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Abstract 

Esaki and Tsu showed 1 that atomically thin layers of alternating composition (a superlattice) 
give interesting electrical transport properties. This is the case when the layer period is compa
rable to or less than the electron mean free path. Only then the wave function descrihing the 
electrens can spread out over many periods. so the electrens feel the artificial periodicity. 

This periodicity. superimposed on the natura} periodicity of the crystal lattice. changes the 
bandstructure of the material: the original conduction band is subdivided into socalled mini
bands. In this report. the origin of these minibands and their infiuence on the sample resistance 
have been examined. 

A GaAs I AlAs -superlattice bas been grown on the Molecular Beam Epitaxy apparatus of the 
Semiconductor Group. This technique can produce very thin layers with atomie precision. The 
AlAs layers have a thickness of 17.0 Á. which means that each one consists of only 6 atomie 
monolayers. They are separated by GaAs layers of 45.3 Á (16 monolayers). The very high preci
sion in growing is necessary. otherwise the artificial periodicity is destroyed and the bandstruc
ture concept must be abandoned. Then tunneling is the main transport mechanism in stead of 
Bloch bands. 

The superlattice periodicity can be disturbed externally by applying a voltage across the sample. 
This results in a sample resistance that is a function of this applied voltage. The voltage
dependant resistance bas indeed been measured. A model that gives the 1-V curves of a superlat
tice structure bas been worked out. 
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Introduetion 

The concept of bandstructures is the basis of semiconductor physics. This bandstructure. which 
originates from the periodicity of the crystal lattice. gives a simple though accurate description 
of electrens in a solid in terms of a conduction band. a valenee band and an eff ective mass. 

Techniques as M.B.E. and M.O.C.V.D. can produce structures jn which the layer thicknesses are 
accurate to a few atomie monolayers (one monolayer is 3-5 A ). These socalled nanostructures 
give physicists access to experiments with the basic concepts of solid state physics. Meanwhile. 
these experiments contribute to a better understanding of semiconductors in generaL 
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SEMICONDUCTOR 
THEORY 

In this first cbapter some basic semiconductor and solid state physics will be discussed. The 
quanturn mechanica} nature of tbis theory is empbasized, as tbis experiment deals witb 
bandstructures. a pbenomenon that can only be understood witb quanturn mechanics. Because 
all theory used in tbis chapter is more or less standard solid state physics. tbe following will be 
rather brief. but provided witb the necessary references. 

One of tbe fi.rst attempts to describe electron motion in a solid was that of free electrons 
confined to a potential box by high potential barriers2

. In this Sommerfeld model the notion of 
quanturn mecbanics was already used: the energy levels of the electrens were determined by 
wave mechanics. Tbis free electron model. treated with Fermi-Dirac statistics. gave a satisfactory 
explanation for tbe specific beat and the magnetic susceptibility. lt was too crude. obviously. to 
make a distinction between conductors. semiconductors and insulators. 

V 

t 
a) b) 

Figure 1.1: two models for descrihing electrans in a solid; a) the electrans move freely, confined to a 
potential box, b) the electrens in the box feel the periadie potential of the lattice aloms. 

One refinement made tbis model succesful: the potential inside the box sbould not be taken as 
averaged out over a lot of atoms. but as a periadie function witb a period equal to the periodicity 
of tbe lattice. Tbis improved model provided satisfactory explanations for many tbings that bad 
not been understood so far. Most important was that tbe model led to tbe concept of band struc
ture3. 

Consider two atoms separated by a distance a. Wben a becomes small. the electron clouds will 
feel eacb otbers electric field. Tbe electrens near tbe core of tbe atom will bardly notice any 
influence. because they are sbielded by the outer electrons and because their separation is large. 
The energy levels of these inner electrens will not be disturbed by tbe presence of other atoms 
and they will remain unchanged. The outer electrens do feel eachother's presence as a becomes 
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small and as a result of this the levels will split up. For many atoms. neatly stacked in a crystal 
structure. this gives rise to a set of distinct regions of energy. the energy bands. separated by 
forbidden regions. the gaps (see figure 1.2). When the atomie energy levels have spread out into 
energy bands. the electrons are not bound to one atom anymore. but can move through the 
whole crystal. 

Figure 1.2: level splitting in 
metallic sodium. When the dis
tanee a between the atoms is 
large, all levels are undis
turbed. When a becomes small. 
the levels will split up. A large 
number of atoms close rogether 
will forma continuaus band. 
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Depending on the position of the Fermi energy. E.""· relative to the energy bands (figure 1.3). the 
crystal can be classified as an insulator. a conductor or a semiconductor. EF is defined as the 
energy level where the chance of occupation by an electron is exactly lf2. This chance of occupa
tion is given by the Fermi-Dirac distribution 

f = 1 
n 1 +exp((e-EF )/kT) 

( 1.1) 

---Er 

-a) b) c) 

Figure 1.3: three situations of the position of the bands and their Fermi levels: a) a conductor, b) a 
semiconductor, c) an insulator. 

Characteristic fora conductor is that the Fermi energy is somewhere in the middle of an allowed 
band. This band is then partly filled with electrons. which can easily carry any additional 
amount of kinetic energy. e.g. picked up from an electric field. In this way they contribute to 
the electrical transport and reduce the resistance. An insuiator has its Fermi level somewhere in 
a forbidden region. resulting in a completely filled band. while the next one is completely empty. 
Wben the thermal energy kT is small compared with the gap llE. it is impossible for an electron 
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to cross this gap. which is the only way of carrying additional energy. This results in a very 
high resistance. A semiconductor also has its Fermi level in a forbidden region. but here the 
(smaller) energy gap can be overcome much easier than in the case of an insulator. As a result of 
this the conduction band is not completely empty. and the number of electroos that carry extra 
energy is highly sensitive to the temperature. the width of the bandgap and botb concentration 
and energy level position of donors and acceptors. These various ways of cantrolling the electri
cal properties make semiconductors attractive fora broad range of applications. 

The relationsbip between the energy e and tbe momenturn k ( tbe bandstructure) is in principle 
obtained by solving the Schrödinger equation. lts solution gives the wave function '1' (r ). Tbis 
wave function gives the probability of finding the electron at a eertaio place: I '1' (r) 12

• The 
gene-ral time independant Scbrödinger equation is 

H'l' (r) = e'l' (r) (1.2) 

with 

h2 02 02 02 
H = -- - 2+-2+-2 +V(x,y.z) 

2m ox oy oz 
(1.3) 

For an electron confined toa cube witb volume L 3 in which V(x .y .z) = 0. equation (1.3) reads 

h2 a2 o2 o2 
-+-+- '1'= e'l' 

2m ox 2 oy 2 oz 2 
(1.4) 

For solutions of this function that also satisfy tbe boundary condition the energies are given by: 

€ = h2 k2 = ..!!:!_(k 2 + k 2 + k 2) (1.5) 
2m 2m ' Y z 

where 

(1.6) 

For a free electron (L ..... oo ). equation (1.5) and (1.6) result in a continuous energy range. Tbe 
wave function descrihing a free electron bas the form: 

(1.7) 

This is a running wave with momenturn p = hk. In figure 1.4 a) the dispersion relationship (e 
versus k) for a free electron is sbown. Tbis is a parabola. and for every value of the 
wavenumber k there is an (allowed) value of the energy e. 

Bloch was the first in stating that a potential which is perioctic over a distance a . 

V(x)=V(x+na) (1.8) 

with n an integer. implicates that the solution of the Schrödinger equation can be written as 

'''( ) - ( )e iJ.: x x "~' x - uk, x (1.9) 

where uk (x ) is a function of x (going to one dimeosion. without loss of generality) with the 
x 

same periodicity as the potential V (x). Tbe constant k, is used as a quanturn number to label 
the specific state. An advantage of exploiting the periodicity of the lattice is that a lot of intricate 
matbematics that is involved in solving equation (1.2) can be avoided. These socalled Bloch 
waves make up bands. through whicb electrons or holes can move. A quantity P can be defined 

(1.10) 

which is called the crystal momentum. P is a constant of motion. but it is only equal to the real 
momenturn when V (x ) is a constant. The values of kx can be restricted to the range 
-TT/a ~k, ~TT/a. This is called the first Brillouin zone. to which we can reduce any value of tbe 
momenturn k. 
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In figure 1.4 b), the effect of the lattice periodicity on the electron dispersion relation is shown. 
~ow there are regions where there is no allowed energy: gaps. The physical origin of these gaps 
is Bragg reftection: the Bragg condition for constructive interference 

2a cos( e ) = n À (1.11) 

with e the angle of incidence, a the separation between atoms and À the wavelength of the 
incident particle, reads in the one-dimensional case 

k, = n -rr!a, n = ± 1. ± 2, · · · (1.12) 

with a the lattice constant. For every value of n an energy gap occurs. At those integer values 
of n .".la, the stationary wave functions are not traveling waves (as a wave traveling to the right 
would be reftected by the fi.rst atom, resulting in a wave traveling to the left. etc.). They consist 
of two equal parts, one traveling to the left, the other to the right, resulting in a standing wave. 
At n -rr/a two independant standing wave solutions are possible. one locating the electron charge 
close to the ion cores. and another one locating this charge in between the ion cores. This 
difference results in a different average energy: the bandgap. 

