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INTRODUCTION

There has been considerable interest in the study of the electrical
resistivity of thin films, These studies have been motivated by the
industrial demand for reliable thin film devices., Scientific curiosity
about the behavior of two-dimensional solids has also been responsible for
interest in thin films, With improved experimental techniques, it is now
possible to obtain reproducible data on films of well-defined structures
and deduce fundamental information with some degree of confidence.

Electrical resistivity is a quantity which is dependent on the
scatteriné-of conduction electrons in solids, Conduction electrons in a
metal film are scattered by phonons, impurities, imperfections and by the
surface of the film as well, The variation of electrical resistivity with
temperature, impurity concentration, film thickness, etc., may be used to
gain an insight into theAvarious scattering mechanisms.

In this investigation we have designed and constructed equipment
which can measure electrical resistivities of thin films in the temperature
range from 2,4°K to 300°K,

The first part of the thesis gives a brief\putline of the theory of
electrical conduction in thin films. Experimental details are included.
Results are given for some preliminary measurements on Al films. Resistivity
versus temperature curves over the temperature range 77 - 300°K are shown
for different thicknesses of Al films. The size effect contribution to the
resistivity has been calculated. The concluding section discusses proposed

uses of this equipment for future experiments.



THEQRY

Electrical conductivity of metals and alloys depends on the mechanisms
by which electrons may be scattered]°4. For a metal it is assumed that the
electrons in the outermost incompleted shells of the atoms are free to move
through the crystal lattice under the influence of the attractive forces of
the ions, which are localized at the lattice sites, Electrons therefore
move in a potential which has the periodicity of the lattice, Under these
ideal conditions electrons experience no resistance to their motion.
Scattering will occur when the periodicity of the lattice potential is upset.

From simple kinetic thedny the resistivity is given by

P mVe
ne? A

(1)
.=

ne?
me = mass of the electron
Ve = Fermi velocity
A = mean free path between collisions
n = pumber of electrons per unit volume
¥ = relaxation time

This relation holds for isotropic metals with a single conduction band

i.e. polycrystalline metals or single crystal metals with cubic symmetry.
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Assuming the scattering mechanisms are independent of one another, the

total resistivity can be written as the sum of the resistivities due to each

{
2 T, (2)
£ =) f (3)

The electrical resistance observed in solids when an electric field is

of the different processes.

applied may arise from the following mechanisms.
1. Scattering by thermal motion of the ions.
2, Scattering by lattice defects i.e. missing atoms, interstitials,
impurity atoms, dislocations, grain boundaries, etc,

3. Scattering from the boundaries of the specimen.

1. Scattering by thermal motion of the ions.

Electrons in a crystal are scattered when they interact with a quantized
lattice vibration of the crystal, called a phonon. The resistivity due to
phonon scattering,i%m, is strongly dependent on temperature.

At temperatures greater than (- » the Debye temperature of the metal,
(e T (#)
At low temperatures, T << ©p
$n ~ T% (5)
At intermediate temperatures the BIoch-Grﬁneissen formula is valid

fu M= 4R ()7 4 (&) (®

§
where 23. (x) = 2 J; and R is a constant,
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According to eq., (6), r = ﬁ‘ (T)/f:l.(%)should be a function of the
reduced temperature l'c T/a. A plot of r versus t should be the same for

all metals in a temperature region where phonons are the dominant scattering

mechanism,

2. Scattering from lattice defects.,

As the temperature is lowered toward absolute zero, the resistivity of
normal metals approaches a constant value called the residué] resistivity.
The residual resistivity arises from the presence of impurities, defects,
and strains in the metal lattice,

For a small concentration of another element in a pure metal, the
residual resistivity is proportional to the concentration, ‘Mattheissen's
rule, a special case of eq. (3), states that the increase in resistivity of
a metal due to a small concentration of another metal in solid solution is
in genefal independent of the temperature. The concentration of impurities
must ﬁot be so much as to modify the electronic structure of the solid.
Deviations from Mattheissen's rule are attributed to modifications of the
properties of the metallic matrix.

