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4 Experimental Details

This chapter explains some of the general principles behind the characterization

of the devices detailed in the following chapters.

4.1 Standard Char acterization Methods

The simple process of attaching a pair of leads to either end of a piece of
semiconductor material, passing a current through them, and measuring the voltage
developed across them, is generally not sufficient for any accurate characterization.
The value of the resistance of the leads and contacts is an unknown variable, but if it is
known to be smal compared to the resistance of the sample, then meaningful

gualitative results can be obtained from this 2-terminal approach.

For quantitative results, it is necessary to use a 4-terminal approach: current is
passed along the sample between two contacts, and the voltage across two other
contacts is measured. The smplest arrangement for performing this measurement
involves having a bar-shaped sample, with the current passing aong the long axis: if
the aspect ratio is sufficiently large, and the voltage probes are not too near the ends,
then the resistivity can be found very easily.! It is important to make sure that the
contact resistances are not too high, that the impedance of the voltage measurement

equipment is as high as possible.

4.1.1 Drift Mobility

Reference has been made in the introductory chapters to the mobility of the
charge carriers within the material in terms of the rate at which they undergo scattering
events. In terms of the measurement process, however, the mohility is defined by the
drift velocity that the carriers reach when subjected to a given electric field, and is

therefore sometimes explicitly referred to as the drift mobility:
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u=% 41

where v is the drift velocity of the carriers and E is the applied eledric field. If the
applied current is I, the measured voltage is V, the shed charge density is gns,” the

distance between the voltage probesis | and the width of the sampleis w, then

— 4.2

In smple casa, the sheetcharge cendty can ke cdculated usng the Hall effed.
4.1.2 Classical Hall Effect

The most widely used test of eledricd quality of semiconductor materialsis the
Hall measurement.? The smplest case concerns a material in which a single carier is
responsible for passng the current through a material with isotropic energy bands and
energy-independent scatering medianisms.

Single Carrier Classical Hall Effect

Using Ohm's law, we define the resistancedong the diredion of current as

Ry, =—% 4.3

For a 2-dimensiona system, this is converted into a “shed resistivity” by

corredion for the asped ratio of the device

* Sincewe are concerned with a 2-dimensional carrier gas, it is convenient to refer to a “shed carrier
density” ns (with dimensions of number per area) rather than a volume carrier density. The use of ns
for the arrier density does not necessarily imply n-type cnduction.
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Even though w/l is dimensionless, sheet resistivity is generaly specified as

Ohms per square. The scalar pxx (=pyv) is the diagonal component of the resistivity

tensor defined by E=pJ, and the off-diagonal element pxy (=-pyx) becomes non-zero

in the presence of a magnetic field B as summed up in the Lorentz force law
F=qg(E+vAB). In the Hal bar under consideration (with B=(0,0,B) and

v=(v,0,0)) a stable condition is eventually reached (F=0) when E,=VB. Then, the
velocity v of the carriersis related to the current | by | =ngvA=ngwt=ngqvw .

The voltage produced across the Hall bar by the electric field is the Hall
Voltage, V,,=E,w, which can be related back to the magnetic field and current:

V,= ‘B 4.5

Finaly, the off-diagonal component of the resistivity tensor can be found, and
the Hall coefficient Ry can be defined.

- —_—-R,B 46

From this, an expression for finding the sheet carrier density in terms of known

or measured quantities can be deduced:

4.7

Since the mohility of the carriers (Equation 4.1) relates back to the conductivity

by o =nqu theninlow magnetic field where uB<1:
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Pxx= 4.8

o, finally:

1 1

4.9

- 1Vl
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Based on these simple calculations, the sheet resistivity pxx and Hall coefficient
Ry are functions of carrier density and mobility and are constant with respect to the
magnetic field. However, it is rarely the case that this smple model is directly
applicable. In cases where this smple model has been applied without consideration,
the properties calculated can be referred to as the Hall sheet density and mohility,

sometimes denoted as ny (or py for hole-like conduction) and .

