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Abstract

This thesis presents a novel approach to the manufacture of thin film resistors using a new
low resistivity material of copper, aluminium and molybdenum, which under industrially
achievable optimised process conditions, is shown to be capable of producing excellent
temperature coefficient of resistance (TCR) and long term stability properties.

Previous developments in the field of thin film resistors have mainly centred around the
well established resistive materials such as nickel-chromium, tantalum-nitride and
chromium-silicon-monoxide. However recent market demands for lower value resistors
have been difficult to satisfy with these materials due to their inherent high resistivity

properties.

This work focuses on the development and processing of a thin film resistor material
system having lower resistivity and equal performance characteristics to that of the well

established materials.

An in depth review of thin film resistor materials and manufacturing processes was
undertaken before the electrical properties of a binary thin film system of copper and
aluminium were assessed. These properties were further enhanced through the
incorporation of a third doping element, molybdenum, which was used to reduce the TCR

and improve the electrical stability of the film.

Once the desired chemical composition was established, the performance of the film was
then fine tuned through optimisation of critical manufacturing process stages such as

sputter deposition, heat treatment and laser adjustment.

The results of these investigations were then analysed and used to generate a set of
optimum process conditions, suitable for repeatedly producing thin film resistors in the 1 to
10Q resistance range, to tolerances of less than +0.25% and TCR values better than
+15ppm/°C.
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Chapter 1

Introduction




1.1 INTRODUCTION

Nearly forty years ago the following statements were published:

“Most film-resistor requirements can be met with films having sheet
resistance (Rs) in the range 10 to 1,000Q/c. Resistors below 10Q are
rarely needed, whereas resistors with values in the MQ range can be
realised through the use of very long path lengths. There remains,
however, a limited, but urgent, need for films with Rs greater than
1,000Q/o, and much of current research on thin film resistors is devoted
to finding a solution to this problem” (Maissel, L & Glang, R, 1970), 1*.

Indeed, it was not long until a solution to this problem of higher Rs was developed in

14 thin film resistors.

the form of chromium silicon monoxide (Cr/30-50wt.%SiO
However the earlier part of this statement is no longer valid and one trend, which has
continued to grow over recent years, is the need for thin film discrete resistors in the

100mQ to 10Q range.

Resistors possessing low resistivity and a small temperature co-efficient of resistance
(TCR), which assure low and stable values of resistance over a wide temperature
range, are of great importance in the microelectronics industry . Their demand is
largely fuelled by the need to measure the flow of current in electronic systems,
which is becoming increasingly widespread. Reasons for this include the growth of
battery-powered portable products, increasing concern to minimize energy usage,
and the spread of electrically actuated systems in cars. In this context, measuring a
current means converting it to a voltage, which may then be compared with a
threshold, digitised or otherwise processed by a current sense circuit. There are
several solutions for doing this, including current transformers, hall-effect sensors
and magnetoresistive sensors. However, the simplest and, in many cases, lowest
cost method is to employ Ohm’s law in the form of a current sense resistor 4.

Traditionally this type of application has largely been met with resistor technologies
such as wirewound, metal strip, electroless or thick film resistors where resistance is
easily reduced through increasing the bulk of the metal alloy element or its chemical
composition. However the downfall of all of these technologies is that they do not
possess good electrical performance such as tight resistance tolerance and

temperature coefficient of resistance (TCR), or good long term resistance stability.

Conventionally when this level of performance is required, thin film resistors must be
employed. However thin film resistors below 10Q are inherently difficult and expensive
to manufacture and can regularly result in excessive scrap rates in batch manufacture.
Two of the most costly process stages are the deposition and subsequent laser

adjustment to target value of the thin film.



1.2 BACKGROUND

Typical process flows for both axial-leaded and surface mount (SMD) thin film devices

are illustrated in Figures 1.1a and 1.1b respectively.
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Fig. 1.1a Axial-leaded process flow.
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(2) Deposit metal film
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Fig. 1.1b SMD process flow.

In general thin film resistors are manufactured by depositing a sub-micron (um) layer of

metal alloy or ceramic/metallic (cermet) material onto a ceramic substrate and then



heat treating it to obtain the required TCR and pre-value resistance .. This pre-value is
then adjusted to target value by removing part of the metal film to increase its length,
usually by a laser or abrasive cutting wheel . Outer terminations are then applied and

the component is encapsulated in a protective coating.

