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Abstract

The work described in  th is thesis involves m agnetotransport 

m easurem ents performed on n-channel Sio ̂ Geo g/Si modulation doped quantum  

well structures. These systems are grown by gas source molecular beam 

epitaxy, and are found to be quasi two-dimensional. Most of the work is carried 

out a t low tem peratures between 0.05K and 4.2K using m agnetoresistivity 

m easurem ents on H all bar devices, in  order to understand the physics of the 

two-dimensional electron gas (2DEG).

Shubnikov-de H aas m easurem ents between 0.05 and 1.6K have been 

performed on three modulation-doped n-type Si/Sio ̂ Geg g heterostructures, and 

the results analysed to extract the quantum  relaxation time. Use of the 

conventional Dingle formula resulted in deviations from the expected 

theoretical behaviour above ~0.3K. The corresponding quantum  relaxation 

tim e appeared to increase w ith tem perature in the same range. The data  are 

then  re-analysed using a modified expression, in which the therm al damping 

term  is neglected. This gave plots w ith the correct characteristics, and as 

expected for ionised im purity scattering in a degenerate electron gas, the 

quantum  relaxation tim e is found to be approxim ately constant with 

tem perature.

SdH oscillations corresponding to the spin-Landau levels of a  2DEG at 

lOOmK are also studied. The method used to obtain the effective Lande g  

factor can be described as the method of coincidences, where the tilt  angle th a t 

causes adjacent SdH m inim a to be equal, is used to determ ine the g* factor. 

The effective g factor for v = 6< ^  is 3.34 ±0.05. The results dem onstrated th a t



the effective g factor oscillates as a function of the L andau level.

The tem perature dependence of the in  the ir m inim a in SdH 

oscillation a t integer filhng factor is analysed. Above IK, the resistivity is 

therm ally activated. However, the activation energy A obtained from the 

experim ents is much lower th an  the cyclotron energy. This has been attributed  

to the fact th a t the Lande g factor should be larger th an  the bulk value of g=2 

and the L andau levels are broadened due to im purity scattering. The 

tem perature dependence of the resistivity deviated from the expected 

behaviour below IK, as also found in m easurem ents on disordered systems, 

and th is is in terpreted  as being due to hopping conduction.
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Chapter 1 

Introduction

In  the last couple of decades, heterojunction structures have become 

one of the basic research topics in  solid sta te  science. The development of 

epitaxial growth techniques, such as molecular beam  epitaxy and chemical 

vapour phase epitaxy, have allowed us to control the growth of individual 

semiconductors layers on an  atomic scale. These achievements provide a 

strong basis for designing semiconductor m aterials w ith tailored band 

structure, and tailored electronic and optical properties. The im portant 

param eters in th is “band structure engineering” are the microscopic natu re  of 

the interfaces: the bandgap discontinuities, the doping profiles and the related 

space charge layers.

The most im portant fundam ental studies arise from the high electron 

mobility of two dimensional electron system s which can be achieved a t 

modulation-doped semiconductor heterostructure interfaces (the physical 

separation of the ionised im purities from the two dimensional electron gas 

reduces the strength  of collision w ith im purities).

The most widely studied two-dimensional systems are based on 111-V 

compound semiconductors, such as GaAs/Al^Gai xAs. The m ain reason for their 

popularity comes firom the fact th a t the lattice constants of AlAs and GaAs are 

nearly equal and epitaxial layers of Al^Ga^ ̂ As can be grown on GaAs w ith  very 

high quality interfaces. Furtherm ore, most of these semiconductors have a 

direct fundam ental energy gap which m akes them  suitable m aterials for 

optical devices and optoelectronics.
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Despite these developments, the most im portant semiconductor is 

elem ental Si. Cheap, and available in  large quantities. Si has a very stable 

native oxide, nam ely SiOg, which serves as an  insulator and as a protecting 

layer, and forms the basis of nearly all-existing microelectronic devices on the 

m arket. However, a  variety of fast-growing m arket segments, especially in the 

areas of millimetre-wave and optical communication, appear to be beyond the 

scope covered by the electronic and optoelectronic properties of Si. On the 

other hand, the III-V compounds completely lack a n a tu ra l oxide or other 

insulator, w ith the quahty  and versatih ty  required for VLSI technology, 

although properly designed III-V heterostructures can excel in alm ost every 

category of electronic and optoelectronic applications. These problems certainly 

act as a major drawback in  the development of III-V compound 

heterostructures. I t  is therefore a great challenge to be involved in  the 

development of novel devices, related to the Si-based technologies.

In  th is respect, more suitable heterostructures can be made from Si/Sij. 

xGe ,̂ which can be considered as a kind of ‘n a tu ra l’ choice since: i) the two 

group-IV elem ents crystalhse in the same diamond lattice, and ii) can form 

random  Sii.^Ge^ alloys of a rb itrary  composition. By m eans of controlling these 

alloys the bandstructure can be tailored w ithin the relative m argin given by 

the two elem ental semiconductors. These obvious advantages of Si-based group 

IV heterostructures were recognised a t an  early stage of SiGe research. 

However, progress fell behind sim ilar investigations on the more popular 

lattice-m atched GaAs/AlGaAs heterostructures, which diverted much of the 

focus from SiGe growth and characterisation. The reasons can be seen not only 

in the  quite significant lattice m ism atch between Si and Ge, bu t also in  several 

doping problems caused by the strong segregation of most dopants then

14



available.

In  the early 1980’s, it was found [1] th a t by utilising strained layer 

epitaxy, defects could be significantly reduced in the silicon-based 

heterostructures. In  these strained alloys of Sii.^Ge^, it was found th a t 

heterostructure effects are much stronger than  expected, (for example, higher 

carrier mobility etc.), m aking them  much more attractive for device 

applications.

Though considerable theoretical work has shown the possibility tha t 

pseudomorphic epilayers of lattice-m ism atched m aterials can be grown, it has 

been difficult to produce high quality epilayers of Sii.^Ge^ alloys on single 

crystal silicon or germ anium  substrates. However, low growth tem peratures 

and an exact composition control, which became available by introducing 

growth techniques such as MBE or CVD, allowed us to grow lattice- 

m ismatched heterostructures. Bean et al. [2] established th a t high-quality 

layers can be grown provided th a t the growth tem perature is kept w ithin a 

certain range and th a t the layers do not exceed a critical thickness

S tructures based a Sii.^Ge^ strained layers play an  im portant role in 

improving existing devices and in developing new devices. So far, solid source 

molecular beam  epitaxy (SSMBE) has been widely used as a growth method 

for SiGe/Si m odulation doped heterostructures, because of its ultra-high 

vacuum am bient and the high controllability of layer structure th a t it provides. 

However, the SSMBE technique contains m any problems. For example, during 

growth. Si is evaporated a t high tem perature and consequently introduces the 

problem of heavy m etal incorporation. Therefore, by using low tem perature gas 

source molecular beam epitaxy (GSMBE), such effects can be greatly reduced. 

Hence, th is thesis studies the m agnetotransport of the two-dimensional
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electron gas in the Si/Sig^Geoa heterostructure system grown by gas source 

molecular beam epitaxy (GSMBE). A good control over the growth param eter 

and the individual layer thicknesses in conjunction w ith the ultra-high 

vacuum am bient of the molecular beam epitaxy guarantees the production of 

very high quality heterointerfaces. Being a relatively new growth technique 

and hence not as perfected, the crucial advantage of gas source over solid 

source molecular beam epitaxy is its high growth selectively and the reduced 

incorporation of im purities from the source.

In  the following sections the contents of the various chapters which 

constitute th is thesis are previewed.

C hapter 2 describes the theoretical background of the project. First, the 

physical properties of the Si/SiGe heterostructures are discussed. Afterward, 

the physics behind two-dimensional system is explained. Two-dimensional 

transport in a quantising m agnetic field applied perpendicular to a system and 

the associated Shubnikov-de H aas and quantum  Hall effect are described in 

detail. Finally we cover device application of th is m aterial system.

Chapter 3 provides a general description of the experim ental apparatus 

and techniques employed in attain ing  stringent requirem ents necessary for the 

study of the m agnetotransport.

In  chapter 4, the results of the m agnetotransport m easurem ents 

performed are given in order to determ ine the electrical param eters of 

m odulation doped quantum  wells such as mobility, carrier concentration, and 

quantum  relaxation time. From these m agnetotransport m easurem ents, a 

range of mobility values is obtained, which includes the ‘best’ //~69700cmW s 

a t lOOmK. Further investigation have dem onstrated the high quality of this 

m aterial, as seen from the presence of dissipationless m inim a in with

16



corresponding quantised plateaux in (both of which are indicative of a well 

behaved two-dimensional electron gas in a Si channel). Experim ental details 

and the results of the quantum  relaxation time analysis using Dingle plots are 

also given.

Chapter 5 covers the tilted  magnetic field m easurem ents. Such 

experiments employed tilted  magnetic fields to independently vary the Landau 

and spin splittings. This discrim ination becomes possible, because the Landau 

level spacing depends only on the magnetic field component perpendicular to 

the 2D carriers, w hereas the spin splitting is proportional to the to tal magnetic 

field. Hence, tilted  m agnetic fields allow an enhancem ent of the spin splitting 

with respect to the L andau splitting, and a coincidence is reached, when both 

splittings become equal. Such coincidence experim ents yield the effective 

Lande g factor.

The tem perature-dependent conductivity is investigated in the 

range from ~50mK to 4.2K in chapter 6. Above IK, the follows a therm ally 

activated tem perature dependence, while below IK, hopping conduction is 

observed.

Finally, chapter 7 presents the general conclusions of the results, and 

sum m arises the m ain achievements of th is work.

References

[1] J.C. Bean, L.C. Fellowman, A.T. Fiery, S. N akahara, and I.K. Robison, 

J.Vac. Sci. Technol. A2, 436 (1984)

[2] J.C. Bean, Electron. M at. 19, 1055 (1990)
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Chapter 2 

Theoretical consideration

2.1 Introduction

This chapter covers the general properties and basic underlying 

physics of the silicon-germanium system and its two-dimensional electron gas 

(2DEG) which are the strength  of th is thesis. The following experim ental 

chapters will use much of the theory which is discussed here.

The physics of lattice m ismatched epilayer structures, and of the band 

structure and the band ahgnm ent of strained  quantum  wells, are referred to in 

the first section. In  the second section, we deal w ith low-field transport in a 

two dim ensional system. The fundam ental m agnetotransport phenomena, 

Shubnikov-de H aas effect, and the integer quantum  Hall effect are then  

discussed. Finally, possible device applications are described.

2.2 Physical properties o f silicon germanium system

2.2 1 Crystal structure

Both silicon and germanium, which form a continuous series of Si .̂  ̂Ge* 

solid solutions w ith x ranging from 0 to 1, crystalhse into the diamond cubic 

structure, where the atom s are covalently bonded, as shown in figure 2.1a. The 

lattice spacing of diamond consists of two in terpenetra ting  face-centred cubic 

(fee) sublattices which are displaced by a quarte r of the space diagonal (see 

figure 2.1b). In  diamond structures, the cubic un it cell contains eight atoms.
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and each atom is bonded w ith  four nearest-neighbours arranged a t the corners 

of a regular tetrahedron, and twelve next nearest neighbours.

So far, the work carried out by Dism uket et al. [1] has been the most 

precise and comprehensive determ ination of the bulk lattice param eters across 

the whole composition of the Sii.^Ge^ system. Their experim ental da ta  reveal a 

small deviation from Vegard’s law. According to th is law, the lattice constant 

for an alloy should lie on a Hnear fit when plotted against the alloy 

concentration, i.e.

xoa+ (l-x)aB (2.1)

The deviation A from th is law is given by

^  “  ^SiGe ~  [® Si ^ G e ^ ]  ( 2 - 2 )

The experim entally determ ined deviations have also been theoretically 

confirmed by Monte Carlo sim ulations on Sii.^Ge^ alloy [2]. Herzog [3] has 

derived a parabohc relation for the Sii.^Ge^ lattice param eter as a  function of 

composition x by using the values given in  [1].

a(x)= 0.5431 + 0.01992X + 0.002733x^ (2.3)

This equation approaches the experim ental data w ith a m aximum deviation of 

lO^nm. The sm all quadratic term , which causes a negligible deviation from the 

linear fit, can be ignored. Hence, the lattice constant of the bulk Sii.^Ge^ alloy 

can be w ritten  as

19



“ S i,..G ,, =  “ Si + ( ' “ Si =  “ W (2.4)

(a) D iam ond  la ttic e

0,0,1/2 0,1/2,1/2

l/2 ,l/2 ,^

a/2

l/4,l/4,l/4.

0, 1/2,0

1/2, 0,0

(b) S u b la ttice

F ig u re  2.1  Schematic diagram of the diamond structure.
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2.2.2 L attice m ism atch  and critica l th ick n ess

The stresses and the energies a t the interface in  a bi-crystal grown as an 

epilayer on a lattice-m ism atched substrate  were discussed by Frank  et ai. [4]. 

Their work has been extended, compared w ith experiment, and reviewed by 

several research groups [5-7]. These studies show th a t if the lattice m ismatch 

is sufficiently sm all (<10%) or the thickness of the epilayer is not large, the 

atoms on both sides of the interface are in perfect register, and the m ism atch 

is accommodated entirely by the stra in  configuration in the epilayer. However, 

a heterostructure w ith different lattice constants is lim ited to a certain 

thickness (the so-called critical thickness, h^) up to which the m ism atch is 

accommodated by strain . If  the thickness of the epilayer increases beyond the 

hg, the stra in  layer will relax by introducing misfit dislocations. An energy is 

associated w ith the stra in  configuration. If  Eg exceeds the energy required to 

form misfit dislocations, perfect bonding will collapse, and SiGe alloys on Si 

substrates will revert to the unstra ined  structures above a critical thickness h .̂ 

Figure 2.2 gives a simplified view of the alternatives when two lattice- 

m ismatched semiconductors are combined.

i) If  the epitaxial layer is flexible (and much th inner th an  the substrate), it 

may distort itself in  the plane of growth in order to conform to the substrate 

spacing, as illustra ted  by the “ stra in” configuration a t figure 2.2(b).

ii) If both lattices are rigid, they will re ta in  their original crystal structures as 

shown in figure 2.2(c). Therefore, the interface will contain rows of misbonded 

atoms. These improperly bonded atoms form m isfit dislocation in the form of 

dangling bonds th a t can become an unw anted trap  site. The case ii) is 

damaging to device application and therefore the stra in  configuration (case i)) 

is preferred.
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mismatched  ̂
overlayer L

substrate

coherent

(a)
epitaxial structures

(b)

incoherent

(C)

Figure2 .2  (a) Focusing a mismatched overlayer into interfacial coherence with a substrate 

forms a strained layer structure, (b) When below the critical thickness for strained layer 

stability, the resulting coherent structure is shown, (c) If the overlayer is thick enough that the 

coherent structure is unstable, the mismatch will partially be accommodated by lattice strain 

and partially by the introduction of misfit dislocation [8].

In the case of a Sii.^Ge^ layer on a Si substrate, the value of the misfit 

associated with both layers is defined as

fm (^) = = 0.042X
^Si

(2.5)

This means the lower the Ge concentration in the Sii.^Ge^ layer, the smaller 

the lattice mismatch between the alloy and the Si substrate. The epitaxial 

growth of pseudomorphic Si .̂^Ge  ̂ layers grown on Si substrates have biaxial 

in-plane compression of the alloy and an extension normal to the interface, 

because the lattice constants of Si .̂^Ge  ̂ alloys are larger than  th a t of the Si
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substrate. However, when Si layers are grown pseudomorphically on a Sii.^Ge^ 

substrate as depicted in figure 2.3, the reverse case applies, i.e. an in-plane 

extension and compression normal to the interface.

mismatched
overlayer
SLGe.

substrate

\ /
Si

Si,.Ge.

&4
t ; V BP"--

y

(a) (b)

F igure2 .3  Pseudomorphic strain produced by epitaxy of an overlayer with a bulk lattice 

constant (a) larger, or (b) smaller than the substrate. The overlayer must match the in-plane 

lattice constant of the substrate [8].

The theoretical study on the critical thickness (AJ is discussed by 

People et al. [9], which states th a t the h, is inversely related to the Ge 

concentration of the Sij.^Ge^ alloy. They also found th a t the theoretical 

agreed with the experimental data obtained by Bean et al. [10] for a Sii.^Ge^ 

layer strained to a Si substrate with the Ge concentration ranging from 

x=0.14(/i =7500Â) to x=0.70(/i =30Â).

A plot of the critical thickness as a function of the Ge concentration 

[10] is shown in figure 2.4. The plot can be explained by dividing it into three 

regions.
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Region I: This is known as the stable stra in  region where SiGe alloy layers are 

strained  and free of dislocation.

Region II: SiGe alloy layers in th is region is m etastable (actually stable up to a 

critical thickness) due to low growth and processing tem peratures. Hence, this 

is known as the m etastable stra in  region. The m etastable critical thickness is 

tem perature dependent and is here draw n for layers grown a t 550°C.

Region III: SiGe alloys in  th is region contains misfit dislocations.

Critical layer thickness 
X for Sij jGe^ on Ge

1.0 0.8 0.6 0.4 0.2 0.0

I
i

1000

M isfit
dislocations

100

0.6 0.8 1.00.0 0.4

X for Si  ̂jGre^on Si

F ig u r e 2 .4  Limits of strained layer (defect-free) growth for SiGe layer growth on Si (001)[10]. 

Top right: layer thickness and/or Ge fraction is too large to be accommodated by strain and 

misfit dislocations form. Centre: configuration in which strained layer growth can be produced 

at low temperatures but for which strain is metastable and relaxation may ultimately occur 

upon extended thermal processing. Bottom left: configurations for which strained layer growth 

is the lowest energy state and for which dislocations wül not form.
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2.2.3 Band structure and band a lign m en t o f  Sii.^Ge,

fc=r-point(GaAs)

k=X-pomt(Si)
lF=L-point(Ge)

Indirection 
conduction 

Band

Indirect
Bandgap

valence
Band

I : heavy hole band l3/2,±3/2> 

n  : light hole band 13/2jd/2> 

m  : spHt-offband ll/2Jl/2>

F ig u r e  2.5 Schematic diagram of the nature of the central cell states in direct and indirect 

bandgap materials [11].

In  order to fully understand the transport properties of the Si/Sii.^Ge^ 

heterostructure, it is useful to discuss the band structure of silicon and 

germ anium . Both semiconductors have an indirect bandgap because their band 

structures have different ^-points for the top of the valence band and the 

bottom of the conduction band as shown figure 2.5. The top of the valence band 

is located a t the /"-point in both semiconductors w hereas the bottom of the 

conduction band is a t the L-point along the <111> axis (A) in  germanium, and 

close to the X-point along the <100> axis (A) in  silicon.
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[001]

[100]
[010]

Silicon

[111]

[111]

[111]
Germanium

F ig u re  2.6 The shapes of constant energy surfaces in silicon and germanium. For sihcon 

there are six ellipsoidal, band edge along the <100> axis and for germanium there are eight 

half-ellipsoids along the <111> axes with the Brillouin zone boundaries being in the middle of 

the ellipsoids.

Due to the symmetry of the fee lattiee, there are eight degenerate 

L-points and six degenerate X-points, eonsequently leading to eight eonduetion 

bandedge valleys in germanium and six eonduetion bandedge valleys in silieon. 

Thus the bottom of the eonduetion band in silieon is elose to the X-point of the 

Brillouin zone ('^(27t/a)(0.85,0,0)), where a is the lattiee eonstant of Si. Eaeh of 

the six band has an ellipsoids form [11],

2mi 2m^
(2 .6)

with the longitudinal direetion aligned along (100) and the transverse
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components perpendicular to this. Two corresponding effective masses are 

introduced (one along the axes and one perpendicular to them), represented by 

m] and m] , respectively. The six constant energy ellipsoids for the Si 

conduction band along with the eight half-ellipsoids for Ge are shown in figure 

2.6. The measured values for the transverse mass m* and the longitudinal

mass m*i are listed in table 2.1 [12].

Silicon Germanium

Electron nil 0.98m, 1.64 m.

m \ 0.19m, 0.082m,

1450 3900

Hole 0.16m, 0.044m,

m \h 0.49m, 0.28m,

juJcm^/Vs] 505 1900

Bandgap [eV] 1.12 0.66

T able  2.1 Effective masses, mobilities and bandgap for Si and Ge at room temperature with 

mo=0.91xl0‘̂ °kg.

The composition dependence of the indirect bandgap in Sii.^Ge^ bulk 

alloys was studied by Braunstein et al. [13]. From their experimental results, 

the conduction band rem ains Si-like up to the Ge composition of approximately 

85%. Sii.xGe^ alloys have smaller fundam ental bandgaps compared to Si, 

principally because of the larger lattice constant, and of the acquired 

tetragonal distortion (in case of the pseudomorphic SiGe layer grown on Si 

substrate). S train in the alloy layer results in modifications of the band 

structure, i.e. these changes include the splitting of the degenerate valence
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band and conduction band. The influence of the stra in  in  both the Si and SiGe 

layers is depicted in  figure 2.7. For compressively strained SiGe on (100) Si the 

four in-plane conduction band valleys are lowest in energy, while the two 

valleys norm al to the interface are shifted upwards. U nder tensile stra in  

(growth on a substrate  w ith a larger lattice constant) the twofold m inim a are 

lowered and the fourfold m inim a are lifted in  energy.

(tensile strain) (conqnessive stram)

>
<

no strain

Figure 2.7 (a) Schematic picture of the band offsets at the Si/SiGe interface for both

material being under strain (b) The effect of strain on hh (heavy hole) and Ih (hght hole) states 

in the valence band.

28



1.2
90K :

unstrained 
bulk alloyI
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j[3/2,±3/2)
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0.80.6 1.00.0 0.2 0.4

Ge content x (%)

Figure 2.8 Fundamental indirect bandgap of strained Sii.^Ge  ̂alloys in comparison with the 

bulk alloy at 90K plotted against the Ge content x [14]. The hatched areas between the full 

lines show the theoretical results of People[14] for transitions involving heavy and hght hole.

For an in-plane compression of the strained layer, the upper (lowest 

energy) valence band sta tes are comprised of the hh  sta tes (3/2, ±3/2), w ith the 

Ih sta tes being shifted in energy. However, under biaxial tensile strain , the 

lowest energy sta te  consists of the Ih sta tes (3/2, ±1/2), thus altering the 

character of the valence band and the effective hole mass. A schematic 

description of the valence band splitting for both cases is illustra ted  in  figure 

2.7(b). The difference effective m asses of the light and heavy hole bands lead to 

different behaviour in term s of mobility of carriers.

Figure 2.8[14] shows the lowest energy indirect bandgap as a function 

of the Ge concentration. The top solid curve represents the bandgap for a bulk 

alloy layer. U ntil the alloy composition reaches about 85 atomic percent Ge, 

the characteristics re ta in  a silicon-like structure. At greater concentrations.
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the alloy acquires a germanium-like character. The value of the bandgap for 

strained  Sii.^Ge^ on Si substrates falls almost hnearly  w ith increasing Ge 

content. Similarly, the bandgap of strained Si on a relaxed Sij.^Ge^ buffer also 

decreases linearly w ith increasing Ge concentration. The calculation of the 

bandgap change for the first case is stra igh t forward, w hereas for the second 

case the bandgap variation of the relaxed Sii.^Ge^ buffer w ith different Ge 

concentration should be considered as well.

relaxed Si

11, hh

- — — — - Ag

--------------A,

shamed SiGe 
__________Ih
---------------hh

A,-------------- ,
A.

strained Si

hh

Ih

relaxed SiGe 

11 hh

type I
typell

Figure 2.9 Conduction band and valence band offsets in the Si/SiGe heterostructures. Sohd 

hne represent the highest valence band and the lowest conduction band states in each 

material. Dashed lines indicate the spUtting of the bands due to compressive strain in SiGe 

and tensile train in Si.

Another decisive param eter for the behaviour of Si/SiGe 

heterostructures is the band alignm ents, because an exact knowledge of the 

band offset would be im portant in  determ ining w hether electron or hole 

confinement a t the interface is possible. It tu rn s out th a t for pseudomorphic 

SiGe layers on Si the difference in the energy gap is approxim ately equal to
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the valence band offsets. This band alignm ent a t the heterointerface of Sii., Ge% 

and Si is type I. The Sii.^Ge^ alloy is compressively stra ined  to the Si substrate 

which causes the sixfold degenerate conduction band to split into two 

degenerate sets of two upper and four lower valleys, and the twofold 

degenerate valence band to split into heavy hole and light hole. There are 

nearly no offsets between the sixfold degenerate conduction band m inim a of 

the unstrained Si and the fourfold degenerate m inima, A(4), in  the strained 

SiGe alloys, i.e. the conduction band offset AE^ is less th an  20meV [15]. Hence, 

the type I alignm ent can be used in  devices th a t require hole confinement.