Generalized Classical Hall Effect

The resistance p and Hall coefficient Ry vary with magnetic field if there are
two or more distinct carrier gases present in the material, or if the carrier gases feature

aspread of mobhilities. In general,?

sy
UXX(B):J; 1+u282d“ 4.10

T uBs(y)
and axy(B)sz 1+“282du 4.11
where s(u)=ng(u)qu 4.12

is a generalized conductivity function, and ns(l) represents the mobility spectrum of
carriers throughout the material. The experimentally measured parameters are related

to the elements of the conductivity tensor by:
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p(B)=pyx=—7F—"7" 4.13
O xxT0 xy
p 1 o
Ry (Bj=——"2 =g 4.14
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The variation of resistance with magnetic field is known as magnetoresistance.
In general, classica magnetoresistance is always positive, meaning that the resistance

increases with magnetic field.

Assuming a single, ideal carrier gas is equivalent to using an ng(u) of the form
of asingle delta function, and the result of the previous sectionis recovered. By usng a
function for ng() whose form comprises a pair of delta functions, the two-carrier Hall
coefficient can be found. The Hall coefficient for a two carrier system at low fields,

uB<1,isgiven by

2 2
N N, 1,

R, = . 4.15
q(n, g+ n,pu,)
which becomes R -1 4.16
"og(xn=xn,) '

at high fields, where uB>1, unless n;~-n, (when the condition that o >0
breaks down). Postive and negative signs refer to hole and electron transport
respectively. Hence, a single carrier model calculation based on the measurement of a

two carrier system at low field would yield py and ny such that

:|in1“fin2“§|

N, py+N, 1y

4.17

H
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Even dingle carrier systems with an isotropic effective mass can exhibit
magnetoresistance, and this is most commonly due to energy-dependent scattering

mechanisms. The Hall scattering factor r is given by

r=<T%T>2 4.19

where 7 isthe scattering time, and the angle brackets refer to averaging over energy.

at low fields R, = 4.20
Nsq
. ) 1
but at high fields R, = 4.21
Nsq

as before. Equations 4.16 and 4.21 are essentially the same: at high fields, the Hall
coefficient depends only on the total charge density in the system. If two carrier gases
are present, each with some sort of anisotropy or energy dependent scattering
mechanisms, then at low fields both Equations 4.15 and 4.20 apply, and the problem
becomes intractable. In fact, the distinction between the existence of multiple carrier
gases and the existence of a single carrier gas with a range of properties can become a
matter for convention rather than physics in rea materials; this distinction may be
obvious when considering spatialy separate carrier gases but not if, for example,
multiple subbands are occupied within the same spatial region of the device at finite

temperature.

Computationaly intensive methods must be employed to invert Equations 4.10
and 4.11 without making assumptions regarding the form of ns() provided at |east that
u itself is not a function of magnetic field.>*
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In the low temperature degenerate limit there is no broadening of the
Fermi-Dirac occupation function in terms of energy, so the Hall scattering factor r~1.
As temperature increases, the carriers energy spreads so the effects of
energy-dependent scattering become apparent. In this case, the Hall factor tends to be

greater than unity.

Alternatively, the Hall factor can deviate from unity if the energy bands are
anisotropic, leading to anisotropy in the effective mass. This consideration is especialy
relevant in strained layers, such as a slicon-germanium alloy grown epitaxially on a
glicon substrate, where the strain breaks the symmetry of the energy bands. In this

case, the Hall factor is not necessarily greater than unity.

Figure 4.1 shows magnetoresistance calculated for a number of systems,

summarized in Table 4.1. The carrier gases are represented by Gaussians ng(t) of full-

width Ay centred at | normalized such that:

o0

J ne(waudu=napy, 4.22
wlem?Vist | AwlemPVist | m/10%em? | pplemPVist | Aplen?Vist | np/ 10 cm?
€) 5000 1000 4.0
(b 2000 1000 5.0 5000 1000 2.0
(c) 2000 10 5.0 5000 10 2.0
(d) -2000 1000 -5.0 5000 1000 2.0

Table 4.1 Parameters used to generate the magnetoresistance curves of

Figure 4.1.

