thin and very wide wells, the E0(dw) relation can be derived 

easily. First, equation (4.2) has to be rewritten in the form dw(Eo): 

(4.3) 

For very small well thickness, the eigenenergy is close to the harrier height: E0 = M. 
Using arctan(x) =x for x~ 0, equation (4.3) becomes 

(4.4) 

where E' = M- E0. This solution is also shown in the upper left corner of Figure 4.5. In 

a GaAs/Alo.33Gao.67As well, equation (4.4) is approximately valid for dw < 4.5 À. 

For very wide wells, the eigenenergy is close to the bottorn of the well: E0 ~ 0. 

Because arctan(x) ~ rr12 for x~ oo, equation (4.3) can be written as 

E -d-2 
0 w ' (4.5) 

This solution is also shown in Figure 4.5. In a GaAs/Al0.33Gao.67As well, equation 

(4.5) is approximately valid for dw > 400 À. When the well thickness is this large, the 

penetration of the harriers by the wavefunctions becomes negligible. This means that 

the well behaves as a quanturn well with infinite harrier height. For these theoretica! 

wells, the eigenenergies are En- dw-2
, which is in agreement with equation (4.5). 

Note that, although (4.4) and (4.5) are theoretically true, the validity of the envelope 

function approximation is far from evident in those regions. For very thin wells, the 

approximation of a square well is certainly not valid; a more profound discussion of 

extremely thin layers can be found in paragraph 4.3. For extremely wide wells, the 

quantisation is lost, because the carrier wavelength is shorter than the well thickness. 

The two equations in ( 4.2) can be combined in a single equation, which contains all 

solutions of the single quanturn well 

(4.6) 

This equation is less practical than (4.2), but can more easily be compared with the 

equations for the double quanturn well and the superlattice, as will be shown now. 
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Figure 4.5: The relation between the lowest electron eigenenergy E0 and the well thickness dw in a 
GaAs/Al0.33Gao.67As quanturn well. The solid line is the analytica! solution; the squares are calculations 
with the program. For infinitesimal well thickness, !1E- E0 - dw2

; for very large well thickness, E0 - dw-2
• 

These two limits are indicated by the open triaugles intheupper leftand lower right corner, respectively. 
Note: 32020 calculation points are used here (This is neerled to ensure accurate solutions for dw < 10 À). 

Double quanturn well 

The eigenvalue problem becomes a bit more complicated when we examine two 
quanturn wells instead of one. In case the harrier between the two wells is small enough, 
the coupling between the wells will split the otherwise double degenerate eigenstates. 

The eigenstates of an ideal symmetrie double quanturn well are given by 

(4.7) 

where the minus sign gives the even solutions and the plus sign gives the odd solutions. 
The dependenee of the eigenenergies of the first two eigenstates E0 and E1 on the 

well width dw and the harrier width db is shown in Figure 4.6. The relation between the 
eigenenergies and the well thickness is generally the same as for a single quanturn well 
(Figure 4.5). However, the approximation for extremely thin wells, equation (4.4), is 
only valid for E0, because in this limit only the ground state is bound. 

The separation between the lowest two eigenenergies E 1 - E0 decreases exponentially 
when the harrier thickness db is increased. This is illustrated by Figure 4.7. This effect is 
due to the attenuation of the envelope wavefunctions in the harriers by exp(-K'bZ). This 
causes the third term of equation (4.7). 

When db is large enough, the tunnelling becomes negligible, and the eigenstates will 
become those of the individual quanturn wells (the states are now double degenerate ). 
This result can also been found by entering db ~ oo in equation (4.7). The last term 
vanishes and the equation becomes equal to (4.6), the analytica} solution of a single 

quanturn well. 
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Figure 4.6: The dependenee of E0 and E1 on the well width dw and the harrier width db in a symmetrie 
double GaAs/Al0.33Gao.67As quanturn well. At db= 0, this results in the eigenenergiesof a single quanturn 
well, with well thickness 2dw. When db increases, the two wells become separated. For db ~ oo, this 
results in the eigenenergies of a single quanturn well, with well thickness dw. In the shown regime, the 
eigenenergies decrease almost exponentially as a function of the well thickness dw. 

Because the wavefunctions are attenuated by a factor exp(-Kbdb) in the harrier, the 
splitting E1- E0 also approximately decreases with exp(-"Kbdb), as we will show now. 

For several values of the harrier thickness db, the imaginary wave numbers Kb(Eo) 

and Kb(E1) are listed in Table 4.1. They are calculated from the eigenenergies E0 and E1, 
using equation (4.1). The mean value of Kb(E0) and Kb(E1) is listed in the fourth column. 

The graph in Figure 4.7 is not exactly a straight line. The exponential coefficient of 
the relation between E1 - E0 and db is therefore not constant. The coefficients listed in 
the last column of Table 4.1 are calculated by using 10 À intervals, around the given 
values of harrier thickness, when fitting the graph in Figure 4.7. 

The exponential coefficient lies between the values of Kb(E0) and Kb(E1). For a 
harrier thickness greater than 30 À, it is even almost exactly equal to the mean value. 

Table 4.1: Comparison of the values of Kb for the lowest two eigenstales in a GaAs/Al0.33Gao.67As 
quanturn well (dw = 50 À) as determined from the calculated eigenenergies, using equation (4.1), and the 
exponential coefficient of the graph in Figure 4.7. These coefficients are calculated from 10 À intervals 
around the db values listed in the first column of the tab ie. 

db Kb(Eo) Kb(EJ) [Kb(Eo) + Kb(EJ)]/2 exp.coeff.(E1 - E0) 
0 (À-I) (À-1) (À-1) (À-1) (A) 

10 0.07555 0.06754 0.07155 0.07048 

20 0.07362 0.06969 0.07166 0.07152 

30 0.07267 0.07075 0.07171 0.07176 

50 0.07197 0.07151 0.07174 0.07176 

90 0.07176 0.07173 0.07174 0.07174 
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Figure 4.7: The relation between E1 - E0 and the harrier thickness db for a double GaAs/Al0.33Gao.67As 
quanturn well with well thickness dw = 50 À. The solid line is the analytica! solution, the squares are 
calculations with the program. The separation of the lowest two levels decreases exponentially with db. 
This is due to the exp(-JC~Jlib) term in equation 4.7. 

Superlattice 

When the number of coupled quanturn wells N is increased further, the solutions of 

the Schrödinger equation tend to those of an ideal superlattice. A superlattice consists of 
N identical wells, where N is very large. It has a period d = dw + db. This periodicity can 
be incorporated in the eigenvalue problem by introducing an extra equation (besides the 
Schrödinger equation and interface conditions): 

\}lq (z + nd) = exp(iqnd)\}lq (z), (4.8) 

where q is a non-integer number. 

U sing the BI och theorem, the envelope wavefunction can be written in the form 

\}lq (z) = exp(iqz)uq (z), (4.9) 

\}lq(z) is the 'super' Bloch function, which consists of exp(iqz) times a function uq(z) 

which is periodic to the superlattice period d. This can be compared with the 'normal' 

Bloch function used in the theory, which consists of exp(ikz) times a function uk(Z) 

which is periodic to the lattice constant a0. 

The possible values of the 'super' wave number q are determined by the boundary 
conditions. Taking \}' q(O) = \}' q(Nd) = 0, these values are 

1t 27t N1t 
q--- -

- Nd ' Nd ' ... ' Nd. (4.10) 
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Finally, the exact solutions of the eigenstatesof anideal superlattice are given by 

(4.11) 

The group of N solutions belonging to one subband of an individual quanturn well is 

called a miniband. The width of the miniband is determined by db and dw. Just as the 

behaviour of E1 - E0 fora double quanturn well, one fincts that EN- Eo- exp(-Kblfb) for 
a superlattice. 

In Figure 4.8, a comparison is made between the energies in the first miniband given 
by the analytica} solutions ( 4.2), ( 4. 7) and ( 4.11 ), and those of some coupled multiple 
quanturn wells calculated with the program. As shown before, the calculations of the 
single and double quanturn well are in excellent agreement with the analytica! solutions. 

The width of the (first) miniband increases with the number of wells, and saturates 
quickly to that of the (ideal) superlattice. This increase can be understood by a simple 
approximation. Assuming that the eigenstales in the jth miniband are built up from the /h 
statesof the individual wells, the eigenenergies are approximately given by 

E.(q)=E. +s. +2t
1
.cos(qd), 

1 1 1 (4.12) 

where E1 is the /h eigenenergy of an individual well, and s1 and t1 are determined by the 
right hand si de of equation ( 4.11 ). 

On the right in Figure 4.8, the density of states (DOS) of the superlattice is shown. 
The cos(qd) term in equation (4.12) and the fact that the DOS makes a step at each 
eigenenergy, leads to an arccos character of DOS(E). 

The 'shift-integral' s1 in (4.12) gives rise to a shift down of the miniband energies, 
due to the presence of neighbouring wells. These wells effectively increase the well 
thickness experienced by the wavefunctions and therefore decrease the eigenenergies. 
The 'transfer-integral' t1 lifts the degeneration of the states, which exists for infinite 

harrier thickness. lt saturates to the ideal superlattice situation, in which the lowest state 
is a half period of the sinus function, and the highest state is N/2 periods of the sinus 
function (times a periodical function uq(Z), which has superlattice period d). For N = 6, 
this effect is already visible, see the lower picture in Figure 4.9. 

There are two main differences between the wavefunctions in Figure 4.9 and those of 
an ideal superlattice. First of all, the attenuation of the amplitude of the wavefunctions 
at both sides of the structure. This leads to the small discrepancy in Figure 4.8 between 

the found eigenenergies for N » 1 and those of an ideal superlattice. 

Secondly, in the first miniband, the n zero-crossings of the wavefunction 'Pn(Z) are 
distributed symmetrically over the multiple quanturn well, but the separation between 

them is nat constant, as is assumed in the equations of the ideal superlattice. The arrows 
in Figure 4.9, which indicate the zero-crossings, illustrate this. Especially when N is 
odd, some of the eigenstates are almost zero in some of the wells of the heterostructure. 
This is because some of the zero-crossings lie in wells, due to the symmetry. The upper 
picture in Figure 4.9 illustrates this effect; it shows the 3rd excited state for N = 5. 
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Figure 4.8: Eigenenergiesin a multiple quanturn well, as a function of the number of wells N. Using the 
program, calculations were made for N = 1, 2, 3, 5, 9, 15, 25 and 51. Horizontal bars indicate these 
calculations. The analytica! solutions for the single (N = 1), double (N = 2) quanturn well, and the ideal 
superlattice (used N = 101) arealso shown. Crosses indicate these levels. Note: 32020 calculation points 
are used here (many points are needed for the calculation of the eigenstates of a multiple quanturn well 
structure consisting of 51 wells). On the right, the density of statesof the superlattice is shown. 
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Figure 4.9: Example of the wavefunctions in N coupled multiple quanturn wells (CMQWs). In the upper 
picture, the 3'ct excited state for N = 5 is shown. In the lowest picture, all eigenstales for N = 6 are shown. 
The arrows indicate the n zero-crossings of each wavefunction 'Pn(Z). For a CMQW with Neven, they 
tend to stay in the harriers. When N is odd, some wavefunctions have zero-crossings in (the middle of) 
quanturn wells, due to the symmetry. 
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Convergence 

As the analysis of the behaviour of the program for coupled multiple quanturn wells 

shows, the program is in very good agreement with the analytica! solutions of a single 

and a double quanturn well. Figure 4.10 shows the convergence of the calculated 

eigenenergies of a GaAs/ Alo.33Gcto.67As single and double quanturn well to the analytica! 
solutions. The convergence is linear in almost the whole shown region of number of 
calculation points in the z mesh NrPoints: the error decreases with 1/NrPoints. 