Due to the sm all conduction band offset in stra ined  Si .̂^Ge  ̂layer on Si, 

a high mobility electron system can not be reahsed. In  order to realise a  high 

mobihty electron channel in Si/Si^ ^Ge* heterostructures, tensile strained  Si is 

required instead of compressively strained Si^ ^Ge .̂ It has been dem onstrated 

th a t the growth of Si on strain-relaxed SiGe buffer layers can resu lt in  tensile 

s tra in  in Si [16]. Tensile stra in  causes the sixfold degenerate conduction band 

to split into degenerate sets (neglecting valley sphtting and spin degeneracy) of 

two lower valleys ^(2) and four upper valleys A(4), and the twofold degenerate 

valence band to split into heavy and light hole (type II). Recently, improved 

concepts on stra in  relaxation have been dem onstrated by using graded SiGe 

buffer layers [17-19]. In  type II, the valence band offset as a function of the 

composition Ge content is always higher in  SiGe th an  in Si. Type II is shown 

schematically in figure 2.9. For a 30% Ge concentration in  the relaxed Sii.^Ge^ 

buffer layers, doubly degenerate conduction band energy of the strained Si is 

sufficiently less th an  the conduction band energy of the Sii.^Ge^. The strain- 

induced conduction band offset of roughly ISOmeV has been measured[20], 

creating a large enough potential barrier to confine electrons in the strained Si
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layer.

In conclusion, th is ability to engineer the band structure is the m ain 

reason for employing Sii.^Ge^ alloys, which has already led to several new 

device applications [21] to be discussed in section 2.5.

2.3 Two-dimensional structures

As has already been discussed, a two-dimensional electron gas system 

can be realised when two semiconductors w ith different bandgaps are brought 

into contact w ith each other.

In  the sections th a t follow, various properties of a two-dimensional 

heterostructure, in particu lar modulation-doping techniques in  a single 

heterostructure and quantum  well, and the density of sta tes dependence on 

the dimensionality of a structure are discussed. Then, the electron transport 

and the effect of various scattering mechanisms are described.

2.3.1 Modulation-doped heterostructure and quantum well

The purpose behind the doping of semiconductors is to intentionally 

control the free carrier density. This requires the dopant to be ionised and thus 

positively or negatively charged. This fixed charge centre causes scattering of 

free electrons (ionised im purity scattering mechanism). Modulation-doping is a 

doping technique utilised in semiconductor heterostructures which spatially 

separates mobile carriers from their paren t donor or acceptor atoms. The 

scattering of the electrons is profoundly reduced by th is spatial separation, as 

described by Dingle et al. [22]. A further reduction of the scattering effects can 

be achieved by introducing an undoped spacer layer, which increases the
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distance between the ionised im purities and electrons.

A confined two-dimensional electron system w ith modulation-doping 

exists in the form of a single heterostructures or a quantum  well. The most 

commonly employed single heterostructure in two-dimensional transport 

experiments is composed of the two semiconductors GaAs and Al^Gai ̂ As. This 

is formed by introducing n-type dopant im purities (e.g. Si) into the wide-band- 

gap m aterial, Al^Ga^.^As, usually a t a distance away firom the interface (the 

undoped Al^Gai.^As spacer layer), while keeping the narrow-bandgap m aterial 

(GaAs) free from intentional doping. Some of the electrons introduced by Si 

donors into the conduction band of the Al^Gai.^As transfer into the lower-lying 

conduction band of the GaAs. These electrons are confined in  the nearly 

triangu lar well established by the conduction band discontinuity and the 

Coulomb potential of the paren t ionised im purities.

Another semiconductor structure in which a  quasi two-dimensional 

electron system can be reahsed is the square potential well. This consists of a 

th in  layer of semiconductor between two layers of a wider-bandgap m aterial. 

In a narrow quantum  well (<<30nm), the confinement of the carriers between 

the two band discontinuities causes quantisation in the growth direction.

The generally apphed heterostructure in n-type or p-type Si/Sii.^Ge^ 

system s is a modulation doped quantum  well structure. As m entioned in 

section 2.2.3, pseudomorphic growth of a SiGe layer on a  Si substra te  does not 

produce a conduction band offset, i.e. the bandgap difference between Si and 

SiGe is completely realised by the offset in the valence band (p-type). This is no 

longer the case if  the Si layer is also tensilely strained, when splitting of the 

sixfold degenerate conduction band occurs.
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Figure 2 .1 0  2DEG and 2DHG structures by using the modulation doping technique on

quantum wells.

The required stra in  adjustm ent for n-type modulation doped structures 

is achieved by introducing a relaxed SiGe buffer layer between the Si substrate 

and the m odulation doped structure.

Figure 2.10 shows n- and p-type modulation-doped Si/Sii.^Ge^ quantum  

well. In  the case of n-type, it is formed by introducing n-type dopant im purities 

(e.g. As) into Sii.^Ge^ (which has the high conduction band minimum) some 

distance away from the interface (undoped Sij.^Ge^ is called the spacer), while 

keeping Si (with the low conduction band minimum) free from intentional 

doping. Some of the ex tra  electrons which are introduced into the conduction 

band of Si .̂^Ge  ̂by the As donors diffuse away and fall into the silicon quantum  

well which has a lower potential th an  Sii.^Ge^ (type II alignment). These 

electrons are confined in a  nearly triangu lar well established by the conduction 

band discontinuity and the Coulomb potential of the paren t ionised impurities. 

An undoped Si .̂^Ge* spacer layer is usually placed between the doped Sii.^Ge^ 

and the very pure Si channel in order to increase the spatial separation of the

34



ionised donors from the electrons in the well, leading to reduced ionised 

im purity scattering and thus high mobihty in quantum  wells a t low 

tem peratures. Similarly, a p-type structure is formed by introducing acceptor 

im purities (e.g. B) into a relaxed Si supply layer which has the low valence 

band maximum, while keeping the Sii.^Ge^ channel w ith the high valence band 

maximum free from intentional doping (type I alignment).

2.3.2 D e n sity  o f  s ta te s

The concept of the density of sta tes is extremely powerful and versatile, 

and im portant physical properties, such as optical absorption, transport, etc., 

are intim ately connected w ith th is concept. The density of sta tes is the num ber 

of available electronic sta tes per un it volume per un it energy around energy E. 

The density of sta tes (DOS) of electrons is significantly altered by a reduction 

in the dimension of the system. In  a three-dim ensional (3D) system the density 

of sta tes D(E) scales w ith the square root of energy, E:

/  _ ^\3/2
D ( E ) d E ^ i ^ '

A" y
E ''^ d E  for 3-D (2.7)

where m* is the effective m ass of an  electron, and gg and g^ are the spin and 

valley degeneracy, respectively. The value of spin degeneracy is always two, 

because of the up and down spin of the electrons. The value of valley 

degeneracy for the electrons in a strained Si layer is also two, because the 

lowest conduction band m inimum is two-fold in tensile strained  Si. The DOS of 

a two-dimensional (2D) system(i.e. quantum  well), when one degree of freedom 

is elim inated, is given by
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3DDensity of states

2D

Energy

Figure 2 .11  Density of states versus energy for three-dimensional and two-dimensional 

systems.

D ,J E ) d E  = ^
47T

dE for 2-D (2.8)

and is therefore independent of energy. This relation is an im portant feature 

th a t will be re-addressed when discussing the SdH effect. W hen the electrons 

are restricted to only one-dimensional (ID), the DOS of the ID  system (so- 

called a quantum  wire) is given by

D j„(E )dE  = ^  ̂2m '
4n

E ' ^ ' ^ d E  for I D (2.9)

The behaviour of the 2-dimensional and 3-dimensional DOS are 

illustra ted  in figure 2.11. As the dimension of the system  changes, the energy 

dependence of the density of sta tes also changes. The density of sta tes in 3D 

system s is proportional to E^'^ as shown in figure 2.11. In  2D systems, however.
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Figure 2 .1 2  Effect of disorder on the density of states in two-dimensional structures.

there is no energy dependence, while ID  systems exhibit an  dependence. 

These variations are extremely im portant and are a  key driving force in 

lowering the dimensionality of the semiconductor structures. However, for real 

2D semiconductor m aterials, there exists disorder which creates localised 

sta tes resulting in a  band ta il as shown in figure 2.12 ra th e r th an  sharp edges 

obtained for the 2D DOS.

In  general, conduction takes place only in  extended sta tes which exist 

throughout the crystal, while localised sta tes are bound to a finite region in the 

crystal and do not contribute to the electron transport. Electrons in localised 

sta tes can only move by being therm ally activated to energy sta tes above the 

mobility edge or by hopping between locahsed sta tes a t low tem peratures, 

where the mobility edge is defined as the energy which separates the 

regions of locahsed and extended states. The concept of the localised and 

extended sta tes becomes im portant when explaining the integer quantum  Hall 

effect, and th is will be discussed further in  section 2.4.2.
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2.3.3 E lectron  tran sp ort in  tw o-d im ension al stru ctu res

The transport properties of semiconductors are profoundly changed 

when an  external electric or m agnetic field is applied. In  free space, carriers 

influenced by an electric field are accelerated. However, the motion of the 

charged carriers in  the unconfined direction, i.e. x-y direction, of a two- 

dimensional structure is not free because of num erous scattering sources. 

Therefore, the effect of scattering by such sources needs to be taken  into 

account. A first-principles trea tm ent of scattering in a 2-DEG is a complicated 

task  bu t considerable simplification can be made by adopting a 

phenomenological approach called the relaxation tim e approxim ation [23]. The 

essential assum ptions of th is approximation are th a t the various interactions 

experienced by the “free” carriers only slightly restra in  their motion and there 

is no qualitative change in their trajectory. Under such assum ptions we can 

make the following modifications. Firstly, the rest m ass of the carriers is 

replaced by an effective mass, m*,  to take into account the periodic crystal 

potential. Secondly, the notion of an  average or “drift ’Velocity is introduced 

which reflects the random  interruption to the motion experienced by the 

carriers due to scattering involving im purities, lattice imperfections, phonons 

etc.. The equation of motion for an electron in an  electric field E  is as follows

m '^ {v )+ -2 L L  = -eÈ  (2.10)
a t  < T >

The first term  on the left represents the carrier acceleration and the second 

term  represents the scattering experienced by an electron drifting through the 

semiconductor m aterial, where < t >  denotes the average relaxation time, and 

V is then  the carrier velocity. The steady sta te  solution of equation (2.10) is
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then given by

v = v ^ = - ^ É  (2.11)
m

where is the electron drift velocity. Equation (2.11) shows th a t the electron 

drift velocity is proportional to the apphed field. The proportionahty factor 

depends on the average relaxation time and the effective mass. The 

proportionality factor is known as the electron mobility //, usually expressed in 

units of cmW -s,

Thus,

V d = -^E  (2.13)

The carrier mobihty is an  im portant param eter for carrier transport because it 

describes all the scattering mechanisms th a t a carrier experiences, when 

moving through a semiconductor in the presence of an  electric field. The 

current density J  is given by

ne^-  M  -  -J  = -nev^ = -----\-!-E  = gE  (2.14)
m

where o(= l/p)  is the conductivity of the m aterial. This equation relates a 

macroscopic m aterial property w ith the microscopic quantities such as the

39



carrier density, scattering time and electron mass.

2.3.4 Scattering mechanisms in two-dimensional structures

As m entioned previously, the extremely high mobility obtained in 

modulation-doped heterostructures arises from the separation between the 

paren t ions and the carriers by building a spacer layer between the carrier 

channel and the donor supply layer.

At the heterojunction, electrons from the dopant transfer across the 

interface to the lower lying band edge of the neighbouring semiconductor 

which is spatially separated from the ionised paren t donors. The electron 

mobility in the channel is considerably enhanced w hen compared to the 

mobility in a bulk m aterial of equivalent carrier concentration because of the 

reduction in ionised im purity scattering. Hence, the modulation-doped 

heterostructure has the greater advantage a t lower tem peratures where, in 

regularly-doped semiconductors, carrier scattering by ionised im purities 

prevails. This advantage is somewhat reduced a t higher tem peratures due to 

phonon scattering.

The following discussion will consider various scattering mechanisms 

present w ithin a bulk non-polar elem ental semiconductor such as Si and Ge;

i) Phonon scattering: Lattice vibrations disturb the motion of the electrons. The 

vibrations may be represented by acoustic and non-polar optical phonons by 

which electrons are scattered. The phonon population and hence their 

scattering ra te  increases w ith tem perature. Therefore, a t  OK, no phonons are 

present. Acoustic phonons become im portant above about 1.5K, w hereas non

polar optical phonons occur above 80K.

ii) Intervalley scattering: Intervalley scattering can occur for electrons, which
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are scattered from the vicinity of one conduction band m inim um  to another 

minimum.

iii) Alloy scattering for crystals: The alloy scattering process has to be 

taken  into account in  Sii.^Ge^ alloys. The random  distribution of Ge atoms in 

the alloy gives rise to potential fluctuations, causing scattering of the mobile 

carriers.

No system atic mobility investigations on bulk Si^Goi.^ alloys have been 

done so far, because all research into Si .̂^Ge  ̂ alloys is m ainly concentrated on 

strained  layers in  2D systems. All the above mentioned scattering mechanisms 

are not only present in the bulk semiconductor m aterial, bu t more or less 

influence the transport behaviour of the carriers in  a 2D system, as well. But 

pseudomorphical growth and stra in  a lter the crystal structure and thus the 

physical properties of such a system. Consequently, existing scattering 

mechanism s have to be modified and additional ones have to be taken  into 

account for the calculation of the carrier mobilities for a 2D Si/Si^.^Ge^ 

heterostructures:

iv) Remote im purity scattering: Scattering of electrons by the Coulomb 

potentials of the remote ionised im purities in the Sii.^Ge^ supply layer is the 

dom inant source of scattering in modulation-doped structures a t low 

tem perature. Usually their influence on the 2DEG is reduced by adding an 

undoped spacer layer as mentioned earlier. Some general statem ents can be 

made about th is scattering process: As the Coulomb interaction follows an 

inverse-square law, the scattering rate  would be expect to show a sim ilar 

dependence on the separation between the well and donor regions, i.e. on the 

spacer layer thickness. Theoretical studies of the mobility dependence on 

spacer thickness in modulation-doped Si/Sii.^Ge^ have been done by S tern  et
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al. [20]. They have obtained the following conclusion th a t it has been 

reasonable to expect th a t higher mobilities m ight be realised by using thicker 

spacer layers. Don Monroe et al. [24] have estim ated the remote im purity 

scattering lim ited mobility a t 4.2K as 170,000cm ^ for a  spacer thickness of 

150Â giving ng=5xl0^^cm^. The other side, its contribution to the so far 

experim entally realised hole mobilities is negligibly small. Only for very high 

hole mobilities >10®cmWs do the remote im purities theoretically become 

im portant in the calculations.

v) Background im purity scattering: The im purities in the nominally undoped 

Si channel region of a heterostructure are a source of electron scattering in 

modulation-doped structures. The purpose of the modulation-doping technique 

is to separate the carriers in the channel from the dopant in supply layer. 

Practically, th is is not possible due to growth affects such as segregation of the 

dopant and germanium, and the incorporation of im purities from the growth 

chamber, leading to unintentional doping in the channel. The resulting 

background im purity scattering effects the electron mobihty already a t ra ther 

modest densities, while the hm it for the hole mobihties again is too high to see 

its significance in experiments.

vi) Interface roughness scattering: One or two monolayers a t the 

heterojunction should be considered as a transition  region betw een the Si and 

Sii.xGe^ layers. Moreover, inappropriate growth conditions can cause growth by 

3D islands, leading to a nonplanar interface. This interface roughness in 

quantum  wells is usually considered as a random  modulation of the w idth of a 

quantum  well. The roughness of the interface between Si and Sii.^Ge^ has a 

great influence on the mobility. However, modern advanced growth techniques 

such as MBE or MOCVD, make it possible to grow epilayers of high quality
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interfaces w ith negligible interface roughness scattering effects,

vii) Threading dislocation scattering: Threading dislocations in the channel, 

which are strongly dependent on the density of the misfit dislocations, cause 

th is scattering process. Threading dislocation densities as low as 10® cm^ can 

be reahsed w ith present growth techniques, and the hm it set by th is scattering 

mechanism  exceeds by far the highest electron(5xl0®cm^’̂ s‘̂ )[25] and hole 

mobihtes(2xl0^cm^'^s'^)[26] achieved so far, and thus threading dislocation 

scattering can be neglected.

A discussion of the factors lim iting the mobihty in our samples will be 

given in chapter 4.

2.4 Effect of magnetic field on two-dimensional electron gas

The most im portant param eter when determ ining the characteristics of 

2DEG is the electron mobihty. The best method to investigate the electron 

m obihty is to examine the  electric field response of the electrons under the 

influence of m agnetic field. The study about the behaviour of the electrons in 

the presence of m agnetic field can be considered by the semi-classical approach 

or the quantum  mechanical approach, i.e. the transport phenom ena in weak or 

in strong magnetic fields.

Experim ents such as the Hall effect or the van der Pauw method are 

carried out in weak m agnetic fields. This is the semi-classical approach with 

the E  vs. k  relation of the carriers given by the band structure. However, in 

situations where the firee electrons are under the influence of strong m agnetic 

fields, for which the condition hcô  > k^T  is fulfilled, one can no longer apply

the semi-classical approach since their behaviour is profoundly modified.
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Therefore, experim ents using strong magnetic fields employ the quantum  

m echanical approach.

In  the first section, a mobility study in  weak m agnetic fields is 

examined including Hall effect m easurem ents. In  the subsequent sections, two 

of the m ain m agnetotransport phenomena under strong m agnetic fields, the 

Shubnikov-de H aas and the quantum  HaU effect, are dealt with.

2.4.1 Classical magnetotransport phenomena in two-dimensional 

structures

M agnetotransport m easurem ents carried out on homogeneous samples 

are usually characterised by a resistivity tensor. For a standard  m easurem ent 

of m agnetoresistivity, a so-called Hall bar (figure 2.13) is used [27]. It is 

essentially a rectangularly shaped sample w ith current contacts (1 and 5) at 

the two ends and potential probes (2, 3, 4, 6, 7, and 8) a t the sides. Usually, the 

structure of the Hall bar is etched and the electrical conduction through the 

2DEG is possible by alloying a m etal into the contact regions.

Because of the quasi 2D nature of our samples, we will only discuss the 

2D resistivity tensor p, which describes the electrical transport by generalising 

Ohm’s law. If  a current is injected in the x-direction and a m agnetic field B  is 

applied along the z-direction, th is gives rise to an  electric field Ey in  the y- 

direction due to the Lorentz force on the charge carriers (Hall effect). The Hall 

voltage can be m easured a t the potential probes of the Hall bar. Hence, a 

current density J  in  the Hall bar shaped sample is related to an  electric field 

Ê  from equation (2.14)

È  = p 3 o r É  = — J  (2.15)
— cr
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Figure 2.13 Hall bar shape. Contacts 1 and 5 are for the current source, whereas the other 

contacts are for the measurements of the magnetoresistivity and Hall voltages [27],

where the resistivity tensor p  is given by

Pxx Pxy  

P xy P xx J

Po

B

V

risB

Po

(2.16)

and Pq = m* /  [t) , where n, is carrier density in  2DEG. The average

relaxation tim e (r) is related to mobihty p  by equation (2.12). The inverse of 

p  is the conductivity tensor, g_, which is exphcitly described by
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cr =
\^xy

-cray

XX J

n,e
m*

l  + Û)cT

co j 2

2^2I  + COcT

-ÇOçT
i+ û > y
_ f _
l  + û)fr^

(2.17)

where C7̂  * ✓ < . 2 2 \ * ^xy * / 1 , 2 2^ and cô  = eB /m *  is cyclotron
m ^(l + co^T^y ^  m Y i + û?,V ; 

resonance frequency. The components of a  are related  to those of p  by the

tensor relations

=

cr_ =

(2.18)

(2.19)

where use has been made of the relationships Pxx-Pyy and p^=-py^, appropriate 

for an  isotropic m aterial. The form of the conductivity tensor in  a magnetic 

field can be simply calculated if the relaxation time is assum ed to be constant. 

The semiclassical equation for the motion of an  electron in an  electromagnetic 

field È  =(E^ Ey, 0); È  = ( 0 , 0 , is defined as

m * — + ^ î ^  = -e(Ë + üxB ;
dt T

(2 .20)

and by using equation (2.14), the steady sta te  solution can be expressed as

(2.21)

46



Because there is no current pa th  in  the y-direction for a standard  Hall bar 

shaped sample, the Hall coefficient, Rjj, is defined as :

J , B  n,e
= (2.23)

and a t low field the magnetoconductivity becomes

£T„ = —  = - ^  = n,eft (2.24)
Pxx ^x

This is the classical Hall effect. However, equation (2.24) is not totally accurate 

since we have assum ed th a t all electrons in the sample move w ith the same 

velocity. In  facts, th is velocity is the average drift velocity superimposed on the 

random  therm al motion. Hence, some electrons move more slowly and some 

move faster. The Lorentz forces acting on electrons moving w ith different 

velocities are different, bu t the Hall electric field acts w ith the same force on 

all electrons, independently of their velocities. A more accurate analysis of th is

problem shows th a t equation (2.23) has to be modified as follows ; R^j = ——
en,

where is called Hall factor. The Hall factor ranges between one and two, 

depending on the Ferm i energy, the strength  of the magnetic field and the 

scattering mechanism s presented in  the m aterial, and provided /z B « l ,  is 

given by
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(2.25)
(4

where <t> is the average of all relaxation times. As a result, the Hall mobility 

jUfj can be obtained from

(2.26)
Mnn.e n ,ep^

The m easured Hall mobility is related to the actual drift mobihty p  via the 

Hall factor, leading to pjj=rnp. In  our two-dimensional electron gas Si/Sii.^Ge^ 

heterostructures a t low tem peratures the carrier distribution is degenerate, 

and in th is case the energy averages in equation 2.25 are replaced by the value 

of the relaxation time a t the Ferm i energy. This resu lts in r^ = l, i.e. the carrier 

drift m obihty is exactly equal to the m easured Hall mobihty.

Because of the ratio  of the w idth to the length of the channel between 

the two adjacent contacts, the resistivity is related to the m easured 

resistance by

(2.27)
^2.4

= K  (2.28)

w ith being the sample dimensions between the contacts i and j  of the HaU 

bar in  figure 2.13. Therefore, the carrier density rig of the 2DEG is given by the 

following relation
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p„  = = —  => n, = —  (2.29)
n,e ep^

where B  the m agnetic field and e the carrier charge.

2.4.2 Two-dimensional magnetotransport phenomena in quantising 

magnetic fields

When transport m easurem ents are carried out under strong m agnetic 

fields (in the so-called quantum  regime, where cOcT » 1 ,t being the carrier 

relaxation time and cô  being the cyclotron resonance frequency), a vast am ount 

of information can be obtained about the param eters of the 2DEG electron gas. 

Such m easurem ents also opened up the new area  of the quantum  Hall effect. 

In  th is section a detailed description of these studies is presented.

A strong m agnetic field B  w ith  a component B^ norm al to the interface 

causes electrons in a two-dimensional layer to move in cyclotron orbits parallel 

to the surface. As a consequence of the orbital quantisation, the energy levels 

of the 2DEG are quantised for motion in  a direction perpendicular to the 

applied m agnetic field. In  order to derive an  expression for the quantised 

energy levels, the Schrodinger equation

H i//= Ell/ (2.30)

should be solved under the influence of the m agnetic field[28]. The general 

H am iltonian for an  electron in the electric-magnetic field is as follows

g  = (p. ^ ï .  + v / r )  (2.31)
2mn
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Therefore, the Schrodinger equation is given by

- ( ^ V - e A y y /  = Ey/ (2.32)
2m^ I

Here, A  is the magnetic vector potential, p  is the momentum  operator. If we

allow À=(0,Bx,0) and the m agnetic field B=(0,0,B), and take into account the 

interaction of the spin of the electron, the above equation’s eigenvalues can be 

described by

^i.n.8 -  E ^+ (n  + — + sgpgB  (2.33)

where g  is the Lande g-factor, s - ± l / 2  is spin quantum  number, (d̂  is the 

cyclotron resonance frequency (see page 46) and =€^/2mQ is Bohr magneton. 