Magnetoresistance features appear on a scale of B~% , S0 the presence of

multiple high-mobility gases gives rise to magnetoresistance effects at low fields,
whereas a range of mobilities within a single gas causes effects at much larger field
scales.
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Figure 4.1 Magnetoresistance calculated for four different systems. They are
(a) a single carrier gas with a large mobility width, (b) two carrier gases with
large width, (c) two “ideal” gases and (d) two gases, one of which contains
carriers of the opposite charge (represented by a “negative” mobility and
sheet density).
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Also, the presence of two carier gases with opposite charge (that is, eledrons and

holes) causes very large magnetoresistance and the eventual reversal of thesign of R..
4.1.3 Quantum Effectsat High Magnetic Fields

In a perfed (that is, non-scatering) semiconductor in the zero temperature
limit, the applicaion of a perpendicular magnetic field would cause the cariers to
exeaute cyclotron orbits. The conductivity of the sample would be zero. Current will

only flow if the cyclotron motionisinterrupted by scatering events.

Expressng this more formally, the presence of a perpendicular magnetic field

B
such that 7w >KT where w. is the cyclotron frequency g /n . leadsto the formation

of Landau levels. Landau levels are eigenstates of the Schrodinger equation for a 2D
carier gas in a perpendicular magnetic field, esentialy the quantum expresson of the
semi-classcd concept of cyclotron orbits. Idedly the sub-band structure creaed by

Landau levels takes the form of a series of delta functions a energies

E.=% w. (Nn+Y%) , but in ared system in the presence of scatering the erergy can anly

h
be defined to within ~ % , Where 1, is the quantum lifetime, leading to broadened

q

Landau levels which are only distinct if 7% w >KT . Essntidly, this means that for

these effeds to be relevant, ead carrier must have enough time to exeaute at least one

. . . 21
cyclotron orbit between scattering events,®ie. 7,> A :
C

As the magnetic field increases, the separation between Landau levels grows,

and so does the number of states ead contains,” e% . The position of the Fermi level

will move away from its zero-field value, so that the density of the carier gas remains
constant as the number of available Landau levels deaeases. The filling fador v is a

measure of the number of filled Landau levels. At integer values of v the Fermi level is
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half way between two Landau levels and there can be no scattering. For a constant

carrier sheet density, vocy . In an imperfect system, impurities and crystal defects

B
lead to random potential fluctuations which cause states at the edges of each Landau

level to be localized so that they do not contribute to the conductivity of the device.

However, if a carrier begins an orbit very close to the edge of a spatially finite
device, then it will hit the edge of the device (a potential barrier) and be scattered; this
will lead to a net drift velocity which will be higher the closer the carrier is to the edge.
The presence of an edge effectively bends the subband structure upwards in energy.
These “edge states’ behave as one-dimensional quantum wires and mean that there is
conduction even when the Fermi level is positioned between Landau levels in the bulk

of the device.

These considerations lead to a completely revised picture of magnetotransport,

compared to behaviour inthe classcd regime.

Figure 4.2 shows data from the sample studied in Chapter 6, a 2-dimensional
electron gas confined within a quantum well of pure slicon, sandwiched between
relaxed SiosGenzs layers. The temperature is 350mK; the carriers have a mobility of
around 25,000cn?Vs* and a sheet density of 8.1x10"cm?. For fields around 1 or 2
Teda, Shubnikov-de Haas oscillations (which are periodic in inverse magnetic field)
appear. Minima in resistivity appear at filling factors of 4n, where n is an integer. For
larger fields, the oscillations first become “spin -split” and then “valley -split,” eventually

showing minimafor all integer n.