Vacancies and interstitials may be treated as substitutional impurities.
The scattering due to them is then proportional to the concentration,

For the addition of transition metal impurities, the residual electrical
resistance does not remain constant. At low temperature§ the resistivity
versus temperature curve may show a minimum, The temperature at the minimum
is a function of the resistance ratio at the minimum., In some cases the
minimum is followed by a maximum at 1owér temperatures,

In most cases scattering from impurities is essentially Coulomb scattering.

The impurity atom may have a different valence from the host atom. Impurities



represent local disturbances in an otherwise perfect lattice which scatter
electrons and contribute to the residual resistivity. A valency difference
DR between the host and impurity atoms then would produce an extra per-
turbing potential Aie'/h at a distance A from the impurity atom. In
practice the potential falls off much more rapidly because of the screening
effect of the electron gas., The scattering probability is proportional to
(A‘!)z. Even if the impurity atom has the same valence, it will cause a
charge deviation in the lattice due to screening effects.

Scattering from vacancies and interstitial atoms is also Coulomb
scattering., A vacancy behaves to a certain extent like an impurity atom of
valency zero, The scattering probability is proportional to uaaz)z just as
in the case of impurities. For vacancies this probability may be an under-
estimate because the crystal lattice will relax around a vacancy to a much
larger extent than is possible around an impurity atom. The resistivity of
an interstitial atom is of a similar order of magnitude to that of a vacancy.
While A% is now zero, this is offset by the fact that the lattice distortion
1s more severe.

The scattering power of dislocations is not well established.
Resistivities due to dislocations are significantTy larger than predicted by
the most reliable calculations., This may be due to stacking faults and the
splitting up of a dislocation into two partial ones, Effect of grain

boundaries is the same as a linear array of dislocations.

3. Scattering from specimen boundaries,
Specimen size is another factor which affects the resistivity under
certain conditions. This contribution becomes important when the mean free

path of the free electrons is of the order of or greater than the dimensions
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of the specimen. The mean free path increases with decreasing temperature.
In Al the mean free path at room temperature is ~ 170A°. At liquid helium
temperatures, assuming 2,”/3,,.,, ~ lo‘, the mean free path is 0.017 cms.
The size effect is essentially a lTow temperature phenomon,

The size effect contribution to the resistivity has been calculated for

S 6 using the linearized Boltzmann trans-

a thin film by Fuchs™ and Sundhéimer
port equation subject to the appropriate boundary conditions.

One of the assumptions in the above theory is that the surface roughness
can be characterized by a parameter P which represents the fraction of con-
duction electrons specularly reflected at the surfaces. P can take on values
between 0 and 1. Specular scattering is said to occur when the electron velocity
component normal to the surface is completely reversed on collision with that
surface. For specular scattering the parameter P = 1, Diffuse scattering
occurs when electrons have completely random trajectories and lose their
drift velocity. P = 0 for completely diffuse scattering.

Lucas7 has modified Fuch's and Sondheimer's expression for the thick-
ness contribution to the resistivity to allow for thin metal fi}ms.in which
the scattering of conduction é]ectrons is different at each surface.

For a film of thickness of d and K':'% where R is the mean free path,

according to Lucas' theory,

' (7)
y =(k/k)
s (e {-<7

Py TR

f ol - pg e (2F/¢)

[Z-P—Q + {P-_r Q-?-PQ} e_[K/b)] 4
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where,

t = cos O

P = 0 completely diffuse scattering
P = 1 completely specular scattering

P, Q are surface roughness parameters for the lower and upper surfaces
respectively (Fig. 1}.

P, Q are assumed to be temperature and thickness independent.

Fig. 1

Cross section of a thin film of thickness d, z = 0 indicates the lower
surface, z = d the upper surface, & is the scattering angle of an electron
at the surface. P and Q are the surface roughness parameters of the

z =0 and z = d surfaces respectively.



