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Chapter 1

Introduction

With the development of electronics from the large to the small, so the ideas and the intuitive
guesses made in the former, classical physics case, have been replaced by the entirely different
world of quantum mechanics. The progression from the continuous macroscopic to the
discrete microscopic has revolutionized solid state physics, and with the development of new
growth techniques such as molecular beam epitaxy (MBE) and metal organic vapour phase
epitaxy (MOVPE) the possibility of atomic engineering has been realised. This precise form
of ‘growth to order’ has greatly advanced the progression of materials such as quantum wells
(QW), multi quantum wells (MQW) and superlattices (SL). Through the utilisation of the
afore mentioned structures it has become commonplace to design new devices, which use
the fundamental underlying physics in their operation.

1.1 Low Dimensional Structures (LDS)

In a bulk material, although quantum mechanics can be used to describe atomic properties,
new and novel properties are found when the electrons are confined dimensionally. When
the latter occurs in one dimension only (say, along the z direction ) we still have a continuum
of possibilities for motion in the x and y directions. A large collection of carriers confined
in this way give rise to a two dimensional gas (2DEG). Similarly if we have confinement in
two dimensions ( y and z,say) with free motion only in the x direction then we have a one
dimensional electron gas (1DEG), and so on to zero dimensions. This type of confinement
is achieved by growing LDS using the above mentioned growth techniques. The associated
technology permits the growth of semiconductor heterostructures monolayer, by monolayer.
thus enabling precise structures to be grown.

In this thesis, we will be concerned with the 2DEG, i.e where the carrier is confined
in one direction only. A structure which achieves this type of confinement is a QW, this
being produced using one of the advanced growth techniques mentioned earlier. A series of
QW'’s (i.e a multiquantum well, MQW, structure) can be produced by systematic growth of
semiconductor layers (see Fig (1.1a)). Since each adjacent layer is composed of a different
material having distinct band edges, we find the band profile shown in Fig (1.1b) could be
formed, i.e a region where the band edges are lower in energy than in the neighbouring
layers. The latter shows an abrupt change in the potential at the interface between material
A and B. with the consequence that an electron (or hole) finds itself confined within the
region of lower potential. In a semiconductor heterostructure such as GaAs/Al,Ga;_,As,
there is a difference in the depths of the QW’s in the valence band and conduction band.
The difference in the band gap is called the total offset Qo = EgB - Eg". A fraction € of O;e
lies in the valence band (i.e the valence band offset Ovg), and the rest in the conduction
band O¢p. Thus,

Ovp =€ x O:or and
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Figure 1.1: (a)Schematic diagram showing a typical sandwich structure, with layer thickness
d~nm;(b) band edge diagram for a typical type I sandwich structure.
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Ocg = (1 = &) X Otor.

¢ 1s determined experimentally for each particular heterostructure. It’s value is well known
for certain structures, e.g CdTe/Cd;_.Mn,Te [7] and GaAs/Al,Ga;_.As [8].

To confine a carrier in one dimension, it is not necessary to use a semiconductor het-
erostructure. Another possible way of confining a carrier is to use a doped semiconductor.
Using such a doped structure it is possible to create a parabolic potential well from a region
of ionized donors. This parabolic potential acts to confine the carrier in much the same way
as the QW in semiconductor heterostructures.

If the well formed by either process for the electron and the hole are spatially above one
another this is called a type I material; however if they are spatially separated then we have
a type II material.
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Figure 1.2: a)The growth sequence of GaAs and Ga;_,Al;As alloys forming a QW where
here x = 30%. b) The band structure for the QW.

1.2 QW,MQW and SL’s

Fig (1.2a) shows the growth sequence of a typical III-V heterostructure, so called because
of the grouping of its constituent elements within the periodic table. The QW is formed by
sandwiching a region of GaAs between barrier regions formed from GaAs Ga; . Al As ! as
shown in Fig (1.2b). Solution of the associated time independent Schrddinger equation yields
the eigen energies and the one particle wavefunctions for the system. These wavefunctions
{or to be more precise, envelope functions) consist of two spatially distinct parts. The first
is the wavefunction for the particle in the QW (4w ), and the second is the wavefunction
for the particle in the barrier (¥p).Application of the matching conditions for y¥w and ¥s
and their derivatives across the interface enable the one particle Schrodinger equation to be
solved ?

The finite probability of finding the carrier in the barrier region is important with the
penetration of the wavefunction into the barrier giving rise to the possibility of quantum
mechanical tunneling. Fig (1.2b) shows a QW structure with discrete energy levels arising
from the confinement of the carrier wavefunction. If the number of QW is increased, but
with the barrier width being such that there is no overlap between the wavefunctions in
adjacent wells we would have a MQW system. This system consists of a series of identical
isolated QW's with all the energy levels of the different QW’s being degenerate, see Fig
(1.3a).

If the barriers widths are reduced so that the wavefunctions of neighbouring wells overlap
then the degeneracy is removed and minibands are formed. This is known as a SL with the
wavefunctions of the resulting miniband extending over the whole structure 3 see Fig (1.3b).

! where x is the concentration of Al

2In terms of effective mass theory, the effective mass of the particle in the barrier is different from that
of the particle in the well. A popular form of the interface matching condition for the derivative of the
wavefunction is the ‘Bastard’ condition (1].

1 dyy _ 1 dyq
my dz | z0- my dz |;zo+
where m; and y; are the effective mass and the wavefunction in the barrier, and m, and ¥ are the effective
mass and the wavefunction in the well.

3This is very similar to the way in which allowed and forbidden bands are created in bulk material and
is described well by energy band theory.
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(a)

Figure 1.3: (a)Band structure for a MQW system;(b) Sketch showing electron, light hole
and heavy hole miniband formation in a SL.
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Figure 1.4: QW created by a region of donors width d; V(z) is parabolic for —d/2 < z < d/2
and linear elsewhere.

1.3 Doping

With the development of accurate growth techniques so the technology for doping semi-
conductors has become increasingly sophisticated and has taken on a new significance in
research and development. In particular MBE and other technological advances have made
it possible to dope individual monolayers thus producing novel doped semiconductors with
exciting new properties.

When doping a semiconductor an n or p type dopant can be employed. If an n-type
dopant is added then , on ionisation of this ‘donor’, an electron is donated to the conduction
band and a positive charge centre is left . Conversely if the semiconductor is p-type doped
then on ionisation of the ‘acceptors’, holes are donated to the valence band, leaving negative
charge centers. In this way by doping a material, excess electrons or excess holes in the
conduction band and valence band respectively, can be engineered.

Consider an intrinsic semiconductor (i.e. CdTe), , which has been uniformly n-doped, in
a slab of width d, during growth. Supposing all the donors to be ionised we can show by
solving Poisson’s equation

OV _ ep(z)

9z €0€y

where p(z) = eNg4(z) and Ny is the density of donors, that the potential due to the positive
charge associated with the donors is parabolic over the doped region and linear outside this
region, as in Fig (1.4).

Thus by doping a semiconductor we can create QW type regions. However if electrons are
actually trapped in this region, then their presence will modify this potential (self-consistent
effects). As a result of controlled MBE growth we can if so desired, dope a single monolayer
only. This is known as delta doping (in reality of course, diffusion of the dopants will occur,
nonetheless. as a first approximation, if diffusion is limited in extent, this can be ignored).

By utilising MBE, new types of structures can be grown in a given semiconductor.
Thus by either delta doping or employing a constant dopant density in a given region of a
semiconductor; a "new periodicity” can be introduced into the structure. In particular if a
given semiconductor is doped first with acceptors, and then with donors in repeated planes,
layers of negative (n) and positive (p) space-charge in the conductor, often separated by an
intrinsic (i) or undoped layer can be formed [4]. These are called n-i-p-i superlattices.
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Figure 1.5: Solution to the one particle Schrédinger equation, where the solid line is the
true solution ¥ = U(r, m)x(r, m) and the dotted line the envelope function which appears
in the envelope function approximation ¥ = x(r, m*).

1.4 One-particle energy and wavefunction calculations

In this section we are concerned with describing the method used to calculate one-particle
wavefunctions and energy levels. Prior to describing the “shooting” technique which is
employed for this purpose, we outline an approximation called the envelope function ap-
proximation.

1.4.1 Envelope function approximation

Using the time independent Schrédinger equation
HYy=Evy (1.1)

we can solve for the one particle eigen energies and wavefunctions in the QW. The wavefunc-
tion consists of both a rapidly oscillating Bloch function U and a slowly varying envelope
function y and is written as

¥ = U(z, m)x(z, m)

In the envelope function approximation [1] we neglect the rapidly varying Bloch function
component of the wavefunction [1, 2, 3] and assume that the wavefunction consists of only a
slowly varying envelope function,see Fig (1.5). Elimination of U from the description leads
to an expression for the Hamiltonian in which the rapidly varying one-electron potential is
replaced by a slowly varying potential V'(z) and the mass m of the particle is replaced by
an effective mass m* specific to the appropriate semiconductor. We now find that

¥ = x(r,m")

Where ¥ now satisfies the effective Schrodinger equation given in equation (1.2) below.

1.4.2 Shooting technique

The shooting technique is employed to calculate the eigenstates and energies by solving the
time independent Schrodinger equation. The Hamiltonian is given by

and the Schrédinger equation can be written as

h? d? Y

2m* dz?

+[V(z)=El¢v=0 . (1.2)

The solution to the above equation must satisfy the boundary conditions ¥(z) => 0 as
z = =00, we solve the equation numerically using a finite difference method. Thus the
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second order derivative of the wavefunction %ﬁ’- is replaced by a finite difference i.e.

d?y e+ 205) + fz = 20z2) - f(2)

dz2 = (202)2 (1:3)
Using equation (1.3) we can rewrite the Schrédinger equation as?
. am” . , .
Y(z+4d2) = (2(5:)‘ . (V(z)-E)+ 2) P(z) — (s -62) . (1.4)

This implies that if the wavefunction is known at z and z — 4= then for any arbitrary energy
E the value at = + dz can be found. Thus using two known values of the wavefunction
a third can be predicted. Using this new point ¥(z + §z), together with ¥(z) and by
making the transformation z + 6z = z, a fourth point ¢(z + 24z) can be calculated and so
on. Hence the whole wavefunction can be deduced for any particular energy. The solution,
which represents the stationary state of interest, has a wavefunction that obeys the standard
boundary conditions i.e. ¥ = 0 as 2 = *o0.

The initial two values of the wavefunction needed to start the iteration process can be de-
termined, by either symmetry arguments (if V'(z) is symmetric) or by physical arguments(if
V(z) is arbitrary). The former determination of ¥/(z —§z) and ¥(z) utilises the fact that the
eigenstates must have either even or odd parity. If, for example we chose the latter, then its
wavefunction must have a node at the center of the well (0) = 0. Hence an arbitrarily small
decrease along the z axis yields y(z — dz); its magnitude is irrelevant since eigenvalues of a
linear differential equation, such as the Schrédinger equation are not affected by a scaling
factor. If the state has even parity then y(—42) = 9¥(4dz) and substitution of this condition
into equation (1.4) gives an equation for #(z + 4z) in terms of ¢(0). The latter can be
assigned an arbitrary value for the reason described earlier. Hence with v(0) and #(z £ 4z)
known the iteration process can begin.

For an arbitrary value of the potential V(z) the determination of w(z — dz) and ¥(z)
invokes physical arguments. In effect i is assigned a value of zero at some distance L into
the barrier region and a value of unity in the second step. Thus

W(z=—-L)=0 (1.5)
Yle=—=L+62)=1 (1.6)

The condition in equation (1.5) arises from the known exponential decay of ¥(z) in the
barrier region.

In summary, starting with a known potential V'(z), the initial conditions of equations
(1.5) and '(1.6) and the iterative loop of equation (1.4), the value of the wavefunction at
2 = 4+, Yoo, say, can be calculated for a chosen energy E, i.e. ¥ is a function of energy
E. Hence solutions are sought to the equation

Yoo (E) =0

4Since §z is arbitrary the transformation 25z = §z can be made.
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1.5 Exciton binding energy calculations

This section outlines briefly the variational approach used to calculate the exciton binding
energy E, as developed in [5. 6].

This approach involves solving the time independent Schrodinger equation given in equa-
tion (1.1), for the Hamiltonian ¥

H=H.+Hr+HL +H.

where:

H. is the hamiltonian describing the electron;

H, is the hamiitonian describing the hole;

Hy describes the kinetic energy of the relative
motion of the electron and hole;

H. is the hamiltonian describing the coulombic interaction
between the elctron and the hole.

Using the framework of the envelope function approximation a trial wavefunction was
employed (¥). The trial wavefunction consists of a product of the one particle electron
envelope function (¥.), the one particle hole envelope function (%) together with the envelop
function describing the relative motion of the electron and hole (¥.—4), i.e

¥ = YeWnYe-h. (17)

The ¢. and ¥, (which are solutions to H. and #, respectively), and the corresponding
energies are obtained using the shooting technique discussed earlier.
For a 1S excitonic orbit ¥._j is chosen to have the functional form

_rl
Ve—h = €XPpP (T) N

r2= (2. —24)2 + (e — ) + (1 = %) (2 — 2n)°.

with A and 3 variational parameters.

The parameter 3 determines the dimensionality of the exciton orbit, i.e the orbit of the
exciton can be assumed to spherical (3-D), when 8 = 0, or planar (2-D), when 3 = 1, or
any orbit of a dimensionality which is between these extremes. Therefore 3 has the range
0<p<1

The total energy of the system is given by:

where

E=E.+Ey—Ey ,
where E. and E, are the electron and hole one particle energies, i.e

E. = < d’elweW'e >
¢ < 1j’elwe >

and correspondingly for the hole. The exciton binding energy E} is given by

_ B 10 PlwalIZE P dr [ PlenP(eon(Ha + Heteon) dr (1.8)
20 [10PIonlle-nl? dr TT0elPlonle-nl? dr '

The variational method described involves minimising the total energy E by maximising
the exciton binding energy E, (given in equation (1.8)).

Ey
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1.6 Radiative Transition Probabilities

Of particular interest in spectroscopic measurements are the values of the radiative transition
probabilities (R), which determine the emission and absorption intensities. It can be shown
that R is proportional to

Rx|<¥|¥>|?

where ¥ is the exciton wavefunction.
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Chapter 2

Tuning of surface electric field
via a quantum well-like
structure for the purpose of
controlling catalytic activity.

2.1 Introduction

There has been much interest devoted to the study of engineering semiconductor heterostruc-
tures to produce novel devices. 1, 2] The method of engineering varies greatly, ranging
from the doping [3] of these structures, through to the utilisation of strain produced in
their growth by sophisticated growth techniques such as molecular beam epitaxy (MBE),
or metal-organic chemical vapour deposition (MOCVD). [4] In the present chapter, some of
the structures that are modelled have sharply defined interfaces, similar to the structures
grown by the methods of MBE and MOCVD. However as shown later, it is not necessary,
for the applications we will be concerned with, to have such well defined interfaces. Instead
any technique which introduces some form of potential well (of what ever shape), which can
confine and separate the charge carriers from the ionized donors can be used. This means
that one need not employ commercially expensive growth techniques to obtain the desired
effects, namely that of large surface fields.