Nickel chromium (Ni/20-50wt.%Cr) is widely regarded as a good all round film as it can
cover the whole pre-value resistance range of around 1 to 1000Q/o . Although this is
perfect for values in the middle of the range, problems with film thickness can arise at
the two extremes, low film thickness for high resistance values and high film thickness

for low resistance values.

At the high end, typically 1000Q/o, the film can become very thin and patchy and break
down under voltage load. This problem may be overcome through the use of a higher
resistivity cermet film such as CrSiO, which produces a thicker film for the same ohmic
value ®7. This gives better overload properties but in practical use it can suffer from

inferior resistance stability and TCR to that of NiCr ©.

However at the thicker film, low resistance range, typically 1 to 10Q/o, there has been
little improvement and NiCr remains the preferred film ©. Currently there exist a
number of problems with this range, all of which are related to the increased film

thickness.

Firstly, as increase in film thickness and hence reduction in resistance is proportional to
sputtering time, it can take in excess of 15 hours to deposit a batch of standard
0.25 watt axial resistors to a pre-value of <1Q/o and uses up approximately 30% of the
NiCr sputtering target. In comparison to achieve a value of say 100Q/o using the same
standard sputtering conditions, this figure may only be approximately 1 hour and uses

less than 2% of the amount of expensive target material.

More problems can arise at laser adjust; where the increased film thickness is more
difficult to cut and a reduction in machine output is often the only option. Furthermore,
perhaps equally as problematic is the reduced trim gain associated with low resistance
parts which can result in large increases in the resistance distribution of the batch. Trim

gain (G) can be defined as follows:

G: RTT

— Equation 1.1
PV

Where ‘PV'’ is the measured ohmic value of the deposited pre-value resistor and ‘Rr1’ is

the target ohmic value to which the deposited pre-value is laser adjusted.



Trim gain is also related to the overall length of the laser trim. As the trim length and
thus the resistor length increases, so do its measured resistance ‘Ryr’ and thus the trim

gain ‘G’ through Equation 1.1.

For example a typical 0.25 watt axial resistor with a target value of 10Q would be
adjusted from a 1Q pre-value, which is the lowest value that can currently be deposited
using NiCr, giving a trim gain of 10. In comparison a resistor in a higher value band,
say 220KQ, which would normally be adjusted from a pre-value of approximately 200Q,

would have a trim gain of 1100 and thus a considerably longer trim length.

The main reason trim gain and hence the length of the kerf have such a great effect on
resistance distribution is due to the pulsed power output and switching off time of the
laser adjusting machine. Using its pulsed power output, the laser adjusts the resistor by
melting a series of holes in the metal film, which overlap one another creating a
continuous cut path. Once the pre-value has been trimmed to its target value the laser

automatically switches off.

However as the laser beam is pulsed, it must complete its last whole pulse before it
switches off, i.e. it is not possible to have half a pulse. Therefore the target value may
lie in the middle of the last pulse, i.e. too much metal film has been removed and the

resistance of the part is too high.

If the resistor has a low trim gain and therefore a shorter kerf length, then this minute
difference in length caused by the switching off time of the laser will account for a much
greater percentage of the overall kerf length and hence the resistance distribution of

the batch will be wider.

There are methods to improve this situation such as increasing the overlap of the
pulses or reducing the laser beam diameter, but these always come at a cost of

reduced trim speed or inferior resistor stability performance.

At present, poorly understood process attributes at the early manufacturing stages
have negative quality impacts during later processing activities such as the laser

adjustment of the resistance value.

At this stage few researchers have sought to identify and develop a suitable low
resistance metal film for this application. Indeed resistor manufacturers worldwide
appear to have accepted NiCr as the preferred film and are prepared to trade off the
problems associated with its increased thickness at low resistance values in order to

attain its excellent resistance stability, TCR properties and thermal characteristics!™®**.



1.3 RESEARCH AIMS AND OBJECTIVES

The aims of this research are as follows:

1.

Identify a thin film system based on copper and aluminium which has
processing and performance characteristics equal to that of NiCr, however

possessing features such as lower resistivity and higher deposition rate values.