From these equations it can be said th a t when a magnetic field, B, is applied to 

a two-dimensional electron gas w ith a component B^ along the growth axis, the 

electrons are forced to move in cyclotron orbits parallel to the interface and the 

system becomes fully quantised w ith energy levels. The orbital motion of the 

electrons in the m agnetic field B^ component is characterised by a classical 

cyclotron radius of the ground state  of the Landau levels, which is independent 

of m aterial param eters

n (2.34)

The Ei of equation (2.33) is energy associated w ith the z motion of the
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carrier. The second term  refers to the energy distribution in  the plane 

perpendicular to the magnetic field, i.e. the energy condenses from a 

continuum of sta tes (zero magnetic field) onto a sta tes of equally spaced 

Landau energy levels separated  in energy by The quantised energy of the 

cyclotron movement perpendicular to the magnetic field is sim ilar to a classical 

harmonic oscillator. Although the wave vector components and ky are not 

contained in equation (2.33), the second term  can be changed to the following 

relation

hco„ =
h ^ k i + k i )

2m
(2.35)

valley spin Landau level

Figure 2.14 Non-degenerate broadened Landau levels, on the right side, and on the left 

side the degeneracy lifted because each Landau level of Si consists of 2-fold spin spHtting and 

2-fold valley spUtting.
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Hence, the second term  described the energies corresponding to the 

degree of freedom for the motion into a direction perpendicular to the m agnetic 

field, i.e. x-y plane. The th ird  term  of equation (2.33) represents the energy 

term  introduced as a resu lt of the electron spin. This is called the Zeeman 

energy and the effect of spin on the electron energy is to split each Landau 

level into two energy sta tes of opposite spin, th is effect is illustra ted  in  figure 

2.14.

In  the presence of magnetic field the energy independent 2D density of 

sta tes is formed into a series of delta function positioned a t Landau level 

energies (see figure 2.15 (a))

D ,u (E )  = 'LNj_S{E -  E j  (2.36)
n

The num ber of sta tes per Landau level, per spin and per un it area, is given 

by

2
y27âi
fto, (2.37)

At th is stage, the filling factor v is introduced, which defines the relation 

between the density of electron and the num ber of sta tes per L andau level

(2.38)
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In  real 2-D systems, the density of sta tes is not ^function like, but 

ra th e r expected to have a form shown in figure 2.15(b). It is broadened due to 

scattering of electrons by residual structural disorder present in  all samples. 

The sta tes in the tails of the levels are locahsed in  space and the presence of 

extended and localised sta tes wiU he discussed in the next section.

no broadening

tUû,

(a)

Gaussian broadening Fertm energy

[Mobilitŷ
%

Q

Figure 2.15 Density of states in a 2-D electron gas in a strong magnetic field (a) ideal 2-D 

structure (b) real 2-D structure, with impurities and imperfections.
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A. The Shubnikov-de Haas effect

N=3

N=2

N=1

Ep

E.

Magnetic field

Figure 2.16 Landau fan showing the energy of consecutive Landau levels as a function of 

the magnetic field, where N  is Landau level index.

The Shubnikov-de H aas effect (SdH) consists of an  oscillatory variation 

of the longitudinal m agnetoresistivity in a strong m agnetic field (cOcT » 1 )  a t 

low tem peratures, due to the oscillation of the density of sta tes in the vicinity 

of the Ferm i level. This effect is caused by the fact th a t there is a formation of 

Landau levels when a magnetic field is applied perpendicular to a 2DEG, as 

already discussed. The Landau levels increase in energy hnearly  with

increasing m agnetic field (due to cyclotron firequency = eB /m * )  and th is is

illustra ted  in figure 2.16. Consequently, as the m agnetic field is increased, the 

Landau levels move up and eventually pass through the Ferm i energy causing 

oscillations in  the conductivity. M aximum conductivity (or resistivity) occurs 

whenever the peak of a Landau level passes through the Ferm i level, because 

only the DOS close to the Fermi energy is of in terest for it. As the Landau
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levels move further upwards, the DOS around the Ferm i energy gets sm aller 

and so does the conductivity, until it reaches a m inimum when the Fermi 

energy lies exactly between the two adjacent Landau levels. Not only does the 

DOS become sm aller in th is process resulting in fewer carriers contributing to 

the transport, but also these carriers change from being extended to being 

localised. W ith increasing magnetic field the Landau levels separate further in 

energy leading a lower frequency of the oscillations.

The oscillations of the longitudinal m agnetoresistivity have long been a 

very powerful tool in studying 2D systems regarding various physics effects 

such as the carriers transport, especially in new heterostructures and alloys, 

and in determ ining param eters such as the effective mass, the carrier density, 

the carrier m obihty and the quantum  and transport relaxation time.

The conductivity obtained from Shubnikov-de H aas oscillations can be 

divided into oscillatory and non-oscillatory portions

^  ^ oscilla tory ^n on-oscilla tory  (2.39)

where the oscillatory portion of the conductivity yields the information on 

effective m asses, carrier density, and scattering times.

Full expression for <ĵ  from Isihara  et.al. [29] is given by

m  l+{o},r,y

2 /  A /  _2*. \
s n

l+[a> ,r l ‘‘ is in h s x
COS

\  y
+S7T (2.40)

w ith x^27j^rnksT/^B=27^kBT/A(Df., where is the transport relaxation time, r, 

is the quantum  relaxation time and gg, ĝ  are spin and valley degeneracy,
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respectively (see 2.3.2). It will be seen in chapter 4.4.3 (see figure 4.11) th a t 

the typical exponential decay in the field range studied here. O ther workers 

have assum ed th a t the major contribution to th is decay is from the 

fundam ental, s= l, term  [30,31]; th is imphes th a t higher harm onic term s, i.e. 

s>2 will decay even faster, and will contribute less th an  10% to the m easured 

am plitude a t the higher fields used, and much less a t lower fields. We shall 

therefore also only consider the fundam ental component, i.e.

1—  /■;+ , - ^ e x p ( — — )cos(^ ’̂  + (2.40a)

F urther discussions of th is point will be given in section 4.4.3.

The expression given in equation (2.40a) gives conductivity w hilst the 

m easured quantity  is usually the resistivity. In  order to compare theory and 

experiment, the m easured resistivity values need to be converted into 

conductivity by inverting the p  tensor

P „ = (T „ (p I,+ P% ) (2.41)

The Hall resistivity can now be w ritten  by

= P J B  = 0 )fi^B  (2.42)

and by using equation (2.42)
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d ,+ f i= / l + [ f t ( B = O K  ff]= /t(B = 0 )[ ( l+  ^  f  + /4  B ]  (2.43)

where Ap is pj[B)-pj(B=0), w ith the assum ptions

_ ] 2  (2.44)Prt = [ p J B  = 0)+Ap] = p J B  = 0)[l+
P J B  = 0)

and

p„B>>
Pxx~Pxx(B = 0 ) _  Ap

P x x ( B  = 0) p ^ ( B  = 0)
(2.45)

These are very good approximation in high mobility samples, and in th is case 

equation(2.43) becomes

(2.46)

By combining equation (2.40a), (2.41), and equation (2.46), and using the 

relation co^r=-pjfi, the m agnetoresistivity can be obtained by

Pxx - X/1+- ^
m  i  + sinhx

exp COfi
4k  hn̂
gsëv^B

+  K 7(2.47)

The most im portant aspect of th is transform ation is th a t the resistivity is 

directly proportional to the conductivity, arising from the approxim ation of 

equation (2.46).

In  section 2.3, it was noted th a t for 2D system s the energy 

independence of the DOS would be im portant in  the observation of SdH
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oscillations. In  the absence of magnetic field the Ferm i energy is given by

E ^ =  n, (2.48)
m g^gs

If the resistivity minimum a t JBjv corresponds to N  Landau levels below Ep, 

then  Ep in presence of magnetic fields becomes

h c D ,= E p = -}^ ^ - n ,  (2.49)N + -
l  m g ^ e .

For successive Landau levels, we can get the following:

Using the values for spin and valley degeneracy, the carrier density ng becomes 

(2rn / 7t̂ )E p in  a 2D system. Hence, from equation (2.50), one can deduce

A (1 /B )  = 4 ^  (2.51)
hn^

Thus the carrier density can be obtained firom the period of oscillations. The 

periodicity of the SdH oscillations in the reciprocal of m agnetic field is a 

signature of the 2D system. A plot of the m agnetoresistivity m inim a positions 

(which correspond to the filling factor num ber v) as a function of the reciprocal 

magnetic field enable the evaluation of the carrier density. This method will be 

discussed in section 4.4.1.

Observation of the oscillations can be made difficult by two
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mechanisms; i) the collision broadening of the Landau levels and ii) the 

therm al broadening of the Landau levels.

The collision broadening of the L andau levels, F  (the full w idth a t half

maximum), should be much less th an  the separation of the levels in order to

resolve the oscillations

r<tico^ (2.52)

Alternatively, /"can be determ ined according to the principle of uncertainty by

r = -  (2.53)
X

and clearly shows th a t the broadening of the Landau levels is only dependent 

on the existing scattering in  the system. Substitu ting equation (2.53) into 

equation (2.52) resu lts in the condition for oscillations to be observed, which is

( o j> l  (2.54)

or

HB>1 (2.55)

obtained from the relation

eB = (2.56)
m

A  physical in terpretation  of equation (2.54) is th a t the higher the cyclotron
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frequency, the sm aller the electron orbit, and hence the sm aller the probabihty 

for scattering. The method for the determ ination of the relaxation time will be 

discussed in chapter 4.

If the therm al energy exceeds the Landau level spacing, the levels will 

overlap. This sm earing of the Landau levels will dim inish the amplitude of the 

oscillation. Therefore, the therm al broadening of the L andau levels should be 

sm all compared to their separation, which from the definition of % m eans th a t

ncù^>27t^k^T (2.57)

Hence, the minim um  magnetic field to observe SdH oscillations can be 

determ ined from equation (2.57) by the following equation,

2 n^k^T  = ticô  (2.58)

and thus

2 7 t^m * kn T (2.59)
efi

Substitu ting for our Si/SiGe system where Tn=0.19mo and T^O.IK, the 

oscillations should be resolved a t about 0.2T. In  practice, oscillations begin a t 

fields greater th an  0.5T which indicates th a t it is a  combination of therm al 

broadening of the Landau levels and broadening caused by scattering which 

lim its the onset of the SdH oscillations.

B. The integer quantum Hall effect

The quantisation of the Hall effect observed in 1980 by von Khtzing et al.
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in a Si MOSFET [32] is a rem arkable macroscopic quantum  phenomenon for 

two-dimensional electron systems a t low tem peratures and strong 

perpendicular magnetic fields. U nder these conditions, the Hall resistivity 

deviates firom the classical hnear relation defined by equation (2.29) to form 

plateaux in the Hall resistivity

P „ = ^  (2.60)

where v is the Landau level filling factor given by equation (2.38) and the 

value of h/e^  equals 25.812KQ. The plateaux of the quantum  Hall effect occur 

a t each integer filling factor and a t th is point, the longitudinal resistivity 

drops to zero.

The explanation of the integer quantum  Hall effect is aided by the 

existence of extended and localised states, as mentioned in section 2.4.2. The 

extended sta tes contribute to the carrier transport and the m agnetic field can 

affect the conductivity. On the other hand, the locahsed sta tes are not 

responsible for current flow and the conductivity is independent of the 

magnetic field. As the magnetic field is varied, the Ferm i energy will either 

reside in  locahsed or extended states. When Ep lies w ithin the locahsed states, 

a variation in magnetic field adds carriers to or subtracts carriers firom 

successive locahsed states. Consequently, the extended sta tes are not altered. 

Since only the extended states contribute to conduction, the transport 

properties of the systems rem ain constant, i.e. shows plateaux in  a finite 

range of B-field. As the Landau levels move upwards in energy w ith increasing 

m agnetic field the extended sta tes will eventually pass through the Ferm i 

energy resulting in an  reduced to tal num ber of occupied extended sta tes which
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leads to the expected rise in the Hall resistivity. This explains only the 

formation  of the plateaux seen in the integer quantum  Hall effect, bu t does not 

explain why the Hall resistivity has the precise values (p^=h/vef) regardless of 

the investigated m aterial or structure. I t is as if all electrons are actually in 

extended states, independent of the fact th a t a fraction of them  are in  localised 

states, which crucially depends on sample disorder and therefore should vary 

from sample to sample. Since a given fraction of the carriers are locahsed, the 

density of extended sta tes is diminished and the num ber of carriers to support 

the current flow in each Landau level deviates considerably from its value 

given by equation (2.37). Therefore, the Hall resistivity is expected to deviate 

from the quantised value p»^=/i/ve^. There have been several approaches to 

understand the origin of th is paradox [33-36].

W ith the Ferm i energy located in the locahsed sta tes region, it m ight 

be expected th a t the value of would change significantly (the classical p ^  

depends on the density of mobile carriers) from the quantised value. However, 

several authors [33,36] have explained the reason why th is does not occur as 

follows: the potential which localises some of the electrons, accelerate the 

rem aining carriers so th a t the reduction in the num ber of mobile carriers is 

exactly compensated by their increased velocity, thereby keeping the total 

current undiminished.

Hence, the overall gradient of the Hall resistivity can still be used to 

determ ine the carrier density and the Hall mobility.

2.4.3 Parallel conduction

In  the case of an ideal sample conduction only takes place in  2DEG. It 

is possible, however, th a t the Sii.^Ge^ supply layer is not totally depleted from
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carriers and the Ferm i level resides w ithin the conduction band. In  th a t case 

conduction can also take place in the Sii.^Ge^ supply layer, where the mobihty 

is m uch lower th an  in  the 2DEG. This effect has been considered by many 

group [37-38], e ither to enable the carrier densities and mobihties of the two 

channels to be separated, or to explain the degradation of the quantum  Hall 

effect and Shubnikov-de H aas oscillations in the presence of conducting the Sij. 

xGe% supply layer.

2.5 Device applications

III-V semiconductor technology has consistently dem onstrated superior 

performance to silicon technology, but yet sihcon devices have an 

overwhelming commercial m arket share of about 97%. There are m any direct 

and indirect reasons. The most im portant reason for the dominance of Si 

devices lies in the combination of Si being an  easily available semiconductor 

and Si having an  excellent na tu ra l oxide, nam ely SiOg, which serves as an 

insulator and as a protecting layer. The structure Si/SiOg is the basis for the 

MOSFETs th a t can be in tegrated in enormous quantities.

The properties of the Si/SiOg m aterial system make it ideally suited 

for digital applications. However, the optoelectronic devices are the only ones 

th a t cannot be accomplished in a pure Si system, due to its  physical limits. 

Again, the performance of III-V heterostructures in th is area is far superior to 

the Si systems. However, being widely unsuited  for large-scale integration and 

lacking compatibility w ith Si VLSI (very large scale integration) technology, 

the potential m arket segments for III-V heterostructures are quite restricted.

An alternative would be to introduce a heterostructure th a t allows the
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exploitation of band offsets for application-specific tailoring of the electronic 

and optical m aterial properties w ithout sacrificing the preconditions for future 

heterointegration, nam ely the basic compatibihty w ith Si substra tes and 

technology. In  th is respect, the Si/Sii.^Ge^ heterostructure is a much better 

suited heterostructure.

The most im portant apphcation of Si/Sii.^Ge^ heterostructures is the 

heterojunction bipolar transisto r (HBT). An example of the high level 

performance reached 1997 in  the Si/Sii.^Ge^ heterojunction bipolar transistor, 

which dem onstrated cut-off frequencies and maximum oscillations frequencies 

well beyond 150GHz, is given in reference [39].

Another potential application of Si/SiGe heterostructures is the 

modulation-doped field effect transisto rs (MODFET). In  contrast to III-V 

m aterials, which are mostly used for n-type devices, the Si/SiGe 

heterostructures can in  principal provide both n-and p-type MODFETs with 

excellent properties.

In  the following sections both the pseudomorphic Si/SiGe HBT and the 

complementary types of MODFET will be discussed.

2.5.1 Heterojunction bipolar transistors

Both npn and pnp heterojunction bipolar transisto rs (HBT) have been 

fabricated successfully, the most recent ones exhibiting tran s it firequency 

around 150GHz. However, nearly all of the technology and scientific in terest is 

currently directed tow ard the npn devices. How the use of heterostructures can 

increase the device performance of the bipolar transisto r is best illustra ted  by 

looking a t the basic device principle which is explained in short.

In  all npn bipolar transisto rs the collector current in all npn bipolar
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transistors relies on the injection of electrons from the em itter into the base. 

C urrent amplification in an  npn bipolar junction transisto r is mainly 

determ ined by the ratio between the density of electron injected firom the 

em itter into the base, and the density of holes re-injected from the base into 

the em itter:

P = I , / h  (2.61)

drift field through graded doping
and graded Ge content in base

Energy

p-SiGe
base

n+Si
emitter

nSi
collector

F ig u re  2.17 Schematic band diagram Si and SiGe HBT. The valence band offset increases 

the emitter injection efficiency.

where and are the collector and base current, respectively.

The basic principle behind the HBT devices is the introduction of a 

heterojunction a t the em itter/base interface. This leads to an  enhancem ent of 

by an  exponential factor which depends only on the bandgap difference AEg 

and the therm al energy kT. Therefore,

Phbt ~ Pbjt * riFg /  k T )  (2.62)
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The potential variation in a Si/SiGe HBT is schematically shown in 

figure 2.17. Since the narrow-gap m aterial SiGe is used for the base, the 

em itter and the collector are made of Si, and thus the Si/SiGe HBT contains 

two heterointerfaces, w ith the base/collector junction being of little relevance 

for device performance. Si/SiGe HBTs have two-principle advantage over their 

Si counterparts. For a given base-em itter bias the conduction band offset 

between the base and the em itter is much sm aller th an  the valence band offset. 

Therefore, the reverse injection of holes into the em itter is reduced and the 

em itter efficiency is increased. This in itself is of m inim al benefit for the 

performance of most circuits, but the increased gain can be traded  for a higher 

doping level in the base. The base w ith a higher doping can be made narrower, 

fu rther reducing the tran sit time of the electrons and increasing the tran sit 

frequency. The other advantage is the possibility of grading the Ge content 

across the base providing a built-in field, thereby enhancing the speed at 

which the m inority carriers cross the base, improving the frequency response 

of the device.

A exceedingly impressive performance has been reported a t the end of 

1994 w ith / r  values well in excess of 100 GHz [40] and a  maximum oscillation 

(unity power gain) firequency of 120GHz [41]. These data  are about twice 

th a t of a typical standard  Si bipolar transisto r [42].

2.5.2 Modulation-doped field effect transistor

A m odulation doped FET(MODFET) basically operates on the same 

principles as the Si-based MOSFET with the exception th a t the channel is 

built in  the structure in the form of a quantum  well and the carriers originate 

from a modulation doped supply layer.
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In  Si-based MOSFET structure, a th in  layer of oxide is grown on top of 

the Si to insulate the m etal gate from the inversion layer th a t builds up 

directly underneath  the oxide a t the surface of the Si. For n-channel MOSFETs 

the substrate  is hghtly p -doped, w hereas the source and drain  regions are 

heavily n^-doped. There are two types of channel which can be formed between 

the source and drain  regions. If  a t zero gate bias the channel conductance is 

very low, a  positive voltage needs to be applied to the gate to form the n- 

channel, and hence it is called the normally-off or enhancem ent mode n- 

channel MOSFET. In  the case where the channel conductance already exists 

a t zero bias, a negative gate voltage will deplete the carriers in  the channel to 

reduce its conductance. This type is called the normally-on or depletion mode 

n-channel MOSFET. Similarly, there exists the concept of the p-channel 

enhancem ent and depletion mode MOSFET. The basic device param eters to 

describe a  MOSFET are the channel length, the channel width, the 

insulator(oxide) thickness, the junction depth and the substrate  doping, while 

its performance is characterised by the values of the transconductance, the 

cut-off and maximum operating frequency, and the gate voltage swing(logic 

swing) which defines the abruptness between the on and off sta te  when used 

as a switch in  digital logic circuits. O ther param eters such as the leakage 

current, sub threshold characteristic or “ off ” current are also very im portant 

and should be considered in order to be able to fully characterise a MOSFET 

device [8].

The n-channel and p-channel mode described for the MOSFET have 

been realised in  MODFET structures too, and the ir performance has been 

studied for m any years. A schematic view of the MODFET structure and its 

band ahgnm ent is shown in figure 2.18.
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F ig u re  2.18 Schematic diagram of the layer structure for a SiGe n-MODFET and a SiGe 

p-MODFET grown on Si Substrate [43].

n -C h an n e l M ODFETs; The first reported Si-channel n-MODFET devices[44] 

were based on a single step buffer layers th a t led to quite moderate mobilities. 

These devices employed a Pt/Ti/Au Schottky gate with a barrier height of 

around 0.9eV. The well-behaved dc characteristics of the devices have been 

observed, a maximum extrinsic transconductance value of 50mS mm^ at a 

gate length of 1.6pm has been reported. Drastic improvements resulted from 

the introduction of a graded SiGe buffer layer, giving significantly enhanced 

electron mobilities. Ism ail et al. [45] reported on Schottky-gated n-MODFETs 

with a layer sequence grown in two successive UHV-CVD processes. They 

fabricated a 0.25pm gate length n-channel MODFET which gave mobilities of 

1500cmV *s'^(300K) and 9500cm ^'^s‘̂ (77K) with corresponding sheet densities 

of 2.5 X lO^^cm  ̂ and 1.5 x lO^^cm In comparison, the room tem perature 

mobility for bulk Si doped to the same level is only one third of the MODFET 

value, and the 77K mobility for Si MOSFET is approximately one third as well.
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Although some parallel conduction was present a t room tem perature, the 

depletion-type (normally on) transisto rs behaved quite well. Impressive 

m aximum extrinsic transconductance values of 330 and GOOmS mm^ have 

been obtained a t 300 and 77K respectively. Konig et al. [46] reported a 

sim ilarly successful approach. They employed MBE-grown n-MODFETs. The 

m aximum transconductance obtained from these samples are quoted to be 

340mS mm^ a t room tem perature and 670mS mm^ a t 77K, and they 

dem onstrated excellent Hall mobilities of 2200 (300K) and 15700 cm^'^s'^ 

(77K).

p -c h a n n e l M O D FETs; Pearsall e t a l.[47] reported the first p-MODFETs, 

which employed a pseudomorphic SiggGeog channel. These devices exhibited 

well-behaved transisto r characteristics, bu t their dc performance were found to 

be modest because of the low room tem perature mobihties of pseudomorphic 

SiGe channels. L ittle progress has been made over the years regarding the p- 

type devices.

Although p-type MODFETs can be implemented w ith pseudomorphic 

SiGe channels, the low mobilities caused by alloy scattering in  such layers 

suggested the use of pure Ge as the channel m aterial, which again requires a 

relaxed SiGe buffer layer.

Mobilities a t 300K(77K) of 1300 c m ^ ^ s  \14000 cm^'^s'^) a t carrier 

concentration of 1.5 X 10^^cm ^(1.0 x lO^^cm ̂  ) for the Ge channel p-MODFET 

have been reported [48]. This high mobihty a t room tem perature indicated 

prom ising figure of m erit regarding the dc performance. Transconductance 

values for 1.2pm gate-length devices a t 300K(77K) have been found to be 

125mS mm \290m S mm^ ).

While the p-type FETs w ith a Ge channel are certainly the best
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possible choice in term s of high-speed performance, they are not well suited 

when combined w ith n-channel FETs employing a pure Si channel for CMOS. 

For th is reason most research on p-channel MODFETs reverted to the method 

of using a SiGe alloy channel. In  contrast to the aforementioned 

pseudomorphic SiGe channels, which have shown low hole mobilities, new 

efforts have been focused on SiGe channel w ith the composition x significantly 

larger th an  50%. Increased hole mobihties in  these p-channel sam ples have 

been observed due to the reduction in the effective mass. Arafa et al. [49] 

investigated Sij.^Ge^ channel p-MODFETs w ith x around 50% used an inverted 

supply layer. These structures showed outstanding hole mobilities of 800-1000 

cm^'^s'^ a t room tem perature and of 3300-3500 cm ^ ^s^  a t 77K. They obtained 

rem arkable resu lts in  both the dc performance and the high-firequency 

behaviour of the p-MODFETs. A maximum extrinsic transconductance of 

230mS mm^ has been m easured a t room tem perature for a gate length of 

0.25pm and a gate/source distance of 0.2pm. This high transconductance value 

led to a tran s it frequency of 24 GHz and the maximum oscillation frequency of 

37GHz. Prehm inary resu lts on 0.1pm devices indicated a tran s it firequency as 

high as 70GHz[50].