The latter can be very useful and lead to novel applications, one such being the use of
a semiconductor heterostructure to control a catalytic reaction taking place on its surface.
The rate of a chemical reaction is an important variable, which it can be advantageous to
control. One method of achieving this is to use a catalyst. The latter is a substance which
increases the rate of the reaction, without itself undergoing any permanent change. Given
that the catalytic activity of metals for example, [5, 6, 7], can be associated with both
electronic and geometric factors, it is clear that these properties can be strongly influenced
by the electronic structure of the surface and near surface regions of the support on which
the catalyst is placed. Electro-positive or electro-negative promoters, strong metal-support
interaction (SMSI) and the use of alloys to create surface ensembles, are all methods which
are employed in attempts to influence the electronic state of the catalyst sites. None of the
approaches mentioned have been able to demonstrate a clear link between catalytic activity
and the electronic structure of active sites. Possible reasons for this include comparisons
involving catalysts which differ very considerably in their electronic structure or catalysts
that have been inherently inhomogeneous!. In this chapter we illustrate how doping of

1SMSI catalysts or alloys subject to surface segregation.

12
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Figure 2.1: (a)potential profile of a nine-well superlattice,where the barrier width and the
well widths are 40A. (b) Square electron envelope function for AE = 755meV shown in order
of eigen energy. The origin of the horizontal axis is at the left corner of the left most well.

a heterostructure, such as CdTe/Cd;_. Mn,Te, can lead to severe band-bending at the
surface which gives rise to large internal electric fields. Since the surface electric field can be
precisely controlled, by varying certain parameters associated with the quantum well (QW)
structure lying beneath the surface, one could then influence, in a controlled manner, either
the electronic structure of the catalyst or the adatom mobility at the surface, and hence the
rate of the chemical reaction.

One method of achieving a high surface electric field would be to attempt to localise
an electronic state at the surface of the heterostructure. Such localised surface states are
called Tamm states [8, 9, 10, 11], and give rise to many novel effects {12, 13]. They can
be engineered, readily, for example, in superlattices where the localised state lies at the top
of the associated miniband (see Fig (2.1)) [14, 8]. As AE increases the highest energy
state begins to ‘peel off’ from the miniband and simultaneously its wavefunction starts to
localise at the interface. However the other wavefunctions stay delocalised and the width
of the miniband remains essentially constant. Unfortunately our calculations show that the
localisation of the wavefunction at the surface is very sensitive to the degree of perfection
of the potential profile, and disperses rapidly away from the surface as the disorder and/or
interface roughness increases. Consequently, although it is possible in principle to produce
large fields by localizing an electronic state at the surface, in reality, this would be difficult
to achieve in a commercially viable way. A much simpler, and more reliable way, is to grow
a single QW close to it [15].

Fig. (2.2) is a schematic energy level diagram showing how localised electrons at the
surface of the heterostructure can create a surface electric field. It shows a single QW close
to a terminating surface barrier (having an associated work function) in which the surface
to QW distance is called the cap layer [15]. There is a highly doped region about 20 A
wide (placed at various points in the structure) containing a donor dopant density, chosen
for the purpose of illustration, to be approximately 4 x 108 impurities/cm3. The basic idea
is that, in general, the donors become ionised, releasing electrons which are then confined
within the QW. Again, for the purpose of illustration, it is assumed that each donor releases
1 electron to the system. Thus a region of ionised donors is created with the electrons from
these same donors being confined in the QW. Both features change the potential profile of
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Figure 2.2: Band diagram of a single quantum well of depth V with a thick buffer layer, a
well width L, a capping barrier layer of finite size (cap width t), the donors placed at Ty
and a high potential at the surface at x=0.

the system, giving rise to a new profile.

The contributions of the ionised donors and the confined electrons to the net potential can
be determined by solving Poisson’s equation, i.e. in order to calculate the heterostructure
potential we must superpose onto the original square QW potential the potential due to the
ionised donors and the Hartree and exchange potentials due to the electrons (note, following
‘tradition’ in MBE growth we have considered a ‘rectangular’ quantum well. However, since
we solve the Schrédinger equation numerically , the problem could just as readily be dealt
with as if the ‘well’ was not rectangular. Equally, the essential results described below
would be little affected by such a ‘non-rectangular’ well, since the latter is used mainly as
a ‘container’ for the electrons, thus permitting the positive charge from the ionised donors
to be separated in real space from the negative charge of the ‘confined’ electrons). To
evaluate the Hartree potential for the electrons, we must find a self-consistent solution to
both Poisson’s equation and the one-particle Schrédinger equation [10]. The former equation
is given by

‘ ¢ _ p

022 ~ ege,
and can be used to find the resulting potential from both the constantly doped donor region
and for the electrons. In the former case the density p is given by the charge density of the
dopant distribution, whereas in the latter p is the probability density of the electrons. Thus
for N electrons we would have to solve the following modified form of Poisson’s equation

(2.1)

8¢ _ eN[y|?
8x2 T eper !

(2.2)

self-consistently with the Schrodinger equation. (This follows from the assumption that the
in-plane QW structure is 'flat’, and hence that the in-plane motion of a given miniband
structure can be represented by a plane wave with varying wave vector for the different
electrons. Clearly, if there is ‘roughness’ along the ‘QW plane’, the calculations would
become slightly more complicated, but the essential physics would remain unchanged.) Once
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the new potential profile has been calculated in this manner, the electric field, which is the
gradient of the potential, can be found at any point.
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Figure 2.3: A diagram to illustrate the method of integration across the donor region,for a
system of length L.

2.2 Theory

As described above, in order to obtain the potential and thus the electric field, the Pois-
son and Schrodinger equations must be solved self-consistently. For the constantly doped
(ionised) donor region, the solution of the Poisson equation could be calculated analytically,
as follows. Suppose ¢ is the resulting potential and p is the charge density. Given that the
potential must have a turning point, the boundary conditions are given by:

gﬁ 0 at r=dp with dg to be determined
and
6=0 at £=0 or z=1L (this simply defines the zero of potential),

Also the potential ¢ and its derivatives are continuous across the boundaries of the donor
region at dy and d; (see Fig (2.3).
Starting from Poisson’s equation we have (for the region between dyand d3)

¢ _ p _
T = o =C (2.3)

Integrating from z; to dp we get

do g2 do
[ aE=c] &

, o0z? £
0¢ d¢ _ '
(;,;)do— (a—) = Cldo-=1) .
i.e. 9
(8_‘;’)“ = Cley - do) . (2:4)

If we integrate equation (2.4) from d, to z; (where x’l lies between d, and dy) we have
7l

#(z) - () = 5 [(#) - do)? = (dy - do)?]

i.e.

= [(21 = d0)? = (d — do)?] + 6(d) (2.5)
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therefore o(do) = ——g—(dl —do)? + é(d1) . (2.6)
If we now integrate Poisson's equation from dg to z» (where z2 lies between dy and d3) we
get:
(L) -
(6_1;)“ = C(z2 - do) (2.7)
and integrating equation (2.7) from z, to da we get
' Cr, 2 2
$lar) = 5 (¢ = do)? — (do — do)?| + ¢(d2) (28)
c 2
therefore o(dg) = —E(dg —dp)* + o(da) . (2.9)
Outside the region d; to d2 Poisson’s equation reads
%¢
Erial
Integrating over the region 0 < z < d; gives
o¢
% =0

from which we obtain ¢=Ciz+Ch

Sinceat =0 ¢ =0 then
Co=0 ,

therefore ¢ =Cz

From equation (2.4) we know that at z = d;

s]
6—2 = C(dl - do) ,

The equality of the derivative across boundary at d; gives therefore
Cy=C(d1 —dp)

Similarly integrating for d2 < z < L we obtain
¢=Cz+C,
Now for dé < r < L we know that at z = L ¢ = 0, consequently
Cy=-C,L
thus giving ¢ = C;(r - L)
Similarly from equation (2.7), we know that at z = d»

9

3 = C(d2 — dp)
The equality of the derivative across boundary at da gives
C, = C(dg - do)

Thus for 0 < x < d;
¢=C(d—do)z , (2.10)
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Figure 2.4: A diagram to illustrate the method of integration for the electrons.

and fordo <z< UL
¢=C(dy—do)(x—-L) . (2.11)
Since ¢ is continuous across dy we can equate equation (2.9) and equation (2.6) to obtain

(via equations 2.10 and 2.11)
(df - df)

do = dy ~ (2.12)
Thus for d; < z < do
é(z) = % [(z —do)* = (dy = do)*] + C(dy — do)d; , (2.13)
and for dp < z < da
8(2) = 2 [(e = do)? = (d — do)”] + Cldr = do)(do = L) , (2.14)

where dy is given by equation (2.12).

Now for a varying charge density, in which the charge carriers are N electrons all de-
scribed by a given wavefunction ¥, the same technique as for the constant charge region is
employed, when calculating the Hartree potential. The difference is that instead of a con-
stant charge density p, the probability charge distribution ¢|¥|? is used. Thus in this case
p = eN|¥|? (see equation (2.3)). To obtain the potential from Poisson’s equation, involves
evaluating an indeterminate integral, hence an analytical solution is not possible in this
situation. Consequently the Poisson and Schrédinger equations were solved self consistently
using the technique described below: Placing

Ne

€p€p

=C ,

and noting the boundary conditions (see Fig (2.4):

¢6=0 at r=—oc and r =+ ,

. . . . N . i’
gives, on integrating Poisson’s equation from &, to d

9 o ,
() =c [ widz=gendy) e (2.15)
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Similarly integrating equation (2.13) from —0 to .c’l gives

1

sz == [ otor,dyhdes . (2.16)
, da ,
therefore a&(do):—/ g(xy,dg)dzy . (2.17)
-0Q

On integrating Poisson’s equation from d;, to z2 we obtain, in an obvious notation,
0¢ :
(5; . = f(z3,dy) say |, (2.18)
2
whilst integrating equation (2.18) from z, to oo gives

.7:-,) / flz2 do drs . (2.19)

therefore o(dy) = / fza,dg)dzs . (2.20)

Hence from equation (2.17) and (2.20) we obtain the identity

4 , 0 ,
/ g(rl,do)dzlzfdl f(z2,dg)dzy . (2.21)

-0

Equation (2.21) enables us to determine, numerically the value of dj.

As well as the Hartree potential due to the confined electrons, there is also an exchange
correlation potential Vx¢(z). This can be calculated using the local density approximation
of the density functional formalism [16]. This yields a contribution of

0.916¢? (3n(z))*

Vxc(z) ~ Vx(z) = 2 \"7s

where n(z) is the probability charge distribution e|¥|* multiplied by the number of charge
carriers N.

The approximation holds only when the density of carriers is high. It breaks down at
low densities. Consequently it can be incorporated into calculations only when the density
of carriers is sufficiently high (typically 1 x 10'®/cm3).

To solve the problem self-consistently requires employing a technique in which the dif-
ference between consecutive solutions is small. If the difference is large then the solutions
will not converge. This means that, for calculational purposes the density of donors must be
added incrementally, and the system solved self-consistently each time until the full donor
density was attained. Fig (2.5) shows a flow chart showing all the computational steps in
obtaining the self-consistent solution.



Chapter 2

INITIAL
POTENTIAL

ADD PROPORTION
OF THE DONORS

SHOOT THE NEW
POTENTIAL

WAVEFUNCTION
PRODUCED

INTEGRATE USING
POISSONS EQN

NEW
POTENTIAL

IS THE SOLUTION
2
NO SELF-CONSISTENT ?

YES |HAVE ALL THE DONORS
BEEN ADDED ?
L

D—
YES

NO

FINAL
POTENTIAL

Figure 2.5: A flow chart showing the computational steps in obtaining the self-consistent
solution.
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Figure 2.6: Band diagram of the conduction band edge with a terminating surface barrier,
when donors are placed at Ty=100 A.

2.3 Results

The calculations show that a wide range of surface electric fields can be expected ranging
from high negative values to high positive ones. As might be expected. the electric fields
can be controlled by varying several parameters, all of which can be adjusted via the growth
stage. These parameters include the QW width, the donor position and the donor concen-
tration. In the calculations, the total length of the whole system was kept fixed, with the
wave function vanishing at the boundaries of the system.

In addition to the system involving a QW, a test system without such a QW was also
modelled. This system is comprised of a flat band edge (with a terminating surface barrier)
into which donor ions are introduced over a given region. We consider first such a system.
Fig. (2.6) shows the resultant ‘V' shaped potential well formed when bulk material is
doped over a finite region with a constant donor density. This ‘V’ shaped potential is due to
potential contributions given by the electrons and ions and was evaluated on the assumption
that each donor has a single electron with the latter being confined in the ‘potential well’
created by the ionized donors. The surface electric field is given by the gradient of this
potential at the surface.

Fig. (2.7) shows the contribution made by each term to the overall energy. For the
situation when the donors are placed at the centre of the system (i.e. I'3=100 A, where the
system is defined as the surface layer, and the flat band) the exchange and correlation terms
play little part in determining the surface field. If the donors were situated closer to the
surface the exchange and correlation terms would play a much larger part in determining the
overall energy, and hence the surface field. For the case of the surface barrier shown in Fig.
(2.6) the surface field is negative. Fig. (2.8) shows the surface electric field as we move the
donors through the system. As expected the surface electric field tends to zero as the donors
are moved further from the surface. The reason is that the exchange and correlation term
due to the electrons (which sit in the ‘V’ shaped well produced by the donors) is negligible
and the coulombic and ionic terms cancel.

In the previous calculations a 3 eV barrier height was used since this is typical of the
work function of a surface layer. Increasing the barrier height reduces the contribution of the
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Figure 2.7: Potential energy diagram showing the contribution made by each term to the
overall energy.
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Figure 2.8: Change in surface electric field with movement of donor position, for a flat band.
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Figure 2.9: Surface electric field versus donor position for different cap layer widths.

electrons to the electric field. For example, the surface electric field for donors positioned at
['4=20 A in a system with a 6 eV work function is more negative than the surface electric
field for the same donor position but with a work function of 3 eV (The points are taken
to represent the centre of the donors, for example the point at [y=20 A indicates that the
donor position ranged from 10 A to 30 A.). This result is attributable to the fact chat
as we increase the surface barrier height the wave function penetration into the barrier
region decreases. Consequently the electrons are repelled from the surface region and their
contribution to the surface electric field decreases. Note that as we increase the barrier
height, the wave function penetrates the barrier less, and the density of electrons within the
barrier region decreases significantly. Consequently the approximation used for calculation
of the exchange correlation term is of decreasing validity in this region. [16]

We now turn to the situation where a QW is present in the structure. One possible
variable is the thickness of the cap layer. Typically we chose a 50 A cap layer. However the
effect of varying the length of the cap layer is shown in Fig. (2.9). Each curve represents
in Fig. (2.9) the surface electric field as the constant donor region (of width 20 A, and
the donor density 4 x 10**/m?®) is moved through the structure with the QW width kept
fixed at 50 A. Considering the curve with a cap layer of 50 A we can see that as we move
the donors through the structure we go from a very large negative electric field (~ —100
MV /m) to a point where the surface electric field is zero, and as we move the donor position
further away from the surface we obtain a very large positive electric field (~ 20 MV /m).
This illustrates the sensitivity of the surface electric field to the donor position, and how by
simply changing the donor position, we can alter the sign of the electric field from negative
to positive. Fig. (2.9) also shows the effect of different cap layer thicknesses. It can be
seen that as we bring the QW closer to the surface (by reducing the cap layer) we increase
the effect of the electrons on the surface electric field thus making the electric field more
positive. Thus for a cap layer thickness of 25 A we have a more positive electric field than
that for a cap layer thickness of 50 A. However, when the donors are positioned at large
distances from the surface, the electric fields for all the cap layers are similar. This effect is a
result of the electrons being confined to the ‘V’ shaped donor potential well rather than the
QW. Fig. (2.10) shows a potential profile of a typical system, before and after the addition
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Figure 2.10: Band diagram of the conduction band edge for a square QW without any donor
region and a self-consistent QW potential where the donors are placed at ;=30 A.

of the donors. It can be seen that the addition of donors leads to a ‘band-bending’ effect
which in turn gives rise to the very large surface electric fields.