EXPERIHMENTAL

Experimental apparatus was constructed which permits measurement of the

resistivity of thin film specimens over the temperature range 2.4 - 300°K.

A, Liquid He Cryostat

1. Construction

The design takes into consideration the type of refrigerant used,

the heat inflows, the range over which the temperature is to be controlled,
and the time for which the specimen needs to be kept at a constant temperature.
Ref; (8) is a good general reference.

The schematic of the cryostat is shown in Figure (2), The outer dewar
(D]) is made of double-walled glass and is silver coated, to minimize radiation
losses. The space between the walls is evacuated and sealed., This evacuated
space acts as a thermal shield and prevents heat leak into the refrigerant,
which is Tliquid Nos The inner dewar (bz), also double-walled glass, may be
filled with liquid He or liquid N, depending on the temperature range desired.
The space between the walls of (Dz) is attached to a pumping system, The
pressure in this space can be lowered to 10°% Torr. The pumping system
utilizes a 2" oil diffusion pump to reach these pressures. The nitrogen gas
inlet on the pumping line is used to admit nitrogen gas into the space between
the walls of the inner dwar, This allows the liquid N2 in the outer dewar to
precool the inner dewar to about 80°K prior to transfer of liquid He into the
inner dewar. The N2 gas is then pumped out and liquid He may be transferred.
The inner dewar DZ may be connected to a high capacity rotary pump to reduce
the temperature below 4.2°K by reducing the pressure above the He thus
lowering its boiling point, The He gas inlet on this pumping line is used to
control pressure over the He bath., A safety release is also included to

prevent excess gas pressures from building up.
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Fig. 2.
Schematic diagram of a cryostat used to measure the resistivity of

thin film samples.
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2. Temperature Control

The heat leak chamber in the cryostat Fig. (3) and the temperature
controller serve to maintain the temperature inside the sample chamber con-
stant to within £1°K, To achieve the Towest temperatures the apparatus
permits use of liquid He as a refrigerant. Liquid He has a boiling point of
4,2°K and temperatures down to 2.4°K can be achieved by controlling the
pressure éﬁove the Tiquid He, thereby controlling the temperature at which
the liquified ggg'ﬁailsti By con;fo]]ed eiéétfica] heéting of the heat leak
chamber, temperatures above 4.2°K can be obtained, At temperatures greater
than 63°K a convenient refrigerantjgs liquid nitrogen.

Fig. (3) is arééhematic of thétsample and heat Iedk chambers S, and S1
respectively., The sample is isolated from the Tiquid refrigerant by two
concentric tubes C; and Cp forming the heat leak chamber Sy. The Tower part
of both tubes is made of copper for good heat conduction. The upper part is
made of thin walled stainless steel to minimize direct conduction of heat to
the He bath, The spaée between the two tubes can be evacuated to isolate
the sample from the bath, The heater wire (constantan 30 gauge) is wound
round the copper tube C2. A copper vs. constantan thermocouple is also glued
to the tube Cz' This thermocouple senses temperature changes in the system.
Phosphor bronze spring clips P provide a thermal path between heater and
refrigerant. The heat leak chamber S is connected to a small tank which
can be pressufized by He gas.

The sample chamber 52 is normally operated full of He exchange gas at a
pressure of a few Torr, The exchange gas provides thermal contact between
the sample and the heat leak chamber. A1l electrical connections are made by

thin (30 gauge) copper wires which are thermally anchored before being

connected to the specimen. The electrical feedthrough is a Conax seal.
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Fin. 3.