Process thin films of copper and aluminium with additions of molybedum and
analyse their electrical performance characteristics against those of the well

established NiCr alloy.

Generate a set of optimum process conditions, suitable for repeatedly
producing copper-aluminium-molybdenum (CuAlMo) thin film resistors to the

required specification.

The objectives of this work are to:

1. Conduct a comprehensive literature review and develop a critical understanding

of the materials and process stages involved in the manufacture of thin film

resistors and establish their inter-relationships.

Manufacture thin film resistors of CuAlMo and assess their key electrical

performance characteristics against the following specification requirements 2

Resistance range: 1-10W
TCR,y (20°C to 70°C): 0 + 25ppm/°C
Resistance stability (1000hrs at UCT): <0.5%

Tolerance of resistance: +0.25%

Develop an in-depth understanding of appropriate analytical procedures
including methods of characterisation of metal films as well as relevant
experimental design techniques and employ these to critically investigate the
characteristics of CuAIMo thin film resistors, particularly the complex
interactions of the deposition, heat treatment and laser trimming process stages

on their performance.

Manufacture batches of CuAlMo thin film resistors under these optimised
conditions and conduct long term reliability testing to approve the product for full

scale production.



1.4 THESIS OUTLINE

CHAPTER 1: This chapter gives an overview of the important electrical characteristics
of thin film resistors, followed by an in-depth literature review of material systems used

in their manufacture.

CHAPTER 2: Potential material systems for use in the manufacture of low resistivity
resistors are reviewed in more detail, before a combination of Cu and Al is identified as
a system worthy of a full investigation. The electrical properties of sputter deposited
CuAl films are investigated across the full composition range using a purpose built multi
section sputtering target. Following heat treatment in both air and N,, films are found to
have acceptable sheet resistance and stability properties, but are unsuitable for

commercialisation as the TCR is too positive.

CHAPTER 3: The focus of the work in this chapter is to dope the CuAl films with small
guantities of Mo and Si to reduce the positive TCR. Mo is found to be the most
successful of the two elements and by fine tuning its incorporation within the sputtering
target, films with negative as-grown TCR properties are produced, whilst limiting the
affect of increased resistivity. Following heat treatment, the TCR value can be raised to

near zero and long term stability of the films is found to improve.

CHAPTER 4: The purpose of this chapter is to analyse the chemical composition of the
CuAlMo resistor films using several techniques, to allow specification and subsequent
manufacture of a composite sputtering target. The thicknesses of the films are also
measured using a number of methods to allow accurate calculation of the film
resistivity. Once manufactured, films are sputtered from the composite target and
compared directly with those produced using the sectioned development target. The
Mo content is found to be high in the composite target and films sputtered from it,
resulting in more negative TCR properties. However this discrepancy is overcome by

annealing the films at higher temperatures.

CHAPTER 5: This chapter is concerned with the sputtering and heat treatment stages
of the thin film resistor manufacturing process. A suitable experimental design is
employed to study the effects of varying the levels of key sputtering and heat treatment
process parameters on the electrical properties of the films. Once the optimum
conditions have been determined, the structural and chemical transformations taking
place within the films are investigated and related to subsequent changes in the

electrical properties.



CHAPTER 6: An introduction to the types of conduction mechanisms present in
continuous thin metal films is presented. These theories are then applied
experimentally to the CuAlMo thin films to determine the variation in the dominating
conduction mechanisms with increasing film thickness and to give an approximation of
fundamental film properties such as bulk conductivity and the mean free path of

conduction electrons.

CHAPTER 7: This chapter is concerned with optimising the laser adjustment stage of
the thin film resistor manufacturing process. An introduction to the laser trimming
process is given before a suitable experimental design is selected to study the effects
of varying key laser trim parameters on the electrical performance of the CuAlMo films.
Once determined, the optimum laser conditions are used to trim CuAlIMo films to
various trim gains using two trim patterns; the L cut and the serpentine cut. The stability
of the film is then further improved by employing a two stage adjustment technique

incorporating a heat stabilisation process.