Fig (2.11) shows the effect of varying QW potential depths on the surface electric field.
It shows that if we increase the depth of the QW the electrons have a greater effect on the
surface electric field.

The QW width was another possible variable, Fig. (2.12) shows the effects of changing
the QW width on the surface electric field. Again there is only a significant difference when
the donors are placed further from the surface, the trend seems to be that for this region the
wider the QW the more negative the surface electric field, thus this suggests that the wider
the QW the fewer the number of electrons that contribute to the surface electric field.

As well as doping a heterostructure with donors, it is also possible to dope with acceptors.
The same theoretical technique is applicable as for the donor case. Fig. (2.13) shows
a comparison between the dopant position and the surface electric field, for both donors
and acceptors. [t can be seen that the acceptors produce positive electric fields whose
magnitudes are larger than those associated with the donors. This results from the higher
effective mass of the holes which leads to them being more confined in real space than the
electrons associated with the donors.
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2.4 Conclusion

In this section we have modelled the effects of a QW, together with a highly doped region,
on the magnitude of the surface electric field. By varying growth parameters (such as QW
width, position of the doped region. position of the QW relative to the surface etc.) it has
been demonstrated that the magnitude of the surface electric field can be tuned through very
large ranges of positive and negative values. This effect could be of extreme importance for
the control of a catalytic reaction, where such large surface fields could be used to influence
the mobility of atoms/ions and also the electronic structure of the active sites. Currently we
have no technique whereby we can locate a catalytically active phase in a controllable and
unambiguous electronic environment, thereby modulating the normally binding correlations
between electronic character and geometric structure. However as we have demonstrated in
this chapter, the use of semiconductor heterostructures to control the electronic structure
is clearly possible, since the electronic structure of the semiconductor materials themselves
is relatively well understood. In this manner the hope is to achieve novel catalytic activity
and control in a wider range of catalytic processes.

It is important to stress that in order to obtain large surface fields, and hence to achieve
the novel effects desired, does not require the use of precise growth techniques. Although the
structures examined previously are ones assumed to be grown using MBE, it can be shown
readily that the same effects would be obtained if the structure was grown with a QW whose
interfaces are much less precisely defined (i.e. are ‘corrugated’). In turn this means that one
could use a much lower resolution growth technique, thus rendering the control of catalytic
processes by this means a commercial viability.
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Chapter 3

A melting model for pulsed laser
processing of Silicon thin films

3.1 Introduction

The growth of interest in polycrystalline Silicon thin film transistors (poly-Si TFTs) over
the past decade has been due to the commercial development of active matrix-addressed
flat panel liquid crystal displays (AMLCDs). The current technology is such that AMLCDs
use amorphous Silicon thin film transistors (a-Si TFTs). Although these devices work ade-
quately, they are limited from being developed to form Integrated drive circuits on the active
matrix plate owing to the low electron field effect mobility. This mobility problem could be
overcome by the use of poly-Si TFTs since these have a superior field effect mobility (over
100 times that of a-Si)! [2].

There are a variety of ways of forming thin film poly-Si. These include direct deposition
of the poly-Si onto a substrate as well as conversion from a-Si by either solid-phase crystal-
lization or by laser crystallization. The investigations undertaken are guided by commercial
viability. Thus, e.g, although the use of a high temperature technology based on utilising
quartz substrates is possible, only low temperature processes are actually considered as a
result of economic considerations. This allows the use of inexpensive glass substrates and
means that mass production of devices is easily attainable.

The objectives of the present research are to model the heat conduction within a semi-
conductor arising from an incident laser pulse, with a view to gaining an understanding of
the recrystallization process involved in transforming a-Si to poly-Si. Once the processes
are understood, the object is to utilise the model to aid the experimental realisation of the
formation of thin films of poly-Si from a-Si. Since ultimately the production of poly-Si TFTs
on glass are required, thin films of a-Si on glass substrates were modelled>. When raising the
temperature of the a-Si using a pulsed laser the time scales involved are very small. Typ-
ically the temperature of the sample may be raised in a few nanoseconds from ambient to
the melting point, if the laser pulse is sufficiently powerful. Over these temperature ranges
the thermal conductivity (K) specific heat (¢) and density (p) are not constant.

It can be seen from Fig (3.1) that for crystalline Silicon (c-Si) the temperature depen-
dency of the thermal conductivity is large and that it would not be correct therefore to
assume a constant value for all temperatures. It is also noticeable that there is a quasi-
discontinuity in K which occurs on melting, when the material properties change from those
of a semiconductor to those of a metal. Such effects are clearly important when trying to

15.Si TFTs have a channel mobility no more than 1¢cm?/(V.s), where as it has been reported that for
poly-Si the TFT channel mobility is in the region of 200 — 300cm?/(V.s) (1]
2150nm of a-Si on a 850nm glass substrate and 450nm of a-Si on a 1um glass substrate.

29
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Figure 3.1: Temperature dependency of thermal conductivity for three crystalline semicon-
ductors [3].

Latent heat | J/g
crystalline 1800
amorphous | 1320

vaporization | 16207

Table 3.1: Thermodynamic data for Si {3, 4].

model the heat flow and must therefore be accounted for properly. Besides the temperature
dependent properties another important consideration is the incorporation of the latent heat
into the problem. When a-Si reaches it’s melting point it must overcome the latent heat of
fusion before it is transformed into its ‘molten’ state. However, in the problem under consid-
eration, the transition from solid to liquid occurs in parts of the sample only. Consequently,
during the various transition stages the material goes through a ‘two-phase mixture referred
to as slush or mush’ [3] and this must also be allowed for when dealing with its properties.

Table (3.1) shows some thermodynamic data for Si. From this table it can be seen that
the latent heats for ¢-Si and a-Si are different (as a result of their different crystal structures).
Thus when a transition from a-Si to c-Si via molten Si occurs, differing amounts of latent
heat are involved.

The relevant physical parameters of the glass substrate were assumed to have a negligible
temperature dependence. This means that the heat flow problem can be dealt with in a
straightforward manner for the substrate. The properties of the latter are very different
from those of molten or c-Si. Hence when dealing with the interface (which always occurs
at the substrate) an appropriate technique must be employed since many of the physical
properties of the materials change abruptly there. Such abrupt changes can give rise (via
derivative terms in the differential equation) to the appearance of Dirac-delta functions in
the equations. It is essential therefore, to avoid non-physical effects resulting from such
mathematically singular terms. A means of achieving this in the numerical simulations is
described later.

In general, heat flow in materials irradiated with laser pulses constitutes a three dimen-
sional problem. However for short-pulse irradiation, the thermal diffusion distances are very
much smaller than the dimensions of the laser beam. As a result the temperature gradi-
ents perpendicular to the surface are many orders of magnitude greater than the gradients
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parallel to the surface. This means that it is usually a good approximation to treat the
heat conduction problem as a one dimensional one [3]. To determine the resulting temper-
ature gradients in the system one has, in general, to solve therefore the following two heat
conduction equations.

dQ 4T
ke -K = (3.1)
dI' _dQ 1

PRl e (3.2)

Where Q is the heat transfer, ¢ is the time, T the absolute temperature and m the
mass of the element being considered. Unfortunately these two heat conduction equations
are general equations which do not include the effect of heating due to the laser pulse.
Consequently they must be combined into a single differential equation which includes a
heat generation function P(z.t).

0T (=, ,
pc-—T—g:—tl - (-% (K T(a””xt)) = P(z,1) (3.3)

Clearly this equation is mathematically similar to the equation of continuity with a source
term present. The heat generation function is determined by the interaction of the laser
radiation with the sample and the subsequent transfer of the energy to the lattice [5]. The
incident pulse has certain characteristics which depend on the type of laser employed. Such
characteristics can thus be varied by making a different choice of laser. A XeCl eximer laser
was used in experimental work in the laboratory [6]. Consequently when modelling the laser
pulse the characteristics of such a laser were employed, these characteristics include pulse
shape, wavelength, absorption depth, reflectivity and duration of pulse (variable). From the
information about the pulse, the amount of energy transfered to the lattice per unit time can
be determined and consequently the temperature rise due to this energy can be calculated.
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Figure 3.2: Diagrammatic representation of heat flow from adjacent nodes.

3.2 Theory

To obtain the temperature gradients the heat conduction equation (equation (3.3)) was
solved using a finite difference technique. To apply the latter, the physical problem is
approximated by a set of nodes along the z axis, each node being associated with a small
volume of material having prescribed thermal properties. The heat flow between adjacent
nodes is then modelled [3]. Fig (3.2) illustrates the heat flow involved. An appropriate
choice of the time steps and the increments between the nodes enables an accurate solution
to the differential equation to be made. Rewriting equation (3.3) in the form

0T (z.1) - P(z.t) + 1 [GK(m,t) 0T (z,t) 8T (z,t)

8z?

- o2 32 + K(z,t)

ot pc pc
leads to the finite difference equation (c.f. 1.3.2)

T(z,t+ dt) — T(.r,t)] _
[ ot -

1 [[K(z +6z.t) — K(z = §z,1)][T(z + §z,t) - T(z ~ dz, )]

B(.r:,t)+pC { DITE }+

K(z,t) {T(z+5:c,t)+T(z-—Jz,t)—2T(z,t)} (3.4)
pe (dz)? '

where B(z,t) = P(z,t)/pc.

The two stationary boundary conditions imposed on these equations are the following

(QT_(::_,t_)_) =0, and T(x,t)z+00 = constant.

Oz =0

The first condition implies that there is no heat loss from the surface, whilst the second
reflects the fact that the sample must be thick enough to act as a good heat sink [3]. In
numerical calculations, the two boundary conditions are readily implemented, by ensuring
that the temperatures of the first two nodes are equivalent, and that the number of nodes
is such that the last one remains at room temperature 3.

3.2.1 Heat generation function

The heat generation function B(z,t) is evaluated on the assumption that the laser pulse has
a rectangular form which can be divided into small elements.

Fig (3.3) shows the shape of a typical pulse employed in the calculations; using such a
pulse means that it can be divided into small time elements of length d¢. Consequently at

3Room temperature is taken to be 300 Kelvin.
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Figure 3.3: Typical pulse shape used in calculations of temperature profiles.

a time dt in the future, only the energy contained in the shaded region is transferred to the
lattice.
Using
E = meAT

Where E=energy, m is the mass of the element, ¢ is the specific heat capacity and AT the
temperature rise, then

E _ meAT
Area ~ Volume

oz

F = Fluence =

therefore
F = pcATéz (3.5)

In this manner we can evaluate the temperature rise in an element dz resulting from an
element of the pulse of duration §t. This model assumes complete absorption of all the
pulse energy; it does not take into account reflectance at the surface. Thus the more general
form is F

AT =(1- R)pc&c

(3.6)

where R is the reflectance {(note 0 < R < 1)

3.2.2 Treatment of the interface

Owing to the abrupt nature of the interface, and the rapid variation in the parameters on
one side of the interface only, the two nodes at the interface are dealt with separately. The
problem arises from a large change in A across the interface associated with the transition
from molten Si to the glass substrate. From Fig (3.4) it can be seen that there is a large
change in K values on going from the Si to the glass. As mentioned earlier this could cause
mathematical difficulties in the evaluation of % across this interface. One possible solution
would be to increase the value of 4z at the interface. This however gives rise to inaccuracies.
Another solution is to proceed as follows. We note that initially

oK - Ksiinitiat = Ksubstrate
Oz node

=P (say)

Once the pulse is applied, ) )
OR _ Nsi = Kyubstrate

b node

- Kgi = Kyubstrate A.Si,initial — K,ubstrate
Ksijinitiast = Kyubstrate node
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Silicon Glass
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Figure 3.4: Diagram showing the abrupt step in the K values at the interface.

Hence 4

0K - K
KS: I\subatrate P

0z  Ksiinitiat = Ksubstrate

3.2.3 The mathematical criteria for the validity of the modelling

The criteria that must be satisfied in the modelling, is a mathematical one related to stability.
Von Neumann [5] gives a necessary condition, which reads

L < V0.5

0Zcaic

Where d&caic is the node size and L is the diffusion length given by

L= (5&)
pe

From this it follows that K 5212
K5 < 62)
pc — 2

This criteria is fulfilled readily in the calculations, by an appropriate choice of dt and
dz. From the present problem the condition is always satisfied provided 4t is in the region

of 1 x 10~14 seconds and 8zcqic is 1 x 10~% metres.

4 A similar problem arises when a phase change occurs. In order to change phase a given node representing,
say, a solid semiconductor element, must absorb the latent heat of fusion before it displays the properties
of the molten semiconductor. However this is a dynamic process during which the semiconductor node will
be in a 'slush’ state. When calculating the thermal conductivity this transition from solid to liquid must
be smoothed. This can be done by tracking the fraction of the latent heat that the node has received, and
evaluating K as follows,
K = (1 -z)Rsi + zKiiq,si

where R'g; is the K value prior to the phase change and Ky, si is the K value of molten Si.
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Figure 3.5: Temperature profile for a 2000J/m?, 30ns pulse incident on a 150nm Si film sat
on top of 850nm of glass substrate, at various times during and after the pulse.