In  conclusion, the  performance dem onstrated experim entally by SiGe 

MODFETs is an  extrem ely impressive one and one can safely sta te  th a t these 

devices have the ability to compete a t least in term s of speed w ith some of the 

III-V technologies. However, until high quality, low defect density v irtual 

substrates or bulk SiGe substrates become available, the technology will be 

confined to the laboratories. O ther performance related  issues such as noise 

have yet to be addressed.
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Chapter 3

Experimental procedures

3.1 In tro d u c tio n

This chapter presents a general description of the experim ental 

techniques and equipm ent th a t are employed in obtaining the results of this 

thesis.

First, a brief description of the growth technique of Gas Source 

Molecular Beam Epitaxy is given, followed by an account of experim ental 

equipm ent and techniques for m agnetotransport m easurem ents.

The contents of the section regarding experim ental equipm ent are 

divided into two parts. First, the basic operating principles and design features 

of the cryogenic system s utilised are discussed, and then  details of the 

experim ental techniques performed below IK  are described. In the following 

sections, the experim ental set-up and techniques for the m easurem ents of the 

SdH effect and the integer quantum  Hall effect are discussed. The experiments 

employed in th is thesis invariably required the m easurem ent of the sample 

resistance as a function of magnetic field and tem perature. Typically, th is 

m easurem ent can be carried out by passing a known current through the 

samples of well-defined geometry (see figure 2.13), while sim ultaneously 

m easuring the voltages developed across various contact configurations as the 

magnetic field is swept.

Finally, details of sample preparation before the experim ental 

m easurem ents are given.
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3.2 Gas source m olecular beam  epitaxy

The Si/Sii.^jGe^ modulation doped quantum  well structures investigated 

in this thesis have been grown by gas source molecular beam epitaxy (GSMBE). 

The samples are grown at the Interdisciplinary Research Centre (IRC) for 

Semiconductor Materials, Imperial College, by several co-workers [1]. The 

purpose of the gas source molecular beam epitaxy system is to overcome some 

of the problems associated with solid source molecular beam epitaxy (SSMBE) 

using Si. In GSMBE, a volatile hydride is used instead of the solid sources. 

Although the advantages of GSMBE over SSMBE are covered in this section, 

for a more detailed account of this and the growth technique see Ohtani [2].

Growth Chamber 
Substrate

Preparation Chamber Fast Entry
Loadlock

heater water cooled 
cryopanel

Outgassing
Stage
<10‘“* mbar

<10'* mbar

Gas source 
bottles

SiH, ASH3

F ig u re  3 .1  Schematic diagram of GSMBE
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In  Si-SSMBE, activities on fabrication of Si based bipolar junction 

transisto r (BJT)[3], Sii.^Ge^ based heterojunction bipolar transisto r (HBT)[4], 

and modulation doped field effect transisto r (FET)[5] fabrication have been 

reported. However, conventional SSMBE contains several difficulties for device 

applications.

Firstly, the electron-gun evaporator typically used Si-SSMBE produces 

a characteristic surface defect, called the spitting defect, arising from Si 

particles from the Si-source. This spitting defect cause stacking faults, even if 

the silicon molecular beam is not contaminated. In  order to create the silicon 

molecular beam, the tem perature of the Si source, using the electron-beam 

evaporator, is raised to above 2000°C. This causes radiative heating of the 

steel walls of the MBE machine and consequently, contam ination of the 

growth occurs by im purities effusing out of the walls. These problems can be 

overcome by using the GSMBE method. The high tem perature Si source is 

replaced w ith the volatile hydride gases, which impinge upon the substrate  a t 

room tem perature.

Secondly, in terrupted throughput due to Si or Ge solid source exchange 

in SS-MBE is also problem. The ultra-high vacuum growth cham ber has to be 

opened for source exchange when the solid Si or Ge source was exhausted. This 

causes low throughput. However, in GSMBE these problems are elim inated 

because gas source bottles can be exchanged outside the ultrah igh  vacuum 

chamber.

Thirdly, the steel walls of the m ain cham ber in the SSMBE and 

GSMBE are coated due to successive growth runs w ith various contents of the 

Knudsen cells. Subsequent growth a t high tem perature in SSMBE can result 

in the effusion of the im purities from the walls, which can contam inate the
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growth process. This phenomenon is called the memory effect, whereby 

dopants used in the previous layer growth are incorporated into the present 

growth. However, GSMBE avoids th is problem, since the volatile hybrid gases 

are released a t room tem perature. This means th a t the film growth takes place 

only on the heated substrate  and not on the steel walls of the growth chamber

[2]. Finally, the lower tem perature epitaxial growth in GSMBE allows superior 

abrupt doping profiles due to the absence of high therm al energy which 

encourages the dopant species to diffuse [6].

The GSMBE apparatus is shown schematically in figure 3.1. The gas 

source consist of disilane (SigHg) and germane (GeHJ for the semiconductor 

m atrix and arsine (AsHg) for the arsenic n-type dopant. Typical growth 

tem peratures are 550-700°C. Gas purifiers are fitted between the gas source 

bottles and the m ass flow controllers. The purpose of these purifiers is to filter 

out heavy m ass molecules such as phosphine th a t may contam inate the gas 

sources.

Details of the structure for modulation doped quantum  well structures 

are presented in chapter 4.

3.3 C ry o g en ic  sy s te m

This section presents the basic operational principles and design 

features of the cryogenic systems utilised. The experim ental techniques and 

apparatus th a t are employed for the experim ents performed below IK  are 

explained.
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3.3.1 The p rin cip le  and design  o f  cryogen ic  system

The m agnetotransport experiments discussed in th is thesis can be 

roughly divided into three stages:

i) Shubnikov-de H aas and Hall effect m easurem ents a t 4.2K and 1.7K in a 8T 

cryomagnetic system  constructed by Technology System Limited, a t the IRC 

Characterisation Facility, Im perial College.

ii) Shubnikov-de H aas and Hall effect m easurem ents a t 4.2K and 1.5K in an 

Oxford Instrum ents superconducting solenoid cryostat a t the High-Field 

Magnetic Facility a t the CNRS, Grenoble.

iii) Shubnikov-de H aas and Hall effect m easurem ents below IK  in the dilution 

fridge constructed by Oxford Instrum ents a t the CNRS, Grenoble.

Each of three cryomagnetic system s th a t were used for the low 

tem perature m easurem ents of our samples consisted of three major 

components, a superconducting solenoid, a variable tem perature insert (VTl), 

and a sample chamber. The Oxford Instrum ents System a t Grenoble enables 

the use of both the ^He/'^He dilution refrigerator and the VTl.

1) '^He cryogenic systems, 4.2K-1.5K

The cryostat system constructed by Technology System and Oxford 

Instrum ent is aimed to provide variable tem peratures in the range 1.5K-300K. 

It consisted of a vacuum insulated liquid hehum  reservoir surrounded by the 

liquid nitrogen chamber.

The NbTi superconducting solenoid designed by Technology System is 

capable of achieving a maximum central field of 8T a t 4.2K in a 40mm bore, 

while the m agnet constructed by Oxford Instrum ent is composed of two sets of 

concentric solenoids w ith outer sections from NbTi superconducting wire and 

inner sections from NbgSn. These sections are arranged to provide a maximum
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vertical m agnetic field of 15T a t 4.2K in a 52mm bore. Magnetic fields are 

found to be homogenous to w ithin 1% and 0.1% for the two arrangem ents 

respectively, over a cylinder of 10mm length by 10mm in diam eter. Both 

m agnets were of excellent quality as judged from the near negligible hysteresis 

measured. The critical field and current of a superconducting magnetic are a 

function of the tem perature, and magnetic performance is enhanced by 

reducing the tem perature. There are two methods of reducing the tem perature 

of the m agnet space. The entire helium bath  is pumped, or only the lower 

portion of the helium  bath  surrounding the superconducting coil can be cooled. 

The la tte r method is achieved by a device known as a X-point refrigerator 

which operates by drawing liquid from the m ain bath  into the sample chamber 

and reducing the vapour pressure by m eans of a rotary pump.

A schematic diagram  of the “Technology Systems” cryomagnetic set-up 

is shown in figure 3.2. The liquid helium  is placed in the hquid helium 

reservoir. Both the superconducting solenoid is in the ^He reservoir and the 

sample cham ber is in therm al contact for p a rt of its length. The sample 

cham ber itself can be filled w ith liquid helium through a needle valve, in order 

to m aintain  a constant tem perature during the m easurem ents. The nitrogen 

reservoir filled w ith liquid nitrogen acts as an  additional radiation shield for 

the liquid helium  chamber against the high tem peratures outside the 

cryomagnetic system. A sample can be inserted into the system  through the 

sample tube and placed directly in the centre of the solenoid. A copper block is 

used as the sample holder to keep the tem perature stable over a period of time 

for m easurem ents which are performed a t tem peratures greater th an  4.2K.
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Helium Level Probe
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Sangle Chamber 
Magnet

^̂ Ligjit

Figure 3.2 Schematic diagram of the “Technology Systems” cryomagnetic set-up.

To increase the tem perature of the sam ples above 4.2K, the copper 

block contains a resistive heater and a diode acting as a therm om eter. The 

liquid helium  in the sample cham ber should be pumped out in order to 

decrease tem peratures below 4.2K. Due to the falling pressure of the liquid 

helium in the sample cham ber the tem perature decreases to keep the vapour 

pressure of the liquid helium constant. Eventually, the tem perature in the 

sample cham ber can cool down to 1.7K. There are three m ain causes for high 

helium  boil off: i) the cooling down of a newly inserted hot sample, which can
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be either a t room tem perature or pre-cooled a t 77K, ii) the heating of a sample 

above 4K and iii) the cooling of the solenoid which is heated each time a 

magnetic sweep is performed.

A Hall probe is used to m easure the magnetic field of the solenoid 

during a sweep and the resulting voltage is fed via an A/D converter directly 

into the computer. In order to provide easy optical access to the sample space, 

a 12mm-spectrosil B quartz window is included in its base plate.

Figure 3.3 shows a schematic diagram  of the Oxford Instrum ents 

superconducting solenoid cryostat a t Grenoble. The sample chamber is 

therm ally insulated from the helium bath  by an inner vacuum space, and is 

surrounded over most of its length by a radiation shield. For rapid cooling and 

operation below 4.2K the needle valve allows liquid helium to flow dynamically 

from the m ain '‘He bath  into the sample chamber. Subsequent closure of the 

needle value and control of the vapour pressure via a  m anostat, gives accurate 

tem perature control in the range 1.5~4.2K. The sample cham ber tem perature 

can be monitored by means of a calibrated carbon glass resistance tem perature 

sensor m ounted close to the sample. Hence, tem perature dependence of the 

m agnetotransport m easurem ents between 4.2K and 1.5K were exclusively 

performed using th is system.

Samples for the m easurem ents are introduced into the central 

m agnetic field region attached to the th in  walled stainless steel inserts in both 

cryomagnetic systems. A top-loading system is utilised, where sample rods 

emerge through 0-ring  seals a t the top of the apparatus. This allowed easy 

access to replace the samples firom the sample space while the cryostat is cold. 

For the insert used in the 8T m agnet by “Technology Systems”, leads for the 

sample connection are term inated a t a 10-pin DIL socket. Samples are
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mounted independently on separate 10-pin DIL headers which could then be 

easily plugged into the insert. In the 15T system(constructed Oxford 

Instrum ent) samples can be mounted directly on to the sam ples stage a t the 

lower end of the insert via an 8-pin DIL socket.

Pumping line for 
sample chamber

Needle valve

Pick up tube for 
needle value

Inner vacuum 
chamber

Radiation shield

^ e  level in V n

Level in main bath

Mainte bath

^ e  within V n

MagnetHeat exchange 
capillary feed from 
needle valve

Figure 3.3  Schematic diagram of the Oxford Instruments cryomagnetic system.
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2) ^He/'^He cryogenic system below IK

A specialised cryomagnetic system, which can access tem peratures 

below IK, is needed to observe the various m agnetotransport phenomena, such 

as spin splitting, valley splitting, and the fractional quantum  Hall effect. 

Achieving base tem peratures below IK  in a high m agnetic field environm ent is 

difficult. There are several major problems to be overcome in designing low 

tem perature experiments, such as i) reaching the necessary low tem peratures, 

ii) m easuring these tem peratures accurately and, iii) m aintaining the low 

tem peratures for sufficiently long periods to allow the m easurem ents [7].

Several techniques have been used to reach tem peratures significantly 

below IK, but most commercial system s use the valuable lighter isotope of 

helium, ®He. Tem perature reduction of the system is accomplished by lowering 

the vapour pressure of the liquid, using suitable vacuum pumps, and is only 

effective for tem peratures above approximately 0.3K. As is discussed in the 

previous section, using the heavier isotope, '^He, tem peratures down to 

approxim ately IK  can be achieved by reducing the vapour pressure with 

suitable vacuum pumps. Tem peratures below 0.3K are obtained by using 

^He/'^He dilution refrigerators, in which ^He is diluted by '^He. These machines 

can m aintain  tem perature as low as the millikevin range continuously a t high 

magnetic fields. A few larger specialised (non-commercial) refrigerators have 

achieved tem peratures as low as 2mK, and machines reaching 5mK are 

available commercially.

The low tem peratures, necessary for the m agnetotransport 

experim ents discussed in this thesis, were carried out using a transportable 

dilution refrigerator operated by Dr.D.K. Maude and constructed a t the low 

tem perature research laboratories of the CNRS. The dilution fridge can reach
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base tem peratures of ~20mK a t zero magnetic field w ith a stability of the order 

of 0.01%. U nder high magnetic fields, however, the performance of the fridge 

suffered a t low tem peratures (below 50mK), due to eddy current heating in the 

m etal of the mixing chamber. The rate  of heat production is proportional to the 

m agnet sweep rate. Heating can be minimised by reducing the sweep rates to 

0.1-0.2T/min a t low tem peratures. After a typical sweep of the m agnetic field it 

was found th a t the tem perature of the sample space rose by about 5-lOmK 

above its initial tem perature. This gives an estim ate of the error involved in a 

tem perature m easurem ents in a magnetic field. To minimise th is error, 

tem peratures used in the analysis of the resu lts are averaged between the 

m easured values a t the s ta rt and a t the end of the sweep.

2.0
Normal Fluid

Superfluid1.5

Tricritical 
, Point1.0

0.5 Two Phases

0.064
0

1.00.50
^ e  Fraction

Figure 3.4 Phase diagram of a ^He/‘‘He mixture at low temperatures and pressures.

The principle of the dilution refrigerator was originally proposed by 

Heinz London of Harwell in 1951, but first working system s were not built 

until more th an  10 years later. Since then, system s have been steadily
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improved in performance and the physical processes involved, such as the 

phase separation of the helium isotope m ixture, have become much better 

understood.

The phase separation diagram  of a ^He/'^He m ixture is shown in figure

3.4 [8]. Above 0.86K, the two liquids are miscible in all proportions. As the 

tem perature is lowered, the m ixture can become superfluid, where the value of 

the transition tem perature is dependent on the ^He concentration. When a 

liquid m ixture of the isotopes is further cooled below the tricritical 

tem perature («0.86K), it separates into two different phases. The lighter 

“concentrated phase” is rich in % e and the heavier “dilute phase” is rich in ^He. 

The m ixture ratio in the two phases at any tem perature is given by the points 

where a horizontal line corresponding to the tem perature of in terest crosses 

the phase separation curve. Of particu lar in terest is the behaviour a t very low 

tem peratures. As T->OK, the concentrated phase is pure ®He, as shown the 

figure 3.4. However, there is a finite solubility of % e in  the dilute phase of 

approxim ately 6.4% even a t the absolute zero tem perature. This fact is the 

basis of the fridge’s operation. The concentrated phase of the m ixture may be 

regarded as liquid ^He, and the dilute phase as % e  “gas”. At tem peratures less 

th an  about 0.5K, the ^He which forms the m ajority of the dilute phase is inert, 

and the ^He “gas” moves through the liquid '^He w ithout interaction. The 

properties of the liquids in the dilution refrigerator are described by quantum  

mechanics; i.e. th is fundam entally different behaviour of the two isotopes at 

low tem peratures is explained by the differing quantum  mechanical statistics 

applied to their atoms [7].

At a given tem perature, each phase has an equilibrium  concentration. 

^He is pumped deliberately from the dilute phase so th a t the equilibrium
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concentration between the two phases is destroyed. In  order to restore 

equilibrium, ^He atoms evaporate across the phase boundary from the 

concentrated phase to the dilute phase. But for an  atom to m igrate across the 

boundary, la ten t heat m ust be supplied by the sample and components of the 

dilution unit. This la ten t heat is responsible for the cooling process. By 

removing of ^He atoms from the dilute phase (to prevent saturation) and 

return ing  them  to the concentrated phase a dynamic equilibrium  is established, 

thus providing continuous cooling.

Figure 3.5 shows a schematic diagram  illustra ting  the principal parts of 

the dilution fridge. The % e is pumped away from the liquid surface in the still, 

which is kept a t typically 0.6-0.8K. At th is tem perature the vapour pressure a t 

the ^He cham ber is much higher than  a t the '‘He chamber. Therefore, ^He 

evaporates preferentially. A small am ount of heat is supplied to the still to 

promote the required flow. Hence, the concentration of ^He through the dilute 

phase in the still becomes lower th an  it is in the mixing chamber, and there is 

thus an osmotic pressure difference which drives a flow of ^He in a series of 

heat exchangers.

^He is removed from the still and compressed to a pressure of a few 

hundred m ilhbar by the external vacuum pum ping system. Then the gas 

passes through liquid nitrogen cold traps to remove im purities, and re tu rns to 

the cryostat, where it  is pre-cooled in  the m ain helium  ba th  and condensed on 

the IK  pot. A narrow  capillary tube creates a flow impedance to m aintain  a 

high enough pressure in the IK  pot region for the gas to condense.

The basic operating procedure of the fridge can be explained briefly as 

followed. When the refrigerator starts, the ^He/^He m ixture is condensed into 

the dilution unit by the IK  pot. The tem perature has to be reduced below
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0.86K (the tri-critical point as showing in  figure 3.3), to reach phase separation. 

The necessary cooling is achieved by the still and it is the first p a rt of the 

firidge to cool below 1.2K. The incoming ®He gas is then  cooled by the still 

before it en ters the heat exchangers and the mixing chamber. Gradually, the 

rest of the dilution un it is cooled to the onset of phase separation. The correct 

concentration and volume of the ^He/^He m ixture should be chosen carefully so 

th a t the phase boundary is inside the mixing chamber, and the liquid surface 

is in the still. These conditions are calculated from the known volumes of the 

mixing chamber, the pressure cell utilised, and the heat exchangers. Gas 

circulation is in itiated  by a rotary pump after which, a t sufficiently low still 

pressures, a turbomolecular pump is switched on. The various parts  of the 

fridge cool to their equilibrium tem perature over a period of about five hours.

A top-loading system allowed easy access to the mixing cham ber via a 

long sample rod th a t emerged through 0-ring  seals a t the top of the apparatus. 

Samples can be mounted in the specially designed 8-pin DIL header which is 

mechanically coupled to the lower end of the sample rod by m eans of an 

a ttachm ent screw. The samples and resistance therm om eters are immersed 

directly into the dilute phase.
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F ig u re  3.5 The basic components of a dilution refrigerator.
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3.4 E lectrica l W iring and M easurem ent T ech niqu es

A.C. Voltage 
source

sample

?L_n_rL resistor

VI Lock-in 
Anq)lifier (1) Ref. ia >2 Lock-in 

Anq)lifîer (2)

DVM(l)

Ref. in

DVM(2)

Computer

Figure 3 .6  Schematic diagram of set up of electrical equipment.

The different components of the m easuring circuitry are depicted in 

figure 3.6. A Hall probe is used to m easure the m agnetic field of the solenoid 

during a sweep, and the resulting voltage is fed via an  A/D converter directly 

into a computer for data  acquisition. The sweep of the solenoid itself is 

controlled by a programmable power supply which acts as a ram ped current 

source.

The transport properties of SiGe/Si samples employed in  the 

longitudinal and transverse resistivity m easurem ents are studied using the 

lock-in technique to obtain the highest possible signal-to-noise ratio. At the
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IRC only one channel could be recorded for m easurem ents a t the tim e since 

only one lock-in amplifier could be used, while a t the Grenoble laboratory two 

lock-in amplifiers (EG&G models 5207 and 5210) could be used to m easure two 

resistivities simultaneously. Both signals are pre-amplified before being fed 

into the lock-in amplifier for m easurem ents in the dilution fridge and the VTL 

The voltage output of the lock-in amplifier and different resistors are used as a 

variable current source for the m easurem ents. The amplified dc voltage output 

from the lock-ins can be monitored by Keithley m ultim eters which are 

controlled by computer via IEEE-488 interfaces.

It will be shown in chapter 6 th a t sample heating effects can be 

neglecting for deriving currents of < lOOnA. For a typical samples resistivity of 

154.5/2 a t low tem peratures, th is corresponds to a electric field of 1.9 m V /cm  

along the channel. This field is well below the “knee” field of 2x10® V /cm  a t 

which velocity saturation  sta rts  to occur in Si.

3.5 Sample preparation

All sam ples have been grown by gas source molecular beam epitaxy by 

Dr. J. M. Fernandez et. al.[l] a t the IRC. In itial Hall m easurem ents were 

performed on the Biorad System using the van der Pauw method (see chapter 

4). The m aterial used to form the contacts in n-type structures is chosen to be 

indium, which can simply be soldered close to the edges of the samples. Hence 

a tunnel contact is formed for all 2DEG structures and w ithin the tem perature 

range used in the Biorad system no negative effects from the contacts could be 

observed.
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Samples which showed reasonably good transport properties a t 300K 

and 77K in the Biorad system were then  processed into Hall bars for further 

low tem perature m easurem ents. Most Hall bar structures were prepared in 

the clean room facihties of Im perial College by Dr. T. J . Thornton and Dr. N. 

Woods. The fabrication process was performed by m eans of photolithography 

employing two different masks, one for etching the m esa and one for defining 

the ohmic contacts. The mesa pa ttern  for the Hall bars was etched by using 

reactive ion etching to define the channel geometry (width SOpmxlength 

400pm). Alloyed AuSb ohmic contacts to the Hall bars are deposited by 

therm al evaporation.

Finally, each sample was bonded onto a chip carrier using A1 wires in 

the thermo-compression bonding machine a t UCL, and then  placed on the 

samples holder of the cryostat.
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Chapter 4

Low-temperature magnetotransport phenomena

4.1 Introduction

This chapter focuses on the investigation of 2DEG structures with 

respect to their sheet carrier densities, mobilities, and relaxation times. In  

order to obtain information about the quality of the samples, low tem perature 

experiments have been adopted. The basic transport properties such as 

dom inant scattering mechanisms (e.g. remote im purity ionised scattering, 

phonon scattering etc.), parallel conduction, and negative m agnetoresistivity 

which in tu rn  give information about the struc tu ra l quality of the samples, can 

be studied by low tem perature m agnetotransport m easurem ents. These results 

are vital in providing constructive feedback to the growth process involving the 

relatively new growth technique of GSMBE, which still need to be optimised. A 

good performance of the 2DEG from devices fabricated using those samples is 

also required a t room tem perature.

Im m ediately after new samples are grown, crude van der Pauw 

m easurem ents for obtaining the carrier density and mobility are performed at 

room tem perature. Samples th a t exhibit good mobilities a t room tem perature 

are then  processed into Hall bars and m easurem ents are carried out 

continuously a t low tem peratures and high m agnetic fields in the 

cryomagnetic system, constructed by “Technology Systems”. Finally, the best 

samples are taken  to the high magnetic field laboratory in  Grenoble where the 

m easurem ents in the dilution refrigerator are carried out.

The rem ainder of th is chapter is organised as follows. In section 4.2, 

the experim ental method is discussed. In section 4.3, the theory and the
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experim ental resu lts of the van der Pauw method are described to obtain the 

carrier density and mobility a t room tem perature and 77K. Various 

experim ental results, for example the determ ination of the mobility and 

carrier density from the SdH and the quantum  Hall effect, transport 

relaxation tim es and quantum  relaxation times, and dom inant scatting 

mechanisms, are dealt w ith in section 4.4. General conclusions are 

sum m arised in section 4.5.

4.2 Experimental procedure

As-doped

Si cap

Sip^Gena cap

Sip^Gep!, supply

Sin,Ge„a spacer
Si 2DEG channel 

uniform Sio ̂ Goo a buffer

graded Si .̂^Ge  ̂buffer 
(x = 5 - 35%)

_______ Si buffer_______
p-Si substrate 

17-23Qcm 
N a «  10'® cm ^

Figure 4.1 Schematic layer diagram of the n-channel modulation-doped Si/SiGe used in this thesis

The n-type modulation-doped Si/Si^.^Ge^ structures discussed in  this 

thesis are grown by Gas Source Molecular Beam Epitaxy a t the IRC for the
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Semiconductor M aterials [1], as described in chapter 3. The gas sources are 

disilane (SigHg) and germane (GeH^) for the semiconductor m atrix  and arsine 

(AsHg) for the arsenic doped n-channel supply layers. Growth rates varied 

between 0.1 and lÂ/s, depending on the alloy composition and the substrate 

tem perature of all samples was kept constant a t 520°C.