The spin degeneracy is lifted (spin-splitting is observed) when the Zeeman
energy between spin states is greater than the broadening of the Landau Levels. In

Figure 4.2 spin-split resistance minima can be seen at v=10 and v=6. Thus at higher

magnetic fields minima appear at 2n.
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Figure 4.2 A 2DEG showing Shubnikov-de Haas and Quantum Hall Effects at
a temperature of 350mK. The dotted line is the transverse resistivity and is
associated with the y-axis on the right. Minima in resistivity are labelled with
their corresponding filling factors. Conduction is dissipationless at v=4.

28



Transport in Silicon Germanium Heter ostructures Daniel Chrastina

Since the eledron has spin Y2, in an applied magnetic field they can take a low
energy orientation along the field or a high energy orientation against it. The energy
difference between these two states is E,eman =915 B, with g=2.0023 for a free
eledron.® In the 2DEG the charge cariers are not free eledrons, but rather the
eledron-like quasiparticles that result from the interadions of the eledron with other
eledrons and the sili con lattice. The Landé g-fador of eledronsin bulk silicon is 1.99
but in a2DEG it islarger and is in general anisotropic®**°** and a function of magnetic
field and shed density.'**3'* (Vaues of between 2.6 and 4.2 are reported in Reference
13, found by tilting the magnetic field but ignoring possble anisotropy.) The Zeaman
splitting energy can be compared to the Landau level separation 7 w_ and it is found
that

4.23

The appeaance of a minimum in pxx for an odd filling fador (v=5 at 7.4T)
shows that the two-fold valley degeneracy has also been lifted: there is additional
degeneragy fador of 2, becaise in dlicon the eledrons in the 2DEG occupy two
[001]-valleys. The predse origin of valley splitting is not entirely understood, but may
be related to the strength of the eledric field at theinterfacewhich definesthe 2DEG. 2

As the magnetic field reades 9T, pxx dropsto zero, but since pxy remains finite

(and large) then oxx is aso (counterintuitively, but clealy from Equation 4.13) zero
and conduction is disgpationless in acordance with the theory given above which

aserts that the conductivity drops to zero when the Fermi level is halfway between

two Landau levels. The pxy data show classcd py, B behaviour for low fields, and

integer quantum Hall effed plateaux where the transverse resistance is pinned at

h
pXYZ? over afinite magnetic field range, for higher fields.
v

For holes, where both m" and g are larger than for eledrons,® the up-spin state
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of one Landau level can be closer in energy to the down-spin state of the next. Since
there is no valey degeneragy (there is a single minimum in the band at |k|=0) then
minimawhich are not spin-split would appea at oddfilli ng fadors.

Shubnikov-de Haas oscill ations are very useful, because their period in inverse
magnetic field can be used to determine the true carier shed density, in contrast to
Hall measurements which may be invalidated by the anisotropy of the band structure,
for example. Their decgy with increasing temperature can be used to determine the

effedive massof the cariers, and their amplitude with resped to magnetic field can be
used to determine the ratio a between the quantum lifetime 7, (the time taken for a

particle to scater elasticdly to any other state) and the transport lifetime t (which

recognises that small angle scatering has little beaing on the drift velocity, whilst large

angle scatering does; referred to explicitly as . when necessary for clarity).

If the Landau levels are assumed to be broadened into Lorentzians ead with a

h
width AT then the resstivity of a 2-dimensional carier gas subjed to a
q

perpendicular magnetic field at low temperaturesis given hy:*°

_ c SE(B,T) ‘ éZ(o'(rS) zhns_
,oxx(B,T)—,oo(T){lq%SZ;L STsE(BTC oS 2s1r T 4.24

2w ’KTm

4.25
eBna

with £(B,T)

Ttr
and x=— 4.26
T

provided that the oscillations are small. The s>1 terms in the summation are only
relevant for very high mobility samples, so only s=1 will be consdered. The cosine

term represents the oscillations themselves, and if their period in inverse magnetic field
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is A(1/B) then the sheet density ns can be extracted using

n.— q
S mhA(1/B)

4.27
The exponential term controls the amplitude of the oscillations with respect to
magnetic field (in the zero temperature limit) depending on how many cyclotron orbits

each carrier executes between scattering events.