3.3 Results and Discussion

The solution of equation (3.4) gives the temperature profiles for a thin film system® at any
moment in time, as a function of the depth in the sample. A collection of such profiles gives a
history of each node from which it can be deduced whether or not it has had the opportunity
to recrystallize from the molten phase or has stayed amorphous. As an example, Fig (3.5)
shows the history of a 150nm Si film on a 850nm glass substrate during a laser annealing
process. It can be seen that for this particular case the whole sample undergoes a phase
change. On changing phase, as a result of the very large increase in thermal conductivity
of molten Si compared with a-Si, the temperature becomes pinned at just above the melt
temperature. The abrupt changes in the temperature profile result from the abrupt changes
in the thermal conductivities of adjacent nodes. On cooling, any a-Si that has overcome the
latent heat of fusion thus enabling it to melt, recrystallizes into poly-Si which again has a
different thermal conductivity. Since poly-Si has a much higher thermal conductivity than
a-Si, the system cools more uniformly. Although, in the present example, the whole of the
Si film will have recrystallized into poly-Si we have no way of knowing , at the present stage
of our understanding, the distribution of grain sizes. However we do know, for example,
that at different ends of the sample the cooling rates are not the same. A combination of
this knowledge with experimental observations of the grain size distribution will ultimately
enable us to formulate a criterion for grain size formation and this is discussed later.

It is interesting to note that the solution of equation (3.4) involves temperature dependent
properties, for example the thermal conductivity. Due to this temperature dependency, the
resulting temperature profiles are different from the standard curves shown in texts. This
is because the latter are obtained by solving the problem with no temperature dependent
properties or inclusion of latent heat. In order to form a check on the method the temperature
dependency was removed from the model and a low enough laser fluence chosen such that

5The system is defined as the thin film (150nm,450nm) and the substrate (850nm,1um).
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Figure 3.6: Comparison of model used with an analytical solution in which we have no
temperature dependent properties.

latent heat would not be involved in the process. From Fig (3.6) we can see that in this simple
case, where we have no latent heat or temperature dependent properties, the model used
gives results virtually identical with the analytical solution. This gives us confidence that
the model can be used for more the complex situations, where latent heats and temperature
dependent properties are the norm.

In general, if a thin film of a-Si of thickness 150nm, is considered, then dependent on
the parameters of the laser pulse differing amounts of a-Si will be recrystallized. One of the
complicating features of the problem is that, it is found experimentally that even nominally
similar samples behave differently as regards the amount of a-Si remaining in the film after
it has been laser annealed with a 30ns pulse of various fluences. This is due to difficulties
in producing two identical a-Si films. Other complicating features are the experimental
values of the thermal constants; since two samples of a a-Si film may vary so significantly,
the data recorded regarding thermal constants may also vary. Thus the data used in the
theoretical calculations, were the most commonly accepted values from the literature [7, 8].
Nonetheless, although there is no absolute certainty about the thermal constants employed,
the objectives of the theoretical calculations are still achieved, namely to find general trends
which can guide experimental development.

The recrystallization process from the melt will clearly be dependent on the cooling rate
of the sample i.e, the meltfront velocity. Since the latter is not uniform across the film, it is
not unreasonable to expect the size of grain to be different for these variable cooling rates. It
is found experimentally that, e.g with a 2000 J/m?, 30ns pulse, the surface forms large grain
crystals whereas deeper into the sample fine grains occur. Fig (3.7) shows experimental
results by Sands et al [9], where the 150nm thin film is annealed at differing fluences, as
described earlier. The graph shows the variation with fluence of the thickness of the large
grained, fine grained and residual amorphous silicon. It can be seen that there is a saturation
value to the amount of large grain silicon produced, and that raising the fluence from 1500
J/m? to 2000 J/m? does not effect the amount of large grain material. Instead increasing the
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Figure 3.7: The thicknesses, as derived from reflectivity experiments, of the residual amor-
phous silicon (triangles), fine-grained poly-Si (squares), and large-grained poly-Si (circles)
for a 150nm thin film of laser annealed amorphous silicon. Plotted as a function of peak
fluence.

fluence in this region increases the amount of fine grain Poly-Si at the expense of amorphous
Si. One other interesting feature of the results is the sharp transition from no large grained
poly-Si to a saturated value.

Clearly the meltfront velocity plays an important role in determining the dynamics of
grain formation and ultimately the grain size. Hence in order to try and explain the exper-
imental observations, one could suggest that when the meltfront velocities lie within cetain
limits large grain formation occurs. Cleatly for a fluence of 1500 J/m? the meltfront velocity
is conducive to only fine grain formation, whereas from 1500 J/m? to 2000 J/m? there are
certain regions where the meltfront velocity is such that large grains can form as well. Using
this line of argument, it should be possible to produce more large grains by determining
which range of velocities give rise to large grained poly-Si and applying a fluence which will
give the desired velocities. In an attempt to simplify the problem, we will deal with average
meltfront velocities.

A 150nm thin film was modelled and the meltfront position was calculated for a range
of fluences. Fig (3.8) shows the meltfront position against time, after the 30ns pulse has
finished. The theoretical results show that for fluences exceeding 1600 J/m? the meltfront
recedes from the film-substrate interface, thus suggesting melting throughout the sample.
This is in disagreement with the experimental results which show that at such a fluence,
there is still ~50nm of residual amorphous silicon. This anomaly is believed to be due to the
lack of accurate data available for the thermal constants of amorphous silicon, and errors
in the optical reflectivity measurements used in the experiment. However since it is trends
in changes that are of importance, we retain the same set of constants througout all the
simulations. In the graph it can be seen that the meltfront position for fluences of 1600
J/m? to 2000 J/m? are virtually identical. Because of this it follows that their average
meltfront velocities are almost identical at a value of 2.5m/s. As the fluence is increased
to 3000 J/m?, 4000 J/m? and 5000 J/m? the curves change noticeably and the average
meltfront velocity increases appreciably to values of Tm/s, 7.5m/s and 8m/s respectively.
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Figure 3.8: Meltfront position, as a function of time, for a 150nm thin film of Si, after the
termination of a 30ns laser pulse.

The results are consistent with the experimental results shown in Fig (3.7), in the sense that
there is a saturation in the formation of large grained poly-Si between 1500 J/m? and 2000
J/m? where the average meltfront velocity is the same. Using these results it is possible
to predict that large grain formation throughout the thin film will occur at these higher
fluences. However due to lack of experimental data at larger fluences it is not possible to
test this hypothesis. To examine this possibility further a thicker film was modelled, since
experimental data was available for such films. In particular a 450nm sample was considered,
the experimental and theoretical results of which are discussed next.

The system considered was thought initially as a result of optical measurements, to be a
400nm thin film of a-Si on a 1um glass substrate. This system was chosen since experimental
results of grain formation over a large fluence range were readily available [10].

Fig (3.9) shows the variation with fluence of the regions of large grain, fine grain and
residual amorphous silicon formation. The graph shows trends which are similar to the
previous experimental curve in Fig (3.7) in that it displays a threshold fluence below which
there is no large grain formation. Similarly there is a saturation in the amount of large
grain poly-Si produced for fluences between 1600 J/m* and 2000 J/m®. It can be seen
from Fig (3.9), that at higher fluences the large grain poly-Si is the most dominant grain
size within the annealed film. It can also be seen that the large grain formation increases
linearly for fluences above 2500 J /m?2. Thus by analysis at these large fluences it should be
possible to determine a range of average meltfront velocities which will give large grained
poly-Si throughout the sample. To this end, using a more accurate experimental technique
of TEM the thin film annealed at 9500 J/m® was observed. The resulting picture of the
sample is shown in Fig (3.10), which shows large grain formation throughout the whole
sample. The grey region in Fig (3.10) is the substrate, but large grains are clearly visible
throughout the film. Further more the TEM showed that the sample was actually 450nm
thick. The latter shows the limitations placed of the optical reflectivity measurements and
raises doubt about the parameters obtained in this manner. In particular the values of the
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Figure 3.9: The thicknesses regions, as derived from reflectivity experiments, of the resid-
ual amorphous silicon (triangles), fine-grained poly-Si (squares), and large-grained poly-Si
(circles) for a 450nm thin film of laser annealed amorphous silicon, plotted as a function of
peak fluence
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Figure 3.10: TEM picture of a laser annealed 450nm thin film of amorphous silicon, annealed
at a laser fluence of 9500 J/m?=.
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Figure 3.11: Meltfront position, as a function of time, for a 450nm thin film of Si, after the
termination of a 30ns laser pulse.

depths for the various ‘grains' appearing in Fig (3.9) are on the low side as a result of errors
of measurement. Nonetheless the trends observed will still be accurate.

The meltfront position was calculated for a range of fluences from 6000 J/m? to 9500
J/m? and is shown in Fig (3.11). It can be seen that the meltfront velocity increases with
fluence, thus suggesting that the greater the fluence applied to a sample of a-Si the faster the
meltfront recedes away from the interface on cooling. The average meltfront velocities are
found to be 6m/s and 7.5m/s for the 6000 J/m? and 9500 J/m? respectively. Since we have
seen clearly from TEM measurements that a 9500 J/m? fluence will anneal the whole film,
thus producing large grain poly-Si throughout the sample, we can conclude that an average
meltfront velocity of 7.5m/s is necessary in order to produce such large grains. Using this
as our guide, it is clear why large grains were not observed throughout the 150nm thin film,
since no fluence had been applied which resulted in a meltfront velocity of this value in this
region. The calculations show that if a laser pulse of fluence 4000 J/m? was incident on
the sample then the average meltfront velocity would equal 7.5m/s, thus giving large grains
throughout. As of yet this has not been verified experimentally.
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3.4 Conclusion

The principle objective of the present work was to model a thin film system whose properties
were temperature dependent. In this manner it was possible to understand the dominant
features conrolling the size of grain formed. From the results it can be concluded that the
size of grains formed is controlled by the meltfront velocity of the thin film, In turn, the
latter is determined by the pulse fluence used in the annealing process. It has been shown
that increasing the fluence of the pulse, increases the meltfront velocity, and consequently
increases the amount of large grain poly-Si formed in the sample. By comparison with
experiment, it has been shown that an average meltfront velocity of 7.3m/s appears to be
a necessary condition for producing large grain crystals throughout the sample. On this
basis we can predict that if a 150nm thin film of a-Si was annealled at 4000 J/m2, then
large grains would be formed throughout the film. Due to the complexity of the problem,
it is only possible to construct semi-empirical rules for large grain formation on the basis of
a theoretical analysis of the heat conduction problem. Nonetheless a combination of more
detailed experimental results together with the theoretical analysis should enable a more
refined set of rules to be formulated which can determine criterion of both fine grain and
large grain formation. Presently this is unattainable due to the lack of reliable experimental
data.

The ultimate aim is to develop a reliable criterion for the laser annealling of thin film
Si, so that large grains are formed throughout the sample. Once this has been achieved it
can be used in the industry for the commercial development of AMLCDs and high mobility
TFTs.
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Optimisation of Stark shifts

induced by the Quantum
Confined Stark Effect

4.1 Introduction

In recent years, the optical properties of low dimensional structures have been of great
interest, and in particular the influence of electric fields on such properties. In bulk semi-
conductors the application of an electric field and the resultant shift and broadening of the
band edge absorption is known as the Franz-Keldysh effect (1, 2]. In low dimensional struc-
tures, such as QW'’s, an electric field can be applied in one of two directions, that is along
or perpendicular to the growth direction (z). When the field is applied perpendicular to the
growth the electro-absorption effects are similar to those in bulk material, as shown in Fig
(4.1) [3).

Fig (4.1) shows that with increasing applied electric field the excitonic peaks undergo
broadening to such an extent that they become unresolvable for fields of the order of 48
kV/cm. However, on application of an electric field parallel to the growth direction, the
broadening of the excitonic absorption peaks are dramatically reduced and, for rectangular
QW'’s, the peaks shifted to longer wavelengths i.e. a red shift. This is known as the quantum
confined stark effect (QCSE),! and is shown in Fig (4.2) [3].

The effect of the applied electric field on the band structure is simply to apply a gradient
to the band edge, such that the QW in both the CB and the VB are ‘tilted’. Fig (4.3) shows
the effects of an applied electric field, on a rectangular QW, and how on application of this
field, the electrons and holes begin to collect at the opposite ends of the well, with decreased
energies. Thus on examination of the interband transition energy for a symmetric QW, (see
Fig (4.4) [7]) the energies move to lower values with increasing field strength. It can be
seen from Fig (4.4) that the curves are symmetric about the origin (zero field), this is due
to the symmetry in the QW, and it has been shown by Chen and Andersson [7] that this is
generally true for all symmetric potentials. Thus for symmetric potentials, in particular QW
like structures, application of an electric field will lead to lower interband transition energies
and consequently a movement of their excitonic absorption peaks to longer wavelengths. This
red shifting effect has led to many new applications, such as high-speed optical modulators
(8. 9], optical bistable devices [10] and photo-detectors [11].

1 The Stark eflect was first observed over eighty years ago as a splitting in the spectral lines of hydrogen
gas with the application of an electric field [4]. The problem of the shift in exciton resonances is equivalent
to that of the Stark shift of a confined hydrogen atom, hence the title QCSE (5], the two being formally
exact within the effective mass approximation [6].



Chapter 4 44

- ! ! T T T
T - .
E —-—
H R
b 4
w - .
g : /\ @
[T - i
u .
o
o - i
2 5000 (d) -
2
‘ = -
§ [~ (e)
‘ = —
«

- i

0 L L ! 1 |
143 1.48

PHOTON ENERGY (sV)

Figure 4.1: Absorption spectra at various electric fields for the perpendicular field case. (a)
0 V/cm, (b) 16 kV/cm, (c) 48 kV/cm.

{e)

FEN SO I W |

(»

L1

{e)

A

ABSORPTION COEFFICIENT (cm~')

1.43 148
PHOTON ENERGY {eV)

Figure 4.2: Absorption spectra at various electric fields for the parallel field case. (a) & 10
kV/cm, (b) = 47 kV/cm, (¢) = 73 kV/cm.



Chapter 4 45

°'°:/ /\—" Eﬂ/\ '/c.a

v.B— e

(a) (b)

Figure 4.3: A QW system for (a) ¢=0; (b) € #0.

¥ L Ll 1 1]
1.58 po ————
I”’ "E-\ \‘\\
sk TR N
- .’ .'./ : \.“ i
% ¢ ‘ .‘.:/ \-"'. * .
- 'o g / \". \\
> ¢ B N A
e} . ’ / i \‘ ‘\ \\
g l4a2p S, : S
& R \
-" ./ \l K
S : AR
1.34 ».. ./ .: \. Q;
ol M \
l, M \.
1.26 & T
=150 -10¢ -50 O 50 100 150

F(kV/em)

Figure 4.4: Interband transition energy as a function of the applied electric field for a square
QW with increasing widths (top to bottom).



Chapter 4 46

1.78 SR

1.74 F : Q A

E 1.7 :--—------g_“@ i
5 ' RN
& I
Z1.66p _.----., f.-_ J
1.62 ool T
S N
! NN
: \
1.58 4 . L | 1
-150 =100 =350 0 S50 100 1
F.(kV/cm) >0

Figure 4.5: Interband transition energy as a function of the applied electric field for an
asymmetric triangular well for increasing widths (top to bottom).

The above results are true for symmetric potentials. However if we consider systems
which possess asymmetry in the band structure we observe significantly different results. In
particular when an electric field is applied to an asymmetric QW (AQW) we find that there
is an asymmetry in the interband transition energies with respect to the zero field position.