_ Schematic of the sample chamber and heat leak chamber, S] is the
heat leak chamber; S2 is the sample chamber, T1 denotes a thermocouple;
P denotes phosphor bronze clips; C] and Cz are the outer and inner copper

tubings,
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femperature Controller

The block diagram of the temperature controller is shown in Fig.(4). The
temperature is set to a particular value by adjusting the input voltage to the
heater wire wound round the copper tube C2 (Fig. 3). The emf of the thermo-
couple Tl is fed to a bucking circuit, which is adjusted to give a null output
at the desired temperature. The ocutput of the bucking circuit is fed into a
Keithley Model 155 null detector., If the temperature fluctuates, there is an
off-balance signal seen by the null detector. The off-balance signal is
amplified by the null detector whose output voltage in volts is the input
voltage divided by the range switch setting, Maximum output voltage is * 1V,
The output voltage from the null detector is used as a programming voltage
and is fed through a voltage follower to the programming temminals of a
Lambda Model LP 410 FM regu]&ted power supply. A change of +V in the output
of the null detector produces a change of £V in the output of the power
supply. The output of the powe} supply is connected to the heater wire in the
heat leak chamber, hence the programming voltage changes the total input
voltage to the heater. The polarity of the signal from the null detector
(i.e. sign of the programming voltage) determines if the heater power is
increaﬁed or decreased. The change in voltage is proportional to the excess

or deficit temperature as seen by the thermocouple T,. Fig. (3).

B. Sample Holder

Fig. (5) shows the design of the sample holder. The sample holder is
a solid piece of copper. The mass is large enough to provide an adequate
heat sink for the electrical connections to the sample and to minimize thermal
gradients along the sample. The specimen, a thin film evaporated onto a

microscope cover slip, is held against the sample holder by clips. A
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Fig. 4.

Block diagram of the temperature controller electronics,
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Fig- B

Schematic of the sample holder.
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1

thermocouple glued to the sample holder is used to measure the temperature of
the sample. The sample holder is fixed to the end of a thin walled stainless

steel sanple tube by means of Duco cement,

e Temperature Heasurement

The temperature is measured with a copper-constantan thermocouple. The
reference junction is kept at the temperature of melting ice. The other
Junction is attached to the copper portion of the sample holder. The thermo-
coupld emf is measured with a potentionieter. The potentiometer used is a

Leeds and Northrup K-4 type potentiometer.

D, Resistivity Measufements

Electrical resistivities of thin metallic films lie in the range of a
feq/&IL—cm. At liquid helium témperatures ana for very pure material the
resistivity of bulk metal is small, typically 0.0006/u42acm for aluminum,
Since the resistance of a sample of length B and cross-sectional area 3 is
j%hﬁ ,.2 is normally made as big and A as small as possible to give
measurable values of resistance,

Potentiometric methods offer the most accurate and convenient means
of determining the resistances of 4 terminal resistors, whatever the
temperature and resistance of the leads. The presence énd effect of high-
resistance leads is rendered quite unimportant, because in the final balance
position no currents flow in the potential leads. The effect of any thernal
emf's that are present may be eliminated by current reversal through the
sample.

The resistance of the thin film specimens was determined by measuring

the potential drop between the two inner contacts to the film which were
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approximately 1 cm apart. The current was measured by noting the drop across a

100 £ standard resistor.

“E.  Specimen Preparation
Thin films of Al were deposited onto cleaned microscope cover slips by

6 torr., The evaporations were made from a

evaporation in a vacuum of 10°
tungsten boat in an ion pumped vacuum system, The substrates were cleaned
by ultrasonically agitating them in a detergent bath followed by rinsing
them in running water, They were then etched in chromic acid and rinsed in
deionized water. The substrates were dried in a vapour of isopropyl alcohol,
The shape of the film was rectangular, typically 3 cm long and 1/2 cm
wide. Current was passed along the length of the specimen., Contacts were

made to the specimen with indium solder.
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RESULTS

Resistance versus temperature curves have been obtained for four dif-
ferent thicknesses of Al films. The thickness was measured by the Tolansky
interferometric techniqueg. The technique involves an evaporation of a
reflecting coating on the top of the specimen. A partially reflecting mirror
is tilted against the specimen surface, and a fringe system of equidistant
fringes is produced. An e]evatiop or depression in the specimen surface
causes a displacement of the fringes at the location of the step. The amount
of displacement is a direct measure for the height or depth of the step.