Theterm s&(B,T)/sinh[sZ(B,T)] thermally damps the oscillations.

In order to find m" and a, first it is necessary to pick out the maxima and
minima of the oscillations (using magnetic fields values between the onset of
oscillations up to spin-splitting) for a number of temperatures, and subtract the sowly

varying classical magnetoresistance background. This leaves a set of amplitudes of the

oscillations themselves, 50mm(B,T).

Assume a value (for example, unity) for a and then consider dom(T) a a

particular B: A plot of

po(TIE(M ,T) X
IN(S8 prn) VS, In( STE(m T) )_(u(T)B) 4.28

will have a gradient of unity and an intercept of In(4) if the choice of m" is correct.
Po(T) is the Boltzmann resistivity: the value of pu(B=0,T) may be used, or the value of
Pxx(T) @t the field just before oscillations become visible. If no temperature dependence

is assumed, then

g(m ,T)
|n(5 pmm) vs. In (m) 4.29
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is plotted instead. Data from maxima and minima at many magnetic fields should be
averaged.

This effective mass can then be used in a plot of

sinhE \ [ 3 Py 1
In[( e )( o )] VS. B 4.30

for dp.(B) a a particular temperature. These points should lie on a line with a

gradient of -7r and an intercept again of In(4). This a should be used to determine a
better value for m’, and iterations should continue until satisfactory fits for both

parameters are found.®

Since 1, considers all elastic scattering events to be equally important but
considers that the most important events are those that lead to the greatest change in

the direction of the wavevector, it is generaly the case that 7,<7, and thus that
o>1. For example, scattering from remote impurities is predominantly small-angle so
leads to avalue of a greater than unity (in GaAsGa..AlAs heterostructures the value
of a can be of the order 10) whilst scattering from a rough interface tends to lead to

o~ 1 .17
4.1.4 Quantum Effectsat Low Magnetic Fields
In a disordered semiconductor where kT << E., the transport properties of a
2-dimensional carrier gas may reflect the quantum nature of the charge carriers even in
the absence of a field strong enough to form Landau levels. (These effects can usualy
be generalized to other dimend ondities).
Weak localization

Figure 4.3 shows a particle which is scattered around in aloop, due to disorder
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in the system: each scattering event corresponds mainly to a change in the direction of
the momentum with only a small change in energy. By definition, these happen on a
timescale of the elastic scattering time (or quasi-particle lifetime) 7. In quantum
mechanical terms, this means the wavefunction of the particle interferes with itself at
the intersection point. The wavefunction must be single valued at this point, so the
probability current cannot cross itself. Instead, three paths are possible; part of the
current will ignore the loop entirely and continue unscattered, part of the current will
travel around the outside of the loop, and the remaining part will remain trapped within
the loop.

If a scattering event occurs which changes the energy of the particle
significantly (and therefore breaks the time-reversal symmetry of the loop) then the
phase coherence of the wavefunction will be broken, the quantum mechanical
constraint will be relaxed, and the particle will no longer be localized. Events like this
occur on atimescale of the dephasing time 1, which isrelated to the inelastic scattering
time.”® The maximum loop size is therefore set by 1, whilst the minimum loop size is

set by 1.

A magnetic field applied perpendicular to the plane of the carrier gas will serve
to change the phase of the wavefunction around the loop. Larger loops will be the most

affected since they will enclose more flux.