CHAPTER 8: The purpose of this chapter is to assess the manufacturability and long
term reliability of batches of CuAIMo resistors manufactured under the optimised
process conditions. Three separate batches of CuAIMo films are sputtered and heat
treated before being laser trimmed to target values in the range 1.5 to 10W. These
parts are then processed to the end of line where they are final measured to tolerances
of £0.10 and %0.25%. Once complete the batches are subjected to environmental

testing against BS CECC specifications.

CHAPTER 9: In this chapter the main conclusions from the research are drawn and a

number of recommendations for further work in the area are suggested.



1.5 ORIGINAL CONTRIBUTIONS

The research carried out in this work has resulted in the following contributions to

knowledge:

The development of a new thin film material system of CuAlMo for use in the

manufacture of low value resistors with negative as-grown TCR properties.

Optimisation of sputtering and subsequent heat treatment process stages to

produce CuAlMo films with defined electrical properties.

A preliminary investigation into the dominant conduction mechanisms which

influence the resistivity of the CuAlMo thin films with increasing film thickness.

Optimisation of the laser trimming process, using two stage adjustment
techniques to produce CuAlMo film resistors to target values of 1 to 10W and

tolerance limits of +£0.1%.

Manufacture of production size batches of CuAlMo thin film resistors under

these optimised process conditions with end of line yields in excess of 90%.

Successful approval testing of these batches of CuAlMo thin film resistors to BS

CECC specifications.

These contributions are supported by a number of publications as detailed in the

declarations section on page XIX.



1.6 INTRODUCTION TO THIN FILM RESISTOR MATERIALS

The development of thin metal film resistors dates back to at least around 1920 "3,
Thin film technology was used because it offers enhanced performance and reliability

over that of metal composition and wirewound type resistors.

As well as possessing a suitable sheet resistance and TCR, films must be sufficiently
stable so that any changes in resistance during their operating life can be reliably
expected not to exceed a pre-specified value. Moreover the resistor must be able to be

manufactured to this specification at a realistic cost.

1.6.1 Basic Electrical Properties

Sheet resistance, Rs

The resistance of a thin film resistor is directly proportional to the resistivity, p, and
inversely proportional to the thickness, d, of the thin film material. It is usual to use the

sheet resistance of the film, Rs, which is defined as p/d to describe thin film

resistors *4°l:
esistance = re_sstwty Ier_lgth W = Il
thickness = width dw
I . .
However, — = o (No. of squares in the film pattern)
w
Hence, Rs = WR = ;— Equation 1.2

Temperature co-efficient of resistance, TCR

A parameter equally as important as sheet resistance is the temperature co-efficient of
resistance, (TCR), of the film. TCR describes the change in resistance of the film with
change in its temperature dR(T)/dT. However, as dR(T)/dT is nearly constant for most

metal films it is common practice to use an average TCR parameter *°:

TCRw = L Re - Ri.
R T.-T

i e i

10° ppm/ °C Equation 1.3

Where R; is the initial resistance at temperature T; and R, is the end resistance at

temperature T, Typical values of T; and T, are 20°C and 70°C respectively.

However using the above approach and assuming that resistance changes linearly as
a function of temperature is not strictly valid for thin film resistors. Errors can arise from

the ‘composite TCR’ effect of conductor materials which are measured in series with
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the resistor element. For this reason a more accurate method of defining the TCR of
the resistor is to measure its change in resistance over the extremes of its operating
range, typically -55°C to +125°C for surface mount devices and -55°C to +155°C for
axial leaded components 7. This parameter is generally referred to as ‘Extended TCR’

and denoted as TCRq, 1819,

Resistance stability, AQ/Q

Resistance stability or reliability is basically a measure of the change in resistance of
the film against a certain specification over a period of time. There are a number of
conditions under which the reliability of the component can be tested such as dc load,

dry heat or humidity, a full discussion of which is presented in chapter 8.

The severity of the effects of a test condition on the resistor depends greatly upon film
thickness. For thicker films the resistance value is inherently lower and hence the dc
load voltage that can be applied will also be lower. Moreover, humidity is also likely to

have less effect on a more robust thicker film.

Perhaps the most convenient and universal test condition is that of dry heat
(temperature) as the test can be performed by simply storing the film in an oven. Dry
heat stability tests generally entail measuring the change in the resistance value of the
film, AQ, following storage at the upper category temperature, usually 155°C for axial

resistors and 125°C for surface mount resistors, for a period of 1000hrs:

DW/ W =

R, - R, .
eR - 100% Equation 1.4

Where Rjis the initial resistance and R, is the end resistance following storage.