As mentioned in the introduetion of this section, usually NrPoints = 4020 is used. 
Figure 4.10 shows that in this case the error is about 0.1 me V, for a single and double 

GaAs/ Al0.33Gao.67As quanturn well with dw = 50 A and db = 20 A. Th is is also true for 
other values of the aluminium concentration in the AlGaAs harriers. 

The error increases when the relative layer thickness decreases. This has two main 
reasons. First of all, the z mesh becomes inaccurate: only a few calculation points will 
lie in a relatively thin layer. This results in less reliable solutions of the Schrödinger 
equation. This is of course also true in a structure with many layers, such as a coupled 
multiple quanturn well with a large number of wells N, discussed previously. 

Secondly, the wavefunctions will penetrate the harriers much more when the well 
thickness decreases. This means that the calculation interval also has to be increased to 

eosure that the Schrödinger equation is solved correctly (we assumed the wavefunctions 
to be zero at the edges of the calculation interval). Example: the width of the region, in 
which the wavefunction is larger than 1 % of the maximum value of the wavefunction, 

is 200 A for dw = 100 A and 1000 A for dw = 2.82 A(= one monolayer = 0.5 a0). 

A low number of points in a well not only makes the calculation of the wavefunction 
in the well far from precise. It also results in a eertaio 'misplacement' of the interface 
conditions. To overcome this problem, the program could be adjusted in such a manoer 

that the z mesh is constructed by taking a number of points per layer, instead of a 
number of equally spaeed points for the whole heterostructure, so that the interface 

conditions are applied exactly on the interfaces. This has been tested and it indeed 
decreases the error for very thin quanturn wells dramatically, when the same number of 
calculation points is used. However, the band matrix that contains the Schrödinger 
equation and its interface conditions, equation (3.8), loses its symmetry around the 
interfaces. Therefore, the eigenenergiescan not be estimated beforehand with the NAG 

routine F02BFF, mentioned in paragraph 3.2.2. Instead, the eigenenergies have to be 

found by stepping with very small energy steps through the energy interval in which the 

eigenenergies of the requested states are expected. This increases the calculation time 
seriously. Furthermore, this increase in calculation time cao be unpredictable. Certainly 

for coupled multiple quanturn wells, this is a big problem, because the values of the 
eigenenergies in the minibands lie very close to each other for large N. Therefore, a very 
small energy step has to be used, which results in a extremely long calculation time. 
Weighting these drawbacks against the benefits, our condusion is that it is best to use 

the 'normal' metbod with the disadvantage of an extra amount of calculation points to 

keep the error small. The 'normal' metbod decreases the risk of an 'accidental' large 

increase in the calculation time. 
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Figure 4.10: Convergence of the program for a single and double quanturn well (dw = 50 À, db = 20 À). 
The shown values are the deviations from the analytical solutions. The error decreases with 1/NrPoints, 
where NrPoints is the number of points in the z mesh. 

Using more calculation points NrPoints will of course result in a longer calculation 
time. The relation between the total calculation time, including the initialisation and the 
processing of the data, and NrPoints is shown in Figure 4.11 (solid curve). The picture 
also shows the relation between the total calculation time and the number of wells N in 
the couple multiple quanturn wells of Figure 4.8 (dotted curve). 

The total calculation time is almost linearly related to NrPoints, with a small offset 
due to some initialisation and screen processes, which take a minimum amount of time. 
This linearity is in agreement with the documentation of the used NAG routine F02SDF 
[NAG81a]. The relation between the total calculation time and Nis super linear. This 

means that the calculation time per well also increases with N. This is due to the 
decrease in spacing between the eigenenergies of the states: the NAG routines need 
more iterations to converge to the correct solutions. 

4.2.2 Stark effect 
When a coupled multiple quanturn well is placed in a strong electric field, the almost 

degenerated states given by equations ( 4.1 0) and ( 4.11) will split. To get a clear picture 

of this splitting, the heavy hole minibands in a GaAs/ Al0.5Gao.5As multiple quanturn 
well will be shown as an example. Heavy hole subbands are located deeper in their 

quanturn wells than electron subbands. Also, Alo.sGao.5As harriers are higher than 

Al033Gao.67As harriers. Thus, the heavy hole eigenstates in a GaAs/ Al0.5Gao.5As MQW 
will not as easily tunnel out of their wells, under influence of a strong electric field E, as 
the electron eigenstates in a GaAs/Alo.33Gao.67As MQW. The valenee band offset of a 
GaAs/Al0.5Gao.5As heterojunction is 296 meV. The heavy hole effective mass in the 
GaAs wells is 0.377 m0, and in the AlGaAs harriers 0.422 m0. 
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Figure 4.11: The total calculation time as a function of the number of calculation points in the z mesh 
NrPoints (solid curve), and as a function of the number of wells in a multiple quanturn well structureN 
(dotted curve). Note: the shown values of the total calculation time apply toa Pentium 60 MHz personal 
computer, running QW ALL under Windows 95. 

In Figure 4.12, the splitting of the eigenenergies Ehh of the three bound minibands in 

a GaAs/ Alo.sGao.sAs multiple quanturn well which has four wells is shown. Note that 
the eigenenergies are measured from the bottorn of the 'lowest' well (hole energies are 
defined positive in the negative energy direction). Also note that in the program the 

electric field is applied by placing a voltage between two gates. Here, the gates are 

chosen at both ends of the calculation interval, resulting in a constant electric field over 

the whole structure. 

Because the electric field introduces a constant potential difference between wells, 

which is linearly related to the electric field E, the splitting of the eigenenergies in the 
minibands is also proportional to the electric field. Only in a very low electric field, the 
splitting due to the transfer-integral t1 (see the previous paragraph), will introduce a 
significant deviation from this linear character. 

In Figure 4.13, the eigenstates in the first miniband (n' = 0) are shown, in the zero 

field and low field situation. As the plot show, a relative small electric field E will break 

up the 'degeneration' of the eigenstates in the miniband. Insteadof symmetrie and anti

symmetrie combinations of the single well solutions, the wavefunctions will behave as 

the groundstates of each well. This doeshowever not influence the quanturn number n: 
the number of zero-crossings is still the same. The amplitude of the wavefunctions has 

only become very small in the other wells: the lowest eigenstate is (mainly) located in 
the lowest well, the second lowest in the second lowest well, and so on. 
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Figure 4.12: The heavy hole eigenenergies Ehh in four coupled GaAs/Alo5 Gao.5As quanturn wells, under 
an applied electric field E. The well thickness dw = 50 A, the harrier thickness db = 20 A. The minibands 
are indicated by n' = 0, 1, 2. The heavy hole eigenstates shown in Figures 4.12 and 4.13 are also indicated. 

In Figure 4.12, the eigenenergies of the first miniband (n' = 0) cross those of the 
second miniband (n' = 1) at certain values of the electric field E. At these points, the 
eigenstates with quanturn number n 1 and n2 switch roles. Take for example the crossing 
at 36 kV/cm between the eigenstates with n 1 = 3 and n2 = 4 (the fourth solid line and the 
first dotted line, counted from the bottom). The solid line and dotted lines representing 
these states continue linearly after this crossing. However, after the crossing (E > 36 
kV/cm) the solid and the dotted line represent quanturn number n2 and n1, respectively. 
The lines are deliberately extended beyond these crossings. 

This effect is illustrated by Figure 4.14. lt shows the wavefunctions of the heavy hole 
eigenstatesin an electric field of E = 65.2 kV/cm (Ugate = 300 mV). Figure 4.12 shows 
that all three minibands have (partly) crossed each other. Although they gained one or 
more zero-crossings (n has increased), the wavefunctions of the first miniband still 
behave as the ground state of each of the wells (n' = 0). This means that when we 
neglect the gaining/losing of zero-crossings by the wavefunctions, the eigenenergies 
split proportional to the electric field and even cross other minibands. 

The Stark effect in a multiple quanturn well has a big influence on the transition 
energies. Because the energy of the holes and the electrans are defined positive in 
opposite directions, the 'lowest' well of the holes is located on the right (as in Figure 
4.14), while the 'lowest' well of the electrans is located on the left (the 'highest' wellof 
the holes). This means that the eigenenergies of the ground states of the holes and 
electrans move closer toeach other. Because the energy difference between the 'lowest' 
and the 'highest' well is approximately equal to the electric field E times the spacing 
between the wells, the transition energy between the ground states (n = 0) decreases 
proportional to the electric field. 
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The Stark effect cao thus be used to create for example a laser which wavelength is 
controlled by the electric field over the multiple quanturn wells in the device. However, 
because the ground state of the electroos is 'located' in the opposite side of the multiple 
quanturn well structure compared to the ground state of the holes, the electric field also 
has a negative effect on the overlap of these ground states. Therefore, the transition 
probabilities will decrease, making the laser much weaker. 
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Figure 4.13: The first heavy hole miniband in the MQW of Fig. 4.12. On the left, the zero field situation, 
where the eigenstales are offset for clarity (they are degenerate). On the right, the eigenstales in a relative 
low electric field. They behave as the groundstates of the individual wells. 
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Figure 4.14: The heavy hole eigenstales in the MQW of Fig. 4.12, in a high electric field. The minibands 
have 'crossed' each other, but the eigenstates still behave as the groundstates, 1 st exc. and 2"d exc. states 
of the individual wells, indicated with n' = 0, 1 and 2. 
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4.3 MONOLAVER INSERTIONS 

In the envelope formalism, it is assumed that the band edge potential varies slowly 
on the scale of the semiconductor lattice. In addition, it is assumed that the material 
properties in the layers are approximately the same as in bulk materiaL This is certainly 
not the case when we regard extremely thin layers of the order of one monolayer, where 
the thickness of one monolayer (ML) is ao/2 (Figure 1.1 shows that there is a di stance of 
ao/2 between the (001) planes containing atoms of one group). In such thin layers, 
effects on an atomie scale can play a more dominant role. 

Thus, we should use an alternative model in the thin layer region. The empirica! 
tight -binding model (ETB) and the empirica} pseudopotential method are the most 
common microscopie roodels in the literature. However, we want to use the effective 
mass/envelope function approximation (EF A) for all our heterostructures. Therefore, a 
study of the behaviour of the EF A model in the regime of ultra thin layers is important. 
Some of the grown quasi 2D heterostructures contain thin layers at the interfaces. For 
example, in InGaAs/InP heterostructures grown with CBE, 1 ML thick InAs layers are 
observed at the lower interfaces of the InGaAs wells [Ron96]. 