__.... k -7i /a k 7i/a 

a) b) 

Figure 1.4: dispersion curves fora) a free electron and b) a periadie potential with period a. 

The form of the E-k -relation in a broad allowed band is, especially near extrema. close to that 
for a free electron (a parabola), provided that an effective mass m * is introduced. This effective 
mass. usually a tensor due to the non-isotropy of the crystal. takes into account the inftuence of 
the periodic lattice structure on the electron motion. leaving the advantage of descrihing a band 
electron as a free electron. The effective mass is defined as 

• m = 1 d 2e ---
h2 dk 2 

-1 

(1.13) 

In the one-dimensional case. distinct f orbidden and allowed reg i ons appear. In reality. the 
three-dimensionality gives rise to an overlap of bands. This and other factors (e.g. the tensor 
character of m •) result in a very complicated band structure for any semiconductor. 

For real semiconductor materials it is impossible to solve the Schrödinger equation because of the 
large number of particles involved. Other methods3 (plane wave method, pseudo-potential 
method) have been developed to find the bandstructure. Together with measurements of optica} 
absorption and emission. with or without a magnetic field, the exact bandstructure of a semicon
ductor can be found very accurately. The result of this for GaAs can be found in fi.gure 1.5. In 
the next chapter. the effect on the existing bandstructure of imposing an artifi.cial periodic stroc
ture on the "natura!" periodicity of the lattice is examined. 
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A r 6 X U,K 

REDUCED WAVE VECTOR q 

Figure 1.5: the bandstructure of GaAs; slwwn is the electron energy versus the reduced wave vector 
for the Jour GaAs valenee bands and the ftrst several conduction bands. 

To conclude this chapter. some typical semiconductor parameters that will be used in the next 
chapters. are mentioned and illustrated3

. 

A schematic diagram of a semiconductor is shown in figure 1.6. lndicated are the bottorn of con
duction band Ec (to be precise: Ec is the energy where the conduction band begins). the top of 
the valenee band E, . and the donor and acceptor levels Edan and Eacc . 

E 

Figure 1.6: energy diagram of a semiconductor. 

The total number of electroos in the conduction band is found by taking the integral of the pro
duct of the density of states and the fermi-dirac distribution function: 

00 

n = jJn(E)gn(E)dE 
c 

(1.14) 

and likewise for holes in the valenee band: 
Ev 

p = ffp(E)gp(E)dE (1.15) 
-oo 

with f n the f ermi-dirac distri bution ( 1.1) and f P is 1- f n • By ad ding donors or acceptors the 
concentration of holes and electroos change. The number of non-ionized donors nd is given by 

1 
nd = Nd (1.16) 

1+ 1/zexp((Edan -EF)/kT) 

where Nd is the total number of donors. The number of non-ionized acceptorsPa is given by 
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1 
Pa = Pa ( ) ) 1+lf2exp l-Eacc +EF /kT 

(1.17) 

with Pa the total number of acceptors. Equations (1.16) en (1.17) differ from the Fermi-Dirac 
distribution (1.1) by a factor 112 in front of tbe exponent. Tbis arises from tbe fact tbat Fermi
Dirac stalistics take into account that a state can be occupied by two electrons. wbile a donor or 
acceptor can only give or accept one single electron. The charge neutrality condition reads 

P + Nd - nd = n +Pa -Pa 

Equations (1.14) to (1.18) pinpoint the Fermi level. 

Some results of tbis theory are shown for the case of a bulk semiconductor. 

(1.18) 

For a threedimensional intrinsic ( tbat is. witbout any doping) bulk semiconductor the electron 
energy is given by: 

h2k2 
EJD = 

2m 
. (1.19) 

Tbis leads to a density of states 
3 

1 2m 
. 2 

g 3D (e) = 
27T2 h2 

elh (1.20) 

The integrals involved in equations (1.14) and (1.15) can be approximated accurately on condi
tion of non-degeneracy, so for the Fermi level in tb is case we obtain tbe expression 

(E, -Ec) • • 
EF= 

2 
+ 314kTln(mn1mp) (1.21) 

The Fermi level appears to be in the middle of tbe band gap. and with increasing temperature it 
moves up sligbtly. due to the difference in tbe density of states in the valenee and conduction 
band. Wben a large concentration of donor atoms is added. tbe Fermi energy will rise. As a 
result. tbere will be much more electrons than holes. 

In figure 1.7 are illustrated, from left to rigbt. tbe density of states. the Fermi-Dirac distribution 
function and the number of holes and electrons in the valenee and conduction band in an intrin
sic semiconductor. In figure 1.8 is shown bow things change wben donors are added. 

...__ ____ .. 

I 
--+---· 

I 
-- ·j- -- -- E, 

I 

f(E) n and p 

Figure 1.7: g ( E), f ( e) and number of lwles and electrans for an intrinsic bulk semiconductor. 
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E 

I n 

--- -\- -- - - -Ec -

._____ ____ _ 
f( E) n nnd }J 

Figure 1.8: g (e), f (e) and numher of Jwles and electrans Jm- the samesemiconductor as in figure 
1.7, but now with donors added. 
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CHAPTER 2 

SUPERLATTICES 

In this chapter the infiuence of an artificial periodicity (a superlattice) on the bandstructure is 
examined. 

2.1 GaAs/ AlxGa1-xAs-superlattices. 

GaAs is a binary compound semiconductor. and a prominent memher of the lii-V group (the 
roman figures refer to the group in the periodic system of elements). It bas the zinebiende crystal 
structure (figure 2.1 ). GaAs bas been studied intensively. and theref ore its bandstructure is 
fairly well known. When a fraction of Ga is substituted by Al. this significantly changes the 
physically most important parameter: the bandgap. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

•

I -- --

(001)_ ----------.. -
a) 

~---- ~J!.~~ .. 
---~ 

b) 

Figure 2.1: a) the unit cube for GaAs and b) the fir st Brillouin zone for the GaAs lattice. 

Al. likeGa. bas 3 valenee electrons. and fits perfectly into the GaAs lattice because it bas prac
tically the same atomie distance. Al, Ga 1_x As bas a bandgap that depends on the Al fraction x: 
the larger x . the larger the bandgap. When a layer of Al, Ga 1-x As is grown on top of a GaAs 
layer. an electron going from one layer to another will experience a changing potential. because 
the conduction band is either higher or lower. In a multi-layer structure. the layer with the 
highest conduction band bottorn is a harrier for an electron. the ether layer a well. This 
difference in bandgap between the two materials can be used to make a superlattice. A superlat
ticeis a large number of layers of different composition (so their conduction band bottoms are at 
different energy levels) grown on tor> of each other (figure 2.2). 
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The barrier layers should nol be too thick Uess than 10 monolayers). otherwise the wave func
tions of the individual wells do not couple. This rneans that the entire structure cannot be 
described with one wave function. but each ind1vidual wel! should be described with a separate 
wave function (see also paragraph 2.4). A result of this is that there is no band. and the main 
transport mechanisrn will be sequentia! tunneling: ar. electron bas to cross each barrier 
separately. 

V 

l 
z 

Figure 2.2: interchanging layers of GaAs and Al, Ga 1_, As grown on top of each other give this 
battlement-shaped potential; indicated is z, the direction of growth. 

In Al, Ga 1_, As . there are three different conduction bands (see figure 1.5 and 2.1). The r -band 
is the most important one. because it is a direct band and it bas the narrowest bandgap for low 
values of x (in figure 2.2, only the r -band is shown!). The X- and the L -band are both 
indirect bands. meaning that an electron not only needs energy to reach it from the valenee 
band. but also momentum. 