The correction to the Boltzmann conductivity in the diffusive limit <<t is

given by*

2
e 1, h 1. K
50 (B)=——5| ¥(5+ V(S
0 (B) anh[ (2 4eBDT) (2 4eBDTw):| 431
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Figure 4.3 A schematic representation of weak localization. On the left, a
classical trajectory featuring a loop is shown. However, in
guantum-mechanical terms the wave-function must be single valued at the
intersection point (shown on the right: fine lines represent equal-probability
contours) and part of the probability current (shown by arrows) becomes
localized in the loop. Inelastic scattering will destroy the time-reversal
symmetry and break this coherence, whilst a magnetic field through the loop
will change the phase of each of the paths relative to each other.
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E
with the diffusion constant D = —F-

and the digamma function (related to the Gamma

r
function 1 (x)) ¥ (x)=(In[I'(x)])' = X . In the limit of low field, this reduces to®

2 T
50 '%(0)=————In| =~ 4.32
21°h T
The transverse component of the conductivity tensor isthen found to be

50 °(B)=—2uBé&o.(B) 4.33

Xy

and thisresult is assumed to hold for all B.#

Weak localization is quenched when pB~7/E. T : the magnetic flux through
the loop described by the weakly-localized carrier is such that the phase change around

the loop reaches the order of rreven for the smallest alowed loops.
Interactions and Spin-Splitting
Corrections aso arise from particle-hole interactions (which are not directly

dependent on magnetic field) and the manner in which these interactions are effected by

the Zeeman splitting of spin states. The former is given by#20%2

2
i e 3 KT
Soln= 1-—F )In| — 34
(Txx 27T2h< 4 > (h/T) 4
Here, F* isarenormalized screening parameter
* 8 1 1
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where F itself comes from considerations of the exchange and Hartree contributions to
the self-energy correction (representing the interaction of a given eigenfunction with

the nonuniform electron density in the ground state) and is given by*#%

2w

-1
de 2TE erhz .
F:f2—[1+2kF+sn(@/2)] 4.36

o 2T m €

The -¥%F" Hartree term in Equation 4.34 was initially calculated to be simply
-F, under the assumption that F<1 and the addition of this first-order term was
therefore valid.?® The redlization, however, that triplet and singlet states should feature
in the considerations of particle-hole scattering lead to the replacement of F with ¥4F
in each of the formulae in which it appears. F* is actually a different function of F
depending on which kind of correction one is calculating and the dimensionality:
Equation 4.36 is appropriate for 2-dimensional conductivity.® Since F can in theory
only take values between 0 and 1 (decreasing with increasing sheet density) then F* can
only take values between 0 and 0.866.

The correction to the conductivity due to the Zeeman splitting of spin states
(provided that this is greater than their broadening due to very high spin-orbit
scattering or spin-flipping rates) is given by*®

2 *
in e F guBB
509" (B)=— Lallg e .

Here, s is the Bohr magneton, g is the Landé g-fador of the cariers and may in

genera be anisotropic or field or density dependent. The function G has been evaluated

numericdly.?
Inversion and implicit differentiation of the conductivity tensor leads to the

following expresson for the magnetoresistance A pyy (B)=6 p,(B)—6 p,,(0) which

incorporates the corredions desribed above: 2

36



Transport in Silicon Germanium Heterostructures Daniel Chrastina

A pyy(B)=pi (1“B*=1)6 0 X(B)+5 0" %(0)— 4u“B 50 % (B) |

. . . 4.38
+pg (1 B*~1)50 " (B)+u°B*5 0y |

Interadion effeds should aso lead to corredions in the Hall signal, whereas
we locdizaion effeds should not. Also, if the magnetic field is applied parallel to the
plane of the 2-dimensional carrier gas then all magnetoresistance terms incorporating
uB apart from the Zeeman term should vanish.?* However, cdculations and
measurements of the anisotropy of the Landé g-fador suggest that it too vanishesin a

parallel magnetic field.2® Applications of thistheory will be presented in Chapter 5.
4.2  Measuring Equipment

4.2.1 Room Temperature |V Measurements

Making Contact to Unmounted Samples

It is possble to charaderize a semiconductor device at room temperature
without diseding a wafer or mounting the chip into a padkage, by using a nealle
probing station. The chip is positioned on a stage under a stereoscope. The stage can
be moved in both the x and y diredions so that the intended device can be brought into

view.