In this paragraph, the program (EFA) calculations of highly strained thin InAs/GaAs 
quanturn wells will be compared with a simple analytica} 8-model [Brü97] and with the 
empirica} tight-binding model [Iot97]. The program will also be compared with some 
experiments of InAs/GaAs [Alo94][Pop94][Wan94] and lnAs/InP [Bit95] monolayer 
insertions. 

The InAs monolayer insertions in GaAs and in InP are called iso-electronic, because 
the In (in GaAs) and As (in InP) doping is neutraL The lattice constant of unstrained 
InAs is a0 ::::: 6.05 Á. Because the lattice constants of GaAs and InP are approximately 
5.65 and 5.87 Á, these InAs monolayer insertions are highly strained. 

4.3.1 InAs/GaAs 
Using strain definition (2.14), the (compressive) strain e11 in the InAs layer is 6.7 %. 

Pseudomorphic grown InAs layers will have a lattice constant of 6.495 Á in the growth 
direction (1 MLrnAs ::::: 3.25 Á). Because the InAs quanturn well layer is highly strained, 
the critica} thickness is only 1.7 monolayers. 

Before program calculations are compared with experimental values and model 
calculations in the literature, we will first discuss a simple ö-model proposed by 
Brübach et al. [Brü97]. They made a study of the eigenenergies (and transition energies) 
of single and double quanturn wells consisting of InAs monolayer insertions in GaAs. 
The ö-model is used to extract the band offsets from experiments. 

An InAs monolayer insertion in a GaAs matrix can be regarded as an iso-electronic 
ö-doping of In in GaAs. Therefore, Brübach et al. have chosen to describe the band 
edge potentials at the InAs insertions by ö-potentials. The band edge potentials of a thin 

doping layer are given by Uc,hh,th = Sc,hh,th Ö(z- Zw). where Zw is the position of the well 
and Sc,hh,th the strengthof the ö-potential (c indicates the conduction band, hh and lh the 
heavy and light hole band, respectively). The effective masses are fixed to the GaAs 
values: m *el= 0.067 mo, m * hh = 0.3774 mo and m *lh = 0.0905 m0 (y1 = 6.85, y2 = 2.1 0). 
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The parameters Sc,hh.Lh are then derived from the analytical EFA solution of an ultra 

thin quanturn well, equation (4.4). Using m*w = m*b, equation (4.4) and the solution of 

the &-model read 

• M2 • s2 
M _ E = E' = mc.hh.th c,hh.th d2 = mc.hh.th c,hh,th 

c,hh,/h c,hh,/h c,hh,/h 2/i 2 w 2/i 2 
(4.13) 

Thus, the strength of the ö-potential is equal to Sc.hh.Lh = dwMc,hh,Lh· 

Before model and experimental values are compared, we will now discuss the most 

useful experimental methods of finding transition energies between electron and hole 

states: photoluminescence (PL) and photoluminescence excitation (PLE) measurements. 

The experimental technique is schematically shown in Figure 4.15. 

In PL experiments a sample is irradiated by a laser, which has a photon energy liro1aser 

that is (much) larger than the (2D) band gap. The electron-hole pair, which is created by 

the absorption of a photon, will at first be high in the bands. By scattering processes the 

electron and hole will very quickly relax to the bottorn of the conduction and valenee 

band, respectively. There, radiative recombination of the electron-hole pair will take 

place (photoluminescence). Thus, in PL experiments, only the transition energies n(J)pL 

between the groundstates are detected. 

In PLE experiments, the laser (excitation) energy is scanned over an energy interval 

(liro1aser > /i(J)pL). The detection energy is fixed to a strong recombination peak (/i(J)pL), by 

using a photomultiplier placed behind a monochromator. This setup yields the transition 
energies /i(J)piE between empty excited states. 

Figure 4.15: Schema of PL and PLE experiments. In PL measurements, the laser energy is taken constant 
and the detector energy (wavelength of the monochromator) is varied. In PLE measurements, the laser 
energy is varied and the detector energy is taken constant (for example in an exciton recombination peak). 
For a description of the process, see the text above. 
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Bound electron-hole pairs are also called excitons. The transition energies calculated 

by the program are the recombination energies of free electron-hole pairs at the bottorn 

of the conduction and valenee band. However, a bound electron-hole pair behaves like a 

scaled hydrogen atom. The electrostatic binding energy, which reduces the total energy 

of the exciton, is called the exciton binding energy Ex,bind· 
Because a bound electron-hole pair behaves like a scaled hydrogen atom, the exciton 

binding energy is, for bulk material (3D), equal to the effective Rydberg constant R"'*. 
In addition, the effective exciton radius rx is equal to the effective Bohr constant a0 *: 

(4.14) 

where R""' = 13.6 eV and a0 = 0.529 Á. The reduced mass fl is given by 

1 1 1 
-=-+-. . ' (4.15) 
fl m. mh 

with me* and mh* the effective masses of the electron and the hole, respectively. 

The binding energies and radii of the heavy hole (e-hh) and light hole (e-lh) exciton 

in bulk InAs, GaAs and InP, calculated with (4.14) and (4.15), are listed in Table 4.2. 

Table 4.2: Theoretica! exciton bindingenergiesof the heavy hole (e-hh) and light hole (e-lh) exciton in 
bulk InAs, GaAs and InP. 

InAs GaAs InP 

e-hh e-lh e-hh e-lh e-hh e-lh 

Ex bind (me V) 1.3 0.75 4.8 3.2 6.5 4.5 

rx (Á) 365 630 120 175 95 135 

What does this mean for the quasi 2D system existing of an In monolayer insertion in 

GaAs? When dw = 0, the bindingenergiesof the heavy hole and light hole exciton are 

given by the values of bulk GaAs, listed in Table 4.2. When the InAs layer thickness dw 

becomes finite, the exciton binding energies will increase, despite the fact that Ex,bind in 

bulk InAs is smaller than in bulk GaAs. This has two reasons. First of all, in ultra thin 

quanturn wells, the wave functions penetrate very deeply in the harriers (here GaAs). 

Secondly, the character of theexciton becomes more 2D insteadof 3D, and theexciton 

binding energy of a purely 2D exciton is four times bigger than that of a 3D exciton. 

Because the exciton becomes more 2D when the InAs layer thickness increases (i.e. the 

exciton becomes more confined to the quanturn well), the exciton binding energy Ex,bind 

increases also. 

When comparing model calculations with photoluminescence experiments, we have 

to subtract the exciton binding energy from the calculated transition energies. We will 
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use theexciton binding energies Ex,bind found by Wang et al. [Wan94]. They are shown 
in Figure 4.16. The binding energy of the heavy hole exciton varies from 4.8 me V in 

bulk GaAs to 13 me V in a 2 monolayers thick InAs quanturn well. The binding energy 
ofthe light hole exciton varies from 3.2 meV to 6 meV. 
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Figure 4.16: Experimental data of theexciton binding energy Ex.bind for the heavy hole (e-hh) and light 
hole (e-lh) exciton in InAs monolayer insertions in GaAs [Wan94]. The dotted lines represent linear 
interpolations of the data. 

We will compare three theoretica! roodels with available experimental data. These 
three roodels are the a-model discussed earlier, the EFA model (e.g. QWALL) and the 
ETB model. We corrected the model calculations for the exciton binding energies, i.e. a 
linear interpolation of the data in Figure 4.16 is subtracted from the calculated transition 
energies. 

In Figure 4.17, ex perimental val u es of the transition energies ( exciton recombination 

energies) in ultra thin InAs/GaAs quanturn wells, obtained at a low temperature ranging 

from 4 to 8 K, are plotted [Alo94][Pop94][Wan94]. These values are indicated by large 
symbols: the solid symbols indicate the e-hh exciton recombination energies (grey PL, 

black PLE), the open symbols indicate the e-lh exciton recombination energies (PLE). 
Consictering the ex perimental data points in Figure 4.17, we must conclude that, 

although for InAs layers smaller than dinAs = 1 MLinAs the experimental values of the 
exciton recombination energies are more or less consistent, there is an enormous spread 

between the experimental values for thicker wells. For example, around I ML1nAs InAs, 

the reported PL/PLE energies are ranging from 1430 to 1488 meV [Ven97]. This has 

several reasons. Some are related to the deterrnination and definition of the 'thickness' 
of the InAs 'layer'. 
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Figure 4.17: Comparison of the transition energies (exciton recombination energies) in thin InAs/GaAs 
quanturn wells found experimental and calculated using different models. The large symbols indicate the 
experimental values. Herein, solid symbols indicate the e-hh exciton recombination energies (grey PL, 
black PLE) and open symbols indicate the e-lh exciton recombination energies (PLE). The lines and 
small triangles indicate calculations with the ö-model [Brü97], EFA model, and ETB model [lot97]. 
These values are corrected with theexciton binding energy Ex,bind found in Figure 4.16. The band offsets, 
used in the EFA calculations ([Brü97], QW ALL), are given in Table 4.3. 

The reasons related to the InAs layer thickness are: 
1. First of all, the interfaces of the InAs layer are certainly not perfectly flat and the 

indicated well thickness will only be an average. This means that there are 'islands' 
of wider and of smaller well thickness. In PL experiments, excitons will relax to an 
island where the well is wide, where the energy of the exciton low, before they 
recombinate. In PLE experiments however, the exciton energy is detected directly 
from the laser energy, because it is an absorption process. This means that excitons 
will be created in islands of all well thickness. The resulting difference in exciton 
recombination energy is called the Stokes shift. The Stokes shift can for example be 
observed between the PL and PLE experimentsof Alonso et al. [Alo94]. 

2. Another complication is the definition of one monolayer ML1nAs· Sometimes, the 
thickness of unstrained MLinAs is used in the presentation of the results. This is for 
example in reference [Wan94] where the ex perimental data of '1 Á InAs' is plotted 

at exactly one-third 'MLinAs', which would implicate that 'their' ML1nAs thickness is 
about 3 Á. 

3. A third problem is the strain relief, which can occur when the InAs layer thickness 
exceeds the cri ti cal thickness de. Although de is about 1. 7 MLinAs, the spread in the 
experimental data is already visible at 1 ML1nAs· This could be because there are 
islands where the critica! thickness is exceeded. We will co me back to the 
phenomena that occur beyond de, later in this paragraph. 
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In actdition to these effects, there are also differences between the experimental 
results of different research groups that can be ascribed to the different growth 

techniques and growth conditions. 

Values of the strain Eu, band offsets Mc,hh,Lh, InAs band gap Eg(InAs) and offset ratio 

Qc = MJM8 = MJ(Mc + Mv) of an InAs/GaAs quanturn well, as calculated by 
QW ALL and as reported in the literature, are given in Table 4.3. Note that sometimes a 

higherstrain value (= 7.3 %) is reported in the literature; e.g. reference [Pol94]. This is 

however not Eu but the strain in the growth direction E1.. 