The bandgaps of these different bands are dependent on the ternperature T and on the fraction of 
aluminium x. Also the effective mass. which differs per band. depends on x. The empirica) equa
tions giving the bandgaps in Al x Ga 1-x As as a function of x and T aré. with E in electron 
volts: 

Er= 
(300)2 T 2 

1.424 + 1.247x +ar 
504 

-ar T+{3. O~x ~0.45 

2 (300)2 
= 1.424 + 1.247x + 1.147(x-0.45) +ar 

504 
(300)2 T 2 

EL = 1.708 + 0.642x +aL 504 -aL T+{3 

2 (300)2 

Ex = 1.900 + 0.125x + 0.143x + ax 
504 

with T in Kelvin and 

ar = 5.41 10-4 eV K- 1 

aL = 6.05 10-4 eV K- 1 

ax = 4.60 10-4 eV K- 1 

{3 = 204.0 K 

(2.1) 

(2.2) 

(2.3) 

The effective masses for the electrons in the three conduction bands are given by (with mo the 
electron rest mass): 

mr - = 0.067 + 0.083x (2.4) 
mo 
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0.55 + 0.12x (2.5) 

mx - = 0.85 - 0.07x (2.6) 
mo 

The holes in the valenee band have an effective mass 

mH = 0.48 + 0.31x (2.7) 
mu 

For the r -band. it is known that approximately 65% of the change in bandgap raises the conduc
tion band of Al, Ga 1_, As . while the other 35o/ü lewers the valenee band. All bandgaps are meas
ured from the top of the valenee band. In figure 2.3. the band dependance on x is shown (equa
tions (2.1). (2.2) and (2.3)) at T = 300 K. It appears that for x > 0.45. the X- and the L
band have a smaller gap than the r -band. This is also the case for lower temperatures. 

r --- L ---x 

S.20 ~--------------------------------------------, 

2.75 

--
------

1.85 

1.•o ~------~--------~--------i-------~--------~ 
0.00 0.20 0.60 0.80 1.00 

Al fraction x 

Figure 2.3: dependance of the X -,L-and f -band on the Al- fraction x. 
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2.2 From a single potential well toa superlattice 

As described in chapter 1, the outer electrans of atorn~ in a solid come close and infiuence 
eachother in such a way that their discrete energy levels become bands. To illustrate how the 
formation of bands occurs in a superlanice. an analytic description 4 is given how discrete energy 
levels in a wel! change to bands in an infinite sequence of wells. The analogy with a solid is that 
the energy levels in the wells can be seen as the electron energy levels of an electron trapped by 
an atom. 

Consider a single potential well. The potential wel! in figure 2.4 bas a depth -I Vb I and a width 
Lw. Inside the well the wavevector is given by 

lj. lf: 

k ... = 2:Z (€+Vb) (2.8) 

Outside the well for € ~ 0. the waves are evanescent. so the wavevector is imaginary ( therefore 
denoted by a Greek K ). The modulus is 

The wave function in the well is given by 

'h 
-2m'€ 

h2 

X (z ) = A cos(k,., z ) 

for theeven states. while for the odd states 

X(z) = A sin(kwz) 

Outside the well 

X(z)= B exp(-Kb(z-Lw/2)). z~L ... /2 

X(z) = C exp(Kb(z+L,.,/2)). z~-L ... /2 

E, 

l E.. 

--~z 

(2.9) 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

Figure 2.4: a potential well with Vb = 1030 meV and L~. = 45.3 A. The energy levels are indi
cated; measured from the well bottom, E 0 is at 152 and E 1 is at 585 meV. 

The energy levelscan be found by matching the wave function components and its derivatives at 
the edges of the well. This gives the transeendental equations that determine the set of bound 
states: 

k,., tan(k,.. Lw /2) = Kb (2.14) 

for even states. and 

k,., cot(k,., L.,.. /2) = -Kb (2.15) 
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for odd states. As can be evaluated frorn equations (2.14) and (2.15). an infinitely deep well bas 
an infinite nurnber of energy levels given by 

? 7T2h2 
E" = n - . 2 - \ '., 

2m L, 
(2.16) 

with n an integer. A well with a finite depth bas a lirnited number of levels. but no matter how 
deep or broad. it always bas at least one. The deeper it is. the more energy levels it bas. and a 
broad well bas its levels closer together than a qarrow well. In figure 2.4. the energy levels of 
the particular case \'t> = 1030 meV. Lw = 45.3 A are sketched. The levels are infinitely sharp. 
The total energy f or an electron in a one-dimensional well is given by summing its level energy 
and its energy coming from the two-dimensional motion in the other two dimensions. In for
mula: 

- 2( 2 2) • € - En + h kx + ky /2m (2.17) 

The unbound states (e ~ 0) show a continuous spectrum. The wave vector in the harrier is now 
real and given by · 

(2.18) 

Again matching wave function components at both interfaces gives for the transmission 
coefficient. defined as T = tt' : 

-1 

) 1 ( 1: 1 )2 . 2 T(e = 1+ 4 s-I sm k.,..L (2.19) 

with k"' as in equation (2.8) and 

g= ~ 
kb 

(2.20) 

Equation (2.19) clearly shows the quantummechanical nature of the electric transport. Peaks 
and valleys in the transmission are due to constructive interference. and cannot be explained 
classically. At high energy of the traversing particle. the well bas hardly any influence. 

Now consider two identical potential wells separated by a harrier with length Lb. When Lb is 
large. two separate wave functions describe the wells. When 1 becomes sufficiently small 
though. the two wave functions overlap and become one wave funcuon: the wells couple. 

l - - - - - - - - - - EH, 

Eo, 
L......-----....IE,"' 

----+ z 

Figure 2.5: the double potential well, with Vb = 1030 meV, Lb = 17.0 Á, and L.,.. = 45.3 Á. The 
sharp energy levels of the individual well (figure 2.4) have split up, Eo in Eoo = 145 and 
E 01 = 161 me V, E 1 in E 10 = 549 and E 11 = 624 me V, measured from the bottorn of the well. 
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A closer analysis shows that in a double potenlial well the energy levels split up into two levels: 

( 2.21) 

with EsP" the energy level of the single potential well. s the shift integral ( the shift of one state 
caused by the presence of the other well) and t the transfer integral. The presence of other wells 
inftuences the set of energy levels in a particular well. resulting in this two-well case in the 
forming of two new energy levels. The exact eigenstates are given by the solutions of 

2 (k L ) ( r 1 ) (k ) (Y 1 ) -AI>Lb . (k ) _ cos ... w + ':>- I sin ". L,... ± ':> + I e sm .... L. - 0 (2.22) 

where 

~ = (2.23) 

and Kb and K,.. as in equations (2.8) and (2.9). The minus sign in equation (2.22) refers toeven 
states with respect to the centre of the structure. the plus sign to odd states. If the barrier 
becomes very broad. the third term in equation (2.22) vanishes. leaving a combination of equa
tions (2.14) and (2.15). which describe separate wells again. 

Finally an infinite sequence of periods. a superlattice. is examined. What will happen is clear 
from extrapolating figure 2.5. N wells will inftuence each other in such a way that a discrete 
energy level splits up into N levels (see also figure 1.2). For large N. this will result in a semi
continuous band. 

1 
___ .,> z 

second miniband 

first miniband 

Figure 2.6: a superlattice with parameters Vb = 1030 meV, Lb = 17.0 Á, L.,. = 45.3 Á. The 
semi-continuous first range of allowed energies (band) stretches from 137 to 169 meV, the second 
from 517 to 673 meV. 

We assume square well periods: the Kronig-Penney model. Matching wave function and deriva
tive at every interface. plus the requirement that the wave function is periodic (Bloch condition) 
yields that tbe discrete energy levels in tbe case of one and two wells now have turned into 
bands of energy. Non-trivial solutions for the wave function exist if the following equations are 
satisfied: 

(2.24) 

cos(kz d) = cos(k,... L,... )cosb(Kb Lb)- 1/z( ~ -Osin(k ... L,.. )sinb(Kb Lb) . - Vb ~e ~ 0 (2.25) 

witb d = Lb + L.., and kz the momenturn in tbe direction of the superlattice. The definitions of 
k.,... Kb. kb.~ and t can be found in equations (2.8). (2.9). (2.18). (2.20) and (2.23). Equations 
(2.24) and (2.25). functions of the superlattice parameters and the energy e. describe tbe essence 
of the superlattice phenomenon. lf tbe right band sides of equations (2.24) and (2.25) are 
outside the range from -1 to +1. the value kzd becomes imaginary. referring to evanescent 
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v.·aves. Thus. these equations determme whether an energ:· 1s allowed or forbidden. In figure 2.7 
a) the val u es of cos( k_- d) as a functJon of energ:v are shown f or superlattice parameters used in 
the experiment (I) and for another set of superlattice parameters (liJ which gives broader and 
lower minibands. The superlattice periodicity created an additional structure. minibands. on the 
existing natura] bandstructure. This model assumes an infinite. perfect superlattice without 
fiuctuations in layer thicknesses or well depths. 

-- Superl. I - - - Superl. 11 

5 .---.--------------------------------------------. 

3 

1 

~ 
Q -1 
(,) 

-3 

\ 
\ 

-5 ~------~------~------~~------~------~------~ 
0.00 0.20 OAO 0.60 0.80 1.00 1.20 

Energy (eV} 

I 11 

Figure 2.7: a plot of functions (2.24) and (2.25) for a superlattice with I) L.,.. = 45.3 Á, 
Lb = 17.0 Á, Vb = 1030 meV, and Il) L.,. = 45.3 Á, Lb = 17.0 Á, Vb = 200 meV. Also indi
cated are the allowed energy ranges for bath structures. 