Nedlle probes, which fedure a nealle that can be moved in the x, y and z
direaions mounted on a heary magnetic base, can then be gently (and very caefully)
lowered onto the contad pads of the chip. Eadh probe neealle can then be conneded to

the measurement eledronics and the device can be baraderized.
IV Measurement with the Hewlett-Packard HP4145 Parameter Analyzer

A HPA4145 Parameter Anayzer, spedaly designed for the charaderizaion of
eledricdly sengtive semiconductor devices, was employed extensively throughout.

Applied currents and voltages were limited (generally to the order of microamps and
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milli volts drain-source, athough higher voltages and smaller currents were necessary
for gate terminals) so as not to subjed the device under test to harmful extremes,
whilst the high input impedance (at least 10"Q) ensured that voltages were measured
acarately. Gate voltages were only applied once the source and drain voltages were
set: this was particularly relevant to the senditive Siemens devices described in
Chapter 5.

4.2.2 Low Temperature Measurement | ssues

Sample Mounting

Initialy, small, thin padkages with a very small lead spadng were used for the
low-temperature charaderization of these samples. However, this led to problems with
the connedion of wires to the sample. Seauring the padkage to the cryostat cold-finger
was also unsatisfadory, and since space was not an issie within the closed-cycle
cryostat larger 14-pin DIL (Dua InLine) packages were employed instead. These were
based on the industry-standard 0.1” pitch, so cheg sockets were available from
eledronics suppiers. The device could be mounted into its socket once wires were
arealy soldered and al the test equipment conneded, so that the device was less at
risk from stray and potentialy damaging eledricd signals. A cryostat block
incorporating a 14-pin DIL socket was fabricated, which also solved physicd mounting

issues.

The processof eledricadly conneding the sample’ sontads to the leads of the
padkage, using an ultrasonic gold-wire ball-bonder, was not entirely reliable. As will be
apparent in Chapter 7, not every contad worked at low temperatures. The bonding
process may have been responsible for atering the IV charaderistics of the contads.
However, provided that the resistances of the contads remained reasonable any

non-lineaities should have beerorrecied for by the 4-terminal method.

Lock-In Amplifiers and Automated Computer Recording.
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Lock-in amplifiers were employed mainly for low-temperature, low signal
measurements. Computer programs existed for automating the measurement process
and recording the lock-in values via the IEEE-488 General-Purpose Inferface Bus
(GPIB). Also, a configuration was developed where the HP4148 Parameter Analyser
reliably modulated the gate voltage and recorded the analogue output voltages of the
lock-in amplifiers, which were measuring the other voltages and currents in the system.
This system was both more efficient and safer (for the device) than applying gate
voltages manually with a standard Keithley voltage source. Also, when many devices
are connected in an |IEEE system, one temperamenta device can hat the whole

measurement and human intervention is required.

Current Heating

Care was taken at every stage to ensure that the current drive through the
devices was not causing any significant heating, either of the carriersin relation to the
lattice (bringing them out of thermal equilibrium with each other) or of the whole
lattice. In genera this was performed by checking for Ohmic behaviour in the IV
characteristics, but considerations of, for example, the energy loss rates per carrier will

be presented where especidly relevant.

Cryostats

Two cryostats were employed for the experimental work presented in Chapters
5, 6 and 7. Initially, Hall-effect and low-temperature IV measurements were performed
in a closed-cycle cryostat with a base temperature of 10K and a permanent magnet
with afield of 0.41T. The permanent magnet was replaced by an electromagnet with a

maximum field of 1.2T during the course of theseinvestigations.

More detailed Hall-effect, magnetoresistance and temperature-dependance
measurements were made using an Oxford Instruments *He cryomagnetic system,
which allowed more-or-less stable temperatures to be reached between 350mK and
~300K and fields of up to 11T.
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