Table 4.3 shows that, although the reported InAs band gap is mostly in agreement 
with the model-solid values (the error in the band gap is 50 meV for reference [Brü97]), 
the offset ratio Qc reported in the literature varies much more, from 53 to 70 %. On top 
of that, the light hole band offset reported in reference [Wan94] is even 64 % smaller 
than the model-solid value. Also, note that the band gap found by Brübach et al. differs 
much from the model-solid value (QW ALL) and other literature. 

Table 4.3: Strain EJ~o band offsets Mc.hh.th• band gap Eg and offset ratio Qc = MJMc as calculated by the 
program (using the model-solid theory by van de Walle [Wal89]) and their values as reported in the 
literature, for InAs/GaAs ultra thin quanturn wells. /talie values are not explicitly given in the articles. 

QWALL [Brü97] [Alo94] [Wan94] 

Eu 6.7% 6.8% ~6.8% 6.8% 

Me (me V) 527.1 535 526 689 

Mhh (me V) 453.7 385 466 295.4 

M1h (me V) 247.8 225 88.8 
E8(1nAs) (me V) 538.4 600 527 533 
Qc 53.7% 58% 53% 70% 

Three sets of calculations have been made. The first set of calculations is made with 
the 8-model by Brübach et al., using their band offsets (see Table 4.3). The dashed lines 
in Figure 4.17 indicate these calculations. Using the same band offsets, the analytica) 

EFA solutions (4.2) have also been calculated. These are indicated by the dotted lines. 

For infinitesimal small wells, the 8-model is in agreement with the EF A solutions, 
because the 8-model has been 'synchronised' with the analytica) solution in this limit 
(see the beginning of this paragraph). The third calculation has been made with the 
analytica! EFA solution, using the model-solid band offsets and effective masses given 
by QW ALL (see Table 4.3), i.e. model-solid theory. QWALL itself has notbeen used, 

because the analytica! solution is easier to compare (simple means fast), and the results 

are the same (see Figures 4.5 and 4.10 in paragraph 4.2.1). 

Calculations of the transition energies, using the different band offsets of Table 4.3, 

give the following results. Compared to the calculations using the band offsets predicted 
by model-solid theory (QW ALL), the solutions using the band offsets of Brübach et al. 

are very different for the heavy hole exciton, while they are roughly the same for the 
light hole exciton, as Figure 4.17 shows. The solutions of Alonso et al. (heavy hole 
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exciton only) are the same as those of QW ALL, because the band offsets are the same. 
The solutions of Wang et al. however, are comparable to those of Brübach et al. for the 
heavy hole exciton, but totally different to the solutions of Brübach et al. and QW ALL 

for the light hole exciton. Note that the calculations using the band offsets Mc,hh,lh of 
Alonso et al. and Wang et al. are not shown in the picture. 

The ETB calculations made by lotti et al. result in solutions comparable to the EF A 
calculations using the model-solid band offsets (QW ALL). Note the sensitivity of the 
ETB model to a slightly changed parameterisation as illustrated by the three different 

values at 1 MLinAs· 

Figure 4.17 shows that for d1nAs between 0 and 4.5 À, the plain program calculations 
(using the model-solid band offsets) fit at least as well the experimental data as the 
simple ö-model of Brübach et al. [Brü97]. In this region, the difference between the two 
roodels is smaller than 5 meV. FordinAs > 4.5 À, it is clear that the &-model fails to fit 
the experimental data. This thickness is close to the critica} thickness of InAs on GaAs, 
de= 1.7 ML1nAs (5.5 À). This means that the growth can not be exactly 2D anymore. 
The other roodels (EFA, ETB) are therefore also incorrect in this region. 

In the highly strained InAs/GaAs system, a remarkable phenomenon can take place, 
under certain growth conditions. When the pseudomorphic growth is slow enough, for 
example through growth interruptions, self-assembled 3D structures can be formed on 
top of the 2D pseudomorphic layer when dw - 1. 7 MLinAs· The 2D layer is called the 
wetting layer. The 3D structures relieve strain energy of the InAs layer, without the 
'usual' lattice defects found in layers larger than the critica} thickness. Another 
phenomenon is the In segregation in this system: In atoms will trade places with Ga 
atoms in the cap layer. This is beyond the scope of this thesis. 

The self-assembled 3D structures observed in InAs/GaAs have been reported to be 
pyramidically shaped, with the square base in the (001) plane [Gru95][Bel97][Hon97]. 
Herein, the size of the pyramids depends on the amount of grown InAs. The extra lateral 
confinement in the growth plane results in a OD density of states: ö-functions [Gru95]. 
Therefore, the pyramids in the InAs/GaAs system are quanturn dots. Because the 
program (QW ALL) is only suited for 2D systems, we can not compare the experiments 
with calculations (at the moment). However, calculations of the strain distribution and 

transition energies of these quanturn dots have been reported in the literature [Hon97]. 
For lower strained wells, the strain relief around the interfaces is less dramatic. 

Surface roughness (islands and terraces) will locally reduce the strain in these systems. 
This is illustrated by the InAs/InP quanturn well, which will be discussed next. 

We conclude that, although the envelope function approximation is not really valid 
for ultra thin layers, QWALL (EFA + model-solid theory) is in good agreement with 
experimental data reported in the literature and the microscopie ETB model, for InAs 

monolayer insertions in GaAs. Other model calculations (the ö-model, the EFA model 
using other band offsets, and the ETB model) do notfit better with the experiments. 
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4.3.2 lnAs/lnP 
The strain of InAs monolayer insertions in InP is Eu = 3.1 %. The lattice constant in 

the growth direction will therefore be 6.258 À (1 ML1nAs"" 3.13 À). 
Bitz et al. have studied the transition energies in the InAsllnP system, using an 

average InAs layer thickness of 1.7 ML1nAs [Bit95]. The samples were grown with 

chemical beam epitaxy (CBE) and a growth interruption (GI) of 15 seconds was applied 

between the growth of the InAs layer and the InP cap layer. 

As in the InAs/GaAs system, during the GI a self-ordering process gives rise to the 

forming of 3D surface roughness, which reduces the strain energy in the structure. In 

contrast to the pyramids in InAs/GaAs, here islands and terraces are grown. Bitz et al. 

observed PL lines that could be assigned to islands with a thickness of up to 13 MLinAs· 

Surprisingly, these islands are far higher than the average InAs layer thickness, but this 
amount of terracing has also been observed by Groenen et al., who used molecular 

beam epitaxy (MBE) to grow an average InAs layer thickness of 1.8 ML1nAs [Gro96]. In 

these samples they observed a wetting layer of about 1.4 - 1.5 ML1nAs with some islands 

on top. The islands had an average height of approximately 70 À, and are ellipsoidal 

shaped (500- 1000 À). Thus, Groenen et al. have grown even higher islands, then Bitz 

et al. had observed. Note that, the thickness of the InAs wetting layer (1.5 MLinAs) is 

well below the critical thickness of InAs on InP (we already saw that de"" 1.7 ML1nAs in 
the more than twice as high strained InAs/GaAs system; de must be much larger here). 

In Figure 4.18, the PL spectrum observed by Bitz et al. is shown. The experimental 

data is plotted versus the corresponding well thickness (according to Bitz et al.). The 

measurements are divided in three parts: 

1. The black symbols indicate samples grown without GI, which have homogeneously 

plane layers (flat interfaces). Because the average thickness of the InAs layers is 

about 1.7 ML1nAs, two PL peaks are observed, which correspond with an InAs layer 

thickness of 1 and 2 MLinAs· 
2. In samples grown with a growth interruption and a low AsH3 pressure (AsH3 is used 

to grow As, in a CBE machine) plane terraces will be formed. Measurements of 

these samples are indicated by grey symbols. The PL peaks have a great deviation of 

those of the plane layers (as wellas those of the samples with islands). 

3. The open symbols correspond with samples with islands. According to Bitz et al., 

they are up to 13 ML1nAs high, and are ellipsoidal shaped (50- 330 À in diameter). 

These samples are grown with a growth interruption and a high AsH3 pressure. 

Using the analytica! EFA solution (4.2), calculations have been made with three 

different sets of band offsets Mc,hh,lh· The band gaps, used in these calculations, are: 

Eg(InP) = 1423 me V, and Eg(InAs) = 474 me V. The latter is calculated using the model

solid theory. The different sets of band offsets are given in Table 4.4. 

Justas intheInAs/GaAs system, the band offsets differ extremely. The values of the 

valenee band offset Mv = Mhh, reported in literature, vary between 270 and 600 meV, 

according to Bitz et al. Therefore, the band offsets used in the artiele are fitted to the 

experimental data. 
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Figure 4.18: PL energies found in thin lnAsllnP quanturn wells [Bit95]. Black symbols indicate wells 
with flat interfaces; grey symbols correspond with plane interfaces; open symbols indicate samples with 
islands. Different symbol shapes indicate different samples. Calculations with three different sets of band 
offsets (see Table 4.4) arealso shown. 

Table 4.4: Band offsets ilEc.hh.lh and offset ratio Qc = !lE)tlEg used in the calculations in Figure 4.18. The 
program (QWALL) uses model-solid theory by van de Walle [Wal89]. /talie values are not explicitly 
given in the referred article. 

QWALL [Bit95] [Bit95] 
EFA fit ETB fit 

t~.Ec (me V) 400.3 539 479 

f)..Ehh (me V) 548.9 410 470 

Qc 42.2% 57% 50% 

Although the scale of the plot in Figure 4.18 is very large, the calculations seem to be 
in a good agreement with the experimental data. However, this is just a first impression. 
To get a good comparison, we have to take a number of effects into account: 
1. First of all, the islands will introduce an extra lateral confinement, which results in 

higher transition energies. However, because the effective exciton radius rx (see 

Table 4.2) is certainly smaller than 95 Á for a layer thickness of a few MLinAs and 

because the islands have a size ranging from 50 to 330 Á, this confinement will not 
have a huge effect on the transition energies. Furthermore, the confinement energy 
will be zero for 'plane layers' measurements (and increase when d1nAs increases). 

2. In addition, the PL spectrum has to be corrected with the exciton binding energy. 

Table 4.2 shows that Ex,bind will be 6.5 meV for drnAs = 0 (and increase when drnAs 
increases ). On the se ale of Figure 4.18, this also will not have a hu ge effect. 

Remember that we are mainly interested in the regime of ultra thin layers. In this 

regime, the two effects mentioned above are certainly small. 
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So, as for InAs monolayer insertions in GaAs, discussed in paragraph 4.3.1, QW ALL 
(EFA + model-solid theory) seems to be in good agreement with experimental data for 
InAs monolayer insertions in InP. However, here we have a few extra uncertainties, but 

these will certainly nothave a huge effect on the (calculated) transition energiesof ultra 

thin InAs layers. 