As can beseen in figure 2.7. a low barrier (II) results in very narrow forbidden regions. and for 
higher values of e the gaps disappear. High (or thick) barriers result in much wider ranges of 
f orbidden energies. 
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2.3 Density of states and Fermi energy 

The position of the Fermi energy EF is important in order to calculate the number of electrons 
that contribute to transport and to estimate effects due to charge transport. occurring when the 
Fermi level for two regions with a different doping concentratien bas to become equal. In chapter 
3. it will be clear that this is important to calculate the current through the sample. Befare 
determining EF the density of states (d.o.s.) in a superlattice bas to be determined. 

The d.o.s. g (e) is by definition found by counting all the available energy states in a system. In 
formula: 

(2.26) 
I! 

where v sweeps all discrete and continuous energy levels. In the case of one potential well. the 
electron bas a two-dimensional motion in the xy-plane and in the z-direction it is trapped in a 
well level Ei . The energy is then given by 

- 2( 2 2) • Espw - Ej + h kx + ky /2m 

The d.o.s. (including spin) of this single potential well can now be written as 

gsp• (e) = 2 L 8(e-Ei - h 2(kx2 + k/)12m •) 
/.:xkvj 

The summation over k~ and k> can be converted into an integral. resulting in 

m'S 
gspw (e) = --2 L Y(€- Ei). Ei <0 

TT'n j 

in which S is the sample area. Y (x) is the step function. defined as 

Y (x ) = 1 if x > 0 

= 0 if x <0 

In figure 2.8. the d.o.s. is drawn for one single well using equation (2.29). 

g •• w I~~~ I 
2 

E,, 
E 

(2.27) 

(2.28) 

(2.29) 

(2.30) 

Figure 2.8: density of stales for sharp levels in a single potential well in the z-direction, while in 
the xy-direction the motion is free. 

For minibands in superlattices. the situation is more complicated. The exact dispersion relation is 
given by equation (2.25). cos(kz d) = F(e). which is in this form hard to handle. For thick bar
riers (large Lb ). the equation reduces to 

cos(k ... L,..) = 112( _, + ~ )sin(k,.. L ... ) (2.31) 

which is a combination of the equations (2.14) and (2.15). giving the energy levels of separate 
wells. The Taylor expansion4 of F(e) around the sharp separate well energy levels Ei is 

F(e-Ei) = F(Ei) + (e-E1 )F'(e)e = Ej (2.32) 
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In this way. an accurate though simple dispersion re lation is obtained. reading 

Ej(kz) = E: + s! + 2r;cos(k 2 d) 

with 

and 

s_, = 
-F(EJ) 

(F(e))e = E 
) 

1 
2r1 = 

(F'(e))e=E 
l 

(2.33) 

(2.34) 

(2.35) 

Equation (2.33) shows how an electron in a miniband now bas dispersion. meaning that it can 
carry extra energy while its momenturn in the z-direction. k 2 • changes. A sharp welllevel bas no 
dispersion: the electron moves up and down in the well (average velocity zero) and cannot take 
up energy that changes the z-components of its momentum. Equation (2.33) is only valid for 
bound states ( minibands in the well. Ei < 0). Because of the expansion (2.32) around sharp 
separate well levels for thick harriers. the expression is less accurate for higher minibands. From 
numerical values calculated by computer (matrix method. see paragraph 2.4) it appears that 
equation (2.33) is a good approximation (less than 10% error for the second miniband). 

The total energy Esz can be expressed as 

Esz = Ei +si + 2tj cos(kzd) + h 2(k:} + k/)!2m • 

Using the samemetbod as before. the d.o.s. in a superlattice is 

NSm* 
gsl(e) = 2 L Y(e-Ei ). e<-21ti I+Ei +si 

7Th j -1 

(2.36) 

(2.37) 

NSm' 1 E +s -E 
L,Y(e-EJ)+-acos 1

2
1 

7Th2 j-1 7T tj 
- 2 I ti I +Ei +si < E < 2 I ti I +Ei +si = 

NSm' 
-----=-

2
-L, Y (e-E1 ). e > 21 ti I +Ei +s1 

7Th j 
= 

with N the number of periods. The expression Sm· /7Th 2 is the constant d.o.s. that is valid for 
one single energy level. For a superlattice. which gives rise to a band consisting of many (N) 
energy levels. this d.o.s. should be summed over N levels. Equation (2.37) is sketched in figure 
2.9. 

E.- E.. E,_ 

Figure 2.9: d.o.s. of a miniband structure with parameters Vb = 1030 meV, Lb = 17.0 À and 
L.,.. = 45.3 À. For short, E0 _ is used for -21t0 I +Eo +so, Eo+ for 21t0 I +Eo +so, et cetera. 
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l\ow the Fermi level in the superlattice as well as in the adjacent regions can be calculated and 
compared. There is n0 problem in determining Er as a function of the temperature for the 
(bulk) regions sandwiching the superlattice. In figure 2.10. two curves are drawn: Nd = 1018 

and Na = 1016 (the reason for this donor doping is discussed in paragraph 3.1). while N 0 is 
always 5.0 1014 (this is a normal background doping in M.B.E. growth). The Er is found by 
numerically elaborating equations (1.14) to (1.18). 
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Figure 2.10: Er versus kT in bulk GaAs, for two different donor concentrations. 

In the superlattice. things are more complicated. There are two different ways of looking at the 
situation. Both give almost the same result for Er at low temperatures. 

In GaAs. the r -band is the lowest conduction band. while in AlAs this is the X -band. This 
means that the donors. which remain 5 meV below the r conduction band. are locally at 
different energy levels. The first option of looking at things is assuming that the highest donors 
will be ionized. and the electrans will flow into the lowest miniband. In this model. the neutral
ity condition is violated locally. so the theory outlined at the end of chapter 1 cannot be used 
anymore. A simple estimation of available donors and available states show that the Fermi level 
would be only slighty higher than the onset of the first miniband. 

As it is not clear what happens to the donor levels when minibands are formed (do donor elec
trens fee! the superlattice periodicity?). it can be assumed that the donor levels end up 5 meV 
below the first r miniband. This is defendable. because the donors always remain below the con
duction band: the conduction band bas now turned into a miniband. so effectively this miniband 
is the valid conduction band. The Er calculated with this assumption. using equations (1.14) to 
(1.18) together with equation (2.37). gives an Er as a function of temperature as shown in figure 
(2.11). 
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Figure 2.11: Er versus kT in the superlattice region. 
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Figure 2.11 shows a rising EF with increasing temperature. This is contrary to normal semicon
ductor behaviour. The explanation for this is that in the superlattice. the donors play by far the 
most important part. Even at high temperatures the number of electrens that cross the gap is 
very small compared to the number of ionized donors. The reason for this is the large gap and 
the reduced dimensionality of the system: tbe two-dimensional d.o.s. is quantitively mucb less 
tban the tbree-dimensional d.o.s .. The higher tbe temperature. the more donors are ionized. and 
tbere is no surplus of band electrens and holes that force EF to tbe middle of the bandgap. This 
calculation also shows tbat tbe Fermi level is close to tbe first miniband at low temperatures. 

The difference in Fermi level between the superlattice and its surrounding regions. when tbey are 
thought to be separated. is 100 to 150 meV at tbe highest (at low temperatures). To get EF 
equal. charge will flow from the superlattice region to the adjacent layers. resulting in band 
bending and an electron sea before tbe first superlattice barriers. When a voltage is applied. the 
level of this Fermi sea will rise. as will be discussed in paragraph 3.3. 
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2.4 Minibands in a superlattice 

ln chapter 1. the first Brillouin zone was sh0wn to be the region in k-space to which the k-vector 
of any wave function can be red u eed. lf there is another. larger. period d in the materiaL the 
unit cell bas in the direction of this new periodicity the lenght d. In a graph of k 2 versus energy. 
this means that the Brillouin zone can be reduced toa k-region with periodicity Tr/d in stead of 
Tr/a. 1\ow energy gaps occur at every value k 2 = n Tr/d. in other words. a complete new set of 
bands. with different dispersion relations f rom the original band. bas arisen: mini bands. This is 
schematically shown in figure 2.12. where d = 2a has been used for simplicity. In the experi
ment. the superlattice period d consists of 22 atomie monolayers. so d = lla . 

E 
E 

1 
1 

-11' /a k 11'/d-- k 

a) b) 

Figure 2.12: illustration of bandfolding. Because of the new periodicity, the BriUouin zonereduces 
toa smaller region. lndicated in a) is the original crystal bandstructure and in b) the bandstruc
ture resulting from the super position of the crystal period a and the artificial period d . 