As discussed in chapter 2, in order to confine the two-dimensional 

electron gas in a quantum  well, a conduction band offset between the Si 

channel and the surrounding Si .̂^Ge  ̂ layers is essential. Also, the underlying 

Sii.^Ge^ buffer layer m ust be completely relaxed. A sketch of the sample cross 

section is shown in figure 4.1, and the various samples are categorised in table 

4.1. After depositing a 0.3pm thick Si buffer layer onto a high resistivity p-type 

Si(lOO) substrate, a 1.5-2pm graded Si .̂^Ge  ̂ layer, in which the Ge content 

increased linearly from 5 to 35%, is then  grown, followed by 0.5-1pm of 

constant composition (Sio^Gegg) alloy. These layers produced a strain-relaxed 

surface w ith low dislocation densities onto which the tensile-strained Si 

channel (110Â thick) was deposited, followed by an undoped Sio^Geog spacer 

layer, a doped Sig^Geog supply layer, and finally undoped Sio^Gegg and Si cap 

layers. The thickness and As doping levels in the supply layer are varied 

slightly between the samples, as indicated in table 4.1; for BF197 and BF213, 

th is layer was nominally uniformly doped, w hereas for BF313 and BF314, the 

As doping is supplied by a delta- (5-) doped layer a t the s ta r t of the supply 

layer. It should be pointed out here th a t surface segregation has been thought 

likely to produce a redistribution of the As through the subsequently-deposited 

m aterial [2].

The two-dimensional electron gas samples have been mesa-etched by 

Dr. T.J.Thornton and Dr.N.J.Wood a t the Electrical Engineering Departm ent,

96



Im perial College. AuSb ohmic contacts to the Hall hars have heen prepared hy 

therm al evaporation and alloying.

BF197 BF213 BF313 BF314

linearly graded 
SiGe 

buffer layer 
(M-m) 2.0 1.5 1.5 1.5

Uniform
Sio.7̂ ®o.3

huffer(tim) 0.5 0.5 1 1
Si channel 

(nm) 11 11 11 11
Sio.7Geo3
Spacer
(nm) 15 15 11 11

Sio.vGeo.s
supply
(nm) 15 30 50 50
D elta

Deposition
(Torr) 27’@2 20’@2
As

doping density ~10̂ ®cm'® -10^® cm'^ 2xl0^^cm'^ 1.5xl0^^cm^
Sio.vGeo.s

cap
(nm) 6 6

Si cap 
(nm) 2 2 2 2

T ab le  4.1 Layer structure of modulation doped quantum well investigated.

4.3 V an  d e r  P a u w  m e a su re m e n ts

4.3.1 T h eo ry  o f  v a n  d e r  P a u w  m e th o d

For sam ples without Hall har structures, it is still possible to 

determine the sheet carrier density and mobility hy Hall effect m easurem ents, 

using the van der Pauw four-contact method [3]. The requirem ents of this
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method are as follows; the samples should be flat, homogeneous, and the point 

contacts should be well-separated and placed as symmetrically as possible 

near the edge of the sample. The shape of four-fold symmetry is usually 

employed in practice, because this arrangem ent produces smaller 

m isalignment voltages. There are various patterns in common use. However, 

the standard configurations used are the simple square geometry and the 

clover-leaf geometry, as shown in figure 4.2.

Figure 4.2 The simple square geometry and clover-leaf geometry for the van der Pauw 

method.

To measure the resistance, a current is injected using two adjacent 

contacts and the voltage drop is measured between two opposite contacts as 

shown in figure 4.2. For example, a current is passed in the x-direction from 1 

to 2 (i.e. Ij2), the voltage between 3 and 4 (i.e. is measured, and the same 

m easurem ent can be repeated in the y-direction. Rj and R 2 are given by

R,
12

(4.1)
41
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These equation are used in an expression for the calculation of the sheet 

resistivity which is given by

A  + iîj7 /(Q ) n /square  (4.2)

where /  is a geometry factor. The geometry factor is determ ined from the 

transcendental equation

Q - 1  _ f cosh' \ e x p (4.3)

where Q is the ratio

Q = & (4.4)

If Q is alm ost equal to 1, /  can be approxim ated by the formula;

f  « 1 -0 .3 4 6 5 7
\ Q  + iy

-0 .09236 Q - 1
vQ + f /

(4.5)

The H all effect can be observed when a m agnetic field is applied. The 

current is injected between any opposite pair of contacts such th a t the Hall
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voltage, Vu, can be m easured across the current flow, I, between the rem aining 

contacts, when the magnetic field is applied perpendicular to the sample. The 

Hall coefficient is then given by

Ru  = = — —  cm^/coulomb (4.6)
" IB  n^e

where the Hall factor is still assum ed to be one as discussed in chapter 2. 

Ignoring the sign in the Hall coefficient relation, the sheet carrier density and 

mobility can be calculated according to

71, = cm'2 (4.7)
eKi

= cm W s (4.8)

w ith Ps being the sheet resistivity which, as described previously, can also be 

m easured using the van der Pauw method.

4.3.2 Experimental set-up

The van der Pauw m easurem ents are conducted using a modified 

Biorad HL 5200. An Alomax-III perm anent m agnet produces a constant 

magnetic field of 0.32T. The m anufacturer has calibrated th is value w ithin 

±1% over a radius of 12mm from the pole centre. The magnetic field is reversed

100



by rotating the magnetic assembly. Errors due to the m agnet m isahgnm ent 

are expected to be small.

The current source can provide currents of l-20000pA and a phase- 

sensitive detector allows AC m easurem ents to be made a t 200Hz. Voltages are 

m easured by a voltm eter w ith an input impedance of ~10GQ, and adjustable 

gain from x 1-1000. The maximum m easurable voltage is ju st over 4V, and the 

maximum resistance between any two contacts m ust be kept <1MQ.

To perform the m easurem ents the van der Pauw samples are inserted 

into the probe gear. The probes consisted of four plated spikes which can be 

positioned onto contact pads of the samples. After applying the input current 

to the van der Pauw current contacts the quality of the contacts is monitored. 

This involved the resistances of aU the perm utations of the contact pairs being 

m easured a t varying fractions of the applied current to determ ine linearity of 

the ohmic resistance. Next the resistivity data are used to determ ine the 

sample sym m etry and the sheet resistivity. Finally a magnetic field is applied 

to the sample. Then, the Hall resistivity, Hall voltage, degree of misalignment, 

and hence the carrier density and mobility are determ ined in both field 

orientations. These m easurem ents are carried out a t 77K tem perature using 

liquid nitrogen, and a t room tem perature.

4 .3 .3 .R esu lts a n d  d isc u ss io n

Van der Pauw experiment using the Biorad system are carried out first 

to determ ine simply the carrier density and mobility of all sam ples at 77K and 

room tem perature. Table 4.2 shows the results of van der Pauw m easurem ents 

on our four samples.
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BF197 BF213 BF313 BF314

T p q 300 77 300 77 300 77 300 77

TLu

[lO^^cm'^ 1.30 0.63 1.9 0.86 29 1.94 47 1.4

[cmWs] 1300 15500 1210 16000 1220 12200 1120 15300

Table 4.2 Results of the van der Pauw measurements of the 2DEG structures at 300K and 

77K

The sam ples BF313 and BF 314 which share a sim ilar structure have a 

rem arkably high carrier density a t room tem perature. These finding suggest 

the effect of a strong parallel conductive layer (see chapter 2) on the 2DEG 

structures. However, their mobilities a t 300K are not much lower th an  for 

samples BF197 and BF213 which have a weaker influence of the parallel 

conduction layer, and th is would be unexpected for a structure w ith the 

evidence of strong parallel conduction because of its degrading character to the 

overall mobility of the structure. However, we could infer a cause from the fact 

th a t the parallel conductive layer would most probably be formed in  the 

heavily doped SiojOegg supply layer. The room tem perature mobility for the 

electrons in Ge is around 1000cmW s compared to the drastically reduced 

value of 100cmW s in Si a t a doping concentration in low lO^^cm'^. Assuming a 

mobility value for the 2DEG which is only slightly higher th an  1000cmW s, 

then  th a t would explain why the overall mobility is not much lower th an  for 

BF197 and BF213.

At 77K most of the additional carriers in the supply layer are frozen 

out, elim inating the parallel conductive layer and w ith it, the degrading
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influence on the overall mobility, as well. Still the carrier density of samples 

BF313 and BF314 are higher th an  in BF197 and BF213 due to the narrower 

spacer layer in BF313 and BF314.

4.4 Shubnikov-de Haas and quantum Hall Measurements

4.4.1 Carrier density determination

1/B^

Figure 4.3  Sketch of the order of the minima values versus the inverse magnetic field. A 

linear regression yields in a straight line whose slope represents the fundamental field and 

from which the carrier density can be calculated.

The carrier density can be obtained from the m agnetotransport data 

using the periodicity of the SdH oscillations as discussed in section 2.4 .2 . The 

cosine term  in the Shubnikov-de H aas equation (see equation (2.40)) induced 

the oscillations to be periodic with the reciprocal magnetic field. The period of
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the oscillatory m agnetoresistivity in the reciprocal of the magnetic field relates 

to the carrier density as shown in equation (2.51).

The period of the SdH oscillations has been obtained from the plots of 

the reciprocal m agnetic field a t which the L th m inim a occurs, against

the m inim a num ber (L). If  the electrons in only one subband participate in the 

SdH oscillations, the graph of 1 /B i  versus L gives a stra igh t line (figure 4.3) 

and the gradient which yields the oscillation period (so-called fundam ental 

fields Bf ) is given by

gradient = (4.9)

where is the spin-splitting factor (gg=2), and g^ is the valley-splitting 

ia.ctov{g=2). The carrier density from equation (4.9) can be calculated by the 

equation

X gradient (4.9a)

This method can only be applied in the case of a 2DEG system where only one 

subband exists. If there  are more th an  one occupied subband, th is method 

cannot be used because the L  v s .i/B ^  graph would not be represented by a 

stra igh t line any more. I t would be impossible to find the gradient, since the 

oscillations would be the sum of as m any sine waves as there are occupied 

subbands, all w ith different frequencies.
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f

Frequency

Figure 4.4 Sketch of fast Fourier transform of the oscillations. The largest peak represents 

the fundamental field. The carrier density can be calculated from this fundamental field. The 

side lobes are harmonics due to the finite data set.

An alternative method to determ ine the carrier density of a 

m ultisubband populated system can be employed using the fast Fourier 

transform ation [4]. Since Shubnikov-de H aas oscillations are periodic in 

reciprocal m agnetic field, a Fourier transform ation of the data  yields directly 

the fundam ental field of any series present. The systems w ith one subband 

exhibit one pronounced peak w ith the maximum being located a t the 

fundam ental field as shown in figure 4.4, representing the Fourier transform  

for an ideal 2D system. For m ultisubband systems, where the peaks of the 

Fourier transform  will show more th an  one pronounced peak, each one can be 

assigned to the fundam ental field of the corresponding subband. Thus, the 

carrier density for each occupied subband can be calculated, and when 

summed up over all subbands, the total carrier density is obtained.
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4.4.2 Determination of transport relaxation time and quantum  

relaxation time

From transport m easurem ents, two characteristic param eters can be 

obtained, the transport relaxation time (transport mobility), and the quantum  

relaxation time (quantum  mobility). It is im portant to distinguish between 

these two values, which originate from physically different m easurem ent 

conditions. The transport relaxation time is governed by the Boltzmann 

equation and Drude relations, while the quantum  relaxation time is mainly 

concerned w ith the quantum  mechanical Landau level broadening.

The mobility and its appropriate relaxation time, r, are related directly

by

= (4.10)
m

where rn and e are the effective mass and charge of the electron, respectively. 

Therefore, the mobility and relaxation time in equation (4.10) can be used 

interchangeably.

A. Transport relaxation time

The transport relaxation time which is directly determ ined from the 

m easured Hall or drift mobility, can be found by solving the Boltzmann 

equation in the relaxation time approximation [5-7]

-  = jdk 'P (k ,k '){ l-cose)  (4.11)
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where p(fe, k') is the probabihty of scattering from sta te  k  to k' and 0 is the

scattering angle. T ransport relaxation time m easurem ents favour large angle 

scattering over sm all angle scattering due to the weighting factor of (l-cos9) in 

equation (4.11) and is related directly to the Drude relation by

C7 = (4.12)
m

where is the two dimensional carrier density, cr is the conductivity, and //< is 

the transport mobility. Rearranging equation (4.10) shows th a t the transport 

relaxation time is related to transport mobility by

T, (4.13)

Experimentally, the transport mobility in a system with single 

subband occupancy such as in our samples can be determ ined using equation 

(4.12), from dividing the zero-field conductivity by the sheet carrier density 

obtained from the SdH effect.

B. Quantum relaxation time

The quantum  relaxation time (i.e. the lifetime of a given quantum  

state) becomes finite in the presence of perturbations produced by scattering 

potentials. The quantum  relaxation time essentially m easures the total 

scattering rate  due to collisions w ith lattice defects and im purity atoms, or 

equivalently m easures the broadening of the Landau levels due to these 

collisions. The quantum  relaxation time relates to the half w idth the 

broadened Landau level [7].
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The quantum  relaxation time, is also given by the to tal scattering 

probability, [5,6],

—  = \d k 'P ^ ,k ']  (4.14)

One can note th a t th is definition differs from the corresponding expression for

the transport relaxation time, given in equation (4.11), because of the absence

of (1-cosd) term . The transport relaxation time favours large-angle scattering

due to the weighting factor of (l-cos6), while the quantum  relaxation time is

sensitive to all scattering events and effectively m easures the entire collision

cross-section; sm all and large angle scattering events are counted equally.

C. D o m in a n t s c a t te r in g  m ec h an ism

The m easured r^/tq ratio differs for each scattering m echanisms and is

a useful indicator of the dom inant scattering m echanism in lim iting the

mobility of the 2DEG[6,8,9]. Large angle scattering is usually associated with

short range potentials such as th a t from the close proximity of ionised

im purities and interface roughness, whereas sm all angle scattering is

associated w ith long range potentials such as th a t from remote ionised

im purities. Das Sarm a et al. [9] have pointed out th a t for a short-range

potential the ratio is close to unity, whereas for a long-range potential,

th is ratio is much larger than  unity. The la tte r case is typical for remotely

doped GaAs/AlGaAs structures [10], whereas the former has been confirmed

for Si-inversion structure [11] which is formed a t a Si/SiOg interface under

positive gate bias.

Large variations in the transport to quantum  relaxation time ratio

have been reported for Si/Si^.^Ge^ heterostructures [12-15]. The values range
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from -26  for the highest mobility samples to -3 .6  for the lowest mobihty 

samples.

D. Experimental method for the determination of both relaxation 
times

Experimentally, the transport and quantum  mobility (or relaxation 

time) can be determ ined using completely different m easurem ents. The former 

can be obtained by various methods (such as Shubnikov-de H aas, and Hall 

m easurem ents and the van der Pauw method), and the latter, through SdH 

m easurem ents. Having determined the sheet carrier density, the transport 

mobility is found by

Subsequently, the calculation of the transport relaxation tim e becomes 

straightforw ard by using equation (4.13).

In  contrast to the transport relaxation time, the quantum  relaxation 

time can be extracted by fitting the oscillatory longitudinal resistivity from the 

SdH m easurem ents to theory (the so-called Dingle plot [16]) or from the width 

of the peaks resulting from the Fourier analysis of the SdH oscillations [17]. 

Possible errors associated w ith these methods will be discussed in section 4.4.3 

section.

Dingle, plot:

The quantum  relaxation time a t any given tem perature, T, is usually 

determ ined from so-called Dingle plot [16], i.e. the am plitude of the 

Shubnikov-de H aas oscillations, Ap^ (B), plotted logarithmically as a function
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of the reciprocal of magnetic field, B. r, is then  obtained by comparing the 

result w ith expression[18]

A p^  = 4poX (T)exp[-7r/co jq)  (4.16)

where po is the zero-field resistivity, is the cyclotron frequency, and X(T) is a 

therm al damping factor. This is given by

. Ï C v ’à . )

Equation (4.16) shows th a t the amplitude of the SdH oscillations depends 

prim arily on (i) the collision broadening of Landau levels due to scattering, 

characterised by the exponential term  containing r̂ , and (ii) the therm al 

broadening of the levels, entering through the therm al damping term . By 

rearranging th is equation, it can be shown that, if ln[Ap^(B)/poX(T)] is plotted 

against 1 /B , then  the slope of the plot gives (-7mi r )̂ w ith an intercept(at 

1/B=0) of 4[18]. From equation (4.17), the therm al damping factor sa tu rates to 

unity a t very low tem peratures, but over the regime of in terest for the 

m agnetotransport m easurem ents, the deviation from 1 can be significant. The 

behaviour of the therm al damping term  is investigated in detail in section 

4.4.3.B.

4.4.3 R e su lts  a n d  d isc u ss io n

The first m easurem ents were carried out a t 4.2K and 1.6K, and from 0 

to 15 tesla in the High Magnetic Field Laboratory in Grenoble. After 

investigating the transport properties in th is range, sample which
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dem onstrated good characteristics are taken  into the dilution fridge for a 

m easurem ent a t 50mK.

Sample BF197 did exhibit some oscillations bu t they did not represent 

typical SdH oscillations and no param eters could be extracted. Even when 

BF197 was cooled down to lOOmK, no improvement could be observed. 

However, the 2DEG structures of the samples BF213, BF313, and BF314 

showed excellent SdH oscillations a t lOOmK.

Typical graphs obtained from those m easurem ents a t 4.2K and 1.66K 

for BF213, and a t 4.2K and 1.6K for BF314, are shown in figure 4.5. At 4.2K, 

pronounced Shubnikov-de H aas oscillations in are observed, for aU samples, 

along w ith quantum  Hall plateaux in p^, both of which are indicative of the 

presence of a well-behaved two-dimensional electron gas (2DEG) in the Si 

channel. However, only a few m inima in the and a few plateaux of p̂ y could 

be resolved. The samples were then  cooled down to 1.6K w ith otherwise 

unchanged param eters. The significant increase in resolution of the 

longitudinal resistivity a t lower fields is in good agreem ent w ith the 

tem perature dependence found in the SdH formula. For filling factors between 

v=4 and 8, the spin splitting is clearly resolved in p̂  ̂ for both samples. For 

high magnetic fields p ^  exhibits the results of the lifting of the two-fold valley 

degeneracy a t the odd filling factor v=3(BF213) or v=5(BF314) a t around 1.7K. 

For magnetic fields B<4T, the m agnetoresistivity oscillation corresponds to 

filling factors which are multiples of 4, due to the spin and the rem aining two

fold valley degeneracies.
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Figure 4.6 SdH oscillations and quantum Hall effect at 93mK for BF213.

In order to obtain more information, the SdH and Hall effect of the 

sam ples were m easured a t the base tem perature in the dilution fridge. The 

tem perature a t which the m easurem ents have been performed varied from 

sample to sample due to the fluctuating nature of the base tem perature in the 

dilution fridge. All m easurem ents discussed here are conducted a t the base 

tem perature, i.e. the sweep time lasted 30 m in to avoid the heating effect of 

the varying magnetic field on the sample holder. The Shubnikov-de H aas and 

Hall effect m easurem ents of sample BF213 a t a tem perature of 93mK are 

shown in figure 4.6.

Well-pronounced SdH oscillations and Hall plateaux can be seen in 

figure 4.6 w ith clear signs of spin and valley splitting. The large plateau 

between 12T and 15T and the sim ultaneous dissipationless m inim a in 

correspond to a filling factor of v=2, indicating the spin splitting of the lowest
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Landau level, i.e. the first spin level which consists of two valley levels. At 

around 9.4T, the first valley sphtting a t v=3 can be seen. The p lateau  around 

B=7T(v^4) indicates th a t the first Landau level is filled. W hen the magnetic 

field is decreased, the m inim a corresponding to valley splittings slowly begin 

to vanish. The first onset of the Shubnikov-de H aas oscillations is already 

observed a t around B=0.5T. Hall plateaux can obviously be seen a t the integer 

filling factors for v=4, 8, 12, 16. The spin degeneracy begins to hft around 

B=2T w ith the first distinct Hall plateau. The onset of valley splitting occurs a t 

around B=4T bu t no corresponding Hall p lateau  can be observed. Well-defined 

quantum  Hall plateaux are also observed for the even filling factors v=2, 6, 10, 

14 due to the spin splitting as indicated from the tilted  magnetic field 

experiments. This will be discussed in chapter 5. Hall p lateaux due to valley 

splitting occur for the odd filling factors v=3,5 and s ta rt to be well resolved at 

5.5T.

The graphs of longitudinal and transverse resistivity for samples 

BF313 and BF314 are shown in figure 4.7. Both samples have nearly the same 

structures except for the supply doping concentration. The base tem perature 

for the m easurem ent of both samples are identical since they were placed 

concurrently on the same sample holder, and thus m easured w ithin the same 

run  in the dilution fridge. Since the base tem perature varies each tim e th a t 

the dilution fridge is cooled down, the m agnetotransport m easurem ents have 

been carried out a t a lower tem perature of 50mK. The Shubnikov-de Haas 

oscillations s ta r t to appear a t around B=0.95T for BF313 and a t around 

B=0.8T for BF314, which are at higher m agnetic fields th an  BF213. This 

indicates lower mobilities for BF313 and BF314 th an  BF213 as shown in 

equation (2.55).
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Figure 4.7 SdH oscillations and quantum Hall effect up to B=15T at 50mK for samples (a) 

BF313 and (b) BF314
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The onset of SdH oscillation for BF314 sta rts  slightly earlier in 

magnetic field th an  BF313, suggesting a higher mobility as described in 

section 2.4.2. At 2.8T, splitting of the spin degeneracy for BF313 sets in, while 

the effect of spin splitting on the SdH oscillations for BF314 can be seen first 

a t 2.6T. However, higher fields are required to observe distinct Hall plateau. 

These are visible a t integer filling factors v=4,8,12,16,20 and a t even filling 

factors v=6, 10, 14, 18, caused by the spin splitting. Only two valley splittings 

for both samples are resolved a t filling factors v=5,7 in bu t the distinct Hall 

p lateau  occurs a t a filling factor v=5. A feature of the Hall resistance traces for 

these samples is the presence of a sm all peak a t each end of the quantum  Hall 

plateau. The coincidence of these peaks w ith the maxima in the SdH curves 

suggests th a t they arise from a small contribution to the Hall voltage from the 

trace. This is not thought to be due to a m isalignm ent of opposite Hall 

probes, but more likely to be caused by latera l fluctuations in the barrier 

composition or dopant distribution.

A. C a r r ie r  d e n s ity  a n d  t r a n s p o r t  m o b ility

C arrier density values obtained in th is thesis have been deduced from 

the period of the SdH oscillations, and from the slope of the Hall resistance, 

together w ith mobility values, p,, and the corresponding transport relaxation 

time, from p^. The carrier density can be evaluated from the slope of the 

Hall resistivity in figure 4.6 and 4.7 before the first p lateau  appear. To 

determ ine the carrier density from the SdH oscillations the oscillations before 

the onset of the spin splitting can be used. Hence the resolution of th is p a rt of 

graph has to be increased for more accurate calculations. This has been done 

in the next three figures which show the SdH oscillations between 0 and 2.5T.
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F ig u re  4.8 Shubnikov-de Haas oscillations up to the 2.5T for three samples (a) BF213, (b) 

BF313 and (c) BF314.

Self-consistent calculation on sim ilar structures have shown th a t the 

second subband lies ~15meV above the Ferm i level in the first band and is 

there unoccupied a t low tem perature [14].

To determine the carrier density from the SdH oscillations, the m inima 

num ber should be plotted against the corresponding inverse m agnetic field as 

discussed section 4.4.1. From the gradient of the resulting stra igh t line the 

carrier density can be deduced using the equation (4.9a). Also, th is data  can be 

analysed by the fast Fourier transform  (FFT).
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Figure 4.9 presents typical results obtained from both methods. The carrier 

densities obtained from both methods are of the same value w ithin the lim it of 

experim ental error. T ransport mobility and relaxation time can be obtained 

using equation (4.15) and (4.13).

C arrier density values from the period of the SdH oscillations, and 

from the Hall resistivity, tih, together w ith mobility, ju, and the corresponding 

transport relaxation times, are sum m arised in Table 3.