KA

2

o
]

step height (A°)
K

A

relative fringe displacement expressed in parts of one fringe

il

wave length of light used for the measurement (A°)

This measurement could be made only for the thickest sample, For this
sample thg fringe shift was .14 of the fringe spacing. For the other samples
the fringe shift was too small to measure,

The thickness of the sample can be calculated from the temperature

variation of the resistance by the following procedure10' n,

R = _f€ | (8)

tw

where R is the resistance of the sample
$ is the resistivity of the sample
ﬂ is the length of sample in cms
w is the width of sample in cms

t is the thickness of sample in cms
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dR £ 4
- % B i (9)

From equation (7)

£ - fPK) | (10)
g

If the size effects are independent of temperature

_3’1",‘ ) —‘j?’- (1)

£, = bulk resistivity

]

AR £ Afs (12)
tw

A&f:. is the change in resistivity of an infinitely thick sample between
temperatures 100°K and 300°K and is obtained from bulk resistivity data,
AR is the change in resistance of the sample between the same two

temperatures

¢ - Afy ¢ 7 (13)
AR W :

The calculated thickness was compared to a measurement by the multiple-
beam interference technique for the thickest film. The discrepancy between
the measured and calculated thickness of the film, which was less than 500A°
thick, is ~ 30%.

The resistivity at each temperature is calculated from thé measured
resistance using egs, (8) and (13)., Figs. (6-9) show the plots of resistivity

P = _A%e (1) (14)
AR
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Figs. 6-9,

Resistivity as a function of temperature for Al films, Circles
represent the experimentally observed resistivity., The solid line
represents bulk resistivity. Triangles represent the sum of the bulk
resistivity and the contribution to the resistivity from diffuse

scattering at the surfaces of the specimen,
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vs, temperature for different thicknesses. The contribution to the
resistivity due to the size effect has been estimated using eq. (7). Surface

parameters P and Q have been assumed to be zero implying completely diffuse

scattering.
Eq, (7) reduces to . ;
: -(k18)
£, 13 [0 -2
§ 4K 4 _

where Kz dy/,is the only temperature dependent quantity. The variation of ﬁ
with temperature is obtained from the theoretical Gruneissen curve of A vs &',
where S = R(t)/R(8) and t is the reduced temperature T/@ . ﬁzj?’is
calculated for different temperatufes; ‘a is known as a function of
temperature. Hence f’ can be obtained. This is p]ot£ed in the Figs, (6-9) as

Lucas' theory. The value of bulk resistivitylz

is also plotted on Figs. (6-9)
for comparison,

The difference between the measured resistivity corrected for size effect
and the bulk is shown in Fig. (10). The films have been evéporated at room
temperature, At the vacuum used in our experiment, residual gases can
contaminate thiy metal layers. In the absence Qf residué]-gas analysis, the

possibility that thinner films getter more impurities than thicker ones can-

not be ruled out.
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Fig. 10,
Experimental curves for different thicknesses. The size effect

contribution has been subtracted in each case,
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PROPOSED USE

Measurements on Dilute Alloy Thin Films

It is proposed to investigate the possibility of producing dilute
alloys by ion implantation into a thin film and study the resistivity at
low temperatures,

a) To characterize dilute alloy films produced by ion-implantation
it is necessary to study the effect of radiation damage in the films.
The damage may te studied by the changes it produces in electrical
resistivity.13 ileasurements at low temperatures are necessary to minimize
phonon resistivity background. At these temperatures the size effect
contribution is significant. A study of the size effect for shallow
implants can give an estimate of surface damage. Annealing conditions
for removing damage (or minimizing it) should be looked into, otherwise
the properties of the alloy films are likely to be dominated by the
many defects eacnh ion produces in coming to rest. Deviations from
Mattheissen's rule can give an indication whether the thin film forms

a dilute alloy or if damage plays too important a role.