The harriers in superlattice structures may not be too thick for two reasons. The first is that 
when the harriers are thick. the superlattice must be seen as consisting of individual wells. 
because the separate wave functions can hardly couple through a massive (large height and/or 
thickness) harrier (see the theory of paragraph 2.2.). The second reason is that the broader the 
harriers. the larger the probability that inevitable fl.uctuations in the superlattice parameters 
cause strong wave localization6

• as illustrated in figure 2.13. This means that. in stead of being 
spread out over a number periods comparable to the electron mean free path. the wave function 
is localized in one well. This is caused by charge localization in an incidental potential minimum. 

a) b) 

Figure 2.13: wave localization. lmperfections in superlattice growth cause the wave function to be 
for a large part in one welf, in stead of being spread out over more periods. In a), the wells have 
equallenght, while in b) one wellis 5% broader. The ground state wave function is drawn for both 
cases. 
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Many articlesl.9 ·10 report a bout measurements on superlattices. In most of them, however, the 
barriers are ebasen so braad that there is certainly no miniband structure: the only observed 
effects result f rom a large voltage drop per single well. which can result in negative diff erential 
resistance eff ects. 

The tricky point in makinga superlattice is the fragile periodicity. When the barrier width is less 
than 10 monolayers. an error of only a few monolayers strongly disturbs the periodicity. Even 
an advanced technique as M.B.E. has a lot of trouble in producing satisfactorily periodical struc
tures. Two different superlattices were ebasen to be studied closer. Superlattice I bas a barrier 
consisting of 6 monolayers AlAs (1 monolayer is 2.83 A), superlattice II bas a 6 monolayer 
Al 0 .24 -rGa o.153As barrier. The well lenght in both superlattices was chosen 45.3 Á ( 16 mono
layers). This choice is a trade-off: a broader well would enhance localization, while a narrower 
well would cause the energy levels to be very high above the Fermi level. Both options have 
advantages and disadvantages. In favour of superlattice I is that the periodicity of the superlat
tice is better, because the interface boundaries are better defined than in sample 11 (see figure 
2.14). 

eo-oeo •oeo8o 
o~®oeoe 08()_0_ Al 

eo~oeo 80fi()@Q As 

o-oeoe o-oeo~ Ga 

~o~oeo •oeoeo 
a) b) 

Figure 2.14: the interface of a) superlattice 1: due to the fact tha.t there is no Ga in the barrier 
material, thc boundary is well deftned; b) superlattice Il: Ga or Al atoms can show up at any 
place, thus blurring the boundary. 

The advantage of superlattice 11 is that because of the shallower well. the minibands are broader 
and lower. This gives a better conductance (more electrans in the minibands). which will give 
clearer experimental results. An additional complication in sample I is that the L- and X -band 
cannot be neglected anymore. As mentioned in paragraph 2.1. for Al fractions x > 0.45, the 
X- and L- band are below the r -band (see figure 2.3). This gives the situation as sketched in 
figure 2.15: the r -band is the lowest band in GaAs. but not in AlAs: a type 11 superlattice. 

a) l. -----{ 1-----{ 1-----[ ~ ' " "~ ~~~ . '"' ··~ ~~:..:. . '" · __ x 

E 

x 
b) 1-~-~~~-,-------, _____ -------------~~~~ ---

L---....11 r 

L 

Figure 2.15: the r-, X- and L-bands a) in superlattice I and b) in superlattice 11. The minibands 
are calculated in the following assuming three independant superlattices. 
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The implications of this are not quite clear yet (an electron could go from the X -band to the r
band. but for this it needs momenturn ). This is neglected: the minibands are calculated using 
the empirica} data of paragraph 2.1. and the theory of paragraph 2.2, assuming that the three 
different bands give rise to independent sets of minibands. Figure 2.16 shows the result of this 
calculation. 

E XI 

l L~ 
E L1 

l 
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XI r2 
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100 100 rl 

a) b) 

Figure 2.16: the minibands of both superlattices, making use of equation (2.24) and (2.25). a) 
su perlattice I, b) super latt ice 11. 

As can beseen in figure 2.16. the first r -miniband is for both cases the lowest. and consequently 
the most important conduction band. In superlattice I. its allowed energies range from 137 to 
169 me V, in superlattice 11 from 4 7 to 150 me V. These energies are measured from the bottorn of 
the original r conduction band. The valenee band bas. just like the conduction band. a periodi
city. This results in hole mini bands. to be calculated exactly like the electron mini bands. For 
superlattice I. the first two (narrow) minibands are at 28 and 111 me V below tbe original 
valenee band top. In the case of superlattice I. the new band gap (the difference in energy 
between the first conduction miniband and the first valenee miniband) is 1684 meV. while in 
bulk GaAs the gap is 1519 meV (at 4.2 K). 

An important quantity is tbe electron mean free pa tb À. This lengtb is the average distance an 
electron can travel coherently. If an electron bas an inelastic callision (for example with an 
impurity) its phase memory is destroyed. The result of this is the same as a disturbed periodi
city: the minibands will vanish. 1t is diflicult to exactly determine or calculate À. At 4.2 K. it is 
stated 5 that the mean free path is only several superlattice periods. At 1. 7 K. the lowest tem
perature at which measurements were done. it is estimated to be at least 5 periods. that is À = 

300 Ä. In the experiment. the superlattice bas 100 periods. This region sbould beseen as consist
ing of several regions where minibands exist. separated by disturbances in the superlattice 
parameters. Calculations in this paragraph were done witb equations (2.24) and (2.25). assuming 
an infinite number of periods wbich the electrans cross coherently. This is not realistic. but the 
resulting miniband structure is not very different from a calculation witb only 10 periods. The 
important thing is that enough ( > 5) wells couple. and produce minibandlike conduction. 

1t is interesting to note that in the barriers there are only 6 monolayers. so 3 atomie periods. 
Still. even bere it is common to use quantities like an energy gap and an effective mass. even 
though these are typical for structures with a large number of periods! 
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A computer program8 was used to calculate the transmission coefficient for anv number of 
periods. while the parameters of every single period ( the barrier leng tb Li-, the w~ll length L. .. 
and the barrier height \ ·") can be specified. 

The computer program keeps track of the wave functions amplitude and its phase as it moves 
through the superlattice. A potential step is described by the matrix 

M = 1/2 STep 

with k 1 and k 2 the (possibly imaginary) wavenumbers on either side of the step. When the 
potential is constant over a length L. this is covered by the matrix 

e-ikl 0 

Mzenghr = 
0 eik! 

with k the wavenumber at that constant energy and L the lenght. Multiplication of all these 
matrices gives the final transmission matrix. from which the transmission coefficient T can be 
calculated. 

The program is not needed for determining which regions of energy are torbidden or allowed: 
this is easier with the aid of equations (2.24) and (2.25). lts strenght is that every period can be 
specified (including fluctuations in the superlattice parameters), and most important that a vol
tage Vs1 that is applied across the superlattice can be taken into account. This is analytically 
impossible! The results of this are presented in the following. 

Figure 2.17 a) shows the transmission for a single well and two harriers (two periods). The 
transmission has a maximal value of 1 at each energy that corresponds to a well energy level. 
For two wells. figure 2.17 b). the energy levels have split up as described by equation (2.21). 
The transmission plot shows two peaks where there is resonance in the well. while in the single 
well case there was only one peak. 
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Fig. 2.17 a-d: results produced by a computer program calcul.ating transmission coefficients for vari
ous structures. In a) there are two periods, in b) three, in c) Jourand finallyin d) ten periods were 
taken. 
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With four periods. where only the fi.rst miniband is shown in flgure 2.17 c). the levels have split 
up again. nov.1 into three levels. From graph 2.17 d). where the number of periods is taken 10. it 
i~ clear what happens with many periods: the split levels turn into semicontinuous energy 
bands. 

If 10o/c of noise on the superlattice parameters Vb. Lb. and L, are taken into account. the 
transmission becomes worse (fig. 2.18 a): due to the disturbance. the periodicity is not perfect 
anymore. and this effects the Bloch bands. 

What turns out to be fata!. however. is applying a voltage di1ference V51 across the superlattice. 
A V 51 of 50 meV. which means only 5 mV per period while the barrier beight is 1030 mV. 
almost completely destrays the periodicity. and with it tbe bandstructure. as shown in fi.gure 
2.18 b). The first miniband shows a transmission decrease that is much worse than the one due 
to random disturbances in the superlattice parameters. even for the modest V51 used in figure 
2.18 b). This destruction of the bands by an external voltage should be discernible wben the 
resistance of a structure witb a superlattice is measured as a function of the applied voltage. Tbe 
experiment is described in chapter 3. 
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Figure 2.18 a-b: the samecase as in figure 2.17 d), but now a) with 10% of noise on all superlattice 
parameters; b) with a voltage of 50 meV applied across the structure. 
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CHAPTER 3 

EXPERIMENT 

3.1 The sample 

Sample growth was done with the M.B.E. apparatus in the Semiconductor Group at the Eindho
ven University of Technology. As discussed in paragraph 2.4. two different superlattices were to 
be grown. both with different (dis)advantages. Superlattice I (GaAs /AlAs layers) has a better 
chance of producing sufficiently periodical layers. while superlattice 11 (GaAs I Al 0 .247Ga 0 .753As 
layers) bas a more promising bandstructure (the minibands are lower and broader. due to the 
lower potential harrier). A further disadvantage of structure I might be that it's a type 11 super
lattice. 