Sample

ID

T(K) ns

xlO^^cm'^

Tiff

xlO^^cm^ cm W -s ps

BF213 4.2 0.71 0.7 56460 6.3

1.60 0.71 0.7 65900 7.12

0.093 0.70 0.69 69700 7.53

BF313 4.17 1.29 1.22 29600 3.21

1.63 1.26 1.22 32600 3.53

0.05 1.26 1.27 33700 3.64

BF314 4.2 1.22 1.11 32770 3.55

1.7 1.15 1.13 34520 3.75

0.05 1.13 1.09 37080 4.03

T ab le  4.3 Magnetotransport results for samples BF213, BF313, and BF314, between 4.2K 

and 0.05K,

The close agreem ent between and rifj indicates th a t parallel 

conduction in the doped supply layer has been completely frozen out; th is is 

confirmed by the absence of background positive m agnetoresistivity in the
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curves in figure 4.7 and 4.8. Although BF313 and BF314 have sim ilar 

structures, sample BF314 has a sm aller carrier density th an  BF313 due to the 

longer time taken  for the delta deposition in BF313. Sample BF213 presents a 

typical value for the carrier density found in the litera ture  for sim ilar 

structures [20]. It also contains the largest mobility and relatively small 

carrier density, whereas the lower mobility together w ith the highest carrier 

density is found in BF313. All m easured values for the electron mobility of our 

samples are much lower than  the best values which can be found in the 

lite ra tu re  [21,22] because the level of large-angle background im purity 

scattering is slightly greater th an  in our samples. This finding will be 

discussed further in the next section.

B. Quantum relaxation time and dominant scattering mechanism

The SdH oscillations in the low field regime, i.e. before the spin 

degeneracy is lifted, yield in teresting information regarding the dom inant 

scattering mechanism.

The m agnetoresistivity of a 2DEG is not solely governed by equation

(4.16), since there may also be contributions from electron-electron interaction 

[23,24] or parallel conduction [25]. To obtain the purely oscillatory component 

of m agnetoresistivity, the data need to be filtered to remove the background 

contribution which, in our samples, is quadratic in B, and is believed to be 

associated w ith electron-electron interactions [23,24]. Figure 4.10 shows the 

purely oscillatory p a rt Ap^ vs the inverse m agnetic field. Initially, the 

quantum  relaxation time, r̂ , can be determ ined fi*om equation (4.16).
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F ig u re  4.10 The pure oscillations vs the inverse magnetic field for BF213 at 0.093K,

A typical result of the analysis using this approach, for samples BF213 

at 93mK, is shown in figure 4.11(a), where p^/poX(T) is plotted against 1/B on 

the semi-logarithmic scale. Figure 4.11(a) compares well w ith the results of 

equation (4.16) a t this low tem perature. In contrast, a set of data  from the 

same sample a t 0.9K is shown in figure 4.11(b)(open circles). Open circles in 

figure 4.11(b) indicates th a t the intercept has deviated from the expected value 

of 4 [18]. The filled circles in figure 4.11(a) and (b) show the effect of neglecting 

the therm al damping term  X(T) in equation (4.16) by assum ing th a t it is unity, 

i.e. rew riting equation (4.16) as :

‘̂ P Â B )= 4po€xp
\  J

(4.18)
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F ig u re  4.11 Dingle plots for BF213 (a) at 0.09K (b) 0.9K. The open circles represents the 

data with thermal damping included using equation (4.16), closed circles show the data 

without this term, from equation (4.18)
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The resu lts obtained from using equation (4.18) are linear over a wide range of 

VB, and also give the correct intercept. The therm al damping factor indeed 

reduces to unity  in the lim it of extremely low tem peratures a t which point the 

am plitude of the oscillations becomes tem perature independent. At higher 

tem peratures, however, the theoretical therm al broadening contribution is 

expected to be significant. A system atic error is observed when equation (4.16) 

is used to estim ate the quantum  relaxation time, bu t th is error can be removed 

by ignoring the therm al damping factor. Figure 4.12 shows th a t the quantum  

relaxation time obtained from equation (4.16)(open circles) increases with 

tem perature between 0.05K and 1.6K, for both BF213 and BF313. Thus, the 

effect of incorporating the therm al damping factor is to reduce the slope of the 

Dingle plot, giving not only an incorrect intercept (the largest intercept of our 

sam ples is 2 above 0.9K, as shown fig. 4.11), bu t also giving the highly 

improbable resu lt th a t increases w ith tem perature. The results of analysis 

w ithout the therm al damping term  show th a t r, is nearly constant, 

independent of tem perature (figure 4.12, filled squares) as expected for ionised 

im purity scattering in a degenerate electron gas. The fall in  a t the highest 

tem perature point can be ascribed to greater acoustic phonon scattering, 

where the increased rate  a t 1.6K corresponds to an  acoustic phonon lim ited 

quantum  relaxation time of 1.4ps and l . lp s  in sam ples BF213 and BF313, 

respectively. These relaxation tim es scale w ith the carrier density

approxim ately as n consistent w ith deformation potential scattering in a 2D 

system [27]. The reduction in r  w ith increasing tem perature is significantly 

greater than  the corresponding decrease of 5 and 3%, respectively, in zj, which 

can be related  to acoustic phonon lim ited transport relaxation tim e of 130ps 

and 120ps a t 1.6K. The difference in behaviour can be explained by the greater
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sensitivity of the quantum  relaxation tim es to small-angle scattering, which 

will dominate in the present situation where electrons a t the Fermi energy of a 

degenerate distribution are scattered by low tem perature phonons.

Recent work [28,29] has also indicated th a t if equation (4.16) is used at 

sim ilar tem peratures to analyse the data  from GaAs/AlGaAs heterojunction, 

the intercept deviates from 4, and the corresponding value of increases w ith 

tem perature, bu t th a t if the therm al damping term  is ignored, these anomalies 

are removed. There is currently no established theoretical explanation for the 

apparent lack of therm al damping in the SdH oscillations. For GaAs/AlGaAs 

heterojunctions, deviation from the theoretical model of equation (4.16) has 

been a ttribu ted  to a field-dependent effective m ass [30], while Coleridge et al.

[28] have considered, bu t rejected, tem perature dependent oscillations in the 

Ferm i level, and weak localisation. More recently, Hayne et al. [29] have 

observed quantum  Hall plateaux using the time-dependence of persisten t 

photoconduction in GaAs/AlGaAs 2DEGs, and interpreted their resu lts using a 

model in which the extended states a t the centre of each Landau level occupy a 

fixed energy range; one consequence of th is approach would be th a t the 

therm al damping term  disappears from the expression for the evaluation of 

SdH amplitudes, in accordance w ith their experim ental results.

It has been pointed out in section 2.4.2 th a t the formula used here to 

describe the oscillations is in fact only the first term s of a harm onic series. If 

higher frequency term s were not negligible, the am plitude of the fundam ental 

term  would decay more slowly w ith increasing 1/B, corresponding to an even 

higher value of Thus the omissions of these term s does not explain the 

experim ental observations.
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Coleridge et al. [17] and Das Sarma et al. [9] have pointed out tha t for 

a short-range range scattering potential the ratio is close to unity,

whereas for long-range scattering this ratio is much larger as already 

explained in section 4.4.2.C. Indeed, for modulation doped GaAs/Al^Ga .̂̂ As 

structures, this ratio has been reported to he 10 or greater [10].

Samples

I.D.

T

# [K] K [ps] '  [ps]
&

[cmWs] [cmWs] _

BF213 ''% 0.09 0.81 7.53 7538 69700 9.3

1.63 0.52 7.12 4812 65900 13.7

BF313 0.06 0.45 3.64 4144 33700 8.09

1.63 0.32 3.53 2947 32600 11.2

BF314 0.05 0.59 4.03 5460 37080 6.83

1.7 0.49 3.75 4536 34520 7.6

Table 4.4 Transport and quantum relaxation times determined in 2DEG samples.

The ratio, for all our samples ranges about 7-9, demonstrating 

the expected dominance of small-angle remote impurity scattering. However, 

Stern et al. [31] have calculated values for the spacer layer thickness of 

15nm. The ratio, obtained from their calculation is found to be above 10 

for small-angle remote impurity scattering. However, in our samples, where 

the spacer thickness is also 15nm one cannot draw the conclusion th a t based 

on their calculations, the mobility is limited by remote impurity scattering only. 

Consequently we suggest that the level of large-angle background impurity
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scattering is slightly greater in  our samples th an  reported in other litera ture  

[21,22].

The nearly constant value of the ratio suggest th a t the difference in 

mobihty between BF213 and the sim ilar structures BF313 and BF314 (grown 

later) cannot be ascribed solely to an increase in the background doping level 

in the la tte r samples; there m ust also be an increase in the small-angle 

scattering rate. A possible in terpretation arises from the difference in dopant 

distribution in  the two sets of samples, since in BF313 and BF314, the growth 

was in terrupted  briefly a t the s ta rt of the supply layer, to allow an 

accumulation of As on the surface which is expected to compensate for the 

strong tendency of th is dopant to surface segregate. Thus the concentration of 

ionised im purities close to the 2DEG would be greater in the samples than  in 

BF213, where the segregation would introduce a gradual build-up in  doping 

level, as the growth of the supply layer progressed. The transport relaxation 

time would therefore be shorter in the la tte r structures, bu t an increase in 

background scattering would also have to have occurred, to change the 

quantum  relaxation time by approximately the same factor.

4.5 Conclusion

To sum m arise, m easurem ents of the oscillation of the transverse 

m agnetoresistivity, i.e. Shubnikov-de H aas effect (SdH) and the quantum  Hall 

effect, have been carried out in the low tem perature regime (0.05K to 4.2K). 

Pronounced Shubnikov-de H aas oscillations in w ith corresponding 

quantum  Hall p lateaux in which are indicative of a well-behaved two- 

dimensional electron gas (2DEG) in  the Si channel can be seen in all three
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samples. To determ ine the characteristics of the two-dimensional electron gas, 

the electron density and mobility are calculated from the period of Shubnikov 

de H aas oscillation and the zero field resistivity. From this method, the 

electron mobility is found to be 69700cmW s a t carrier density of ~ 7x l0“ cm'^ 

for BF213, 33700cmW s w ith the carrier density ~1.25x10^^ cm^ for BF313, 

and 35810 cm W s w ith ng~1.13xl0^^cm'^ for BF314. All sam ples have shown 

th a t the lifting of four-fold degeneracy for each Landau level (two for spin and 

valley) is well resolved a t relatively low fields, and the lifting of the spin 

degeneracy can first be observed for the magnetic field a t around B=2T for all 

samples. The valley splitting, characterised by the odd filling factors, can be 

resolved a t about 6T. Vanishing longitudinal resistivity can be observed at 

filling factors v=4, 6, 8. It has been observed th a t the carrier density evaluated 

from the SdH oscillations is very sim ilar to th a t obtained from the low-field 

gradient of the Hall resistivity suggesting th a t there is little parallel 

conduction in the Sig^Geog supply layer a t these low tem perature. The low 

tem perature Shubnikov-de H aas effect has been analysed to extract the 

quantum  relaxation time. Using conventional Dingle plots based on equation

(4.16), the intercept of the fitted curve has been found to fall below the 

expected value of 4 a t tem peratures where the therm al damping term , X(T), 

departed significantly from unity, i.e. above ~0.3K. The corresponding 

quantum  relaxation tim e increased with tem perature in the range between 

~0.3K and 1.6K. We then  analysed the data  using a modified expression, 

equation (4.18), in which the therm al damping term  was neglected. This gave 

plots w ith the correct intercept, and a quantum  relaxation time which was 

nearly constant w ith increasing tem perature. We in terpret these results as 

showing that, since a t very low tem peratures the SdH oscillations appear to
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behave as expected theoretically, is it the therm al damping term  which is 

anomalous. The decrease in quantum  lifetime observed a t 1.6K is a ttribu ted  to 

acoustic phonons, whose increased contribution to the small-angle scattering 

has a large effect on r , but only changes by a few percent.

The ratio of transport and quantum  relaxation time indicate th a t the 

dom inant scattering mechanism lim iting our sam ple’s mobility is small angle 

remote im purity scattering. However, the level of large-angle back-ground 

im purity scattering in all samples is slightly greater than  sam ples reported 

from the other group [21,22].
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Chapter 5

Tilted magnetic held studies of spin splitting of

the Landau levels.

5.1 Introduction

In the past three decades there has been considerable in terest in the 

magnetic field dependence of the spin and valley degeneracy. Various groups 

[1-6] have extensively studied the magnetic field induced lifting of the spin and 

valley degeneracy in the metal-oxide-silicon (MOS) systems. Such systems 

exhibit properties th a t are very different from the bulk m aterial. One such 

property is th a t the Lande g-factor is considerably larger th an  the bulk value 

of 2 [7], th is was discovered using the tilted  magnetic field method first 

developed by Fang and Stiles [1], which increases w ith decreasing electron 

concentration. The enhancem ent of g  and its inverse dependence on have 

been a ttribu ted  to the exchange interaction as proposed by Jan ak  [8]. Since 

then, a num ber of groups [9-12] studied the in teresting consequences of g- 

factor enhancem ent, g*, in a two-dimensional system, in  particu lar Ando and 

U em ura [10], who first pointed out th a t the g-factor enhancem ent should be an 

oscillatory function of the magnetic field. The physical idea behind th is 

periodic g-factor enhancem ent is the following: the Zeeman spin splitting has 

been shown [8] to be increasing by the exchange interaction, which is greatest 

where difference between the occupancies of the spin-up and spin-down 

Landau levels is large. This population difference depends on the position of 

the Ferm i level, which changes relative to the Landau levels as the field is
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changed. Resistivity or conductivity minima occurring when the Ferm i level 

lies between two spin split states of the same Landau level will correspond to a 

m aximum enhancem ent, leading to a larger g*-factor, while for a Ferm i level 

between the spin sta tes originated from different levels the population 

difference will be much sm aller leading to a sm aller ^ ‘-factor. This gives rise to 

the observed oscillatory enhancem ent of the effective g-factor.

The most commonly employed method to obtain the m agnitude of the g- 

factor involves tilting  of the sample relative to the magnetic field direction. 

The Landau splitting is only determ ined by the perpendicular component of 

m agnetic field, whereas the spin splitting is proportional to the total 

magnetic field, B. Therefore in tilted  magnetic fields, the spin splitting can be 

enlarged in comparison w ith the Landau level splitting, and can be determ ined 

w ith respect to the Landau splitting, using, for example, m easurem ent of the 

corresponding change in SdH oscillations.

Another unsolved property of 2DEGs formed on (100) Si is the nature 

of the two-fold valley degeneracy. Several models [13,14] have been proposed 

to describe the occurrence of valley splitting, but agreem ent between theory 

and experim ent rem ains unsatisfactory. The m agnitude of th is splitting is 

expected to increase w ith the electric field, and thus w ith the carrier density, 

w ithin the quantum  well [15], although the opposite has been observed 

experim entally in Si MOSFET structures. Kohler et.al.[16-17] tried to 

determ ine the m agnitude of the valley splitting, using a slightly different 

argum ent of the phase change of the SdH oscillation. They tilted  the magnetic 

field and realised a situation ^C0c/4^AE^. From th is method, they obtained 

AE^^<^0.69meV a t Bj=15,2T, for an  electron concentration of n =2.4x1 O^^cm' .̂ 

Most theoretical calculations in the literature have only considered the bare
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(B=0) valley splitting [13,14,18], and predict values for the m agnitude of 

th a t are much sm aller than  th a t are observed experim entally [16-17]. This 

situation strongly suggests th a t the valley splitting is also enhanced by 

exchange interactions in high magnetic fields as proposed by Ando et. al. [10].

In  th is chapter, a study of the ^ ‘-factor is presented in a Si/Sio^Geoa 

heterostructures by the tilted  field method, showing clear evidence for both 

enhancem ent and oscillatory behaviour. However, the value of the valley 

splitting can not be determined due to the lim ited mobility of our samples.

The rem inder of th is chapter is organised as follows. In  section 5.2 the 

theoretical background is presented. In  section 5.3, a description of the 

experim ental method used to obtain the data  is presented and the 

corresponding results are discussed in section 5.4. The conclusions are 

sum m arised in section 5.5.

5.2 Theoretical background

As discussed in previous section, the tilted  field method allows 

separate control of spin and Landau level splitting, and th is can be applied to 

m easure the g-factor enhancem ent. I t is also worth discussing the 

m easurem ent conditions used in some detail, since these can be quite complex 

for a system w ith an oscillating g*-factor. In tilted-field, the energy levels are 

given by

E  = 1 *
2

fiœ^±—g MbB =  n + — — -c o sO ± —g ju^B (5.1)
m 2
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r=g b̂B/«ü),

Figure 5.1 A schematic view of the energy levels for Landau quantum number (N-1) and N.

where 0 is the tilt angle. Making the simplifying assum ption of a constant g* 

factor will lead to an evenly spaced ladder of levels whenever the condition

(5.2)

is satisfied, where r -1 /2 , 3 /2 , 5 /2  corresponds to a ladder of a lternating  spin 

levels, and r= i ,2,5,...corresponds to a ladder w ith coincident spin-up and spin- 

down levels from different Landau level. These conditions are shown 

schematically in figure 5.1, where the energy levels are shown for a constant 

perpendicular field component and increasing total field, and hence spin 

splitting.

Since the resistivity values of the SdH oscillation m inim a are
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dependent upon the energy spacing of the broadened Landau levels, the level 

spacing are approximately equal when the resistivity of adjacent m inim a are 

equal, assum ing th a t change in Landau level half-width is sm all over field 

range involved. At th is point equation (5.2) is described by the following 

formula [19]

§  MB l̂{v=n±2) _  ^  MB^l{v=n)

where is the perpendicular component of the m agnetic field a t the v = n 

SdH m inim a (Landau level occupancy, i.e. v=4, 8, etc.) and is the tilt

angle a t which the resistivities of the v=n and v=n±2 m inim a are equal. Since, 

for constant carrier density,

± (5.4)

equation (5.3) can be solved for g* and simplified to

g  = n ± l \m  J

where the definition /Ug = e^/2mg  has been used as mentioned chapter 2. 

Therefore, from (5.3), one can obtained the value of g*by determ ining the tilt 

angle a t which the resistivity of adjacent m inim a are equal [19].
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5.3 E x p e r im e n ta l  M ethod

The tilted  magnetic field experiments have been performed on BF314. 

The sam ples were mounted in the dilution refrigerator to perform 

m agnetotransport m easurem ents a t tem peratures down to O.IK. At this 

tem perature, the samples show an electron mobility as high as //=35810cm W s 

w ith the carrier density rtg=1.13xl0^^cm  ̂ as discussed chapter 4. The sample 

holder allowed the tilt angle 0 between the magnetic field and the sample 

norm al to be changed in the range 0-90°.

The m agnetic field dependencies of the longitudinal resistivity and 

Hall resistivity were m easured for different tilt angles a t O.IK in magnetic 

fields up to 1ST. All m easurem ents are performed using phase-locked 

m easurem ent techniques, w ith a driving current of 50nA.

5.4 R e su lts  a n d  d isc u ss io n

In figure 5.2, data  from the SdH and Hall m easurem ents a t ^ 0 °  are 

displayed. The large plateau, visible around B=15T, corresponds to a filling 

factor v=3, indicating the valley splitting. The p lateau  around B=11.5T 

represents the first filled Landau level (v^4). Between 12T and 6T, p ^  exhibits 

three minima. At 9 .IT  and 6.54T the valley splitting a t v=5 and a t v=7 can be 

observed. Spin splitting is resolved a t around 7.53T(v=6). At lower fields, SdH 

oscillations can be observed as the spin degenerate Landau levels are 

depopulated, bu t higher-index valley degenerate Landau levels can be not 

resolved due to the lim ited’ mobility in th is sample. The spin splitting is 

observable down to B=2.6T, w ith the SdH oscillations them selves beginning a t 

B=0.8T.
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Figure 5 .2  Longitudinal resistivity and Hall resistivity versus magnetic field B(T^O.IK). 

Filling factors indicated with arrow and numbers.

Typical dependencies of the longitudinal resistivity a t different 

values of 0 are presented in figure 5.3. For the traces a t ^65 .1°, the minima 

corresponding to the integer filling factor become shallower, while the minima 

of the spin splitting get deeper. For the traces a t ^71.33°, the minima 

corresponding to the Landau splitting disappear. Instead, m axim a are 

observable a t filhng factors v=16, 20, 24 , due to the coincidence of the spin

levels of adjacent Landau levels as shown figure 5.1 (condition r  = 1). As 

m entioned earlier, since the spin splitting is an  isotropic effect, it is 

determ ined by the total magnetic field, B, while the Landau splitting depends 

only upon the perpendicular component of the field. The spin splitting thus 

becomes relatively more pronounced as the sample is ro tated  toward the 

higher magnetic field, as can be seen in figure 5.3. This fact m ay be used to
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m easure g*, which can be analysed from the relative am phtudes of the 

oscillations and their angular dependence using equation (5.2) by r  =1, as first 

reported by Fang et al. [1].

0=71.33“ v=20 v=16 v=12 v=8300

0
0=42.33“

Q.

0 ------
300

0
62 40

B,[T]

Figure 5.3 Longitudinal resistivity Pxx for different angles (0=71.33°, 65.1°, 53.29°, 42.33°, 

31.87°, 0°) versus normal component of magnetic field The positions of some integer filling 

factors are indicated by the dotted lines.

As shown the figure 5.3, a t integer filing factor rises un til the 

coincidence is reached a t a certain  angle, 0. Since spin-and Landau-splitting

have the sam e size a t th is angle [ g * =  h(o  ̂ = heBcos0/m *  from equation

(5.2)], it is possible to extract the effective g-factor. Weitz et. al. [20] obtained 

the results from th is condition th a t the g* stayed almost constant 28> v > 16 in 

high mobility Si/Sio ̂ gGeo gg heterostructures.
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Figure 5.4 The typical results of for ^60.72° and 50.1® versus normal component of 

magnetic field between 3 and 6T. One can see that the resistivities of the adjacent minima 

v«=8ol0 and 1 0 o l2 ,  respectively, are equally resolved.
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On the other hand, the relation in equation (5.5) can be used to 

determ ine the value of g*, when the resistivity of m inim a are equal as 

discussed previous section. We observed equal m inim a of the adjacent 

resistivities for followed situation: 42.33°, 60.72°, 50.1°, 58°, 50.7°, and 57.1° for 

v= 6o8 , 8<=>10, 1 0 o l2 , 1 2 o l4 , 14<=>16 and 16<=>18, respectively. Typical 

traces for two of these are shown in figure 5.4.

The effective g-factor has been m easured as a function of the Landau 

level index for a fixed electron concentration a t T^O.IK. As shown in figure 5.4, 

since a t v ^ lO o l2  are equal a t the tilt angle of 50.1°, it is possible to extract 

the effective g  factor from equation (5.5). The effective g  factor obtained from 

such method is 3.07±0.01. The resulting values of g* determ ined from equation 

(5.5), a t which equal resistivity minimum for v=6<=>8, 8<=>10, 10<=>12, 12<=>14, 

14<=>16 and 16<=>18, occur, are plotted in figure 5.5.

The g* from the data is seen to oscillate, w ith greater variations as v is 

reduced. The values of g*=3.34±0.05 for v^6o8 , decreases to 2.86±0.06 for 

v=8<=>10, and then  increases again to g*=3.07±0.01 for v = 10o l2 . The g* below 

v=6<=>8 can not be observed because of the hm ited field range of magnetic field 

or lower mobility. I t should be the effective g*-factors obtained by our method 

are average values for the two Landau levels g*-factor. However, it does not

contradict the behaviour of an oscillatory g-factor because the value of g *^„±2

determ ined by th is method is a weighted average of g*-factors for v=n and 

v=n±2. For instance, if we assum e th a t each m inim um  v=n in  the SdH 

characteristic has a certain value g* associated w ith it, for example

^8 -ë*v=8>ê]o =sl=io^ etc, then the g-factor determ ined from equation (5.5) is 

equal to [19]
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F ig u re  5.5 Plot of effective g-factor for various Landau level coincidences on BF314.

^ n ± 2 \  * (  n ^
ën + \ n ± l j ë  n±2 (5.6)

Now, for example, considering the case y =10 o l 2  and v=12<=>14, the 

following resu lt can be obtained

ësc^io ^ ^ ë lo \>  ë]o<^l2 ] (5.7)

From equation (5.7) it is clear th a t is weighted toward g l , while

ëw ^i2 is weighted toward . Since the Ferm i level lies between two spin 

split sta tes of the same Landau level a t v=10, g*jg is expected to be larger than
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gg due to the exchange interaction as discussed section 5.1. From the 

experimental results the above relations are satisfied since while

gl^io=2.S6. From equation (5.6), assuming a value for the minimum g* at 

v^4,8,12 etc., it is possible to evaluate the maximum values for v= 6, 10, 14 etc.. 