5 CONCLUSIONS, RECOMMENDATIONS 

A program called QW ALL has been written, which uses the effective rnass/envelope 
forrnalisrn to calculate the electron, heavy and light hole eigenstates of two-dirnensional 
111-V semiconductor heterostructures. Model-solid theory is used to calculate the band 
edge line-up at the interfaces, and constant effective rnasses (or parabolic bands) are 
used to describe the dispersion relations. 

We have shown that the program can be used to calculate the eigenstates of any type 
of 2D heterostructure, including heterostructures that are doped or on which a voltage is 
applied. The results for a single, double and multiple quanturn well have been shown to 
be in agreement with the analytica! solutions. The error of an eigenenergy calculated by 
the program is proved to be proportional to 1/NrPoints, where NrPoints is the nurnber 
of calculation points. The calculation time of QWALL is proportional to NrPoints. 

Because any nurnber and thickness of layers can be used, the program is extrernely 
suitable for the study of coupled multiple quanturn well structures. lt is shown that the 
program can easily handle structures of up to 51 wells. This property can for exarnple 
be used to study the effect of the introduetion of a new periodicity on the eigenstates. 

Articles about rnonolayer insertions have a wide spread in experirnental results. This 
spread is far above the error in the calculations of the program (neglecting the error 
resulting frorn the fact that the assurnptions of the envelope function approxirnation 
(EFA) are not valid in the regime of extrernely thin layers). This rneans that a real 
quantitative cornparison is irnpossible. Differences between the experirnental results of 
different research groups are most likely due to different growing techniques, growth 
conditions and determination of the layer thickness. 

Neglecting the wide spread in ex perimental data and the fact that the EP A model is 
not really valid for ultra thin layers, QWALL (EFA + model-solid theory) is in good 
agreement with experirnental values in the literature of the transition energies for InAs 
rnonolayer insertions in GaAs and in InP. The program is also in reasonable agreement 
with the more microscopie ETB model. 

Because QW ALL seerns to predict the effect of thin layers surprisingly well, it is 
recornrnended to include thin layers in the calculations, when they are observed in the 
heterostructure (like for exarnple the InAs rnonolayers observed at the lower interfaces 
of grown InGaAs/lnP wells [Ron96]). 

To make the program more useful for the calculation of the eigenstates in (with 
donors and/or acceptors) doped structures, the dispersion relations have to be included. 
Particularly in the centre-doped quanturn wells, the parabolic bands approxirnation will 
produce unreliable results. Non-parabolic dispersion relations can be introduced by 
using the Luttinger forrnalisrn, as described in references [The94] and [Kern97]. 
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APPENDIX A: USER'S MANUAL QWALL 

A.1 INTRODUCTION 

QW ALL is a program that generates the eigenstates of an arbitrary two-dimensional 

semiconductor heterostructure using the envelope formalism - for k11 = 0. lt calculates 

the requested energy levels and ( envelope) wavefunctions - for electroos ( conduction 

band) and holes (valence band). In the structure, you may use any- dopedor undoped

semiconductor layer (up to quatemary materials). In addition, a background doping and 

a gate voltage may be applied - to generate depletion or a Stark effect. In short, you are 

able to construct any 2D heterostructure, such as quanturn wells and o layers. 

The eigenstates - eigenenergies E1n and wavefunctions 'I'1n(Z) - are solutions of the 

Schrödinger equation 

(A.l) 

In the equation, z stands for the growth direction, m *1.L(Z) is the effective mass in the 

z-direction and Uj(z) is the potential - of a particular band; j refers to the band (electron, 

heavy or light hole) and nis the subband index. 

The used - flux conserving - boundary conditions of the Schrödinger equation are 

'I'jn (z = 0) = 'I'jn (z = ztotal) = 0, 

1 
d 'I' (z) = continuous. 

* ( ) d jn m ·1_ z z 
1 interface 

(A.2) 

The poten ti al Uj(z) in equation (Al) has several components 

U j (z) =U j,step (z) +U Cnul (z) +U j,excor (z) +U gate (z), (A3) 

The first component- the 'step-potential' UJ.step(Z)- is due to the different bandgaps 

of the layers. The second is the Coulomb potential 

d 2 ep(z) 
-d 2 U Co ui ( Z) = ( ) ' 

Z ê 0ê, Z 
(A.4) 

where p(z) is the total charge density. The last two components are the exchange and 

correlation potential UJ,excor(z) and an applied voltage U~:are(z). 

The following sections discuss the installation process, program interface, input and 

output files, and more actvaneed usage of QW ALL. 
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A.2 PROGRAM INSTALLATION 

To instaU QW ALL follow these steps: 

1. InstaU the DBOS dos-extender. When this program is already installed on your 

computer go to the next step. DBOS is used by QWALL to allocate memory. DBOS 

can be found on the first QW ALL instaBation diskette, or can be retrieved from the 

'kopieerserver' (TUECIS). 
Typing 'A: \IN ST ALL' will start the installation. 

When using DBOS under Windows or Windows95 add 'device = wd.bos. 386' to 

the ' [ 3 86enhJ' section of 'sYSTEM. INI' - see also the file 'README. TUE'. 

2. InstaU the NAG libraries. When you already have the NAG FORTRAN and 

GRAPHICS library installed go to the next step. The libraries can be found on the 

second and third instaBation diskette. 

To install the libraries create a directory to putthem in, e.g. type 'MD NAGLIBs'. 

After that, use ARJ (on the second library disk) to extract the libraries toa directory. 

In the directory, type 'ARJ x -v A:\*'. 

3. The location of the NAG libraries must be added to a file called 'LIBRARIE. DIR' in 

the DBOS install directory. An example of this file is on the second library disk. 

4. Finally, install the program itself. Insert the last disk in the floppy drive. 

Typing 'A: \IN ST ALL' will start the instaBation of QW ALL. The program (including 

the FORTRAN source) will automatically be placed in the directory 'c: \QWALL'. 

When using Windows95, place a shortcut to 'w95START. BAT' on the desktop. 

Rename it to 'QWALL'. When running QWAL in DOS, run 'rNIT. BAT' prior to 

'QWALL. EXE'. The location of the NAG libraries must also be added to these files! 

For a more detailed description of the instaBation process - and for any changes 

made after printing this manual- see the file 'rNSTALL. TXT' on the last disk. 

A.3 PROGRAM INTERFACE 

The program is started by typing 'QWALL' at the DOS-prompt or by clicking on the 
'QWALL' shortcut on the desktop. The main menu will appear: 

Main Menu Depletion Voltage 
1 File Nctepl O.OOOD+OO Ugate 0.00 
2 Edit Layers EF,bulk 0.00 Zgl 0.00 
3 Depletion/Voltage Zctepl 0.00 Z9 z 0.00 
4 Edit Parameters LRFctepl 0 
5 Program Options 

Select an option (6 = RUN, 0 = Quit) 
> 

Layer Material x y dz (A) Ndopafraa (cm-3) 

In the upper left corner is the main menu. On the right side of it are the depletion 

parameters and the applied voltage (see paragraph A.3.3). 
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Below the main menu is the sentence 'select an option (6 = RUN, o = Quit) '. 
Here the program will ask you to enter values (in this case the number of a menu item). 
On the next line is the command prompt '>'. Here the typed text will appear. With the 
<.Backspace> button the last character can be deleted and with <Enter> the command 
will be activated- or value will be stored. For menu items <Enter> doesnothave to be 
pressed, however. In addition, when a default value is given in the description below, it 
means that you only have to press <Enter> to use this value. Finally, non-integer values 

have to be en te red with a dot - see the examples below. 
The text at the bottorn of the screen will be explained in A.3.2. 
We will now run through all the available menu items. 

A.3.1 File 
Structure definitions and parameters can be saved and loaded by choosing option '1' 

in the main menu. The upper left corner of the screen will then show the 'File' menu: 

File 
1 New 
2 Open 
3 Save 
4 Save As 
5 Create .OVR File 

Select an option (0 = Done) 
> 

In the 'File' menu are the following command options: 

1. 'New': Creates a new structure. This will reset all parameters to the default values, 
stored in 'DEFAULT. PAR' (see A.4.1 ), andremove the old structure from memory. 

2. 'open': Opens a structure file- and the matching parameter file. 
Example input: filename = 'ow'. 

3. 'save': Saves the structure, and parameters, using the oldfilename. 

4. 'save As': Saves the structure, and parameters, using a new filename. Thisfilename 

may have up to eight characters. The structure will be saved in a file with the 
extension 'sTR'. The parameter file has the extension 'PAR'. 
Example input: filename = 'Qw'. 

5. 'create .OVR File': This is a special option to create a file with the electron 
effective mass, Luttinger parameters and the step-potentials of all layers. You can 
edit the created file to use custom values for these material properties, and run the 
program using this 'ovR' file (see A.3.4 and A.4.1). 

Example input: filename = 'ow'. 

When you press 'o' you go back to the main menu. 
For a more detailed description of the input files, see A.4.1. These input files are 

stored intheinput directory, see A.3.5. 
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A.3.2 Edit Layers 
Y ou can edit a structure by selecting option '2' in the main menu. The screen below 

appears. We leftout the depletion and voltage parameters. Here, a single GaAs/AIGaAs 

quanturn well - with two 8-dopings - is given as an example. 

Edit Layers 
1 Substrate 
2 New Layer 
3 Change Layer 
4 Rernove Layer 
5 Copy Layer(s) 

Select an option (0 = Done) 
> 

Layer Material x y dz (A) Ndopafrea (cm-3) 
0 GaAs 
1 AlxGal-xAs 0.40 100.00 O.OOOOD+OO 
2 AlxGal-xAs 0.40 0.01 -0.4500D+22 
3 AlxGal-xAs 0.40 50.00 O.OOOOD+OO 
4 GaAs 90.00 O.OOOOD+OO 
5 AlxGal-xAs 0.40 50.00 O.OOOOD+OO 
6 AlxGal-xAs 0.40 0.01 -0.4500D+22 
7 AlxGal-xAs 0.40 100.00 O.OOOOD+OO 

The band edges and some eigenstates of this quanturn well are given in Figure A.2 

on page 67. On both sides of the quanturn well a p-doped layer of just 0.01 Á width is 

placed. The ions of these layers are separated from the well by a spaeer layer of 50 Á. 
Let us step through the structure as seen on the screen above: 

1. The first layer (layer 'o') is the substrate on which the structure has been grown -

here GaAs. This is needed to calculate strain (in this case we don't have strain 

because GaAs and AlAs have approximately the same lattice constant). 

2. Beneath the substrate, the layers of the quanturn well structure follow -layer 1 to 7: 

We can see that the AlxGa1_xAs layers have a concentration of x = 0.40 - listed in 

the second column. In case of a quaternary material- like InxGa1_xAsyP 1_y- there is 

also a second concentration y- see the third column. 

The thickness of each layer is listed in the fourth column (in Á). 

Finally, the doping of the layers Ndopefree (in cm-3
) can be found in the last column. 

Ndopefree > 0 for donors (n doping) and Ndopefree < 0 for acceptars (p doping). In the 
calculations made by QW ALL is assumed that the ions are fully ionised. 