Due to the tightness of the M.B.E. growing schedule. only superlattice I has been grown and 
measured. 

In paragraph 2.4. the superlattice parameters and the resulting bandstructure have been dis
cussed. In this section. an outline of the sample design is given. 

In figure 3.1. an illustration of the wafer from which sample I is taken. is given. For exact data. 
see table 3.1. 

z 

1 
superlattice ~ t------------t"' 

dummy ~ 
superlattice t------------f"'" 

Figure 3.1: the wafer with its various layen; the direction of growth is indicated (z). 

As can be read from table 3.1. the M.B.E. produces in each layer a light background acceptor 
doping of 5.0 1014 cm- 3

. To keep the Fermi level close to the conduction band. a donor concen
tration of 1018 was added in the regions surrounding the superlattice. On the substrate. which is 
heavily n + doped (n + means a surplus of electrons. due toa high donor concentration) to give it 
a large conductance. a dummy superlattice with both well and harrier width 50 Á is grown. also 
with heavy n + dope. The sole use of these first layers of alternating composition is to trap 
impurities and imperfections. to produce an optimal superlattice later on in the growing process. 
Due to the dope. it's conductance is large. so it is not expected to have any infiuence on the 
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sample resistance. Subsequently. a 1 J.L m thick heavil~· ~ • doped region is made to produce 
enough electrons before the superlattice. In the lasl 424 A of this region. the dope is reduced 
continuously from 1018 to 101t> in order not to spoil part of the superlattice by interface effects. 

Material Layer thick.ness (Ä) Doping (cm- 3 ) 

donors acceptors 
' 

GaAs 10000 l 1018 5.0 1014 

GaAs 424 101t> to 1018 5.0 1014 

GaAs/ AlAs super!. 6230 ( 100 periods. L,.. = 45.3, Lb = 17.0) J01b 5.0 1014 

GaAs 424 1018 to 1016 5.0 1014 

GaAs 1000(! 1018 5.0 1014 

GaAs/ AlAs layers 10000 ( 100 periods, L ... = 50.0. Lb = 50.0) 1018 5.0 1014 

GaAs 500 1018 5.0 1014 

n + substrate - - -

Table 3.1: exact wafer dates; the topentry corresponds to the top layer, etc. 

The doping in the superlattice area is necessary. because without it there would be a large 
difference in Fermi energy between the superlattice region and the rest of the sample (in which 
doping is necessary to get an acceptable current density ). This results in a charge flow. which 
would cause the superlattice region to be on a potential hill as sketched in figure 3.2. A result of 
this difference in Fermi level would also be that the wells would fill with charge. which can 
have a strong effect on the superlattice periodicity by increasing the effect of localization (see 
paragraph 2.4). The doping concentrations indicated in table 3.1 make this effect small. The 
donor concentratien may not be too high. as this could result in a donor conduction band and 
increased impurity scattering. which would ruin the measurements. In paragraph 2.3 it was cal
culated that the difference in Fermi energy. with the doping concentrations as indicated in tabel 
3.1. is 100 to 150 me V. which is expected to be acceptable. The superlattice region is now in a 
(shalllow) valley. 

V 

z 

Figure 3.2: a potential scheme of the superlattice area when this region would not have had a donor 
concentrat ion of 1016. 
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On the first sample. contacts were made on the top and back layers. These measurements gave 
ambiguous results. that could probably be ascribed to the fact that the resistance of the entire 
sample is measured. while only the superlattice resistance is relevant. 

A much better way of measuring was then used: approximately 2 !.J.ID of the top of the sample 
was etched. while with the aid of a mask only 2 or 3 pillars ( with the superlattice in it) of the 
top material remained ( tigure 3.3 ). J\o\\: one is able to mainly measure the resistance of the pil
lar. by making centacts on the top and by the foot of the pillar. An additional advantage is that 
a much larger part of the applied voltage is across the superlattice. 

pillars with 
auperlattlce 

z 

l 
Figure 3.3: a measuring metlwd that allaws to mainly measure the superlattice resistance is etching 
the top layer except fora few pillars containing the superlattice. 

The ditfusion of the contact material into the sample material appeared to be very important. If 
the contact roetal (an alloy of Au . Ge and Ni) was ditfused into the sample at too low a tem
perature or for too short a time. this would result in large resistances due to the oxide layer that 
covers the sample which is not penetrated. If. on the other hand, the ditfusion is too deep. the 
superlattice could be bypassed. resulting in very low resistances. A good combination of time 
and temperature proved to be 1 or 2 minutes at 700 K. 
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3.2 Measurements 

An optica} experiment was done to check the superlattice structure. Photoluminescence is based 
on the creation of electron-hole pairs. When holes and electroos recombine. light is emitted with 
an energy that is equal to the difference in energy levels. Usually this technique is used to check 
quanturn wells. but it works equally well for superlattices. 

From the top of the sample. 1.2 J.Lm is etched away. exposing the superlattice. On this surface. a 
laser beam is aimed with a frequency corresponding to 2.3 eV. which is well above the energy 
difference between the first valenee and conduction minibands. The excited electrens will drop 
very fast to the lowest conduction miniband, from which they recombine with the holes. These 
measurements were done at 6 K. 

The first sample of which the luminescence spectrum was measured. showed a small peak at 
1730 meV. This energy agrees quite well with the energy difference between minibands calcu
lated in paragraph 2.4 ( 1684 me V). The observed peak was much smaller (a factor 300) than the 
GaAs peak at 1519 meV. To check whether the oxide layer. which covers the sample surface 
after etching and grows thicker in time, could be the reason for the smallness of the peak. a 
second sample was measured. This time. the measurement was done immediately after etching. 
Now a peak occurred at 1712 meV (see figure 3.4). with an intensity approximately 10 times 
higher than the previous one. Still. compared to the GaAs peak. it was small. The reason for this 
is probably non-radiant recombination at the surface. The slight difference in calculated and 
observed peak can easily be ascribed to simplifications and assumptions made in the calculations 
of the minibands: 

1) a constant m·. chosen to be equal to the m· of the well material GaAs. 
2) perfect periodicity in the superlattice parameters. 
3) potential deformations due to charge effects are neglected. 
4) Me I Mgap = 0.65: this value is accepted.but not certain. 
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Figure 3.4: the plwtoluminescence spectrum of the sample. The large peak from GaAs is left out. 

Resuming. the conclusion from the optical experiment is that the superlattice wells seem to be 
according to the desired parameters. No definite condusion can be drawn. however. whether the 
peak comes from a single well or a miniband. The width of the peak ( 15 me V) could be ascribed 
to a miniband originating from a limited number of periods (see paragraph 2.3). The calculated 
miniband width of an infinite number of periods is 32 meV. but fewer periods (due to a limited 
electron mean free path) result in a narrower miniband. The peak could also be caused by ther
mal broadening or by many slightly different individual wells. 
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The electrical measurements consisled of sending a direct current through the sample and 
measuring the battery voltage Vbarr required to do this. Five samples were made from the wafer 
described in paragraph 3.1. Only one of these showed behaviour that is consistent with a model. 
to be discussed in paragraph 3.3. The contacts and the etching turned out to be factors that are 
very hard to controL 

l\ow, an overview of the measurements wiJl be given. 

The first sample was measured with::>ut the pillar metbod (see fi.gure 3.5). The contacts were 
made on the top and bottorn of the sample; cantacts 10 and 1 were diffused into the sample, con
tact 4 not. Measurements between cantacts 4 and 1 showed very high resistances (up to 106 fl). 
Contact 10 and contact 4 gave resistances around 100 n. but these measurements showed quite 
some asymmetry with respect to current reversal. This asymmetry and the large variatien of the 
resistance with Vbarr (orders of 10). can probably be ascribed to the dummy superlattice, which 
bas thick harriers ( 50 Á). resulting in unclear properties (despite the heavy doping) as described 
in paragraph 2.4. It appears that ditfusion of the contact makes a lot of difference: without it. 
the top oxide layer is not penetrated. 

• 
10 

1_/ 

Figure 3.5: an outline of the contactsof the ftrst sample measured. There are two top contacts (JO 
and 4), with only contact 10 diffused into the material, and one bottorn contact (1, also diffused). 