This is done in table 5.1 for a) the bare g* value of 2, and b) values estim ated 

from the acivation analysis in chapter 6.

3.90 3.15 3.1

3.96 ^.45

4.^ ^ .4 / 3.35

4.0<g &54 &47

T able  5.1 Calculated valu es of the maxim um  ^‘-factor under the assum ption of the constant 

m inim um  g'-factor.

Table 5.1 shows the maximum g* calculated under the assumption of 

constant minimum g'-factor. Hence, the oscillatory features observed in this 

sample agree with the theoretical prediction [10].

If the valley splitting is significant in this field range, one cannot 

obtain an effective g  factor from a study of the angular dependence of near 

coincidence in this magnetic field range. However, level widths of spin splitting 

levels estim ated from equation (5.2) are typically -1.75meV at B=7.6T, which 

is much larger than  the valley splitting calculated theoretically, i.e. Ohkawa 

et.al.[21] determined values of A E= 0.2(nJ 10^^)meV for Si inversion layer 

giving 0.2meV for our sample. Thus, it can be expected th a t the influence of 

the valley splitting can be neglected.
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5.5 C onclusion

In summary, SdH oscillations corresponding to the spin-split Landau 

levels of a 2DEG in SioyGeog/Si heterostructure have been studied with 

m agnetic fields of up to 15T. Unfortunately, the information about the valley 

splitting can not obtained by our experiment, because of the lim its set the 

mobility and the magnetic field. The experiment used to obtain the effective g~ 

factor employed the method of the tilt magnetic field, where a tilt angle th a t 

causes adjacent SdH m inim a to be equal is used to determ ine the g . The 

effective g  factor for v=^10ol2 is found to be 3.07 ±0.01. The results indicated 

th a t the effective g  factor oscillates as a function of the filling w ith greater 

variations as v is reduced. The values of g* obtained from th is method are 

weighted average values, and thus the actual individual oscillatory behaviour 

is likely to be much stronger. The oscillatory behaviour of the g* from the data 

exist throughout the whole range of the filhng factor, w ith greater variations 

as V is reduced.
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Chapter 6

Electron conduction within Landau level tails

6.1 In tro d u c t io n

It was first dem onstrated by von Klitzing et al. [1] th a t a two- 

dimensional electron gas in a Si MOSFET a t low tem peratures and in high 

magnetic fields perpendicular to the plane could exhibit very precise 

quantisation of the Hall resistivity a t integer filling factors as discussed in 

chapter 2.4.2. The essence of the integer quantum  Hall effect (IQHE) is th a t 

the quantisation p^=h/ve^ a t a filling factor v exists for a wide range of the 

m agnetic field, and of the carrier density n .̂ Accuracy of ~ lp a r t  in 10® has been 

obtained for samples w ith different electron and im purity concentrations, 

despite the effect of electron-electron interactions and random  im purity 

potentials. At the same time the longitudinal resistivity displayed a sharp 

minimum. The density of sta tes of the two-dimensional electron gas becomes 

completely discrete in the presence of a strong m agnetic field perpendicular to 

the surface. Prange [2], Laughlin [3], and H alperin [4] have argued th a t as 

long as the Ferm i level lies in the region of localised sta tes between two 

current carrying regions of extended states, the Hall conductivity (j^ is 

quantised and cr^ vanished. Under these conditions, the m easured value of p ^  

approaches the universal value [h /ve^)  as the tem perature is lowered. One of 

the mechanism s responsible for the appearance of dissipative longitudinal 

conductivity in the 2DEG, arising as a result of localisation of electrons, is the 

therm al activation of electrons into the extended electronic states.
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M easurem ents of the therm al activation dependence of the dissipative 

conductivity are widely employed for determ ining (a) the difference, A, 

between the mobility edge and the Ferm i level, and (b) the density of states of 

L andau levels [5-7]. Energy gaps, 2A  ̂ between adjacent Landau levels can be 

observed if the level broadening is sm aller th an  the energy separation. With 

decreasing tem perature, the electrical conductivity of doped semiconductors 

depends on the density of states close to the Ferm i energy and the radius of 

localisation of the charge carriers bound to im purity sta tes (“Bohr rad ius”). At 

very high doping levels the large overlap of the wavefunctions leads to 

im purity-band conduction and results in a finite conductivity a t T=OK: the 

system  has become metallic. Below the m etal-insulator-transition, however, 

the carriers are localised a t the doping sites and charge transport takes place 

by hopping conduction. This is a therm ally activated tunnelling process and 

can occur over a range of distances between doping sites; it is therefore known 

as “variable-range hopping” (VRH). In th is chapter, the tem perature- 

dependent conductivity cr  ̂ is investigated in the tem perature range from 

~50mK to 4.2K. Above IK, cr^ followed a therm ally activated tem perature 

dependence, while below IK, cr  ̂can be analysed by hopping conduction theory.

The subsequent sections are organised as follows: the experim ental 

conditions are presented in section 6.2. The theory, the experim ental results 

and discussions of results are divided into three parts. Firstly, the theory and 

the im portant results from therm ally activated transport m easurem ents are 

discussed in section 6.3. Secondly, section 6.4 gives a discussion about the 

density of sta tes between the Landau levels. Thirdly, the theory and the 

experim ental results of the hopping conduction are covered in section 6.5. 

Finally, conclusions are presented in section 6.6.
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6.2. E xperim ents

250

200

150

Q. 100
0.95mV/cm
1.9mV/cm
19mV/cm
95mV/cm

2 3 40 1

B[T]

F ig u re  6.1 SdH oscillations p„ (B) at T«0.1K for different bias currents (sample BF314)

Two different samples have been employed in th is study. All samples 

are grown on top of a “relaxed” v irtual substrate  as discussed in chapter 4 a t a 

tem perature of 520°C, and patterned  into a Hall bar geometry (400x80pm^). 

The details of the layers are discussed in chapter 4.2. Sample BF213 had 

following basic param eters: 7ts(93mK)=7.02xl0^^cm'^; //(93mK)=69700cmWs. 

The other sample denoted here as BF314 has been characterised by the values: 

n^(50mK)=1.13xl0^^cm‘̂ ; //(50mK)=37080cmWs.

Both components, (T) and (T), of the resistivity tensor have been 

sim ultaneously m easured a t tem peratures between 4.0K and 50mK using 

standard  low frequency ac transport techniques, a t a frequency of around lOHz 

and in perpendicular fields of up to 1ST. p^JT) is m easured w ithin the
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tem perature range 50mK-1.5K (in a dilution refrigerator) and 1.6-4.2K (in a 

variable tem perature insert cryostat), a t the High Magnetic Field facility in 

Grenoble.

In order to make sure th a t the tem perature-dependent experiments 

were not influenced by electron heating effects, the m easurem ent of SdH 

oscillations, by varying the bias current, has been performed a t the lowest 

possible tem perature. Figure 5.1 shows such SdH traces of (B) for BF314 

w ith current levels 50nA < I < 5pA a t the tem perature of O.IK. A clear 

decrease in the SdH peak intensity is observed w ith increasing current. While 

the oscillations strongly depend on I  a t high current levels, they saturate  

below about I  » lOOnA. The conductivity cr^ (T) can be calculated by using the 

expression

6.3. Thermal activation energy

6.3.1 Theoretical background

Transport m easurem ents in the quantum  Hall regime have been 

widely used to investigate the fundam ental physics of electron conduction in 

the case of a quantised two-dimensional electron gas in strong perpendicular 

m agnetic fields. I t is generally accepted th a t the integer quantum  Hall effect 

(IQHE) can be understood in term s of localised and extended single electron 

sta tes as discussed in chapter 2.4.2. While the la tte r form very narrow energy
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Figure 6 .2  Model for the density of states of a 2DEG in a strong magnetic field. The

mobihty edges E,„ separate localised states from extended states.

bands of w idth centred a t Landau-level energies the former fills the 

mobility gap of width (^co^-Fj as shown in figure 6.2 and do not contribute to 

the longitudinal conductivity a t least in the lim it T-> 0. If  the energy 

separation between the Landau levels (LL’s), i.e., the cyclotron energy is 

much larger th an  the LL linewidth, all electrons w ithin the LL tails are 

considered to be localised. Such a picture has been supported by the 

m easurem ent of therm ally activated electron transport in two-dimensional 

electron gas (2DEG) structures in strong m agnetic fields, corresponding to an 

integer filling factor v, i.e. to the centre of a mobility gap. When the Ferm i 

level lies in the middle between two Landau levels, has the form [8-10], 

provided the tem perature T is not too low

a ^ ^ G o e x p { - A / k g T ) (6.2)
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with the activation energy A^/icoJ2 for the ideal case. The prefactor Gq has 

a ttracted  a great deal of in terest since it has been found from the investigation 

of high-mobility heterostructures in GaAs/AlGaAs [10,11] th a t Gq is equal to 

/ h  independent of the sample and the filling factor. Although good fits to 

equation (6.2) in a finite tem perature interval have been reported [12-15], the 

universality of the prefactor Gq has been disputed both experim entally [13] and 

theoretically [14]. Recently, Polyakov and Shklovskii [15] have reported th a t Gq 

in equation (6.2) can be derived from percolation theory in the lim it of a long- 

range im purity potential, which is typical for high mobility modulation-doped 

GaAs/AlGaAs heterostructures, and predicted th a t it is ju st in the centre of a 

mobility gap th a t th is prefactor equals 2e^/h, i.e. it is twice as large as th a t 

found experim entally by Clark [10,11]. Dorozhkin et al. [7] found 

experim entally th a t the prefactor Gq was changed from 2e^/h  to e^/h. Dunford 

et al. [16] have found in an experim ent using AlogGaogAs/InogGaog/GaAs 

quantum  wells th a t Gq was increased continuously w ith decreasing magnetic 

field.

6.3.2 R e su lts  a n d  d isc u ss io n s

Figure 6.3 shows the magneto-conductivity of BF213 as a function of 

m agnetic field a t three different tem peratures. The oscillation m inim a are 

m arked w ith the corresponding filling factor v. Spin splittings are resolved for 

v=2 a t tem peratures between 1.6K and 4.0K, bu t for v=6 they can only be 

resolved only a t 1.6K. The valley splittings, however, are not resolved in this 

tem perature region. In  figure 6.4, the graph of adm easurem ents for BF314 is 

shown.
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F ig u re  6.3 Calculated using equation (6.1) from experimental recording of Shubnikov- 

de Haas oscillation and the quantum Hall effect between 1.6K and 4,OK for BF213.
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F ig u re  6.4 Magneto-conductivity cr^ between 1.6K and 4.GK for BF314.
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Although the curves for both samples are very similar, BF314 displays 

v=4 a t a higher field due to its higher carrier concentration th an  BF213 (see 

chapter 4.4.3). Spin splittings can be resolved for v=6,10, bu t valley splitting at 

y=5 is resolved only a t 1.6K.

Filling factor

V

4 8 12 16

B(T) 7.10 3.58 2.38 1.82

^ 0 ) ^ / 2  (meV) 2.17 1.10 0.72 0.56

zl(meV) 0.90 0.45 0.20 0.23

(a) BF213

Filling factor

V

4 8 12 16

BÇT) 11.5 5.74 3.85 2.86

^cO c/2(m eV ) 3.51 1.75 1.17 0.87

A(meY) 1.85 0.65 0.36 0.24

(b) BF314

T ab le  6.1 Extrapolated values of A from figures 5.3 and 5.4 for BF213 and BF314.

From the tem perature dependence of magneto-conductivity cTĵ (T) 

obtained by equation (6.1), the activation energy A can be extracted from the 

linear p a rt of an Arrhenius of the data  points. In all cases, <ĵ  has been 

m easured a t the symmetry point between adjacent levels where the density of 

sta tes D(E) is assum ed to have a minimum (i.e. where dD(E)/dE=0).

Figure 6.5 shows the experim ental results of t/=4,8,12, and 16

in  standard  A rrhenius plots for BF213 and BF314. All the plots have 

substan tia l straight-line regions, bu t curve away from the straight-line a t low 

tem perature.
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F i g u r e  6 .5  Detailed temperature dependence of for the integer filling factor between 4 

and 16 of BF213 and BF314. The solid lines are fits to data using equation (5.2).
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The least-squares fit to the expression cr^{j')=(Jo exp (-A /k ^T ) is 

carried out between 4.2K and 1.5K, and the expected exponential behaviour 

has been observed. These values a t integer filling factors between Landau 

levels 1-2,2-3,3-4,and 4-5 obtained from figure 6.5 are sum m arised in Table 6.1. 

The A is equal to the cyclotron energy, ^co j2, for an  idealised system. However, 

it is usually sm aller due to spin-splitting, valley-splitting, and a finite

linewidth of the extended states. Hence, in general, the condition,

g*/UqB-AEJ  (assum ing AE=0.2(ng/ 10^^)meV is valley splitting in Si inversion 

layer[17]), is expected, where jub is the Bohr magneton, is the energy of 

valley splitting and 7% is the width of the region of extended states(see figure 

6.2). The w idth of region of extended states a t integer filling factor v=8 and 12 

for BF314 are sm aller th an  F  which characterises the to ta l broadening of 

L andau as shown the table 6.2, using the enhancem ent g-factor which is 

obtained in  chapter 5.

Filling factor

V

P^^(meV)

8 0.99 1.29 1.12 1.59

12 0.71 0.95 1.12 1.07

(1) using the enhancement g-factor (see chapter 5): g*g^io=2.86 for v=8, g'i2oi4=3.00 for v«=12
(2) using the bare g-factor
(3) using the broadening of the Landau levels by the uncertainty principles
(4) using /"by the self-consistent Born approximation

T ab le  6.2 Comparison with the width of the region of extended states and the Landau level 

broadening( the full width at half maximum) for BF314,
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However, if we used the bare g-factor, we obtained the unreasonable 

value of the w idth of extended sta tes a t v=8, i.e. it is larger th an  the width of 

the broadened L andau level evaluated from uncertain ty  principle. Therefore, 

such a reduction in  the activation energy has been a ttribu ted  to the fact th a t 

the Lande g-factor should be considerably larger th an  the bulk value g=2[18], 

and could be originated from the broadened Landau levels.

Calculations using equation (6.2) provides not only the energy gap A 

bu t also the value of the pre-exponential factor ctq The pre-exponential factor 

obtained from the A rrhenius plots are (jQ=1.2~2e^/h between v=4 and v=16 for 

BF213 and IJ e ^ /h , 1.9e^/h for BF314 at v=4 and v^8. Therefore, the values of 

prefactor a t 4 > v for both samples are m arkedly higher th an  e^/h. O ther 

experim ents on GaAs/Al^Gai.^As heterostructures have reported th a t the 

values of <Jq deduced from A rrhenius plots showed considerable scatter. Usher 

et al. [12] have obtained larger values of cTq of up to 2e^/h  a t v=2. For a p-type 

GaAs/Ing gGao gAs/GaAs quantum  well, (Tq has been found to be ~2c^//i for v=3- 

7 [19]- Polyakov et al. [14] have reported theoretical calculations of the pre

exponential factor for activated conductivity as discussed in 6.3.1. These 

calculations predict th a t when cTq is ^2e^/h, long-rang scattering dom inates 

and short-range scattering dominates when cTp is < 1. Hence, for both samples, 

one can imply th a t the values of prefactor a t v>4 should obviously be higher 

th an  e^/h. Therefore, our results for both samples seem to be better explained 

by the  theory of Polyakov et al. [14,15] based on long-range scattering.

As dem onstrated in figure 6.6, our sam ples show clearly th a t Gq 

increases continuously with decreasing magnetic field. A sim ilar resu lt is 

reported  for an  Alo gGag gAs/ Ing gGag gAs/GaAs quantum  well [16].
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F i g u r e  6 .6  Field dependence of the pre exponential factor Og for BF314.

There is currently  no established theoretical explanation for the 

observed increase of Gq a t low magnetic fields. However, Dunford et al. [16] 

suggested th a t the results seemed to be consistent w ith the behaviour th a t 

would be expected from self-consistent Born approxim ation calculations.

6.4 D ensity of states between Landau levels

6.4.1 Theoretical background

A microscopic theory of the quantum  Hall effect should give a correct 

description not only of the quantised resistivity values hut also of the 

transitions between the plateaux and the finite values of The origin of
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these plateaux is a ttribu ted  to the position of the Ferm i energy w ithin a  

mobility gap. The density of localised sta tes is unim portant for the discussion 

of transport da ta  a t zero tem perature, but becomes significant if variable 

range hopping (which includes the density of sta tes a t the Ferm i energy) plays 

a role.

N=o N=1

AE

/  An

F ig u re  6.7 Model for density of states at two different magnetic fields used to explain the 

reconstruction of the activation energies A [23].

Moreover, all transport theories include information about the density 

of sta tes (DOS) and the microscopic theory of the quantum  Hall effect or the 

longitudinal resistivity should give a  correct answer for the density of states. 

One of the first theories on the density of sta tes (DOS) assum ed short-range 

scattering. According to th is theory [20], the energy spectrum  of 2D electrons 

under a strong transverse magnetic field consists of a set of Landau levels of 

w idth as shown figure 6.7, which is represented by
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-Tiv -  ^
J

(6.3)

This self-consistent Born-approximation (SCBA) resu lt depends on B  and r,, 

thus leading to a broadening of the discrete energy spectrum  into an elliptic 

line-shape for the DOS. Therefore, the density of sta tes in the gaps between 

the levels is found to be extremely low, while w ithin the level, it is determ ined 

by the line-width derived in equation (6.3)[20]

1 - r,N
1/2

(6.4)

where E ^  = (iV + i  /  2 ^ 1(0  ̂ as discussed in  chapter 2.4.2. In  the absence of 

scatterers the density of sta tes has a (^function peak a t the position of each 

Landau level E=Ej^.

In  various experim ents carried out on GaAs-AlGaAs structures, 

involving an analysis of the heat capacity [21], the m agnetisation [22], and the 

therm ally activated magnetoconductivity [23], a common conclusion can be 

reached: The density of sta tes of the gaps in the energy spectrum  is 

approxim ately constant (D=D^, and it am ounts to a ra th e r significant fraction 

of the zero-field density of sta tes of 2D electrons, DQ=(gjn / tt̂ )  in case of Si 

(rn is the effective m ass, and is the multiplicity of the valley degeneracy.).

The density of sta tes can be directly determ ined by m easuring the 

energy of the Ferm i level as a function of the filling factor of a Landau level. 

The filling factor v can be changed either by the carrier density or the 

magnetic field, and the position of the Ferm i level can be deduced from an
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analysis of the therm ally activated conductivity (or resistivity) in the magnetic 

field range of the Hall plateaux, i.e. the locahsed region.

The tem perature dependence of for 1~4.2K is usually dominated

by an exponential term  corresponding to

P t" ' «  K " '  «  e x p { -A /k T )  (6.5)

The da ta  can be analysed by using a model [24] in which the 

tem perature dependence of the resistivity in the plateau  region (not only at 

integer filling factor) is described by an expression

Pxx ^  exp k T
(6 .6)

This forms the basis for the determ ination of the Ferm i level positions as a 

function of the filling factor, and for the direct m easurem ent of the density of 

localised states.

Changing the position of a Landau level relative to the Ferm i level 

Ep (by changing the magnetic field) results in reduced activation energy

A = |E^ - E p \ .  The change in the activation energy, which corresponds to the

change in the filling factors, can be clearly seen from the experim ental data 

figure 6.8. A shift of the Ferm i levels, equivalent to a change in carrier density 

An plotted in a fixed field, induces a change in the filling factor, from which a 

m ean value for density of sta tes can be deduced. This be tter illustrated  in 

figure 6.7 where a model for the DOS a t two different m agnetic fields, is
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shown. If  the m agnetic field is raised from Bi to Bg, the Ferm i energy is shifted 

from Ep(Bj) to the lower energy position E f(B ^  assum ing th a t the carrier 

density is m aintained a t a constant value. The variation AE  of the Ferm i 

energy corresponds approxim ately (if the Ferm i energy is located in  the tails of 

the L andau levels between iV=0 and iV=l) to a change in  the carrier density of

(6.7)

The energy difference between the two Ferm i level positions due to a change in 

the field from B; to Bg is given by

AE -  a {Bi ) -  id(Bg ) - —(cô 2 ~ ̂ ci ) (6.8)

where A(Bj) and d̂(Bg) are the activation energy a t magnetic field Bj and Bg, 

respectively. Therefore, the density of sta tes (D{E) = A n / A E) can be estim ated

fi*om

/)(£)„ 2̂----;------------ (6.9)
'  ' h [A (B ,)-A {52)]-(eft/2m  ) ( B j - 5 , )

6.4.2 Results and discussion

The results in  th is section are mainly concerned w ith BF213. The 

motion of the L andau levels relative to the Ferm i level, and corresponding 

reduction in  the activation energy {A=/Ej  ̂-Ep/)  ̂ is clearly visible in  figure 6.8, as 

the filling factor of the Landau level is varied. The activation energy from 

B=7.1T (v=4) to B=7.2T (v=3.94) is reduced by about AB=0.17meV.
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Figure 6.8 Temperature dependence of the conductivity of a BF213 at different 

magnetic field values close to a filling factor v«=4. The insert shows magnetoconductivity at v=4 

as a function of B at different temperatures.

A filling factor change of 0.06 a t th is magnetic field represents the 

carrier density variation of zl7tg=1.13xlO^°cm'^. As previously mentioned in 

section 6.4.1, the density of sta tes in the gap between the Landau level can be 

obtained from D=Arig/AE. Figure 6.9 shows a plot of the density of states 

versus the energy in the gap between the Landau levels of these 2D electrons.

Although th is approach is restricted to the tails of the Landau levels, a
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m ean density of sta tes can a t least be roughly estim ated from the activation 

energy near the middle of the mobility gap. The experim ental resu lt gave 

shown th a t D(Ep) < 6.3x10^° meV'^cm'^, i.e. about one th ird  of the zero field 

two-dimensional density of state, w ithin the in terval of AE^ 7K around the 

centre of the mobility gap. Sim ilar curves oîD(Ep) were found for v^8.

M easurem ents a t the maximum of the density of sta tes are not possible 

because the position of the Ferm i level can be determ ined only if it is located 

well below the mobility edge and if complication due to spin and valley 

splitting are absent.

In  sum m ary, on the basis of the analysis of the therm ally activated 

m agneto-resistivity of 2D electrons, the experim ental da ta  have been shown 

th a t the density of sta tes is large and almost constant in the gaps between the 

Landau levels, suited to previous derivation in  GaAs/AlGaAs 2DEGs[23].

DOS[10i®cm-2/meV]
20

mm

-10 0 5 10 15-15 5

AE[K]

F igure 6.9 Density of states as a function of energy for BF213. AE=0 corresponds to the 

centre(v=4) between two Landau levels. Here indicates mobility edges, determined from the 

activation energy analysis.
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6.5 Hopping conduction in the Landau level tails

6.5.1 Theoretical background

W ith decreasing tem perature, deviations from the hnear relation of 

equation (6.2) can occur. In  th is low tem perature regime, an electron 

conduction mechanism  known as variable-range hopping (VRH) becomes the 

dom inant transport process [25]. The theory for the conductivity in a strong 

magnetic field w ithin the hopping regime is a fairly straightforw ard extension 

to M ott’s original derivation [25]. According to the Mott, for two dimensions 

the conductivity is given by

a„o,exp{-T,/Ty'^  (6.10)

w ith

T ,= [2 7 d ‘ )/7cD{Ep)k (6.11)

where d  is derived from the exponentially decaying wave function of the 

locahsed electronic states, ty/cc exp(-dr)  where r  is the distance from the 

im purity .

The form assum ed for the locahsed wavefunction strongly influences 

the predicted behaviour. Ono [26] has calculated the contribution of the 

hopping conduction in  the Landau-level tails under the assum ption th a t the 

m agnetic field causes a G aussian locahsation of the electron wavefunction on a

scale given by the m agnetic length i  = , where the electronic

wavefunction, i// ccexp[-r^ /  2 i^ ) , is locahsed around a single maximum or 

m inim um  of the im purity potential. His calculation results in

166



^xx - nexp[-{T„/Ty'^] (6.12)

where /o is a m ateria l param eter, which depends on the electron-phonon 

coupling and Tq is a critical tem perature given by

w ith c being the percolation constant of the order of unity. Several research 

groups [27,28] have experim entally found th a t although the results fitted from 

equation (6.12) agreed well a t low tem peratures, the density of sta tes obtained 

jfrom the calculated critical tem peratures Tq on the basis of equation (6.13) 

became unrealistically high. Briggs et al. [28] reported values of D(Ep) a factor

70 higher th an  the zero-field values, in  InxGaj.xAs/InP

heterojunctions. On the other hand, the conductivity exp (T q /T )  has

been found in  Si-inversion layers by Nicholas et a l.[29], and in GaAs/Al^Gai. 