The doping is called Ndopefree because the free charge - free electrans or holes -

concentration is (in QW ALL) equal to the total given doping: 

N2DEG = LNdopefree · dz. (A.5) 
/ayer 

In the example this is 

2*0.01·10-8 cm*-0.45·10 22 cm-3 =-9·10 11 cm-2 electrons=9·10 11 cm-2 holes. 
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The following functions are available in the 'Edit Layers' menu: 
1. 'subs tra te': Sets the substrate mate rial. The input must be the same as it is written, 

so don 't use just lowercase!UPPERCASE characters. 
Example input: substrate = 'GaAs'. 

2. 'New Layer': Adds a new layer. First, you have to give the layer number- default: 

the number of layers + 1. lf the layer already exists, the layers from that point on 
will shift one layer to make room for the new layer - the new layer will be inserted. 

After that, the material has to be given - the same way as with the substrate - and, 

when needed, any concentrations x, y. Then you can enter the thickness of the layer 
(in À), and finally the doping (in cm-3

)- default: 0. 
Example input: layer = '2', material = 'AlGaAs', x= 'o. 40', thickness = 'o. 01' and 
N ' ' dopefree = -4. 5D23 . 

3. 'change Layer': Changes the parameters of a layer. The usage is identical to the 
previous option, 'New Layer'. However, for each parameter that you don't want to 
change, just press <Enter>. 

4. 'Remove Layer': Removes a layer. Just give the layer number to remave a layer. 
Example input: layer = '2'. 

5. 'copy Layer ( s l ': Copies one or more layers in the structure. First you have to 
enter the number of the first layer, then the last layer (default: the first layer, to copy 
only one layer). Finally, enter the layer number to copy/insert the selected layer(s). 
Example input: first layer = '1', last layer = '3 ', first position = 's'. 

The structure can be saved using the 'save' or 'save As' command in the 'File' 

menu (see A.3.1). The file will have the chosenfilename and the extension 'sTR'. The 
file will bestared in the input directory, see A.3.5. The files are saved in ASCII format, 
so they can also be edited with a regular editor. The file format is described in A.4.1. 

Like in all other menus, pressing 'o' will send you back to the main menu. 

A.3.3 DepletionNoltage 
Y ou can apply a background doping to the structure - which will lead to depletion -

or a voltage over a part over the structure - which will generate an electric field in that 
part of the structure - by choosing option '3' in the main menu. In that case, the 
'Depletion/Voltage' menu will appear: 

1 
2 

> 

Depletion/Voltage 
Depletion 
Voltage 

Depletion 
Nctepl :-0 .100D+15 
Ep, bulk 3 0 . 0 0 
Zctepl 
LRFctepl 

200.00 
3 

Select an option (0 = Done) 

Voltage 
Ugate -200.00 
Zgl 100. 00 
Zg2 200.00 
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In the example above is given- in the 'Depletion' and 'voltage' column: 

1. A background doping of Ndepl = -1014 cm-3 donors= 1014 cm-3 acceptors. NdepL > 0 

stands for donors, NdepL < 0 stands for acceptors. The ionisation energy of the 

acceptor levels is here EF,bulk = Ea- Ev = 30 me V. Ea is the acceptor energy and Ev is 

the valenee band edge. In case of donors, the ionisation energy (of the donor levels) 

is equal to EF,bulk = Ec - Ed, where Ec is the conduction band edge and Ed is the 

donor energy. The third parameter is Zdepl = 200 À. The program will 'pin' the 

potential at this point (see below). The last parameter in the 'Depletion' column is 

LRFdepL = 3. This indicates that the accepters are in the whole structure (see below). 

2. A poten ti al decrease of 200 m V between 100 and 200 À. This means, there is an 

electric field of -200/100 mV/À = -200 kV/cm between those two points, assuming 

there was no difference in the conduction band edge between 100 and 200 À 

without the electric field. 

The 'Depletion/Vol tage' menu has the following options: 

1. 'Depletion': Changes the depletion parameters. First Ndepl must be given (in cm-\ 

Then EF,bulk (in meV). Finally, two parameters have to be given to teil the program 

where to deplete - where the charge is. The parameter Zdepl gives the starting point of 

the depletion. LRFdepi indicates which part of the structure the background doping is 

situated (relative to ZdepL): 1 = on the left, 2 = on the right, 3 = everywhere. This 

includes the space outside the calculation interval (entered structure)! 

E I . t· N ' 4' E ' ' ' ' LRF ' ' xamp e mpu. dep!= -l.Dl , F,bulk = 30. , Zdepl = 200. , dep!= 3 . 

2. 'voltage': Applies a voltage U gate between two gates. First U gate has to be given, 

and then the position of the first and the second gate (ZgJ and Zg2). The voltage is 

equal to Ugate = U(Zg2)- U(ZgJ). 

E I . t· u ' , ' , ' , xamp e mpu . gate= -200. , Zgi = 100. , Zg2 = 200 .. 

In Figure A.1 below, a centre-doped quanturn welland a heterojunction are shown. 

(a) Ec (b) Ec 

zdepl zdepL 

EF 

EF Ev 

Ev 

wdepl 

z z 
Figure A.l: The band edges of two depleted heterostructures, (a) a centre-doped quanturn well and (b) a 
heterojunction. Parameter Zdepl and depletion width w"'"' are also given. Note that the depletion width 
depends on the bulk Fermi level: depletion continues until the Fermi energy equals the acceptor energy. 
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All mentioned variables will also be saved in the structure file when using the 'save' 

or 'save As' command in the 'File' menu (see A.3.1). The structure files have the 
extension 'sTR', and are saved in the input directory, see A.3.5. For more information 

about the file format, see section A.4.1. 

A.3.4 Edit Parameters 
Structure dependent calculation parameters can be changed by choosing option '4' in 

the main menu. The 'Edit Parameters' menu will appear on the screen: 

Edit Parameters 
1 : # Subbands (El/HH/LH) 
2 OffsetRatio 
3 Selfconsistence 
4 Exch. + Corr. 
5 Use Override File 

Select an option (0 = Done) 
> 

The following options are available: 

2 

Yes 

2 2 
65.00 

0.04 0.100-03 
Yes Yes 

No 

1. '# subbands': Sets the number of eigenstates that have to be calculated for each 
band - electron, heavy and light hole band. This value must be ~ 0. 
Input example: # subbands electrons = '2 ', heavy holes = '2', light holes = '2'. 

2. 'offsetRatio': Sets the offset ratio Qc = !1EJ!1Eg (in %). This parameter can be 
used when the calculated offset ratio is not satisfying (the program uses model-solid 
theory to calculate band edge line-up and thus the offset ratio). Choose value 'o . ' to 
use the offset ratio predicted by the model-solid theory. 
Input example: offset ratio= '65.' % (GaAs/AlGaAs). 

3. 'selfconsistence': In case of doped layers the free charge density is large and the 

calculation has to be selfconsistent - using the Poisson equation and, when selected, 
the exchange and correlation corrections (option 4). Choose 'Yes'I'No' to use or skip 
selfconsistent calculation ('y' I'N' will do). After that, the maximum relative 
potential change in each step of the convergence process has to be set. Finally, the 
convergence limit has to be set. lf the relative potential change is smaller than the 
convergence limit, in every point of the z mesh, the calculation will be ended. 

Input example: selfconsistent = 'y', maximum relative poten ti al change = 'o . o 4', 

convergence limit = '1 . D- 4'. 

4. 'Exch. + Corr. ':In case of a selfconsistent calculation (option 3), exchange and 

correlation effects can be included. For a p-type heterostructure (which has a two
dimensional hole gas), you can also include electron-hole correlation calculations. 
Note however, that our model for the electron-hole correlation uses parameters that 
are only valid for GaAs. This means that you should only include the electron-hole 
correlation when the quanturn wells are made from GaAs layers. 

Input example: calculate exchange and correlation = 'y', calc. el-hole corr. = 'y'. 
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5. 'use override File': If this parameter is set to 'Yes' the program will use the 

effecti ve masses m *, Luttinger parameters Yi and UJ,ste/ s stored in the override file 

(which has the chosen filename plus the extension 'oVR'). These override files can 

be created using the 'create . OVR file' in the 'File' menu (see A.3.1). For more 

information about this file type, see section A.4.1. 

Input example: use m *, Usrep in override file = 'N'. 

The parameters will be stored in a file with extension 'PAR' when using the 'save' 

command in the 'File' menu. Justas the structure files, the parameter files are saved in 

the input directory, see A.3.5. 
When you start the program, or select 'New' in the 'File' menu, the program reacts 

the default parameters stored in the file 'DEFAULT. PAR', located in the instanation 

directory (usually 'c: \QWALL'). You can alter these default values with any ASCII 

editor. For more information about the contents of the parameter file, see section A.4.1. 

A.3.5 Program Options 
Wh en you want to alter the program options, choose '5' in the main menu. The 

'Program Options' menu will appear: 

1 
2 
3 
4 
5 

> 

Program Options 
Input directory 
Output directory 
LT/RT 
Output tactic 
rel_E_step,Threshold 

Select an option (0 = Done) 

The program options that can be changed are: 

C: \QWALL\INPUT\ 
C:\QWALL\OUTPUT\ 

LT 
0 

0.33 O.lOD-05 

1. 'Input directory': Here, you can specify the input directory, m which the 

structure files (extension '. STR'), parameter files ('.PAR') and override files 

('. oVR') will be stored. Enter the full pathof an existing directory. 

Input example: input directory= 'c: \QWALL \INPUT'. 

2. 'output directory': Here, you can specify the output directory, in which all the 

output files will be stored, see A.4.2. Enter the full pathof an existing directory. 

Input example: output directory= 'c: \QWALL \OUTPUT'. 

3. 'LT IRT': The program includes material properties for low temperature (0-5 K) and 

for room temperature. Type 'LT' or 'RT' to choose between the low temperature and 

room temperature material properties. 

Input example: low temp. (0-5 K) or room temp. = 'LT'. 

4. 'output tactic': This selects the output tactic, see A.5. The default value is 'o', 

and the saved output will then be as described in A.4.2. 

Input example: output tactic = 'o'. 
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5. 'rel_E_step, Threshold': There are situations in which the program can not find a 
particular eigenstate (quickly). Therefore, two parameters are created to control this 
problem: the relative Esrep used between two eigenstates ( < 1) and the threshold used 
when counting the zero-crossings of the wavefunctions (usually '1 . D- 6' - '1 . D- 9 '). 

Input example: relative Esrep = 'o . 3 3 ', threshold = '1. D- 6'. 

The program options are saved in 'oPTIONS. PAR', which is located in the ins tallation 
directory of QWALL (usually 'c: \QWALL'). 