In the next sample, pillars were etched. as indicated in fi.gure 3.3, to rule out the infiuence of the 
dummy superlattice and the rest of the sample. Three pillars were measured, but all had very 
large resistances (103 0) and they suffered from an offset voltage (a voltage across the sample 
while there is no current). Adding to the trouble. the piUars on the second day of measurement 
had very different resistances than on the first day: the first measurements had obviously done 
some kind of damage to tht structure. probably due to excessive heat production. All cantacts 
had been diffused at 250 K. so it was concluded that at this temperature the ditfusion is not deep 
enough. 

The third sample gave trustful results. Ditfusion was done for two minutes at 700 K. The con
tacts of this sample are outlined in fi.gure 3.6. The I-V-curves measured over piUars 2 and 6 
showed excellent reproduction. perfect symmetry and they did not have an offset voltage at any 
temperature. The resistance of pillar 4. bowever. was again large and bad an offset: this illus
trates the randomness that goes witb trying to make a good contac-. 

6 , 

Figure 3.6: an outline of the contacts of the second sample with pillars. There are three pillars 
(contacts 2,4,6) and one side contact (1 ). 
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In figure 3.7 a)-d). four curves are shown of the curren1 versus the battery voltage Vban of this 
sample at four different temperatures. lndicated are only the results of pillar 2; pillar 6 pro
duced identical curves. At low temperatures ( 1. 7 1\., 4.2 1\. and 77 1\.) the trend is the same: a 
lower resistance f or a higher V bau . 

In paragraph 2.4. it was sbown that .with increasing \',; the transmission becomes worse (figure 
2.18 ). and it was assumed that this was immediately refiected in the resistance of the sample. In 
paragraph 3.3. where a model descrihing the entire structure is put forward. it will be shown 
that a second important parameter. the Fermi levelEF. changes as a function of Vbau. This last 
effect increases the transmission. so there are two counteracting mechanisms. The discussion of 
the model is deferred till paragraph 3.3. 

At 300 K. the transmission is constant. At this temperature, the electron mean free path is so 
small. that the miniband concept should be abandoned. leaving a tunneling mechanism for the 
current. which is independant of the applied voltage. 

T '"' 1.7 K. 
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Figure 3.7: the current versus applied voltage for Jour different temperatures: a) I .iK, b) 4.2 K, c) 
ï7 K and d) room temperature ( 300 K ). 

After these encouraging measurements. two more samples with pillars were made to confirm the 
data gotten so far. Both attempts showed again high resistances and. with some contacts. an 
offset voltage. Etching and diffusion appears to be a procedure in which a litte luck is indispen
sable. If the etching is not deep enough. the pillars do not contain tbe superlattice and a constant 
resistance is measured. If the etching is too deep. the dummy superlattice is reached. which 
appears to have a (not expected) undefined voltage dependant resistance. resulting in useless 
measurements. Once the pillars are etched at the right height. tbe contacts are a second difficulty: 
the diffusion into the sample must be just right. piercing througb the oxide layer but not bypass
ing the superlattice. 

On the last two samples. more sidecontacts were made to check that the voltage dependant resis
tance comes from a pillar and not from a contact. Indeed. all resistances measured between 
sidecontacts were constant with respect to a changing voltage at any temperature; this reinforees 
the trust tbat in the curves shown in figure 3. 7. the superlattice resistance varies, and not a con
tact resistance. e.g. a Schottky harrier. 
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3.3 The model 

Al first. the worsening transmission due to the voltage Vs1 across the superlattice was expected 
to be the dominant factor for the resistance as a function of the entire voltage across the struc
ture. the battery voltage \'ban. The experiment proved this to be faulty. A model that gives a 
better understanding of the experimental results is outlined in the following. 

A schematic view of the situation is sketched in figure 3.8. The Fermi energy in the various 
regionsof the sample bas become equal through charge transport. 

Figure 3.8: schematic view of the superlc.ttice region.. Space cha1·ge effects slightly bend the poten
tial. 

This charge transport results in slight variations from the rectangular Kronig-Penney model. but 
these are estimated so small that they are neglected. A significant effect is the difference in 
energy between the first miniband and the Fermi level. As can be seen in figure 3.9. an electron 
sea. assumed to be three-dimensional. builds up in front of the first superlattice harrier. The 
superlattice region is now in a ( very shallow) valley. contrary to the situation in figure 3.2. 
because now charge fiows from the superlattice to its adjacent regions. The height of this electron 
sea. EFo. is important for the current that goes through the entire structure. There is a gap that 
the electrens have to evereome before they can flow from the electron sea into the miniband. 

E 
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Figure 3.9: illustration of the energy gap between electron sea and the beginning of the miniband 
(ideally thought tostart with the first barrier ). 

The width of this gap. which is hard to estimate. will appear to be one of the decisive factors for 
the current density. Of great importance is that the level of the Fermi sea depends on the voltage 
V ban applied across the sample. A voltage V batr accelerates the electrens toward the harrier; the 
Fermi sea rises. until the driving force (Vbatr) is in equilibrium with the electrons' mutual repul
sion. The higher Fermi level at the beginning of the first harrier results in more electrans tbat 
can flow into tbe miniband, in other words. in a lower resistance. This eff eet counteracts the 
effect of the voltage Vs1 across the superlattice. wbich increases the resistance. 
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In tigure 3.10 can heseen what happen~ when a hattery vollage is applied across the sample. The 
superlattice region is on a potential slope. whicb destroys the artificial periodicity. In front of tbe 
first harrier. the EF increases to a value Eh + !lEF; at the end of the last harrier. the Ei 
decreases. 

Figure 3.10: the sameview of the superlattice region as in ftgure 3.8, but now with a voltage Vbatr 
across the entire structure. 

The relation between !lEF. V 51 and V bau must be determined. A capacitor model. that bas been 
used to calculate the current through a double barrier structure8 , gives a relation between EF 
and vsl that provides physically acceptable values for vs/ and for EF. As explained. the level of 
the Fermi sea in front of the first barrier without any external voltage. EFo. is quite high. It 
depends on wafer parameters and temperature. At 4.2 K, it is estimated to be approximately 
140 meV. This is a value which will be discussed later in this paragraph. 

When a voltage Vbarr is applied. EF increases with !lEF to a value EFo + !lEF. Assuming a 
three-dimensional electron gas in front of the first superlattice barrier. the extra charge Q..x that 
goes with an increase in EF can be calculated with equation (1.20). 

1/2 

e112 de (3.1) 

Using a capacitor model. the voltage V51 across the superlattice is related to this charge Q,x as 

(3.2) 

in which C is the capacity of the superlattice structure. The charge Qn is spread out over a dis
tanee l on both sides of the superlattice. C is given by 

(3.3) 

with e, the relative permittivity of GaAs . Nd the superlattice length (N periods with length 
d) and A the sample area. Isolating V51 from these equations results in 

V - lNd/3 2 2m' si - e Tr € 0 E, -,;z-
3/2 

((EFo +/lEF )3!2_(EFo )312) (3.4) 

The area A has dropped out because the charge Q,~ in equation (3.1) is in Cm-3
• and should be 

multiplied with Al. 

Adding voltage drops over the whole sample gives 

Vbatr = Vsl + 2/:lEF/e + lRresr (3.5) 

The battery voltage consists of the voltage drop across the superlattice area. the differences 
llEF/e caused by the (plus and minus) charge at the boundaries of the superlattiet and finally 
of a voltage drop across an Ohmic resistance Rresr which takes the resistance of the rest of the 
sample and the wires into account. The adjustable parameters are Rresr, the sheet length l and 
the initial height of the Fermi level EFo. The resistance Rresr is expected to be very small and is 
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neglec:ted in the calculations. 

:\ow the currem through the sample can be calculated: 

The elementary quanturn mechanica] formula for currem is 

1 = 4 ( 11'. \7 11' - 11'\7 11'' ) 
2ml 

(3.6) 

The average current density J (in A s- 1m2 ). which is equation (3.6) integrated over the whole 
volume V. can be expressed with an average velocity v: 

1 r ev 
J = vJidr = v 

The average velocity v. given by 

can be ex pressed as2 

V = ~ f( 11'* \7 11'- 11'\711'' )dr 
2~m J' 

V = h-1\7 tE(k) 

The number of electrens in levels having a k-value between k and k +dk is 

f (k ) n (k ) dk = f (k ) V dk I 47T 3 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

with n (k ) dk the number of allowed levels and f (k ) tbe Fermi-Dirac partilion function. As an 
electron goes from an occupied level on one side toa vacant level on the otber side. the difference 
between the two partition functions on both sides of the superlattice. f (k 1) - f (k 2 ). should 
enter the expression for the current. 