1.6.2 Materials Systems

Materials used in the manufacture of thin film resistors typically require resistivities in
the range 100-2,000 uyQcm and a TCR of +50ppm/°C. However, owing to their
mechanical structure, bulk metals and alloys cannot have resisitivities much in excess

of the lower limit of this range and TCR is usually large and positive (see Table 1.1).

Metal or alloy Resistivity (MQcm) | TCR (ppm/°C)
Aluminium 2.7 4200
Chromium 12.9 4500

Copper 1.7 4300
Molybdenum 5.7 4600
Nickel 7.3 6500
Tantalum 13.5 3800

Ni 80% / Cr20% 100 170

Table 1.1 — Electrical properties of some bulk metals and alloys

11

[20]



Conversely, bulk semiconductors can readily satisfy these resistivity requirements, but

this is usually at the cost of a very negative TCR.

Fortunately when deposited in thin film form most metals produce resistivity values
which are much greater than that when in bulk form and frequently without acquiring a
large positive TCR. There are a number of mechanisms which can produce this

phenomenon as illustrated in Table 1.2.

Description Mechanism for resistivity increase | effect on TCR
Ultra thin film Conduction electron scattering -0
Insulating phase Inter grain barriers — -0
Porous film Construction resistance — -0
Trapped gas Impurity scattering -0
Discontinuous Particle separation -0
Double layer TCRs cancel -0
New structure Fewer carriers —0

Table 1.2 — Mechanisms causing metal films to have resistivities greater than the bulk .

The thin film material systems available for resistor manufacture can therefore largely

be divided into three main groups, depending upon the conduction mechanism present:

1. Metal alloys
2. Single metal systems

3. Cermets (metal-insulator)

Metal Alloys

Metals are known to have a periodic crystal structure at low temperatures which
provides a regular field for mobile electrons to flow %, Any distortions in this periodic
nature of the lattice will distort the flow of electrons and thus increase its resistivity. This
distortion can be caused by a number of defect types; lattice dislocations,
contamination due to foreign atoms or atoms interstitially located within the lattice or
non-stoichiometric ratio of constituents. Resistance can also be increased on a
temporary basis due to lattice distortions caused by vibration increases with

temperature; hence the reason TCR is generally positive for all metals.

By alloying metals, the lattice distortions are dissolved in one another thus increasing
the resistivity of the solution. In general the resistivity rises with increasing impurity
concentration, reaching a maximum for an alloy concentration of approximately 50%
impurity 2,

By far the most successful of the metal alloy systems used in the manufacture of bulk

material resistors is nickel chromium, or nichrome, with a composition of NiCr 80:20

12



wt.%. Due to its high resistivity, low TCR and widespread commercial availability it
seemed an obvious candidate for the development of thin film resistors during the
1960’s.

Over the years there have been a number studies undertaken on the properties of
nichrome thin film resistors >3, Work has focused on the effects of varying substrate
materials and process parameters on the electrical performance and structural

properties of the fixed composition NiCr 80:20 binary alloys.

g (2325 p (24

1 glass 34 NaCl
[34-35]

The properties of films deposited onto alumin , myla

[30-31 [32-33

crystal 1 silicon nitride coated silicon I and silicon nitride coated GaAs
have all been studied. Although many of these substrates are desirable for analytical
purposes, in general it was found that alumina substrates were the most suitable for

the fabrication of thin film resistors due to their superior power handling capabilities .

By varying deposition parameters such as pressure, power and substrate
temperature ®¥ films with sheet resistances of 10 to 1000Q/0, and TCR in the range
+50 to +250ppm/°C could be achieved. Subsequent annealing of these films led to

[32

typical long term stability figures of better than 0.5% . Optimum annealing conditions

were found to be in the range 200 to 600°C for 1.5 to 6 hours in air ambient 2325 24,

%8 "in nitrogen BY and

Although treatment at similar temperatures under vacuum
forming gas 2 atmospheres have all been shown to produce reasonable values of
TCR, it appears that a subsequent oxidation of the film in air ambient is essential if

good long term stability of the film is to be realised *°!.