A.3.6 Run 

When the structure is defined and parameters are set, the calculation can be started 
by pressing '6' in the main menu. A graph of the band edges will appear on the screen -
a red line for the electron band edge, a blue line for the heavy holes and a yellow line 
for the light holes band edge. Usually, the bandgap will have the virtual value of just 
200 me V in the graph - this is only to make the picture more readable. During the 
calculation, the eigenenergies E1n appear above the graph. At the same time, the 
matching (envelope) wavefunctions '1'1n(Z) will appear in the graph. They will have the 
same colour as the matching band edges. In case of a selfconsistent calculation, this 
process is repeated a couple of times, until the salution bas converged. When the 
calculation bas ended the text 'Done, press any key ... ' appears in the upper right 
corner of the screen. Just press a button to leave the program. When a selfconsistent 
calculation does not reach the convergence limit, but the salution is good enough, you 
can end the calculation by pressing <Esc>. The program will make a final run over all 
bands and stop. In addition, when making a selfconsistent calculation, the Fermi energy 
EF will appear as a horizontal dasbed line in the graph. The used weightfactor and the 
relative U change also appear shortly in the upper right side of the screen. 

Running multiple calculations: 
1. Name the structure, parameter (and override) files 'usER_XXX.STR/PAR/OVR', where 

'xxx' is one of the numbers between 'o o o' and '9 9 9'. 

Forexample: '010' to '026'. 

2. Start QW ALL and directly choose 'Run'- option '6'. 

3. The program will now ask for the number ofthe first file- for example: '10'. After 
that, the number of the last file bas to be entered- for example: '26'. 

4. The program will start the calculations and store the solutions in output files with 
the extension 'xxx'- for example: '010' to '026'. 

For a detailed description of the input and output files, see the next section. 

A.4 INPUT/OUTPUT FILES 

QW ALL uses three types of input files: structure, parameter and (if needed) override 
files. The output is usually stored in a larger amount of files. When the output tactic 

(see A5) is equal to 'o', the files described in the next two paragraphs will be saved. 
When other output is needed, you have to describe it in the module 'MoD_USER. FOR' (in 
FORTRAN) and can be selected another output tactic, see A.5. 
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A.4.1 Input files 
In this section, we will look at the different input files: the individual structure, 

parameter and override files (in the input directory, see A.3.5), and the low temperature 

or room temperature material files (in the subdirectory '\MAT\LT' or '\MAT\RT'). 

Structure file 

First, we willlook at the structure file. The quanturn well mentioned in A.3.2 has the 

following structure file 'Qw. STR': 

'Depletion *: O.OOOOD+OO O.OOOOD+OO 0.00 0 
'Voltage * *. O.OOOOD+OO 0.00 0.00 
'# Layers 7 
'Substrate 'GaAs 
'Layer 1 'A1GaAs 0.4000 0.0000 100.00 O.OOOOD+OO 
'Layer 2 'A1GaAs 0.4000 0.0000 0.01 -0.4500D+22 
'Layer 3 'A1GaAs 0.4000 0.0000 50.00 O.OOOOD+OO 
'Layer 4 'GaAs 0.0000 0.0000 90.00 O.OOOOD+OO 
'Layer 5 'A1GaAs 0.4000 0.0000 50.00 O.OOOOD+OO 
'Layer 6 'A1GaAs 0.4000 0.0000 0.01 -0.4500D+22 
'Layer 7 'AlGaAs 0.4000 0.0000 100.00 O.OOOOD+OO 

** 
Layer 

N_depl (crn-3), E_F,bulk (rneV), z_depl (A), LRF_depl (1 .. 3) 
U_gate = U(z_g2) - U(z_gl) (rnV), z_gl (A), z_g2 (A) 
Material, x, y, Thickness (A), N_dope_free (crn-3) 

Herein are listed: 

1. Ndepl (cm-\ EF,bulk (me V), Zdepl (À) and LRFdepl· 

2. Ugate (mV), ZgJ and Zg2 (À). 

3. Total number of layers. 

4. The substrate materiaL 

5. For each layer: the material, x, y, thickness dz (À) and Ndopefree (cm-\ 

Fora description of all these structure variables, see A.3.2 and A.3.3. 

Parameter file 

The parameter file 'Qw. PAR' will be, for example: 

'# Energy levels 3 2 2 
'Offsetratio 65.00 
'Selfconsistence *. 'Yes' 0.10 O.lOOOD-03 
'Exch. + Corr. **. 'Yes' 'Yes' 
'Use .OVR file 'No' 

Selfconsistent?, Max.rel. U change, Converg. limit 
Exchange+Correlation, El-Hole Corr. 

The parameters are: 

1. The number of eigenstates to be calculated for the electron, heavy and light holes 

band. 

2. The offset ratio Qc = MJ Mg (% ). 

3. Use selfconsistent calculation?, maximum relative U change, and convergence limit. 

4. Calculate exchange and correlation effects?, calculate electron-hole correlation?. 

5. Use the override file. 

Fora description of these parameters see section A.3.4. 
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Override file 

An override file, created for the quanturn well mentioned in A.3.2, looks like this: 

'Layer 1 : 0.1002 5.4900 1. 5320 2.2560 383.6300 206.5700 206.5700 
'Layer 2 : 0.1002 5.4900 1.5320 2.2560 383.6300 206.5700 206.5700 
'Layer 3 : 0.1002 5.4900 1.5320 2.2560 383.6300 206.5700 206.5700 
'Layer 4 : 0.0670 6.8500 2.1000 2.9000 0.0000 0.0000 0.0000 
'Layer 5 : 0.1002 5.4900 1. 5320 2.2560 383.6300 206.5700 206.5700 
'Layer 6 : 0.1002 5.4900 1. 5320 2.2560 383.6300 206.5700 206.5700 
'Layer 7 : 0.1002 5.4900 1. 5320 2.2560 383.6300 206.5700 206.5700 

Layer : m star El (m 0), gamma 1.. 3' U step(El,HH,LH) (me V) 

For each layer it gives the electron effective mass m *, the Luttinger parameters yi, 
and the 'step-potential' Uj,step for the electron, heavy and light hole band. This Uj,step is 
measured relative to the band edge of the substrate (that's why, in the example, it is zero 
for the fourth layer: GaAs, like the substrate ). The value of the electron effective mass is 
measured in electron rest masses m0. The effective masses of the holes can be calculated 
from the Luttinger parameters using the equations 

(A.6) 

The Luttinger parameter y3 is not needed to calculate effective masses for k11 = 0. 

However, it is needed for k 11 ::t 0 calculations and for the calculation of Uj,excor(Z). 

Material file 

The material properties are read from the material files in the subdirectory '\MAT'. 

Y ou can add files for binary constituents that are not yet included or edit an existing file 
- using an ASCII editor. The filenarnes of the material files are equal to the material and 
the extension 'MAT' - for example, 'ALAS .MAT'. When using ternary or quaternary 

compounds, all parameters - except the bandgap - are linear interpolated. The bandgap 
is computed with a second order interpolation. The second order terms are listed in the 
file 'BOWING. MAT' (in e V). As an example of a material file, this is 'GAAS. MAT': 

'MAT.PROPERTY' VALUE UNITS SOURCE (TEMPERATURE >5 K) 
'a - 0 5.64775DO Angstrem 
'c 11 1.126DO Mbar + -
'c 12 0. 571DO Mbar + 
'E_v,av -6.92DO ev 
'DELTA 0 0.341DO ev + -
'E_g 1.5192DO eV + 
'a_v 1.16DO ev 
'a c -7.17DO eV 
'b -2.0DO ev + (unknown) 
'gamma_ 1 6.85DO + 
'gamma_ 2 2.10DO + 
'gamma_ 3 2.90DO + 
'm_el 0.067DO m_ 0 + 
'epsilon_r 12.74DO + (77 K) 
'kappa 1.20DO + 

*. vdWalle 1989 
+: Landolt-Bornstein 

Popp 1995 
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In this file are listed: 
1. The lattice constant a0. 

2. The elastic constants c11 and CJ2. 

3. The average of the three uppermost valenee band edges at the r point, Ev,av· 

4. The spin-orbit splitting 8o. 
5. The bandgap Eg. 
6. The hydrostatic deformation potentials av and ac - of the valenee band and 

conduction band, respectively. 
7. The shear deformation potential b. 
8. The three Luttinger parameters y;- the first two are needed for the calculation of the 

effective masses of the holes, see equation (A.6). 
9. The electron effective mass m*. 

10. The relative dielectric constant Er· 

11. The g-factor of the holes K-not needed in the calculation at k11 = 0. 

Tip: when you have a structure with an exotic layer, give this layer the name of any 
unused binary constituent - for example 'EN' - and put the parameters of the material in 

the matching material file - e.g. 'BN. MAT'. So, you can try different parameters for a 
material, without losing any old values. 

When editing the input files with an ASCII editor keep in mind that: 

1. There must be at least one empty character ' ' between each value. 

2. Integers must be written without a dot and floating-point values with a dot - for 
example, the number of layers is an integer, and the doping is a floating-point value. 
An exponent must be added with a 'n' (e.g. -4.5·1021 must be written '-4. 5D21'). 

A.4.2 Output files 
QW ALL creates, after calculating the eigenstates of a heterostructure, a large amount 

of output files. Normally- when the default output format is selected in 'useroutput' 

(see A5)- these files are: 

1. 'LAYERPAR. ro': This file is saved when 'Run' is pressed - just before calculation 
starts. The file contains parameters of all the layers, see below. 

2. 'E_EL. ro', 'E_HH. ro' and 'E_LH. ro': The eigenenergies E1n of the electron, heavy 
and light hole states (in me V). Note: these values are relative to the band edge at the 

maximum of the valenee band edge. 

3. 'psr_EL.ro', 'psr_HH.ro' and 'psr_LH.ro': The (envelope) wavefunctions "P1n(z) 

of the electron, heavy and light hole states. The first column in the file contains the z 
co-ordinate of each point in the mesh (in À) and the other columns contain the 
normalised wavefunctions (using units of 100 À!). 

4. 'E_PLPLE. ro': The transition energies between electron and hole states (in me V). 

5. 'porssoN. ro': This file contains the depletion and voltage parameters from the 
structure file, plus the found depletion width wdept· Also, the number of layers in the 

structure is included. After that, the eigenenergies (relative to the groundstate ), the 
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relative accupation and the effective mass of the filled subbands are given. Finally, 

the Fermi level (relative to the groundstate) is given. 
6. 'u_couL. ro': The coulomb potential Ucout(z) of equation (A.3). The first column of 

the file contains the z co-ordinates of the each point in the mesh, the second column 
contains the Coulomb potential values at these points (in m V). 

7. 'ToTAL. ro': A complete 'picture' of the band edges and the eigenstates. This means 
that when this file is read in a program like Origin, and the columns are plotted 
against the first column, you will get a picture like Figure A.2. The first column 
contains the z co-ordinates of each point. The next three columns contain the band 
edges (the total potential Uj(z) of each band edge). The fifth column contains the 
Fermi energy EF - only calculated in the selfconsistent calculation. The remaining 
columns contain the eigenfunctions (the calculated (envelope) wavefunctions 'Pjn(z) 

placed on their eigenenergy Ejn). 
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Figure A.2: Plot of the file 'TOTAL.FOR' for the quanturn well mentioned in A.3.2. The band edges and 
bound (envelope) wavefunctions of each band are shown. The dotted horizontal line is the Fermi energy. 
Due to exchange and correlation effects the potential Uj(z) is not the same for each band. 