The energy of an electron is the sum of its transverse energy Er ( two-dimensional motion in the 
xy-plane) and its longitudinal energy E1 (a function of the periodic potential in the z-direction): 

E =Er + E, = h 2k/12m* + E,(V(z )) (3.11) 

The superlattice transmission is taken into account by the transmission coefficient tt · = T. 
which is a function of Vbarr and E1 • The expression for J now becomes 

00 00 

J = e /(47T3h) J dku J (f (ku)- f (ku)) :~ kulku T dkr 
0 0 

(3.12) 

The factor kulk1,1 • the ratio of the longitudinal wave number to the right (ku) and to the left 
(k1 .t) of the superlattice. arises from the fact that the coefficients RandT are defined at different 
energies (on both sides of tbe superlattice). In this case the relation between R and T is 

1- R = k1.2/k,,1 T 

lntegration over the transverse direction yields5 

em' kT 
1
= 1+exp((EF-EI )/kT) 

J = T k 1 2/k1 1 ln dE1 27T2h 3 
0 · · 1+exp((EF-E1-eV.,)IkT) 

(3.13) 

(3.14) 

In the calculations. a superlattice of 10 periods was used as this is ciosest to ex perimental reality 
(see paragraph 2.4). The real superlattice probably consists of various regions with minibandlike 
conduction separated by regions with growth errors where charge effects are important. lt would 
be very hard to quantitavely delermine what is going on in the measured structure. The capaci
tor formula (3.4) depends on the number of periods. which means that tbe voltage across the 
structure found in the following calculations does not agree with reality. Another difficulty is 
that the adjustable parameters. the sample rest resistance Rresr • the distance l and the initia} 
Fermi level EFo are difficult to determine. Several I-V curves have been calculated with equations 
(3.4). (3.5) and (3.15). but tbey can only give a rough indication of the behaviour of the sample. 
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In figure 3.11. E1 ,, was taken 130 meV (this is below the miniband).Z = 40 A. and T = 4.2 h. 
The currem starts growing when EF reaches the mini band. and some structure can be seen f or 
every time the Fermi level reaches a transmission peak. The current keeps growing due to the 
rising Er until the periodicity becomes so disturbed by \'s• that this causes the current to fall 
again (over the full scale of the next figures Er rises 5 me V;\ ·si is much larger ). 
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Figure 3.1J: I-V curveforten periods, with EFo = 130 meV.l = 40 A and temperature 4.2 K. 

The value of EFo determines the current density. The calculations learn that an EFo of approxi
mately 135 meV gives current densities that agree with the experimental data at low tempera
tures. The exact experimental current density depends on the effective sample area; this is also an 
uncertain parameter. as the ditfusion of the centacts into tbe sample material could produce a 
much smaller area than the pillar surface (10- 7m2 ). In figure 3.12. the parameters are the same 
as in figure 3.11. except Ero is taken 140 me V. As can be seen. the current is larger than in figure 
3.11. and it starts fiowing immediately. 

-c( --c: 
4) ... ... 
:::J 

0 

o.so I 

I 
I 

0.40 I /~·,_ 
~ // '·,·, .. 

0.20 I // ',, 

o.ool/ ~ 
0 20 40 60 80 100 

Vbatt (mV) 

Figure 3.12: I-V curveforten periods, with EFo = 140 meV, l = 40 Á and temperature 4.2 K. 

The experimental curves in figure 3.7 a) and b) suggest that EFo is already in the miniband at 
low temperatures. Resuming. bath current density and the experimental immediate flow of the 
current make an EFo of 140 meV probable. 
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Figure 3.13 is calculated with the same values as in figure 3.12. only l = 20 A in stead of 40 Á. 
This curve shows the shortcoming of the capacitor model. The effect of a smaller value of l 
should be that the dependance of V51 on AEF is weaker (equation 3.4). The consequence of this 
would be that a high voltage across the sample results in a fair value of AEF. but only a modest 
voltage across the superlattice! This can be the reason for not seeing a decreasing current (yet) in 
the curves of figure 3.7. In equation (3.5). Vs1 is dominant in Vban. even for small values of l. 
The result of choosing a smaller value of l in tbe capacitor model is. tbat at a certain value of 
EF the resulting V 51 is smaller. but also tbe conesponding V~xu1 ! Tbis is wby figure 3.13 is 
(almost) tbe same as figure 3.12. giving no furtber information. 

This problem could be dealt witb by choosing a reasonable value for the neglected resistance 
R,-esr. but in the measured structure there are several regions with minibands and regions with 
charge effects. so bringing this into the model is very difficult. 
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Figure 3.13: I-V curveforten periods, with EFo = 140 meV, l = 20 A and temperafure 4.2 K. 

The current is a lso calculated at 1. 7 K. with the same parameters as in figure 3.12. The result is 
sbown in figure 3.14. The current appears to be slightly less than at 4.2 K. as can be understood 
with equation (3.14). This result agrees witb the experimental curves in figure 3.7. but one must 
realise that also EFo depends on temperature, making a solid interpretation difficult. 
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Figure 3.14: I-V curveforten periods, with EFo = 140 meV, l = 40 A and temperafure 1.7 K. 
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Camparing the last four figures with figure 3.7 suggests that the sample should have been sub
jeeled to a higher V60". because a significant decrease in current seems within easy reach. This 
bas not been done in order to do some more experimenting with the (only good) sample. As 
mentioned. one sample had been destroyed by a high current. 
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3.4 Conclusions and discussion 

As shown in paragraph 24. a slight voltage drop across the superlattice results in decreasing 
transmission because of the disturbed periodicity. The effect of a Fermi level before the first 
barrier that depends on the applied banery voltage appears dominant. however. 

The trouble with getting enough experimental data calls for special care in drawing conclusions. 
The optica) experiment confirms that the structure of the grown superlattice is according to the 
high demands. The measurements show a voltage dependance. which can on) y be explained by 
assuming minibands and the inftuence of the applied voltage on them as discussed in paragraph 
3.3. 

The model used to calculate the current is still in discussion. A capacitor model ( the superlattice 
is thought sandwiched between two charged sheets). which proved useful in a similar problem 
invalving a double barrier8 • appears not to be adequate for the measured structure. Only trends 
in experimental curves have been reproduced and explained. Some parameters could be estimated 
roughly. 

To gather further information about the exact behaviour of the superlattice under a battery vol
tage. it would be useful to grow a second superlattice. lt would be wise to grow fewer periods 
(ten in stead of a hundred). as the electron mean free path is only five to ten periods. In the case 
of a hundred periods. this experiment. various regions with minibandlike conduction can occur. 
and this can lead to much more complex behaviour than is taken into account in paragraph 3.3. 
An additional advantage is that with a smaller superlattice the capacitor model is more useful. 

It would also be interesting to grow the second superlattice mentioned in paragraph 2.4. As 
many things. for example the energy difference between the onset of the miniband and the Fermi 
leveL. would be different. measuring this structure could give key information. 
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Samenvatting 

Esakien Tsu voorspelden 1 dat atomair dunne lagen van verschillend materiaal (een superrooster) 
interessante elektrische transporteigenschappen vertonen. Dit is het geval als de dikte van de 
lagen kleiner is dan de gemiddelde vrije weglengte van de elektronen. Alleen dan spreidt de 
elektrongolffunctie zich uit over meerdere periodes. zodat de elektronen de kunstmatige periodi
citeit ook daadwerkelijk voelen. 

Deze periodiciteit. gesuperponeerd op de natuurlijke periodiciteit van het kristalrooster. verandert 
de bandstructuur van het materiaal: de oorspronkelijke geleidingsband splitst op in zogenaamde 
minibanden. In dit verslag is de oorsprong en de invloed van deze minibanden op het elektrisch 
gedrag van het preparaat bekeken. 

Een GaAs/AlAs-superrooster is gegroeid in de groep Halfgeleiderfysica met behulp van de 
moleculaire bundelepitaxie-methode. Deze techniek kan zeer dunne lagen met atomaire precisie 
groeien. DeAlAs-lagen hebben een dikte van 17.0 À. hetgeen neerkomt op slechts 6 atoomlagen. 
Hiertussen zitten GaAs -lagen van 45.3 À (16 atoomlagen). De hoge groeiprecisie is noodzakelijk. 
want afwijkingen hiervan verstoren de kunstmatige periodiciteit en maken het miniband
structuurconcept ongeldig: tunnelen is dan het relevante transportmechanisme in plaats van 
Blochse geleiding. 

De periodiciteit van het superrooster kan extern verstoord worden door een spanning over het 
preparaat te zetten. De weerstand is dan een functie van deze aangelegde spanning. Spannings
afhankelijke weerstand is inderdaad gemeten bij het gegroeide preparaat: verder is een model uit
gewerkt dat de I-\' -curves geeft van een superroosterstructuur. 
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