Fig (4.5) shows the interband transition energy for an asymmetric triangular QW. The
curves are clearly not symmetrical about the origin, and on closer examination it can be
seen that, at low negative fields a blue shift occurs in the excitonic absorption peak 2. Thus
by engineering the QW in such a manner as to create an asymmetry in the band structure,
blue shifted line spectra can be observed for specific values of the electric field. Such systems
clearly have attractive possibilities for the realisation of devices based on the ‘blue shifted’
QCSE, such as self electro-optic effect devices (S.E.E.Ds) [12, 13] and asymmetric Fabry-
Perot reflection modulators [14].

Much interest has been shown in engineering QW structures such that their energy shifts
in an electric field are maximised. This is generally developed by trial and error methods, and
there is little or no mathematical optimisation applied [15, 16]. The object of the present
section is to describe the results of a systematic optimisation procedure whereby the QW
shape is modified in such a manner that a maximum blue/red shift can be achieved for a given
value of the applied electric field. As described below, the QW shape is to be determined
using an iterative optimisation technique within the framework of formal quantum theory.
Using this technique, the optimum QW shape needed to produce a maximum blue/red shift
can be obtained for given field strengths.

The shifting of the line spectra is dependent on many factors, including the material

2The blue shift in the absorption line spectra is observed for applied fields between 0 kV/cm and -50
kV/cm, beyond these values i.e -100 kV /cm the red shift QCSE is again present.
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parameters, 3 and the applied field strength. The two systems to be considered for the pur-
pose of illustration are CdTe/Cd;_-Mn.Te a II-VI semiconductor, and GaAs/Al,Ga,_.As
which is a [1I-V semiconductor. However the optimisation technique itself can be applied to
any semiconductor heterostructure provided the relevant material parameters are known.

3Material parameters include values for the band gap of the material E;(x) as a function of dopant
concentration, also the effective masses for the electrons and heavy holes under the effective mass approxi-

mation.
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4.2 Theory

We will consider first single particle energies - excitonic effects will be included later. The
optimization procedure necessitates solving the one particle time independent Schrodinger
equation. within the envelope-function approximation, for a system having an arbitrary
shaped potential. To do this it is necessary to utilise a numerical method in order to
obtain the energy levels and associated wavefunctions. In our calculations we employed
the shooting technique [17], since this is a well established method for dealing with this
type of problem. In this manner the ground state energies and envelope wavefunctions
for the electron and heavy hole are obtained within the effective mass formalism. For the
purposes of the calculation the following energy gap [18, 19, 20], effective masses [21, 18]
and conduction band to valence band offset ratio [22] for Cd,-.Mn,Te were used:

m; = 0.096m;,.

my,, = 0.53mo.
E4(z) = 1.606 + 1.587z eV.
CB:VB offset ratio is 60:40.
The energy gap [23], effective masses [23, 3] and conduction band to valence band offset
ratio [24). relevant to a Al;Ga,_ As/GaAs heterostructure are:

m, = 0.0665 + 0.0835z

my, = 034+ 0.42z

oo [ 142441247 eV 0<z<0.45
o(5) = { 1424+ 1.2472 + 1.147(z— 0.45)2 eV 045< 2 < 1.0

CB:VB offset ratio is 60:40.

The band structure of the QW system can be optimised using a technique described in
Appendix A.1%. This technique maximises the quantum confined stark shift of the ground
state electron and heavy hole transition energies, by ‘shaping’ the well region. Once the
‘shape’ of the well region has been optimised for either a red or blue shift, the one-particle
energy shift can be calculated using the result

AEupise = (ef + hhT) = (e1 + hhy).

Where ef, hhf, ey and hh; are electron and heavy hole one particle energies, with and
without the electric field. The oscillator strength, which is proportional to the square of the
overlap integral, is then found by evaluating:

2

0S= I[: Vo (2)W¥nn(z).dz

4The full mathematical and computational analysis is outlined in Appendix A.1
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Figure 4.6: energy shift in the interband transition energy after each iterative step in the
optimisation, at an applied field of 10 kV/cm for a CdMnTe/CdTe QW.

4.3 Results

Blue shift

4.3.1 CdTe system

The system considered comprised a 150A Cdo sMng o Te barrier with a 200A CdTe well region
and a 150A Cdg sMng 2 Te buffer layer. This system was optimised for a range of fields from
10 kV/cm to 40 kV/cm. When a field of 10 kV/cm was applied and the structure optimised,
the energy shift altered after each iteration. Initially, since the structure is essentially
symmetric, the energy shift is that of a standard QW structure i.e. red shifted. This is
evident in Fig (4.6) where a red shift occurs for a low number of iteration steps. However
as the optimisation process continues the energy shift of the structure increases and reaches
a maxima at approximately 700 steps. Clearly at this point the structure has reached its
optimum value for maximising the blue shift. This maximum in the curve occurs due to the
physical constraints imposed upon the structure 5.

The optimised well structure, shown in Fig (4.7), produces a blue shift of 9.14 meV,
when an electric field of 10 kV/cm is applied. This shift in the transition energy arises
from the movement of the electrons once a field is applied. Fig (4.8) shows the shift in the
electron and heavy hole positions in an applied field. On application of the latter the overlap
between the electron and hole wavefunctions is increased significantly. This suggests that
the essential physics of the process is to create a situation where initially, at zero bias, the
electron and hole are well separated thus allowing an external field to reduce this separation.
This is also seen to be the case for larger fields. For example Fig (4.9) shows the electron
and hole wavefunctions for an optimised structure with and without an external field of 20
kV/cm. For this system we find the blue shift is slightly higher, at a value of 10.12 meV.
Fig (4.10) shows the potential profile for this new optimised structure. An important point

5 As discussed in the previous section, these constraints are necessary to ensure the barrier height or well
height does not surpass that of the initial outer barriers.
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Figure 4.7: Potential profile of an optimised CdMnTe/CdTe QW structure for an applied
field of 10 kV/cm.
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Figure 4.8: (a) Electron and heavy hole envelope wavefunctions for an optimised CdM-
nTe/CdTe QW without an external field; (b) Electron and heavy hole envelope wavefunc-
tions for an optimised CdMnTe/CdTe QW with an external field of 10 kV/cm.
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Figure 4.9: (a) Electron and heavy hole envelope wavefunctions for an optimised CdM-
nTe/CdTe QW without an external field: (b) Electron and heavy hole envelope wavefunc-
tions for an optimised CdMnTe/CdTe QW with an external field of 20 kV /cm.

to note is that the optimised structure is different for different field strengths.

A very interesting effect can be seen to occur in both these optimised structures. It
appears as if the left hand barrier has moved into the well region (i.e. the well has narrowed).
This suggests that, in order to optimise the blue shift in such a structure, we will need to
optimise the well width. If this optimum well width is narrower than the original well width
then one side of the barrier will move into the well. The profiles also suggest that the
optimum structure will be similar to a DQW where the second shallower well has a graded

ap.
¢ The structure can be optimised at different field strengths. Fig (4.11) shows the blue
shifts of these optimised QW structures against an external electric field. For each point
on the curve the original well has been fully optimised at a particular field, and the value
of the maximum blue shift plotted. It is clear that the largest blue shift possible for this
particular system is ~ 10 meV and occurs for a field ~ 20 kV/cm. For the QW structure
under consideration the largest applied field employed is 35 kV/cm. This is because the hole
escapes from the confines of the QW at higher field values. Put differently, for any optimised
QW structure, bounded by the original shape of the unperturbed well, the maximum electric
field that can be applied is 35 kV /cm, before the hole wavefunction escapes to the continuum.
This maximum in the applied field would be increased for cases where the original well was
deeper. For such a situation the maximum blue shift possible would also be greater. The
depth of the well is governed by the Mn concentration in the barrier regions. Although
this is easily increased when modelling such a structure theoretically, very high dopant
concentrations of Mn in the barriers are not readily attainable experimentally.

4.3.2 GaAs system

There has been much interest in Al;Ga,.:As/GaAs QW structures, and the properties
and technology governing these III-V semiconductor are well known. In particular the
possibilities of high dopant concentration of the Al ions leading to deeper wells is readily
achievable. For this reason, and also because it permits a comparison with the results of
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Figure 4.10: Potential profile of an optimised CdMnTe/CdTe QW structure for an applied
field of 10 kV/cm.
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Figure 4.11: Blue shifts as a function of electric field for an optimised CdMnTe/CdTe QW
structure at each field value.
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Figure 4.12: Blue shifts as a function of electric field for an optimised AlGaAs/GaAs QW
structure at each field value.

other authors, this system was also optimised.

A QW system comparable to that described by Susa and Nakahara [15] was initially
chosen. This comprised a 95A Al 7aGag.27As cap and buffer layers, with a 100A GaAs well
region. This symmetric unperturbed well was optimised for a range of fields. Since the
concentration of Al ions in the barriers could be increased appreciably thus increasing the
depth of the well, the applied electric fields could range over much greater values compared
with those of the previous system. This is shown in Fig (4.12), which shows the maximum
blue shifts of the optimised QW structures against an external electric field 6. Once again
there is a maximum in the value of the blue shift that is possible and this occurs at a field
strength ~ 90 kV/cm.

The blue shift values for this system are very large when compared with the CdTe system.
The shifts range from 7.66 meV at low fields (10 kV/cm) to a maximum of 36.27 meV at high
fields (90 kV/cm). On examination of the optimised structure for the 90 kV/cm case (see
Fig (4.13)) we see that, unlike the CdTe system, the barrier regions have not moved into the
well. This suggests that the present unperturbed QW has not the optimum width initially.
To obtain the latter and thus deduce the truly optimised QW structure it is necessary to
start with a wider QW structure.

We therefore chose a second QW system in which the initial unperturbed QW comprised
45A Alg 73Gag 27As barriers together with a 200A well region. This structure was then
optimised for a range of fields (10 kV/cm - 110 kV/cm). As expected the blue shifts were
higher than before, and the barriers were found to move into the well region, thus enabling
us to define the optimised QW width.

The maximum blue shift occurs for a field of 90 kV/cm and the resulting structure is
shown in Fig (4.14). The movement of the left hand barrier into the well region can be seen
clearly. thus confirming that this is the optimum shape of the QW producing the maximum
blue shift that is possible. When a field of 90 kV /cm is applied to this structure the transition
energy is found to be blue shifted by 43.67 meV. The structures were optimised for electric

¢Each point represents a different QW structure which has been optimised for that particular electric
field.
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Figure 4.13: Potential profile of an optimised AlGaAs/GaAs QW structure for an applied
field of 90 kV/cm (original well width = 100A)
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Figure 4.14: Potential profile of an optimised AlGaAs/GaAs QW structure for an applied
field of 90 kV /cm (original well width = 200A)
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Figure 4.15: Blue shifts as a function of electric field for an optimised (wider) AlGaAs/GaAs
QW structure at each field value.

fields applied in particular directions (left to right). If the field direction was reversed the
blue shift of the transition energies would not be present. Thus for the optimised structure
shown in Fig (4.14) on reversal of the field a red shift of 59.84 meV is obtained.

As noted earlier when the maximised blue shifts for a given external electric field are
plotted against this field, as in Fig (4.15), it can be seen that the blue shifts increase to a
maximum as the field strength increase, and then decrease again. This again confirms that
for a AlGaAs/GaAs QW whose barriers have been fixed, there is an optimum structure with
an optimum electric field which gives rise to the maximum blue shift possible for that QW
structure. The optimised QW structure, corresponding to the maximum in the blue shift in
Fig (4.15). has the form shown in Fig (4.14).

Such a structure, as well as all the others described in this section, are ones that have been
mathematically optimised. However the precise technology needed to grow such structures
does not presently exist. Technology such as MBE and MOVPE sllow very precise control of
the growth, and on digitisation of the above optimised structures, these structures could be
realized experimentally. Since the structures have been precisely optimised, this digitisation
process could, in principle, affect the value of the blue shift significantly. However we have
shown that digitisation close to the optimised structure can occur without a significant
change in the blue shifts [25]. In order to illustrate this point, as well as drawing attention
to some of the subtleties involved, the optimised structure shown in Fig (4.14) was digitised
so that, using one of the afore mentioned growth techniques the structure becomes realisable.
The structure was first partially digitised by replacing the graded gap region in the second
well by a flat potential. One choice for the latter is that it begins at the base of the slope
and extends to the barrier region, as shown in Fig (4.16). Such a choice reduces the blue
shift significantly from 43.67 meV to 15.19 meV. As this flat potential region is moved to
higher energies, the reduction in the blue shift increases to the extent that when it reaches
the top of the sloped region (see Fig (4.17)) the blue shift is reduced to 1.54 meV. From
these examples it is clear that in order to maintain a large blue shift, the wider QW must
have a graded gap even after digitisation, since a flat (i.e. a square well) reduces the blue
shift dramatically.
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Figure 4.16: Conduction band profile of a partially digitised, optimised Al:Ga;--As/GaAs
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Figure 4.17: Conduction band profile of a partially digitised, optimised Al;Ga;_.As/GaAs
AQW structure.
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Figure 4.18: Conduction band profile of a digitised three step Al;Ga;.;As/GaAs AQW
structure.

When the structure is digitised’, it can be grown experimentally. Fig (4.18) shows one
such digitised structure. Here the first well has been chosen deliberately to be so narrow
(~9 A) that it cannot confine the hole even in the absence of a field. As a result the
electron and the hole spend an appreciable time in the graded well region both before, and
after, the application of the electric field, and the blue-shift is tiny (~0.32meV). If, however,
the digitisation is chosen to be closer to the shape of the optimised structure, then the
the resulting blue shift can be increased significantly. To illustrate this Fig (4.19) shows
another structure, where the digitisation follows more closely that of the optimised shape.
The structure now comprises a narrow 14A GaAs well, a 28A stepped layer and a 70A
graded well. Application of a 90kV/cm electric field gives a blue-shift of 30.7meV. Thus
the optimised structures can be digitised, and as long as the latter follow closely those of
the optimised structure, the blue shifts will still be very large. However, as shown, even
a slight variation in the digitised structure can result in a huge variation in the blue shift.
This suggests that the chances of obtaining blue shifts that are anywhere near the maximum
values possible are small, based on trial and error experimental growth runs.

An important and related consideration for the device engineer, is the overlap of the
carrier wavefunctions. The associated oscillator strength is proportional to the square of
the overlap integral of the n=1 electron (le) and the n=1 heavy hole (1hh) envelope wave-
functions. As mentioned earlier a blue shift is attained when the external electric field acts
to reduce the separation between electron and hole. Fig (4.20) shows a digitised QW struc-
ture which comprises Alg 73Gag 37As outer barriers, a narrow (20A) GaAs well, a 174 thick
Alg 73Gag 27As inner barrier followed by a 78A graded well (steps for the graded region are:
26A with x=38%; 12A with x=43%; 124 with x=46%; 12A with x=49%; 8A with x=52%
and 8A with x=56%.). For this case application of an electric field of 90kV/cm, gives a
blue-shift of 13.15meV. It can also be seen that there is a reduction in the spatial separation
of the electron and the hole on application of the field. Table (4.1) shows the values of
the square of the overlap integral between the le and 1hh envelope wavefunctions for a few

TFrom the previous argument, all digitised systems considered, will have a graded potential in the wider
QW
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Figure 4.19: Conduction band profile of a accurately digitised, optimised Al;Ga;_,As/GaAs
AQW structure.