An example of 'LAYERPAR. ro'- for an undoped GaAs/AIGaAs quanturn well: 

'Material AlGaAs GaAs AlGaAs 
'x 0.330000 0.000000 0.330000 
'y 0.000000 0.000000 0.000000 
'a_perp 5.647750 5.647750 5.647750 
'Thickness 150.000000 100.000000 150.000000 
'm_star_El 0.094390 0.067000 0.094390 
'gamma_1 5.728000 6.850000 5.728000 
'gamma_2 1.631400 2.100000 1.631400 
'gamma_3 2.368700 2.900000 2.368700 
'E_gap 2001.033000 1519.200000 2001.033000 
'U_step_El 287.133000 0.000000 287.133000 
'U_step_HH 194.700000 0.000000 194.700000 
'U_step_LH 194.700000 0.000000 194.700000 
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In this file are listed, for each layer: the material, the concentrations x and y, the 

(strained) lattice constant in the growth direction, the thickness, the electron effective 

mass m *, the Luttinger parameters Yi· the bandgap and the 'step-potential' UJ,step of the 
electron, heavy and light hole band. 

Note: all files have normally the extension 'ro'. However, when multiple input files 

are used, the extension is equal to the number of the input file- see A.3.5. 
When the output files are not compatible with a format you want to use, you can 

create your own output files using module 'MOD_USER. FOR' - see sec ti on A.5 below. 

A.S ADVANCED PROGRAM USAGE 

When using QW ALL to generate input for other programs, the output format may be 
incorrect. To overcome this problem, it is possible to create custom output formats, 
using the module 'MoD_USER. FOR'. A summary of the procedure follows. In addition, a 
list of the- for output- useful arrays and variables are given below. 

To create your own output, you must make a new 'outputTactic' in the subroutine 

'useroutput' of the module 'MOD_USER. FOR'. Here, 'outputTactic = o' refers to the 
default output, and 'outputTactic = 1' refers to the output of only file 'PLPLE. ro'. In 
the program you can select an output tactic in the 'Program Options' menu, see A.3.5. 

The most important arrays and variables, which you can use when adding an output 
tactic, are listed in Table Al. Y ou can find more information on using these arrays in 
the subroutine 'useroutput' in 'MOD_USER.FOR'. Note: the detailed mesh is used for 

solving the Schrödinger equation while the normal mesh is used for data storage. 

Table A.l: A list of the recommended indices and the- for output- useful arrays and variables. 

Index Range Meaninf? 

Point l,PNP Point in the normal mesh 
Point _mult l,PNP_mult Point in the detailed mesh 

Subband l,NrSubbands(Band) Subband 

Band El,HH,LH Band 

Array/Variabie Meaning 

Mesh (Point) Normal mesh (z co-ordinates in 100 À units) 

Mesh mult(Point mult) Detailed mesh (z co-ordinates in 1 00 À units) 

E(Subband,Band) Energy of an eigenstate (me V) 

Psi(Point,Subband,Band) Wavefunction of an eigenstate (normalised on Mesh) 

E Fermi Fermi energy (me V) 

E_gap_zero For calculating the transition energies: 

E_plple = E(SubbandEl,El) + 

E(SubbandHH/LH,HH/LH) + 

E gap zero 

U_coul(Point) Coulomb potential (normal mesh) 

U_part(Point mult,Band) Total potential U for each band (detailed mesh) 



APPENDIX B: FLOWCHARTS 

In this appendix, the flowcharts of the most important parts of the program, called 
QW ALL, will be presented: the main program, the Schrödinger and the Poisson part. 

In Figure B .1 below, the general structure of the program is shown. 

Structure definition 

Model-solid theory 

SCHROEDINGER 

N 

POISSON 

Figure B.l: Flowchart of the program in its totality. After receiving user input, the line-up of the band 
edges is calculated, using model-solid theory. After that, the program calculates the requested eigenstates 
of the Schrödinger equation, for each band j (and subband n). These solutions E1n and 'P1n(z) are used in 
the Poisson equation to calculate the new potentials Ui(z), if a selfconsistent calculation is requested. 
After that, the Schrödinger equation is solved again. This will continue until the salution has converged, 
i.e. Uj(z) is converged. The eigenenergies E1"' envelope wavefunctions 'P1n(z) and potentials Uj(z) are send 
to the subroutine USER OUTPUT, which saves the requested output. 
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The program is divided in a few modules, which handle different types of program 

operations. These modules are named MOD_XXXX, except the main program, which is 

just called QW ALL. We will now walk through the modules, following Figure B .1. 
The user can define a new (quasi) two-dimensional semiconductor heterostructure or 

open/save files containing structure definitions and program parameters, using the menu 
structure of module MOD_UIIO (User Interface+ Input/Output), see appendix A. 

After the user has chosen 'RUN', the material properties of each layer are calculated, 
and the line-up of the band edges is determined, using model-solid theory. This part of 
the program is called module MOD_INIT. 

First, the program solves the Schrödinger equation, for each band j and subband n, in 
subroutine SCHROEDINGER of module MOD_SCHR. When the user has requested a 
selfconsistent calculation (for a doped structure), the Poisson equation is solved after 
that, in subroutine POISSON of module MOD_POIS. The new potentialis send back to 
MOD_SCHR and the process repeats itself, until the solution has converged, i.e. Uj(z) is 
converged. Flowcharts of the two modules are shown in Figure B.2 below. 

SET E_TRY Calculation of 
EF, N(z), WJepl 

Calculation of 
U Cou!(Z) + Uj,excor(Z) 

Weighting of 
Ucout(Z) + UJ,excrAZ) 

Figure B.2: Flowcharts of modules MOD_SCHR and MOD_pors. The first solves the Schrödinger 
equation for one eigenstate of one particular band. The other solves the Poisson equation and calculates 
the total potential Uj(z), including the exchange and correlation potential and a given gate voltage. It also 
calculates the Fermi level EF. 
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The solutions Ejn• \fjn(Z), Uj(Z) are saved by subroutine USER OUTPUT in module 
MOD_USER. Custom output formats can be added to this subroutine to make the 
output data compatible withother programs, see A.S. 

Finally, the graphical output (menu text and plots of the solutions) is generated by 
subroutines in module MOD_PLOT (which uses the NAG graphics library). 

To conclude, some final remarks to the Schrödinger and Poisson modules. 
In the left flowchart of Figure B.2 above, the module MOD_SCHR is described. lt 

first estimates the eigenenergies in subroutine SET E_TRY. Por this, NAG subroutine 
F02BFF is used. The estimates of the eigenenergies Ejn are then used to construct the 
matrix of equation (3.8), in paragraph 3.2.1. This discrete version of the Schrödinger 
equation is then solved by the external NAG subroutine F02SDF, which uses inverse 
iteration. 

In the right flowchart of Figure B.2, the module MOD_POIS is shown. This module 
deterrnines the total potential Uj(z) and the Ferrni level EF. First, the Coulomb potential 
Ucout(z) due to the 2DEG/2DHG and doping is calculated. If selected, the exchange and 
correlation potential Uj,excor(Z) is also calculated, and is added to U cout(z). The new 
potential is then weighted with the old potential. Finally, the other potentials are added. 
These are the 'step-potential' Uj,step(Z) and (if used) the applied gate potential UgateCZ), 

see paragraph 2.1.2. 



APPENDIX C: MATERIAL PROPERTIES 

The used material properties (low temperature) for the binary compounds are listed 

in Table C.l. Of course, there are a lot more binary compounds in the lil-V system. 

However, those tabled bere are the most common. The tabled properties can also be 

found in the files 'ALAS. MAT', etc. in the subdirectory '\MAT\LT' of QW ALL. New files 

can be created using the same formatting as in the existing files. For more information, 

see appendix A. 

Table C.l: Material properties of the most common binary constituents. First is listed the lattice constant 
a0 and the elastic constants c11 , c12. Then, the average valenee band energy Ev,av (average of the three 
uppermost valenee bands), the spin-orbit splitting Ao and the band gap Eg. After that, the hydrastatic 
deformation potential of the conduction and valenee band, ac and av, and the shear deformation potential b 
are given. The first two Luttinger parameters y1 and y2, and the electron effective mass m" follow. Finally, 
the relative dielectric constant E, is listed. The values are determined at/for low temperatures (0-5 K), 
except where indicated. 

A lAs GaP GaAs InP 
0 

5.64775* 5.43a 5.64775c 5.86581 c ao A 

en Mbar 1.202b,u 1.439b 1.126b 1.011 b,300 

c12 Mbar 0.570b,u 0.6520b 0.571 b 0.561b'300 

Ev,av eV -7.49a -7.40a -6.92a -7.04a 

~0 eV 0.275b'300 0.082b 0.341 b 0.108b 

Eg eV 3.13b 2.869b 1.5192b 1.4230b 

ac eV -5.64a -7.14a -7.17a -5.04a 

av eV 2.47a 1.70a 1.16a 1.27a 

b eV -2.0* -1.5b -2.0b,u -2.0b 

'Yt 3.45b,u 4.05b 6.85b 4.95b 

'Yz 0.68b,u 0.49b 2.10b 1.65b 

• mo 0.150b,u 0.252b,?7 0.067b 0.0765b m 

ê, 10.06b,u 10.86b,?7 12.74b'77 11.93b'77 

a [Wal89], model-solid calculations (except the value for a0 of GaP). 

b [Lan82], experimental and theoretica! values. 

c [Pop95]. 

* used the same value as for GaAs. 
77 at the boiling point of Nitrogen (77 K). 

300 at room temperature (::::: 300 K). 

u temperature unknown. 

InAs 

6.05372c 

0.8329b•300 

0.4526b'300 

-6.67a 

0.38b 

0.4180b 

-5.08a 

1.00a 

-1.8b,300 

20.4b,77 

8.3b,77 

0.0239b,u 

15.15b'300 
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For temary alloys, QW ALL uses an interpolation of the material properties of the 

binary constituents (e.g. AlGaAs has the binary constituents AlAs and GaAs). For most 

material properties a linear interpolation is used, except for the band gap. The band gap 
Eg is estimated by a second order interpolation, equation (2.20). The second order terms, 
the bowing parameters Cg, are listed in Table C.2. These bowing parameters can also 
been found (and altered), in the file 'BOWING. MAT' in the subdirectory '\MAT'. 

For quatemary alloys, e.g. InGaAsP, the material properties are estimated by an 
interpolation of the properties of the binary or temary constituents, see Krijn [Krij91]. 

Table C.2: The bowing parameters (in eV) for the ternary alloys consisting of the binary constituents 
listed in Table C.l. 

A lAs 

GaP 

GaAs 

InP 

InAs 

a [Krij91], values from several sources. 
b [Goe83]. 
c [Guz89]. 