JiSx heterostructures by Storm er e t al. [30].

The theory by Ono [26] leading to equation (6.12) assum es a finite 

density of s ta tes a t Ep and unperturbed wavefuctions of isolated im purities in 

the form y/ oc This has been criticised by Polyakov et al. [31,32]

who provide another expression for the hopping conduction which relies on the 

existence of a Coulomb gap a t Ep predicted by Efros and Shklovskii [33]. They 

assum e th a t ta il of the wavefunction has a simple exponential form 

y/  oc cjcp(- r / ^ )  due to m ultiple scattering of a tunnelling electron [32].

Assum ing th a t the experim entally observed variable-range-hopping 

(VRH) a t integer filling factors and tem peratures below IK  rem ains the
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dom inant process even in  the vicinity of the conductivity peak, they describe 

the low-tem perature conductivity a t the particu lar filling factors by the law

<7̂  = Go e x p { - T i /T Y ^  (6.14)

w ith a characteristic tem perature Tj

Here C is a num erical constant (in two dimensions C«6 [34]), s  is the dielectric 

constant, and v) denotes the localisation length of the sta tes a t the Ferm i 

energy for a  given v.

The role of the prefactor Gq in  equation (6.14) could not be clearly 

identified theoretically. However, previous experim ents on hopping transport, 

m easuring conductivity m inim a between Landau levels [27,28,33], found 

(To oc 1 /T . Thus equation (6.14) is functionally sim ilar to (6.12), bu t w ith a

different expression for the characteristic tem perature.

The following resu lt provide an experim ental comparison w ith the 

predictions by M ott e t al. [25], Ono [26] and Polyakov e t al. [31,32] in 

Sio vGeog/Si modulation doped quantum  wells. In  particular, the experim ental 

determ ination of the conductivity g^  in  the peak region between adjacent 

integer quantum  Hall p lateaux has been carried out, and the results show th a t 

G^ is best described by the Polyakov model [equation (6.14)].
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6.5.2 R esu lts and d iscu ssion
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Figure 6.10 Transverse conductivity cr̂  as a function of magnetic field of BF213, at 

temperature, SSmK, 370mK; and 900mK.

The typical results of the magneto-conductivity m easurem ents on 

BF213 are shown in  figure 6.10 as a  function of m agnetic field a t three 

different tem perature, 88mK, 0.37K, and 0.9K. Spin sphtting  is resolved for 

v=2,6,10 designated w ith signs î , i ,  w hereas valley splitting is resolved for 

v=3,5 below IK  as discussed in chapter 4. A series of broad m inim a of ex ten d  

towards zero as the tem perature is lowered.

F irst of all, in  order to check One’s and M ott’s theory in our samples, 

the conductivity da ta  a t filling factors v^6,8,12, corresponding to magnetic 

fields of 4.37, 3.55, 2.38T for BF213 and 7.68, 5.78, and 3.86T for BF314, are 

fitted to the equation (6.10) and (6.12).
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F i g u r e  6 .1 1  «7̂  plotted against and o-„T plotted against (according to equation 

(6.4) and (6.6)) for the conductivity minimum at J5=4.75T for BF213.

In  all cases, cr^ has been m easured a t the conductivity m inim a point 

between the adjacent levels. Figure 6.11 shows typical results of the 

tem perature dependence of from the filling factor v=6 a t B=4.75T for BF213, 

i.e. the spin-splitting oscillation m inim um  between Landau levels of index 

N=2i and iV=2t as described in  figure 6.10. The data  varied in the 

tem perature range between 88 and 900mK. The open circles in figure 6.11 

indicate log against
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F ig u re  6.12 Analysis of the temperature-dependent conductivity for BF314 at v=8.

The stra igh t line, expected on the basis of equation (6.10), could not be 

obtained from these results. On the other hand, the filled circles represent a 

plot o f log cr^T against for the same data. These values are well fitted by a 

stra ig h t line as expected from equation (6.12). The same analysis has been also 

applied to BF314, resulting in showed sim ilar behaviour. Figure 6.12 shows 

the resu lt of BF314.

Figure 6.13 shows the tem perature dependence of cr  ̂ a t four 

conductivity m inim a for BF213, and BF314. I t can be see th a t the data  can be 

well fitted  to the equation (6.12) over a wide range of magnetic field.
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(a) BF213 and (b) BF314.
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The critical tem pera tu res Tq obtained from the experim ental resu lts for 

th ree  sam ples are sum m arised in table 6.3. I t is apparen t from table 6.3 th a t 

the sam ple’s Tq values do not follow the m agnetic field dependence of equation 

(6.12), i.e. TqccB; sim ilar resu lts have been seen for In^^Ga^.^As/InP

heterojunctions [28].

BF213 . BF314 .

Filling factor [v] B[T] T,[K] B[T] Tq\K\

6 4.75 27.5 7.52 5.90

8 3.58 14.0 5.74 12.82

*  ■» 2.83 5.90 4.60 7.34

2.38 6.41 3.85 8.46

T ab le  6 .3  Tg values from the experimental results for both samples.

It has been suggested th a t th is  discrepancy could be explained by the 

variation  of the density  of s ta tes D(Ep) w ith  B  a t the cr^ m inim a. G uldner et al. 

[36] explained th a t w hen some cr^ m inim a do not drop to zero (see figure 6.1), 

the overlap betw een the ta ils  of the adjacent L andau levels becomes significant 

and, as a consequence, the  corresponding T q values become small. From the 

values of Tq, the  density of s ta tes can be deduced using equation (6.13), if the 

percolation constant c is known. Assum ing the c to be «1, the density of s ta tes 

is found to have a value a t v=8 of D(Ej^=7.2xlO^^ and 1.26x10^^ meV^cm  ̂ for 

BF213 and BF314, respectively. These values are h igher th an  the density of 

sta tes w ithout m agnetic field, and quite unrealistic. This finding has also been 

found by other groups [27,28,35,36] in different m aterials, and thus raises the 

question of w hether the expression for T q in equation (6.13) is correct, or 

w hether o ther m echanism s influence the conductivity in  the L andau level
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m inim a of 2DEG structures. E bert et al. [27] have suggested th a t under low 

tem perature conditions, as in our experiments, Coulomb effects (not included 

in the Ono theory) may play an im portant part, and appropriate corrections 

need to be implemented.

Another approach to describe variable-range hopping (VRH) conduction 

has been suggested by Polyakov and Shklovskii [31,32] as discussed in section 

6.4.1. The equation (6.14) has been derived under the assum ption th a t the 

experim entally observed VRH a t integer filling factors and a t tem peratures 

below 1 K [35] rem ains the dom inant transport process even in the vicinity of 

the conductivity peak. Although the question as to the nature  of the 

localisation still rem ains unresolved, various computer sim ulations [37-39] 

strongly support the existence of localisation, thereby yielding a  power-law

divergence of the locahsation length ^ oc |v-Vg| ^ . Here v is  the filling factor

and Vc is the critical filling factor. The value of corresponds to the position 

where Ejr coincides w ith the Landau level centre and }^2.3 is a critical 

exponent [40-43]. In  a num ber of experim ents [40, 44-46], a  rem arkable resu lt 

has been shown, where y  can be obtained from the half-width AB of the 

peaks. The half-width AB of the peaks shrinks w ith decreasing tem perature 

resulting  in  a power law relation [31],

ABocT"^ (6.18)

w ith fc=l/y. Sample BF314 has been used to check experim entally the 

predictions of Polyakov et a l.[31], by comparing the half-width analysis and 

the hopping conduction analysis of the conductivity cr ,̂ determ ined 

experim entally from the vicinity of the conductivity peak between adjacent
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quantum  Hall effect plateaux; sim ilarly to the case using equation (6.12), the 

data  throughout th is field can indeed be described by equation (6.14) in a 

SiGe/Si system, as has been seen in the AlGaAs/GaAs system [47]. The 

magnetic field dependence of the characteristic tem perature Ti is analysed for 

the peak region between the filling factor v^5 and v=6, and followed the power 

law as expected by theory.

2.0x10
0.16K

- - 0 . 2 7 K
 0.41K
 0.57K
 0.72K
 0.85K
■— 0.90K1.5x10

0 
X1
j i
°  1.0x10

\ \\

AB

5.0x10

•/!

8.0 8.5 9.0
B[T]

Figure 6.14 Diagonal conductivity data 0 %% for BF314 as a function of magnetic field B at 

filling factors between v=5 and v=6 for various temperatures.
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F ig u re  6.15 The half-width AB as a function of temperature for BF314 at filling factors 

between v=5 and 6.

Experim ental resu lts for the m easured longitudinal conductivity are 

presented in figure 6.14 as a function of magnetic field B  a t various 

tem peratures for filling factors between v=5 and v=6. The half-width of the 

peak increases w ith increasing tem perature. At low tem peratures below 0.27K, 

the half-width sa turates. This phenomenon is proposed by Koch et. a l.[45] th a t 

a t these low tem peratures the influence of the therm al broadening of the 

Landau level no longer plays a role. The sohd line in figure 6.15 is a fit to the 

higher-tem perature data, and corresponds to the tem perature exponent k  of 

1.01±0.04.
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F ig u re  6.16 a JT  as a function of temperature according to a J T  oc at

various magnetic field.

The data  shown in figure 6.16 has been analysed in term s of hopping 

transport according to equation (6.14). The diagonal conductivity is 

plotted as a function of T  for the peak between the filling factors v=5 and 6. 

The results calculated by equation (6.14) as indicated by the full lines compare 

well w ith the experim ental da ta  over the whole tem perature range applied.

The characteristic tem perature Tj obtained from figure 6.16 is then  

plotted in figure 6.17, as a function of filling factor difference A vo n  a. double-

logarithm ic plot, checking the already-cited prediction 7] oc ( A u ) '[31].
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F ig u re  6.17 Characteristic temperature as obtained from figure 6.16 as a function of 

f i l l in g  factor difference for various filling factors between v=5 and v=6.

The resu lts obtained from th is plot show stra igh t line corresponding to

the power law TJ oc (A u )^ . The exponent p  found to be 0.9+0.07. The value of p

coincides w ith 1 / k  obtained from half-width experiments, w ithin the 

experim ental error as predicted by [31]. However, the value of k i s  not equal to 

th a t given by the theory of Polyakov et al. [31].

They suggested th a t the tem perature exponent k  is solely characterised 

by the locahsation length exponent y, specifically y»l/K . Our 1 / k  values do not 

satisfy the Polyakov’s condition (since y is a universal constant) and such
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finding has been also reported by Koch et al. [47] who investigated 

AlGaAs/GaAs structures. Nevertheless, the essential features of the theory 

rem ain unaffected by this. The theory of hopping conduction [31] is applicable 

to the present sample bu t because of the difference between y  and k, it may 

have to be supplem ented to some extent, by taking the actual nature of 

disorder into account.

6.6 Conclusion

The tem perature dependence of the longitudinal conductivity cr^ has 

been studied in  sam ples which show well-developed IQHE plateaux around the 

centres of the mobility gap and in the vicinity of the peaks between adjacent 

quantum  Hall plateaux. A clear distinction between therm ally activated 

transport and transport by hopping conduction can be made. In  the former 

case, the longitudinal conductivity in our sam ples agreed well w ith the 

therm al activation dependence theory. The activation energies A obtained by 

fitting the data  to equation (6.2) are found to be much sm aller th an  the half 

w idth of the in terval between adjacent Landau levels. This reduction

has been a ttribu ted  to the fact th a t the Lande g-factor is expected to be 

considerably larger th an  the bulk value g -2  and th a t will also be some 

broadening of the Landau levels. The prefactor Gq in equation (6.2) should 

equal a t v=4 for BF213. However, the results indicate th a t Gq ^2e^/h  a t

v^4 and v^8 for BF314, and shows clearly th a t the Gq increases continuously 

w ith an  increase in  the filhng factor, sim ilar the results on 

Alo gGag gAs/Ino gGag gAs/GaAs obtained by Dunford et al. [16].

From an analysis of the therm ally activated resistivity (or conductivity)
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as a function of the magnetic field in the quantum  Hall regime, the density of 

sta tes w ithin the m obihty gap can be deduced. On the basis of th is method, the 

experim ental da ta  have shown th a t the density of sta tes appears to be large 

and alm ost constant in the gaps between the Landau levels.

At low tem peratures (<1K), the tem perature dependent longitudinal 

conductivity, c^, in the Landau level ta ils of our sam ples has been analysed 

according to Ono’s and Polyakov’s hopping conduction theory. We found th a t 

the tem perature dependence of the longitudinal conductivity in the Landau 

tails of our sam ples is in good agreem ent w ith Ono’ theory, i.e. equation (12), 

which has been deduced of variable hopping on the basis of G aussian 

localisation of the electron wavefunction. However, the m agnetic field 

dependence of the characteristic tem perature Tq cannot be explained 

quantitatively. To solve th is problem, Polyakov et al. [31,32] proposed a new 

hopping conduction theory. The conductivity cr  ̂ in the vicinity of the peaks 

between adjacent quantum  Hall p lateaux has been analysed according to 

Polyakov’s theory, and the results have shown th a t the data  can indeed be 

described by th is hopping conduction theory. The magnetic field dependence of 

the characteristic tem perature Ti is analysed for BF314, dem onstrating the

power low relation, Ti cc(A vy^^, as expected from theory. The experiment

value agreed w ith th a t determ ined from half-width analysis of the cr^ peaks, 

bu t was different to th a t predicted theoretically.

180



References
[1] K. von Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45, 494(1980)

[2] R.E. Prange, Phys. Rev. B23, 4802(1981)

[3] R.B. Laughlin, Phys. Rev. B23, 5632(1981)

[4] B.I. Halperin, Phys. Rev. B25, 1982(1982)

[5] H.P. Wei, A.M. Chang, And B.C. Tsui, Phys.Rev. B32, 7016(1985)

[6] M. Furlan, Physica B249-251, 123(1998)

[7] S.I. Dorozhkin, M.O. Dorokhova, R.J. Hang, K. von Klitzing, and K. Ploog, 

JE PT  Lett. 63, 76(1996)

[8] K. von Klitzing, Rev. Mod. Phys. 58, 519(1986)

[9] R.G. Clark, J.R. M allett, S.R. Haynes, J .J . Harris, and C.T. Foxon, Phys 

Rev.Lett. 60, 1747(1988)

[10]R.G. Clark, Phys. Scr. T39, 45(1991)

[11] R.G. Clark, S.R. Haynes, J.V. Branch, A.M. Suckling, P.A. W right, M.W. 

Oswald, J .J . H arris, and C.T. Foxon, Surface Sci. 229, 25(1990)

[12] A. Usher, R.J. Nicholas, J .J . H arris, and C.T. Foxon, Phys. Rev. B41, 

1129(1990)

[13] Y. K atayam a, B.C. Tsui, and M. Shayegan, Phys. Rev. B49, 7400(1994)

[14] B.G. Polyakov, and B.I. Shklovskii, Phys. Rev. Lett. 73, 1150(1994)

[15] B.G. Polyakov, and B.I. Shklovskii, Phys. Rev. Lett. 74, 150(1995)

[16] R.B. Bunford, B. Popovic, F.H. Poliak, and T.F. Nobel, J . Appl. Phys. 83, 

3144(1998)

[17] F.J. Ohkawa and Y. Uem ura, Surface Sci. 58, 345(1976)

[18] B.K. Wilson, and G. Feher, Phys. Rev. 124, 823(1961)

[19] S.Y. Lin, H.P. Wei, B.C. Tsui, J.K. Klem, and S.J. Allen, Phys. Rev. B43, 

12110(1991)

[20] T. Ando, A.B. Fowler and F. Stern, Rev. Mod. Phys. 54, 427(1982)

181



[21] E. Gornik, R. Lassnig , G. Strasser, H.L. Stormer, A C. Gossard, and W.

W iegmann, Phys.Rev. Lett. 54, 1820(1985)

[22JJ.F. Eisenstein, H.L. Stormer, V. N arayanam urti, A.Y. Oho, and A.C. 

Gossard, Surface Sci. 170, 271(1986)

[23] D. Weiss, E. Stahl, G. W eimann, K. von Klitzing, and K. Ploog, J.Phys C18, 

L783(1985)

[24] D. Weiss, E. Stahl, G. W eimann, K. Ploog, and K. von Klitzing, Surface 

Sci.170, 285(1986)

[25] N.F. Mott, and E.A. Davis, “Electronic Processes in  Non-Crystalline 

M aterials” 2’“'̂  edn.. Clarendon Press, Oxford(1979)

[26] Y. Ono, J . Phys. Soc. Jap .51, 237(1982)

[27] G. Ebert, K. von Klitzing, C. Probst, E. Schubert, K. Ploog, and G. 

W eimann, Solid S tate Commun. 45 , 625(1983)

[28] A. Briggs, Y. Guldner, J.P . Vieren, M. Voos, J.P . Hirtz, and M. Razeghi, 

Phys Rev. B25, 6549(1983)

[29] R.J. Nicholas, R.A. Stradling, and R.J. Tidey, Solid S tate Comm. 23, 

341(1977)

[30] H.L. Stormer, B.C. Tsui, and A.C. Gossard, Phys. Rev. B25, 1405(1982)

[31] B.C. Polyakov, and B.I. Shklovskii, Phys.Rev.Lett. 70, 3796(1993)

[32] B.G. Polyakov, and B.I. Shklovskii, Phys.Rev. B48, 11167(1993)

[33] A.L. Efros, and B.I. Shklovskii, J.Phys. C8, L49(1975)

[34] M Furlan., Phys. Rev. B57, 14818(1998)

[35] G. Ebert, K. von Klitzing, C. Probst, and K. Ploog, Sohd S tate Comm. 44, 

95(1982)

[36] Y. Guldner, J.P . Hirtz, A. Briggs, J.P . Vieren, M. Razeghi, and M. Voos, 

Surface Sci. 142, 179(1984)

182



[37] H. Aoki, and T. Ando, Phys. Rev. Lett. 54, 831(1985)

[38] J.T. Chalker, and P.D. Coddington, J.Phys. C24, 2665(1988)

[39] T. Ando, J. Phys. Soc. Jpn. 61, 415(1992)

[40] H.P. Wei, D.C. Paalanen, and A.M.M. Pruisken, Phys. Rev. Lett. 61, 

1294(1988)

[41] A.M.M. Pruisken, Phys.Rev. Lett. 61, 1297(1988)

[42] Y. Hou, and R.N. B hatt, Phys. Rev. Lett. 68, 1375(1992)

[43] S. Koch, R.J. Haug, K. von Klitzing, and K. Ploog, Surf. Sci. 263, 108(1992)

[44] H.P. Wei, S.Y. Lin, D.S. Tsui, and A.M.M. Pruisken, Phys. Rev. B45, 

3926(1992)

[45] S. Koch, R.J. Haug, K. von Klitzing, and K. Ploog, Phys. Rev. B43, 

6828(1991)

[46] S. Koch, R.J. Haug, K. von Klitzing, and K. Ploog, Phys. Rev. B46, 

1596(1992)

[47] S. Koch, R.J. Haug, K. von Klitzing, and K. Ploog, Semicon. Sci. Technol. 

10, 209(1995)

183



C hapter 7 

Conclusions

This thesis has presented the results from studies on the electron 

transport properties of the two-dimensional electron gas in the SiojGeo.g 

m odulation doped heterostructures system, grown by gas source molecular 

beam epitaxy (GSMBE). M agnetotransport m easurem ents w ith magnetic 

fields of up to 15T a t tem peratures down to 0.05K have been performed to 

investigate the various phenom ena in  low tem perature and high magnetic field.

Shubnikov-de H aas oscillations in  the longitudinal resistivity, of 

the samples, have been observed even a t 4.2K, indicating the presence of a 

good quality 2DEG in  these samples. These features were dram atically 

enhanced on cooling down to lOOmK and below. All three sam ples gave rise to 

clear quantised plateaux in the Hall resistivity, and dissipationless m inima 

in  corresponding to integer, spin-split and valley-split L andau level filling. 

Close agreem ent between carrier density values deduced from the 

fundam ental field of the SdH oscillations, and from the slope of the Hall 

resistivity, dem onstrated th a t the presence of parallel conduction in the 

doped supply layer had  completely frozen out a t O.IK.

The low tem perature mobility values are not easily related to room 

tem perature transport, since optical phonon scattering becomes significant 

above ~100K. Nevertheless, the m agnitude can be taken  into account, 

indicative of the overall m aterial quality including such factors as the
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background doping level in the Si channel, the interface roughness between 

th is channel and the SiGe barriers, and possible Ge and As segregation effects. 

Although the mobility results obtained in th is thesis do not exceed the level of 

over lO^mWs, as reported by other groups, they are completely acceptable for 

device applications.

The ratio  of transport to quantum  relaxation times, r / r ,  [obtained from 

equation (4.22)] is found to be close to ~7-9 for all three samples, showing the 

expected dominance of small-angle remote im purity scattering. Once again, 

higher values (>10) have been reported, suggesting th a t the level of large-angle 

background im purity  scattering is slightly greater in  these three samples.

To obtain the effective g-factor, tilted  magnetic field experim ents have 

been performed on BF314. The tilt angle th a t causes adjacent SdH m inim a to 

be equal has been employed to determ ine g*. The effective g-factor for y=6o8  is 

found to be 3.34±0.05, much higher th an  of the bulk. The results also have 

shown th a t the effective g factor oscillates as a function of the Landau level.

The tem perature dependence of the longitudinal cr  ̂has been analysed 

on sam ples w ith well-developed IQHE plateaux around the centres of the 

mobihty gap and in  the vicinity of the peaks between adjacent quantum  Hall 

plateaux. A clear distinction between therm ally activated transport and 

transport by hopping conduction has been made in  our samples.

At tem perature between lK <r<4.2K , the longitudinal conductivity, cr ,̂ 

has been analysed by the therm ally activated transport, and the results agreed
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well w ith the A rrhenius law, enabling the determ ination of the prefactor (Jq. 

The activation energy A obtained from experim ents is much lower th an  the 

cyclotron energy, This reduction has been a ttribu ted  to the fact th a t the 

Lande g-factor should be considerably larger th an  the bulk value of g=2, and 

could also originate from the broadening of the Landau levels. The prefactor (Tq 

obtained from the A rrhenuis law has been analysed. The prefactor ag o î'^ le^ /h  

a t v=4 for BF213 compared w ith the results reported by Clark e t al. [1]. 

However, it is ~2e^/h a t v=4 and v=8 for BF314 and increases continuously 

w ith an increase in the filling factor as do the results obtained by Dunford et al. 

[2].

From an  analysis of the therm ally activated conductivity (or resistivity) 

as function of the magnetic field in the quantum  Hall regime, the density of 

sta tes has been deduced between the mobility gap. Based on th is method, the 

experim ental da ta  have shown th a t the density of sta tes is large and almost 

constant in  the gap betw een the L andau levels.

Below IK, the tem perature dependence of the longitudinal conductivity, 

cTĵ , in  the L andau level tails, according to Ono’s and Polyakov’ hopping 

conduction theory has been investigated, the resulting  behaviour agrees well 

w ith both theories, and th is can be understood by the notion of hopping 

conduction through the electron wavefunction. However, for Ono’s analysis 

which has been based on G aussian localisation, there were difficulties in 

explaining quantitatively the m agnitude and magnetic field dependence of the 

characteristic tem perature T  ̂ obtained in  our samples. Sim ilar difficulties 

have been experienced by other groups.
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Our sam ples have been studied using another method suggested by 

Polyakov and Shklovskii, who used exponential wavefunction. They have 

derived the ir method under assum ption th a t the experim entally observed 

hopping conduction a t integer filling factors a t tem peratures below IK  rem ains 

the dom inant process even in the vicinity of the conductivity peak. Therefore, 

we have experim entally determ ined the conductivity <7^  near the peaks 

between adjacent quantum  Hall plateaux according to Polyakov’ theory and 

have shown th a t our da ta  can indeed be described by their method.

From the experim entally determ ined activation energy A and 

enhancem ent Lande g-factor information about the linewidth of the extended 

states of L andau level is obtained. The finite w idth of the extended state 

region of each Landau level leads to anomalously low activation energy a t 

whole magnetic field. These results suggest th a t the extended sta tes occupy a 

region, of the w idth of a few Kelvins, a t the centre of each Landau level. The 

observations of the hopping conduction in agreem ent w ith Ono’s and Polyakov’ 

prediction for the transport mechanism of localised electrons in the tails of 

Landau levels confirm th a t localised sta tes in the tails of the broadened 

Landau levels should be involved to in terpret the Hall p lateaux as discussed in 

chapter 2.4.2.
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