(a)

(b)

Figure 4.20: (a) CB profile and envelope wavefunctions of a modified three step
Al,Ga;-.As/GaAs QW with no external field, where the second QW is graded such that
the graded steps are given by 26A, x=38%; 124, x=43%; 124, x=46%; 12A x=49%; 8A,
x=52% and 8A, x=56%.(b) CB profile and envelope wavefunctions for the same modified
three step Al:Ga;_:As/GaAs QW with an external field of 90kV /cm.



Chapter 4 59

Value of square overlap
integral ( le and 1hh)
Figure number Without With 90kV/cm Blue

electric field | electric field | shift (meV)

4.18 0.93 0.95 0.32
4.19 0.12 0.83 30.7
4.20 0.41 0.82 13.15

Table 4.1: Table showing the values of the square of the overlap integral between the electron
and heavy hole envelope wavefunctions for the systems described, this being proportional
to the oscillator strength of these structures.

of the systems described earlier (this being proportional to the oscillator strength of these
structures).

These results confirm clearly the connection between blue shifts and increased values of
the oscillator strength.

Red shift

Optimisation of the red shift is achieved by solving the same problem outlined in the previous
section (see Appendix A.l), only now the inequality is reversed (see equation A.12). The
system considered is a8 Al:Ga,..As/GaAs QW system, since this allows comparison with
results available in the literature. Using the same material parameters as before, the red
shift can be maximised for a range of systems.

A red shift in the spectrum occurs on application of an external field to a RQW. This
is illustrated for a 200A GaAs QW with Al 73Gag 23As barriers in Fig (4.21) which shows
the effect on the le and 1hh envelope wavefunctions when a field of 80kV/cm is applied.
The corresponding one-particle energy difference is seen to red shift by ~ 61 meV. It is
also noticeable that on application of the electric field the wavefunctions separate, as op-
posed to the blue shift case where the spatial separation is reduced, (i.e the overlap of the
wavefunctions is increased).

Taking the 2004 GaAs QW system and optimising the red shift at an external field
of 80kV/cm, shows the red shift is maximised by increasing the spatial separation of the
electron and the hole. This is shown in Fig (4.22), where it can be seen that the maximum
red shift is achieved after approximately 2000 steps. The corresponding optimised structure
and associated envelope wavefunctions are shown in Fig (4.23). It is clear from the latter
that the optimum structure corresponds to two widely separated QW'’s i.e an ADQW like
structure. For this situation the le and lhh probability distributions are virtually identical
both before and after the application of the external electric field i.e the electron and hole
are essentially confined in their respective wells. The red shift from such a system with
an external field of 80kV/cm is ~153 meV, which is more than twice that of the 2004
RQW and close to the maximum potential drop (i.e 160 meV) across the 2004 ‘well’ region.
Unfortunately this type of system would be of little practical use, due to the negligible
overlap of the le and 1hh wavefunctions and consequently a very low associated oscillator
strength.

Tg be a device possibility it is essential to increase the overlap of the wavefunctions, thus
increasing the oscillator strength. This means a narrower QW system must be chosen as the
starting point for the iteration procedure. The new system was chosen so that a comparison
with experimental results described in the literature could be made. Initially, as a partial
check on the parameter base and offset ratio chosen, we will evaluate first the red shift in the
two structures investigated by Morita et al [26] via photo-current spectroscopy. The first
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Figure 4.21: Band diagram and envelope wavefunctions for a RQW with (a) 0 V/cm, (b)
80 kV/cm external electric field applied.
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Figure 4.22: Energy shift in the interband transition energy after each iterative step in the
optimisation, at an applied field of 80kV/cm for a Al;Ga;_;As/GaAs QW.
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Figure 4.23: Potential profile of an optimised Al;Ga;_,As/GaAs QW structure for an
applied field of 80kV/cm.

structure was a 100A RQW in the Alg 4Gag sAs/GaAs system. The observed red shift for
a field of 100kV/cm was ~18 meV [26]. This is in excellent agreement with our calculated
value of 18 meV.

The second structure considered by Morita et al [26] comprised a stepped QW, i.e. the
outer barrier of Alg.4Gag sAs was followed by 30 A of GaAs after which there was 70 A of
Alp.1Gag pAs and then the outer barrier of Alg 4Gag.sAs again. For this structure the red
shift in the same external field of 100kV/cm was observed to increase significantly to 48
meV [26]. Ignoring excitonic effects we obtained a theoretical value of 48.5 meV for the
quantum confined stark shift. This good agreement between the calculated and observed
values for the red shift serves to strengthen our confidence in both the parameter and offset
ratios we employed. We will consider next applying the optimization-digitization process
to the original 100A RQW of Morita et al [26] described above. The resulting structure
is shown in Fig (4.24) and because it is double-quantum well like, will be referred to as an
optimised AQW structure. It comprises a Alg 4Gag ¢As barrier followed by a Alg 15Gag ssAs
QW of width 164, after which there is a 14A stepped barrier region of Alp 34Gag gsAs.
This is followed by a 52A Alp 4GaggAs barrier, an 18A Aly 15Gag gsAs QW and finally a
Alp.«Gag.¢As buffer.

The resulting one-electron energy shifts in an external field for the le-1hh interband
transition (i.e. ignoring excitonic effects) are shown in Fig (4.25). The solid line represents
the shift for the optimized AQW, whereas the dashed line represents the 100A RQW. It can
be seen clearly that utilizing the AQW structure leads to an enhanced QCSE for all values
of the applied field. The corresponding one electron energy changes of the electron and hole
for the AQW structure in a positive field are shown in Fig (4.26). For the optimized AQW
structure at a field of 100kV/cm, the one-electron energy shift is 82 meV this being a factor
of 4 greater than the shift in the RQW and 30 meV greater than the shift in the simple
stepped structure of Morita et al [26].

A related consideration is the overlap of the carrier wavefunctions. Fig (4.27) shows the
one electron le,1hh (uncorrelated) probability distributions with and without the field for
the AQW. From these distributions, it is clear that, prior to the application of a field , the
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Figure 4.24: Schematic band diagram of an Al;Ga;_;As/GaAs asymmetric double quantum
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Figure 4.25: Energy shift of the le-1hh exciton transition energy, for a range of applied
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Figure 4.27: (a) Envelope wavefunctions for the AQW without an applied field, (b) Envelope
wavefunctions for the AQW with an external field of 100kV/cm applied.
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(uncorrelated) le and 1hh are not fuily localised in either QW, and that on application of
a field of 100kV /cm the (uncorrelated) le and lhh are confined in separate QW'’s, with the
overlap of their wavefunctions being reduced significantly. In a RQW the electron and hole
are pulled to the opposite ends of the well region on application of an electric field. It is clear
therefore that the essential physics contained in the optimization-digitization procedure, is
to maximize the spatial distance of separation of the electron and hole for a given value of
the external field. It is important to realise therefore ( as explicit calculation readily verifies)
that the optimized structure required to maximize the red shift varies with the applied field
under consideration. This same line of reasoning enables us to understand the influence of
excitonic effects, which will be discussed next.

4.3.3 Excitonic effects

The results reported in this chapter have so far been concerned with one electron energy
shifts, i.e excitonic effects have been ignored. To incorporate excitonic effects into the
calculation, one must employ trial wavefunctions for the relative motion of the electron and
hole and invoke the variational principle as a criterion for obtaining the ‘best’ estimate of
the binding energy of the exciton [27, 28, 29] (see Chapter 1). In terms of experimental
observation of the QCSE, it is the excitonic energy shifts that are of interest. For this reason
the excitonic energy shifts for the structures described above were calculated. For the 200A
Alp.73Gag 27As RQW , prior to optimisation, excitonic effects reduce the red shift by 3.8
meV on application of a 90kV/cm electric field i.e the red shift decreases from 61 meV to
57.2 meV. Starting from the same 2004 RQW and optimising the structure to produce a
maximum blue shift (see Fig (4.14, it is found that excitonic effects reduce the blue shift
by ~3 meV on application of a 90kV/cm electric field i.e the blue shift decreases from 43.6
meV to 40.6 meV.

In addition to the energy changes, the formation of an exciton in the type I structures
described. also has an effect on the oscillator strength of the le-1hh transition. Fig (4.28)
shows the change in the square of the overlap integral ( which is proportional to the oscillator
strength) with the applied electric field in the ADQW and the RQW, either ignoring or
including excitonic effects. It is clear from this figure that, in general, the square of the
overlap integral for the ADQW is always less than that of the RQW, and that it decreases
much more rapidly with the field. However it can also be seen that the trends in the
curves are not altered by the inclusion of excitonic effects, i.e the essential physics remains
unchanged by their inclusion.

In summary, the calculations show that the inclusion of excitonic effects reduces the
stark shift by a few meV only. Since this is an order of magnitude less than the overall shift,
such terms can be neglected without introducing any significant error in the end result given
by the one-electron energy changes. Similarly although inclusion of excitonic effects does
influence the oscillator strength, the essential physics and general trends remain basically
unaltered. Thus for simplicity, and without great loss in accuracy the shift in the absorption
spectra of such systems can be analysed using one electron energy shifts.
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Figure 4.28: Square of the overlap integral for the n=1 electron and the n=1 heavy hole, as a
function of applied electric fields for both the AQW and the RQW systems, either including
(or excluding) excitonic effects.
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4.4 Conclusion

The present results show that by applying an optimisation technique to an initially sym-
metric QW an asymmetric QW like structure can be obtained which, under the application
of an external electric field, gives rise to appreciable stark shifts in the excitonic absorption
peaks. The technique described can optimise a given QW for a chosen value of the elec-
tric field, in such a way that the resulting structure gives the maximum possible blue/red
shift. In short, the present work shows that the blue/red shift of a given material system
(e.g CdMnTe/CdTe or AlGaAs/GaAs) has a maximum value corresponding to some opti-
mised structure, and that the blue/red shift of a given QW shape has a maximum at some
particular value of the electric field.

The stark shifts of Alg.:3Gag 27As/GaAs QW’s have been calculated and maximum
stark shifts of ~43 meV (blue) and 153 meV (red) for a nominal 200A GaAs well have
been reported. For the same nominal well width the maximum blue shift observed in a
Cdo.sMng 2 Te/CdTe QW was, by comparison, only ~10 meV. With such large shifts these
types of structures allow the development of quantum confined stark shifted devices such as
S.E.E.Ds, asymmetric modulators and photodetectors . The results show also the need for
evaluating theoretically the optimised QW shapes, since digitised structures that are quite
close to the optimum shape can have small stark shifts, i.e. the stark shift can be a relatively
sensitive function of the QW potential profile.
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Chapter 5

Enhanced tunability in infrared
photodetectors through
optimisation of the
quantum-confined stark effect.

5.1 Introduction

Over the last decade there has been extensive research into the QCSE of low dimensional
semiconductors [1, 2, 3, 4]. This interest has stemmed from the optoelectronic device op-
portunities in structures where shifts of the inter-band excitonic transition lines are large in
external electric fields [5.6, 7, 8,9, 10, 11]. Another aspect of the strong field dependence of
the optical properties. concerns the potential application of a QW as a far infrared photode-
tector. Ever since the first direct observation of an intersubband transition within the con-
duction band of a GaAs QW by West and Eglash [12], progress into the realisation of novel
devices based on these transitions has continued apace. In fact QW structures based on inter
subband absorption have been proposed to replace the conventional HgCdTe photodetec-
tor [13, 14, 15]. Amongst the possible semiconductor heterostructures, modulation-doped
AlGaAs/GaAs multiquantum wells have been studied experimentally since such systems
have very large sharp optical absorption resonances between the ground state and the first
excited state [16, 17]. The occurrence of these properties means that applications such as
high contrast ratio optical modulators [13, 14] and voltage-controllable non linear optical
devices [18, 19] become realisable.

Currently, there is wide interest in the development of sensitive tunable infrared pho-
todetectors. The optical properties of a rectangular quantum well (RQW) have been studied
in detail. However the stark shift of the intersubband transition for such a system is small,
and hence a RQW is impractical for use as a tunable detector [20, 21]. From the device
point of view, it is desirable to have QW structures with a large stark shift under a low
driving voltage as well as a high oscillator strength contrast ratio i.e the change in oscillator
strength with the field on of the n=1 to n=2 electronic transition. The main area of interest
lies in the development of asymmetric coupled QW’s (ACQW'’s) which enhance the stark
effect of the intersubband transitions thus allowing tunability to be achieved. By the use of
ACQW'’s. electrons in each well can interact strongly with each other thus leading to a large
stark tuning effect. Studies into the enhanced stark shifts of AlGaAs/GaAs ACQW'’s have
been made [13. 14, 15]. and tunability increased substantially over that occurring in a RQW.
In the present chapter we consider an Al.Ga;_:As/GaAs QW system and describe the re-
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sults of an optimisation routine, which starts from a given RQW structure and modifies the
band-gap in the ‘well’ region so as to a maximise the energy shifts (n=1 to n=2 electronic
transition) associated with the QCSE for a given electric field strength. Consideration of
the most important features for the application of such systems, leads us to design a system
that can satisfy the need for good tunability and high oscillator strength contrast ratio.
Through comparison with the ACQW system described by Huang et al [13], we show that
the optimisation procedure enables the range of tunability for a specific applied electric field
range to be increased significantly. Since for certain device applications it is advantageous to
have a high contrast ratio for differing electric fields, we examine the question of optimising
the contrast ratio. Finally we will consider the effects of doping, and how the latter affects
these particular properties of the system.
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5.2 Theory

We consider an undoped QW system. To solve the one particle time independent Schrédinger
equation for such a system within the effective mass formalism, we employ the shooting
technique [22]. Using the latter the ground state energies and envelope wavefunctions for
the electron are obtained. For the purposes of the calculation the following energy gap (2]
and effective masses (2, 10] for Al,Ga,_ As were used:

E(r)={ 1424+ 12472 eV 0<z<0.45
9\ )= 14244 1.2472 + 1.147(2 - 0.45)2 eV 0.45<z < 1.0

m, = 0.0665 + 0.08352

It was aiso assumed that the conduction to valence band offset ratio was 60:40.

Since the oscillator strength is proportional to the square of the dipole matrix element
for the transition, evaluation of this term shows the change in the oscillator strength. The
dipole matrix element for the n=1 to n=2 electron transition, M, is given by:

*° )
Ml-_. = / \i;(:)z-:\h(:)dz N
-0 “-
which can be shown to be equivalent to {23},
My = / W5(2): W1 (2).dz
-00

(where we have ignored an energy separation term and some constant factors).

Although the latter form is often employed widely in the literature we will utilize the
former expression since it is formally exact. Thus by the use of the shooting technique and
the evaluation of the square of the dipole matrix element {M; 3|2, the eigen energies, envelope
wavefunctions and relative change in oscillator strength can be calculated.