b) A practical use of damage studies and cne of current interest is
the effect of radiation induced defects on electromigration rates,

Electromigration is mass transport under the influence of an applied
dc electric field, In the electromigration effect the mass transport is
treated as a result of the momentum exchange between the charge carriers
and mobile ions, Electromigration can be studied using electrical

resistivity measurements]4' 15,
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The importance of electromigration in thin films is due to the fact
that electromigration is a possible mode of failure in integrated circuits.
The silicon wafer acts as a 1arge.heat sink and current densities n1105A/cm2
are obtained in a thin film on a Si substrate without appreciable rise in
temperature, dith these'large current densities electromigration becomes a
significant effect. Voids are formed and eventually the metallic inter-
connection forms an open circuit, In semiconductor device fabrication,
evaporated metal interconnections between active regions on the wafer are
essential features and the failure of a device will occur if there is a
breakdown in one of the interconnections. Application of ion implantation
to device fabrication is increasing. If the metallization of a device is
exposed to the ion beam during implantation, a less reliable device may
result, Ion beam damage to integrated circuit metallization has been
reported. The electromigration rate and resistivity ratio of a thin film
of Al both increase with the implant dose‘a.

Optical microscopyl6 and scanning electron microscopy'® have been
used to view the kinetics of void and hillock formation due to electro-
migration in metal films. The dominant mechanism for current-induced

mass transport in thin films appears to be grain boundary diffusion]7.

c) The preparation of alloys is complicated. High temperatures are
necessary to produce them. The problem of segregation present in the bulk
alloy preparation might be overcome by ion implantation of thin films.
Although thermal annealing is necessary after implantation in order to
reduce the effects of damage, annealing temperatures required are sub-

stantially less than for diffusion.
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Experiments have shown that for certain metals the resistance at low
temperatures does not bLecome constant!8, 1In some cases the resistivity vs,
temperature curve passes through a minimum and as the temperature is further
reducced starts to increase ajain. This effect is generally caused by the
addition of the transition elements Fe, ¥Mn, Cr, Co, and Ni. Associated
with the minimum are other anomalous effects, i.e., anomalies in absolute
lthermopower. in electron and nuciear spin resonance and in the magnetic
susceptibility,

Transition metal impurities could be implanted and the anomalous
resistivity behavior in dilute metallic solutions studied. Experiments on
Cu and Au with non-magnetic and magnetic solute atoms could also be carried
out to compare deviations from Mattheissen's rule,

The difference A§ between the resistivity of the alloy with addition
of transition metal impurities and the pure metal plotted as a function of
temperature shows a maximum (at 65°K for Au-Cr 0.09 at %). A€ at low
temperatures is not proportional to the concentration of the transition
metal, in disagreement with results of Knook'9 which indicatgs the intro-
duction of unidentified impurities. Implantation into a film could over-
come this problem,

A system which could be readily investigated is Au-V. It has a fairly
high temperature resistivity minimum (Tminﬁd 200°K), Since the contribution
of lattice defects and non-magnetic impurities is significant only at low
temperatures (~ 4.2°K), the magnetic behavior of this system would be
relatively insensitive to their presence, Gold is a good candidate for
the host material since it has been reported by Lucas?0 that films of gold
in thicknesses down to 60°A can be obtained with conductivities approaching

that of the bulk metal.
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ABSTRACT

A cryostat has been designed and constructed for the purpose of
measuring the electrical resistivity of thin films at low temperatures.
A temperature controller for the cryostat has been built and tested in the
tempeéature range 77°K - 300°K. The cryostat system has the capability of
maintaining temperatures down to 2,4°K if liquid He is used as the
refrigerant. The resistivity of Al thin films has been measured by the
four terminal potentiometric technique in the temperature range 77°K -
300°K. The temperature dependence of the resistivity has been interpreted
in terms of bulk and surface scattering_mechanisms in the Al films,

Proposed uses of the equipment for future experiments have been included,