The band structure of the QW can be optimised by employing the optimisation technique
outlined in Appendix (B). This technique maximises the stark shift of the n=1 to n=2 (le
to 2¢) electronic transition, under the application of an external electric field, by altering
the QW ‘shape’. Once the structure has been optimised for a particular value of the electric
field, the quantum confined stark shift can be evaluated using the expression

AEpige = (ef —¢f) = (ea—e1). (5.1)

Where 5 «F 2 and ¢, are first excited state electron and ground state electron one
particle energies, with and without the electric field.

The above analysis optimises the stark shift (1e-2e transition) in a QW, for a particular
electric field. However for a tunable photodetector, the range of electric field involved is
of foremost importance. Thus if the field range is from 20kV/cm to 90kV/cm, what we
need to know is the structure that gives the maximum energy shift between these fields.
For example, one could design a structure whose transition energy, relative to that of a
RQW is blue shifted at 90kV/cm but red shifted at 20kV/cm. Utilising our optimisation
technique ( see Appendix (B)) it is possible, starting from a RQW system, to optimise the
blue shift at 90kV/cm. This would yield a particular QW structure. Alternatively we could
optimise the red shift at 20kV /cm. This would produce a different structure, thus giving two
independent structures. To solve the problem stated, a simuitaneous optimisation of energy
shifts is made in such a manner that the energy difference between them is maximised. Such
an optimisation procedure is described in Appendix (B). Using this technique, it is possible
to produce a unique QW structure whose energy shift is maximised for a particular electric
field range.
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Figure 5.1: Potential profile and n=1, n=2 envelope wavefunctions for a 103A GaAs RQW,
with Alp a3Gag ¢7As outer barriers.

5.3 Results

We will illustrate the procedure by considering particular examples. The first system con-
sidered comprises a 103A GaAs well with Aly 33Gag ¢7As barrier regions (the reasons for
making this choice will become clear later). The energy band structure and the n=1, n=2
envelope wavefunctions for this simple (i.e undoped) RQW are shown in Fig (5.1). On ap-
plication of a 90kV/cm electric field the wavefunctions are skewed, as shown in Fig (5.2).
In order to be a device possibility, the quantum confined stark shift for the n=1 to n=2
electronic transition must be large. However for a8 RQW, this shift is negligible (~4meV)
and thus a simple RQW (even if doped) is of no value for device applications.

The RQW described above was optimised, using the technique described in Appendix
(B). so that for an applied electric field of 90kV/cm the blue shift of the 1e-2e intersubband
transition was maximised. The optimised structure is shown in Fig (5.3), where it can be
seen that the resulting structure is asymmetric and double QW like. This structure gives a
blue shift of the le-2e transition energy of 63.9 meV when the field is varied from 0kV/cm
to 90kV/cm. This same structure gives a 49 meV blue shift for a field range of 20kV/cm to
90kV/cm ( a value which will be used later for comparison purposes). Thus by optimising
the blue shift of the electronic transition, we have designed a structure which has an ‘overall’
QW width of 103 A, i.e the same width as the original RQW, but which has an increased
stark shift of almost 60 meV compared with a RQW in the field range 0kV /cm to 90kV /cm.
Such a structure, is much more favourable for achieving a tunable photodetector than the
original RQW.

The necessity for a large stark shift in structures to be used as tunable photodetectors,
has led many researchers to design more elaborate QW’s. One such system (which will be
used for reference purposes) is that described by Huang et al [13]. These authors considered
two structures (see below) but found that the largest stark shifts occurred in a ‘high-low
coupled quantum well’ (HLCQW) which had a tuning range from 7.8 to 10.5um (i.e an
energy shift of 33.8 meV). The HLCQW system comprises two QW's of differing depths.
One of these wells is uniforinly doped and has a width of 52/, whilst the other has a width
of 21A. A 304 Alo33Gag ¢rAs inner barrier separates the two wells, with Alg s3Gag s7As
acting as the outer buffer layers (thus the structure has an ‘effective’ internal width of 1034
between it's outer barriers). By varying the applied electric field between 20kV/cm and
90kV/cm. Huang et al were able to detect a wavelength change of 2.7um.
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Figure 5.2: Potential profile and n=1, n=2 envelope wavefunctions for a 103A GaAs RQW,
with Alg 33Gag 67As outer barriers, when an external electric field of 90kV/cm is applied.
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Figure 5.3: Potential profile of an optimised QW structure, optimised for a maximum blue
shift of the le-2¢ transition at 90kV/cm.
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Figure 5.4: Potential profile and n=1. n=2 envelope wavefunctions for an OQW structure
(comprising of an 184 GaAs QW. a 681 Alg 33Gag ¢7As inner barrier followed by a second
QW which has a 6A graded left interface (x=8% to x=0%) and 114 GaAs), with with
Alg 33Gag s7As outer barriers.

Since the two structures considered by Huang et al, namely the HLCQW and the ACQW
(see below) both had an inner region of 103A, the optimisation procedure for the electric
field range 20kV/cm to 90kV/cm was applied to a 103A GaAs RQW with Al 3sGag e7As
outer barriers, see Fig (5.1) (and also Appendix (B). Prior to doing this we note that,
if we ignore temporarily, the doping of the 52A well, then our calculations show that the
resulting tuning range for the original HLCQW structure of Huang et al is 8 to 10.3um.
This is very close to the values observed by these authors [13] and arises, in essence (as
shown by the self-consistent calculations described later), from a partial cancellation of the
coulombic potential of the electrons with that arising from the ionized donors in the doped
structure. Similar agreement is found for the simple doped ACQW considered by Huang
et al where both wells have the same depth. Here, we calculate a tuning range of 8.3 to
10.8 um for the undoped structure. which is to be compared with the energy range of 8.2
to 11.3um observed by Huang et al for this same doped structure. Hence in what follows,
we will, initially, present results and energy diagrams appropriate to the undoped structure,
since this enables the difference between the latter and the optimised QW (OQW) structures
described later, to be seen more clearly.

Starting from a 103A RQW. the results of our calculation for the optimised (undoped)
structure, appropriate to a field range of 20 to 90kV/cm, is shown, in the absence of an
external electric field. in Fig (5.4) which also displays the ground and first excited state
wavefunctions. It can be seen that the resultant structure is double quantum-weli like and
comprises an 184 GaAs QW, a 681 Alg 33Gag ¢7As inner barrier followed by a second QW
which has a 6A graded interface on the left (x=8% to x=0%) followed by an 114 GaAs
region together with Alg 33Gag ¢7As outer barriers. As is clear from Fig (5.4), at zero field
the ground state electron (n=1) spends much more time in the left hand well than it does
in the right hand well. The main effect of increasing the field (as can be seen in Fig (5.5))
is to delocalise the ground state electron from the region of the second well.

The optimised structure is very similar to the one shown in Fig (5.3), resulting from
optimising the blue shift only, at 90kV/cm. An interesting result is shown in Fig (5.6),
which shows the stark shift of the le-2¢ transition at both 20kV/cm and 90kV/cm whilst
optimisation is occurring. It can be seen that to optimise the energy range and consequently
the tunability between 20kV/em and 90kV/cm, the stark shift at both fields has an overall
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Figure 5.5: Potential profile and n=1, n=2 envelope wavefunctions for an OQW structure
(same composition as in Fig (5.4). with (a) a 20kV/cm electric field applied, (b) a 90kV /cm
electric field applied.

blue shift. The values of the subband energy difference AE;; between the two subbands as
a function of the applied electric field, are shown in Fig (5.7).

It can be seen that the OQW for the field range under consideration exhibits a stark shift
of 53.1 meV which is significantly larger than the 33.8 meV shift of the original structure,
considered by Huang et al [13]. It is also grater than the 49 meV stark shift of the structure
which was optimised for an electric field of 90kV /cm only. This illustrates clearly that in
order to obtain a truly optimised energy range, for two given fields, requires the use of the
combined optimisation technique described in Appendix (B).

Another consideration, of perhaps equal importance for the device engineer, is the change
in oscillator strength for varying electric fields. As described earlier, this means evaluating
the entity | M) 3|2 for a range of electric fields. Fig (5.8) shows the change in |M1a|? for various
electric fields for the simple RQW system. It can be seen that (in arbitrary units) there is an
increase in | M3|? from 42.5 to 44.3 as the electric field is increased. This shows that for the
RQW there is little variation with the field in the oscillator strength. As opposed to this,
we calculate that for the ACQW structure of Huang et al. |M;3|? varies from 18.5 to 39.5
where as for the HLCQW structure it varies from 20.8 to 46.1. For the OQW structure as
can be seen in Fig (5.9), | M)2|? varies (in the same arbitrary units as before) from 5 to 9.5.
Clearly the magnitude of |M)2|? is much smaller for the OQW than e.g., for the RQW. This
reduction in the magnitude of |M}2|? for the OQW occurs because the optimisation process
was directed at maximising the range of tunability of the energy and took no account of the
magnitude of the oscillator strength. It is interesting to note in passing that optimisation
of the tunable energy range leads to a reduction in the magnitude of the oscillator strength,
whereas for the RQW the oscillator strength is large but the tunability of the energy range
is negligible. This indicates clearly that intermediate structures must be possible in which
the energy range is reduced but the oscillator strength increased significantly. One such
(undoped) structure is the one corresponding to a maximisation of the blue shift at 90kV /cm,
(see Fig (5.3)). This structure is similar to that of the OQW and comprises a 28A GaAs
QW, a 63A Alo33GagerAs inner barrier, followed by & 7TA graded interface on the left
(x=9% to x=0%) after which there is 54 layer of GaAs, together with Alg 33Gag 7As outer
barriers (again giving an equivalent internal width of 103A between the two outer barriers).
As noted earlier. application of an electric field in the 20kV/cm to 90kV/cm range leads
to an energy separation change of 49 meV, equivalent to a tuning range from 8.6um to
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Figure 5.6: The stark shift of the n=1 to n=2 electronic transition at both 20kV/cm and
90kV /cm while optimisation is occurring.
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Figure 5.7: Relation of the subband energies and the difference of these subband energies
as a function of the applied field for the OQW.
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Figure 5.8: Square of the dipole matrix element M;; for various applied electric fields, for a
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Figure 5.9: Square of the dipole matrix element M3 for various applied electric fields, for
the OQW.
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Figure 5.10: Square of the dipole matrix element M, for various applied electric fields, for
the intermediate structure.

13um. Although the energy range is not the maximum possible, it is significantly close to it.
Furthermore the oscillator strength is much larger for this system. As shown in Fig (5.10),
[M)2)? for the intermediate structure, varies from 8 to 24 for fields ranging from 20kV/cm
to 90kV/cm. This is a large increase in both the contrast ratio and the magnitude of the
oscillator strength compared with the OQW.

From these discussions it is clear that one can choose an optimisation procedure for the
QCSE, appropriate to two particular electric fields, thus producing a structure for which
the range of tunability of a photodetector is maximised. However it has been shown also
that by adopting a compromise structure, e.g a structure which has been optimised at one
field, say 90kV /cm only, we can have a system which has both a larger oscillator strength,
a much higher contrast ratio and a tunability energy range which is close to the maximum

possible.

5.3.1 Doping effects

We will consider next the effect of doping. The only difference for this situation is that
we need to include the potential from the ionized donors together with the coulomb and
exchange terms arising from the electrons. Methods of dealing with this are straightforward
in principle and are described in the literature !. They differ only in the way they treat
the exchange term see e.g, [13, 24]. We have utilized both of the techniques referred to
in (13, 24] and find, for the structures, of interest, that the energy shifts in the field given
by either method differ by at most 2 or 3 meV. These same calculations show also that
there is a partial cancellation of the coulombic term of the donors with that of the electrons.
Basically the effect of doping the structure is marginal, as far as energy shifts in the field are
concerned. Because of the uncertainties in the theory, as regards self-consistently evaluating
the exchange term, our calculations suggest that the energy shift given by calculations based
on the undoped structure are correct to within typically 2 or 3 meV. As a result the discussion
and conclusions given above remain essentially unchanged when the structure is doped.

! A more detailed description of the self-consistent solutions relatiﬁg to the effects of doping are described

in chapter 1.
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5.4 Conclusion

We have utilized an optimisation procedure which maximises the tunability of the energy
range for the n=1 to n=2 electron transition in a given external electric field range. In order
to illustrate the procedure, we have considered the structures described by Huang et al [13].
The results of the optimisation routine for this particular case produce a QW structure
which is ACQW like and gives rise to an energy range of 53.1 meV, which is to be compared
with the maximum energy range of 33.8 meV obtained by Huang et al [13]. We have
shown that an intermediate structure can also be chosen, which gives a significantly larger
value for the oscillator strength, has a much higher contrast ratio and maintains almost the
same tunability in the energy range. The results serve to indicate that implementation of
these optimised structures in photodetectors can result in excellent tunability, high oscillator
strengths and large contrast ratios. Such features are clearly of value to the device engineer
and suggest that the corresponding optimised structures could be usefully incorporated into
infra-red photodetectors.
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Chapter 6

Optimisation of blue shifts in ¢
doped nip: structures

6.1 Introduction

Doped superlattices were first proposed by Esaki and Tsu [1] in 1970. In these propos-
als the idea of producing periodic potentials by means of ionised impurities was discussed.
The doping superlattice consists of alternating, homogeneously doped n- and p-type regions
within a host semiconductor. The fundamental idea behind such structures was the en-
hancement of non linear optical effects thus providing opportunities for novel semiconductor
devices. These devices would be based on properties unique to doped superlattices, e.g,
reduced energy gap of the superlattice compared with the (undoped) host semiconductor;
enhanced carrier lifetime for radiative recombination and the tunability of the energy gap
via an external excitation [2]. Although, in principle, doping superlattices can give rise to
many new effects, it was found that growing such npn or nipi structures suffered serious lim-
itations, e.g such structures did not lead to the observation of quantum confined interband
transitions. With the development of technology and the introduction of molecular beam
epitaxy (MBE), it has become possible to grow more precise semiconductors structures. In
particular, it has been possible to grow § doped superlattices. A § doped superlattice is
similar to the original proposal made by Esaki and Tsu for the doped superlattices. The dif-
ference lies in the fact that the entire dopant region is confined to a single or few monolayers
of the semiconductor lattice !. This leads to several important advantages over the homo-
geneously doped structures, e.g large superlattice modulation, feasibility of shorter periods
and minimisation of potential fluctuations {3].

The & doped structure consists of alternating n and p type § doped sheets separated by
intrinsic (undoped) layers. This leads to periodic nipi structures which have linear internal
fields between the n and p doped layers (i.e, in the intrinsic regions), as opposed to a parabolic
band structure found in the homogeneously doped structures. This is illustrated in Fig (6.1),
which shows the band structure for both the original npn semiconductor superlattices and
the newly developed ¢ doped nipi structures 2.

Since in § doped structures the dopants are confined within regions of space which are
small compared with the spatial extent of the ground state wavefunction of the electrons,
the dopants can be dealt with as sheets of charge. For such structures, it is found that
carriers are confined in the 'V’ shaped potentials induced in the intrinsic region, rather than
in the parabolic potential in the region of the dopants themselves (as in the original npn

1Since the dopants are only distributed over a few monolayers, they are said to resemble a Dirac delta

function, hence the name § doped.
2Aiso referred to as ‘sawtooth' superlattices.

R1
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Figure 6.1: Band diagram for (a) homogeneously doped npn superlattice, and (b) § doped
superlattice.

structures) [4]. It was found that § doped superlattices showed a significant improvement
in their optical properties [5, 6, 7).

Since the periodicity in doping superlattices is exclusively space charge induced, they
differ from compositional superlattices. In particular the ‘sawtooth’ type band structure of
a doped superlattice has the valence and conduction band modulated in parallel, as shown
in Fig (6.2a). As opposed to this a graded gap change in a compositional superlattice would
have the valence and conduction band modulated in opposite directions. Consequently
indirect band gap transitions occur in the doped structure (type II) as opposed to direct
band gap transitions in the compositional structure (type I).

The features outlined earlier give rise to interesting, new physics as well as being useful
fron the device point of view. In the present chapter the main area of interest is the large
stark shifts that occur in the transition energies, when § doped nipi structures are optically
pumped (8, 9].

In particular, the problem to be addressed is the following. For a given excitation source,
what is the best spacing and doping level of the n and p regions in order that the stark shift
in the interband transition energy is maximised.
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Figure 6.2: Band diagram for (a) § doped ‘sawtooth’ superlattice, and (b) a compositional
‘sawtooth’ superlattice.
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6.2 Theory

The system consists of a compensated § doped nipi structure, which means that all the
carriers present are induced via optical excitation ® . Thus as the electrons and holes
recombine the band structure of the lattice is continually changing. For a particular carrier
density N the band structure can be determined by the self consistent solution to both
the Poisson equation and the one-particle Schrédinger equation ( a full analysis is given
in Chapter 2). For the excited carrier densities considered below, it is found that many
body effects are negligible in comparison with the coulombic interaction. Thus as a first
approximation the exchange and correlation term can be neglected (clearly the method can
be extended in a straightforward manner to include exchange and correlation terms).

Optimisation of a § doped nipi structure can be attained by using the optimisation
routine described in Appendix A. However unlike Appendix A, there is no external electric
field applied to the structure. Consequently the optimisation routine invlolves an optically
excited nipi structure with N free charge carriers and an unperturbed structure with no
free charge carriers. In this manner a direct correspondence can be made between the §
doped nip:i structure with no free carriers, and the QW system without an external field,
and between the self cousistent § doped nipi structure with N free charge carriers and the
QW system with an external field.

To maximise the Stark shift, we must employ an iterative technique, as discussed above.
The flow chart (Fig (6.3)), shows the computational steps involved in optimising the Stark
shift. Starting from a § doped nipi structure, the ‘shape’ of the potential can be optimised,
so that the maximum Stark shift can be attained for V optically excited charge carriers.

Once an optimised structure is obtained, the one particle Schrodinger equation for this
structure is then solved exactly with the inclusion of excitonic effects (see Chapter 1) [10].

Another important consideration for device applications is the recombination time for the
N optically excited charge carriers. This can be found by solving numerically the equation:

%‘tl = —a(N)N(t), (6.1)

where a(N) the transition probability * is dependent on N. To evaluate the emission
intensity as a function of time, the transition probability and the density of carriers with
respect to time must be known. Once these quantities have been calculated the emission

intensity can be found to be,
I x a(N)N(2). (6.2)

It can be seen that by use of these techniques, the evolution of the optical properties of
a system can be determined. Thus for any arbitrary potential the recombination, emission
intensity and interband transition energies can be determined as functions of time.

3 A non-compensated nipi structure could be dealt with readily by the following technique as will become

apparent.
4In the calculations presented a(N) at any instant in time is assumed to be the same for all carriers and

is taken to be proportional to the square of the overlap integral of the electron and hole suitably modified
to allow for excitonic effects. Consequently we can write

N
a(N) = %BT).a(O) = 5}(%)—)-;";

where 7o is the experimentally observed decay time for very weak excitation, I(N) is the square of the
overlap integral appropriate to N carriers present, and I{(0) that of a single electron-hole pair.
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Figure 6.3: Flow chart showing the computational steps involved in optimising the potential
‘shape’ of a § doped nipi structure, so as to maximise the Stark shift.
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Figure 6.4: Conduction band diagram of optimised structure (solid line); optimised from a
& doped nipi structure (dashed line), where the 5x1023/m3 dopants are placed 50A apart;
optimised to maximise the blue shift for 5x10'*/m? excited charge carriers.

6.3 Results

The system considered is CdTe. This system has been well researched for use as a compound
semiconductor with Mn as the ternary alloy [11, 12]. We consider the CdTe system not as a
compound semiconductor, but as a host semiconductor where n and p type § doped regions
can be grown (via MBE) into the crystal lattice. Thus in the following results the system
reported is a doped CdTe lattice structure. The choice of semiconductor is arbitrary and
purely illustrative of the technique which can be applied to any bulk semiconductor.

A & doped nipi structure was initially considered. The system consisted of a 10A doped
region (dopant density 5x102%/m?) placed 50A from a 10A p doped region of equal density.
Starting from this structure the system was optimised for the situation where 5x10'4/m?
optically excited charge carriers were present in it. Such a density of charge carriers blue
shifts the energy separation of the elctron and hole by ~17meV on being excited optically
in the original nipi structure. On optimising the structure the blue shift is enhanced by
more than three times it's original value to 55.1meV. The structure corresponding to this
enhanced blue shift is shown in Fig (6.4). It is immediately apparent from the figure that the
optimised structure has a considerably different potential profile from that of the original
nipi structure. The profile is ‘treble well like’ for electrons and ‘double well like’ for holes.
In effect the potential has two deep potential wells, one confining the electron (the left most
well) and the other confining the heavy hole (the right well). It is also noticeable that
the positions of the potential wells formed by optimisation, are not spatially equivalent to
the ‘V' shaped potential wells of the original structure. The potential wells formed during
optimisation are much deeper than the original potential wells, they are also placed further
apart than the original 'V’ shaped wells of the nipi structure. The purpose of these wells
is to confine the electron and hole separately, such that there is little overlap between the
envelope wavefunctions before and after optical excitation of the charge carriers. From Fig
(6.5) it can be seen that there is no movement of the wavefunctions after excitation, and that
the blue shift in the one particle energy separation is due purely to a change in the effective
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Figure 6.5: Conduction band diagram of optimised structure; optimised from a é§ doped nips
structure, where the 5x1023/m3 dopants are placed 50A apart; optimised to maximise the
blue shift for 5x10'4/m? excited charge carriers,(a) no charge carriers, and (b) 5x104/m?
charge carriers.

band gap of the semiconductor®. The effective confining potential well for the electron is
wider than the one which effectively confines the heavy hole. This can be explained by
consideration of the relative effective masses of the two types of carriers. Since the effective
mass of the electron is less than of the heavy hole, the resultant envelope wavefunction is
more extensive than that of the hole, hence needing a wider well to confine it.

As a check on the optimisation procedure two more structures were optimised. Both
of these structures had the same dopant densities as previously defined, and were assumed
to have the same number of optically excited charge carriers. However for these structures
the dopants were placed at differing distances apart, such that the distance between the
n and p regions of the original nipi structures were 100A and 150A. It was found that in
both cases the optimisation procedure led to virtually identical structures to that of the
50A separation case, with the blue shifts being enhanced in both structures to ~55meV
(see Fig (6.6). This shows that the optimised profile is independent of the starting profile
and is dependent mainly on the number of optically excited charge carriers. Since, as a
first approximation, the exchange and correlation effects have been neglected, the density
of charge carriers to be considered must be relatively low. Physical intuition tells that as
we increase the density of charge carriers, i.e increase the excitation intensity, the effective
band gap of the semiconductor is increased and thus the blue shift enhanced. This has been
verified experimentally by Bastola et al (8], who reported a logarithmic dependence between
the optical blue shift and the excitation intensity.

The next system to be considered was a § doped nipt structure with the same dopant
density as before, i.e 5x10%3/m3. This structure was optimised at lower excitation intensities,
where it was assumed that the number of free charge carriers was 1x10'*/m?. Fig (6.7) shows
the optimised potential profile with no charge carriers present. It can be seen that the
potential profile of the optimised strueture is similar to that of the previous system. The

S At present we have dealt with one particle energy separations, however if the effect of the exciton binding
energy is also included, it is found that the energy shift is unaffected, this being due to the lack of movement
in the electron and hole, before and after excitation.
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Figure 6.6: Conduction band diagram of optimised structure; optimised from a § doped nipi
structure, where the 5x10?3/m® dopants are placed (a)100A apart, (b)150A apart; optimised
to maximise the blue shift for 5x1014/m? excited charge carriers. : ,
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Figure 6.7: Conduction band diagram of optimised structure; optimised from & § doped nipi
structure, with doping density 5x1033/m3. Optimised for 1x10'4/m? excited charge carriers.
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Figure 6.8: Conduction band diagram of optimised structure; optimised from a § doped.nipi
structure, with doping density 5x1023/m3. Optimised for 1x10*3/m? excited charge carriers.

structure adjusts itself so as to confine the electron and heavy hole in separate potential
wells, having a similar distance of separation as found previously. For this situation the
overlap of the envelope functions of the electron and hole is negligible. The one noticeable
difference between the present structure, and the earlier one is the depth of the potential
wells. The latter for the lower excitation intensity, is less than for the higher intensity. A
trend which is true in general. However, the results also suggest that there is an optimum
‘shape’ of the potential profile, which is independent of the excitation intensity ( apart
form the well depth) which will maximise the blue shift. The idea of an optimum potential
‘shape’ which maximises the blue shift can be verified by consideration of different excitation
intensities. Fig (6.8) shows the optimised potential profile and carrier wavefunctions, for a
carrier density of 1x10!3/m?. The graph shows that for low densities the optimised potential
shape is similar to that of the higher density case. The similarities lie in the formation of
two potential wells ~115A apart, one of which is wider than the other.

The optimised systems described above would be very difficult to grow experimentally.
However we note that Merchant [13] has shown that, by using lateral diffusion, any dopant
profile can (in theory) be realised. Thus the profiles described are theoretically realisable
but would require advanced technology. Unfortunately the technology needed to grow such
structures does not exist presently. For this reason it is advantageous to use the information
gained through optimisation, to design simple nipi structures which can enhance the blue
shift (although the latter will always be less than that for the optimised structure). Fig (6.9)
shows a nipi structure which has been designed to reproduce a similar potential profile to
that of the optimised structure. The nipi structure shown produces a blue shift of ~48meV
when 5x10'4/m? charge carriers are excited from the valence band to conduction band. The
nipi structure consists 3x10>4/m® dopants placed at 55A and 170A (i.e 115A apart).

The doping concentration and the separation distance between the p and n layers, has
been based upon the optimised structure. Fig (6.10a) shows the blue shift that would be
achieved if the separation was varied (within the simple nipi structure), but the concentra-
tion kept constant. From Fig (6.10a) it can be seen that the maximum blue shift is given
when the dopants are placed ~ 115A apart. Fig (6.10b) shows the blue shift for various
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Figure 6.9: Conduction band diagram of optimised structure, optimised for 5x1014/m? ex-
cited charge carriers, with an equivalent simple § doped nipi structure.
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Figure 6.10: (a) Blue shift versus separartion of the dopants layers for a optically excited
(5x10'*/m? charge carriers) nipi structure, with dopant concentration 3x10%4/m3(b) blue
shift versus dopant concentration for an optically excited (5x10'*/m? charge carriers) nipi
structure, where the dopants are separated by 115A.
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Figure 6.11: Recombination rates for 5x10'4/m? optically excited charge carriers present in
the optimised and nipi structures. The entity m is the decay time for each structure when
excited weakly.

concentartions of dopants (again within the simple nipi structure), where the separartion is
kept constant; again it can be seen that the maximum blue shift for this strueture is given
for a concetration of 3x10?*/m3 dopants. Thus through use of the optimised structure a nipi
structure can be designed which can give information on both the best dopant separation
and the best dopant concentration so as to maximise the blue shift.

Another important physical feature, when dealing with  doped nips structures is the
recombination time for the excited charge carriers. This was found by solving equation
(6.1). Time is measured in units of 8. Fig (6.11) shows the recombination rates for the
optimised and nipi structures. The curve y = Ne~* is also plotted which represents an
exponential decay for a structure whose decay rate is m. It can be seen that in both the
optimised structure and the nipi structure the decay rate is greater than the exponential
decay. Examination of this curve shows that as the electrons recombine with the holes, the
self consistent change in the potential produces a non exponential decay. The graph also
shows that the nipi structure has a lower recombination time than the optimised structure,
suggesting that although there is a loss in the value of the blue shift when the nipi structure
is employed, there is a gain in the recombination rate of such a structure. This increase in
recombination rate can be explained by a consideration of the electron and hole transition
probability. In the optimised structure the electrons are well separated from the holes, thus
leading to a reduced transition probability. In the nipi structure, since the electron and hole
are less well separated the transition probability is higher.

Fig (6.12) shows the variation of the interband transition energy (i.e the emission paek)
as a function of the time. It can be seen that both the optimised and nipi structures emission
energies change similarly with time. The difference in the magnitude of the enrgy is due
simply to the depth of the potential wells. In short, since the optimised structure could not
be reproduced precisely using a simple nipi structure, the energy of emiision is different for
the two strucures. Nonetheless the energy shift, is similar and is very large in both cases.

€yp is the decay time for a low concentration of excited carriers whose decay can be said to follow an
almost exponential rate. This must be determined experimentally for each type of structure.
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Figure 6.12: Change in interband transition energies as the structure rela.xes after 5x10'4/m?
charge carriers are excited into the conduction band.

The emission intensities were also calculated (using equation (8.2)). These are shown in
Fig (6.13). As can be seen, both structures have emission intensities which decay rapidly,
with the majority of the emitted light being blue shifted. It can also be seen that the emission
intensity of the optimised structure is initially greater than that of the nipi structure.
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excited into the conduction band.
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6.4 Conclusion

The results show that by optimising an arbitrary doped potential profile, it is possible
to produce a unique doping induced potential profile which maximises the blue shift of
the transition energies for a density N of excited carriers. The optimised structure for
a carrier density of 5x10*4/m? gives blue shifts ~55meV. The results also show that the
optimised profile has certain characteristic features some of which are almost independent
of the density of excited charge carriers (N). Using such features it is possible to design a
simple nipi structure which gives large blue shifts close to the optimum. One such structure
was presented, whose blue shift was calculated to be ~48meV.

Other features of these structures have also been investigated, and it has been shown
that both structures exhibit fast recombination times, essential for device applications. The
results show that by use of an optimisation process, it is possible to determine the charac-
teristic features common to all optimised structures. Utilising these same features makes
it possible to design simple structures which have blue shifts comparable with those of the
optimised ones.
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