In general, depositing the nichrome alloy in thin film form increased the resistivity and
subsequently reduced TCR when compared to its bulk counterpart. Even to this day
thin films of NiCr 80:20 still receive a substantial amount of interest in both resistor and
strain gauge applications %3,

By the mid 1970’s, demand was increasing for thin film resistors with improved
electrical performance over that achievable with NiCr 80:20 alloys. It was soon
discovered that the TCR of the film could be reduced by increasing the chromium
content in the film 1¥64%,

However, due to vapour pressure differences between Ni and Cr (0.25x10° Torr and
1.8x10° Torr at 1300°C respectively ™), it was very difficult to control the composition
of the film during evaporation and this led to use of sputtering and in particular d.c.
magnetron sputtering for the reliable and repeatable production of thin film NiCr

resistors B9,

13



A plot of TCR and resistivity against chromium content for NiCr films deposited on

oxidized silicon wafers is shown in Figure 1.2.
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Fig. 1.2 — Variation of TCR and resistivity in NiCr films
as a function of chromium concentration %,

As can be seen the TCR steadily decreases with increase in chromium content in the
film, passing the zero line at approximately 40wt.%. Conversely the resistivity rises with
increase in chromium content having a value of around 250uQcm at the point of zero
TCR.

This marked change against the properties of 80:20 alloy are due mainly to two
reasons; firstly the decrease in grain size of the film as the Cr content increased

leading to a more amorphous structure having higher resistivity **!

and secondly the
higher quantity of chromium oxide (Cr,O3) formation with negative TCR in the film .,
The occurrence of amorphous and crystalline metastable phases are related to
characteristics such as a large immiscibility gap between the two solid solutions (nickel
fcc and chromium fcc solid solution), the existence of a relatively deep eutectic point

and the presence of complex tetrahedral close-packed structures 7.

As chromium has a higher chemical affinity with oxygen than does nickel, then as its
ratio in the film increases so does the amount of chromium oxide formed with residual

r ¢ In fact this mechanism led to a number of studies

oxygen in the deposition chambe
whereby oxygen was deliberately introduced into the deposition chamber to reactively

sputter the NiCr film ¥55Y, Partial pressures in the range 2-6% reactive oxygen in the
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inert argon atmosphere were reported to give further increases in the content of

chromium oxide in the film and hence a lower TCR %9,

There are a number of studies which report a near zero TCR for films with chromium
content in the range 30 to 60wt.%, both sputtered in argon and mixed argon/oxygen
environments. It seems that in addition to film composition, accurate TCR control can
be also be achieved through varying the deposition temperature and annealing
treatment used. For films with negative as grown TCR, annealing in the temperature
range 300 to 350°C appears to be essential if a near zero TCR is to be achieved " *9,
It also appears that this annealing can be carried out in the deposition chamber by
increasing the film temperature either through heating of the substrate or through

r B% %3 However all of these methods rely on the same

increased deposition powe
mechanisms such as grain growth and reduction of impurities to reduce resistivity and

in turn increase TCR.

In addition to the desirable change in the TCR properties of the film, increasing the
chromium concentration of the film and sputtering in an oxygen partial pressure can
also improve the long term resistance stability of the film. Some research shows that
stability figures as low as 0.3% change following 1000hrs at 155°C are not untypical for

films sputtered in an oxygen partial pressure of 3x107 torr 7!,

Again the reason for this improved performance is attributed to the increase in
chromium oxide formation at the surface of the film. As the chromium oxide grows it
forms a protective passivation layer, similar to aluminium oxide, which protects the film

from further attack & 57,

Once it was realised that the addition of a third element, oxygen, into the film could give
improvements in resistance stability, a number of investigations were carried on doping
or modifying the NiCr alloy with a third element incorporated into the sputtering target

itself.

Probably the most widely documented of these elements is aluminium ¢, Additions
of aluminium were proven to stabilise the film and reduce the TCR to values around
zero P Three regions have been found in the NiCrAl composition which result in
highly stable resistive films with a very low TCR; one with less than 3at.% Al, one with
28-32 at.% Al and one with 45-60at.% Al. The role of aluminium is reported to be to
stabilise the amorphous structure and state of ordering of the atoms in the deposited
nickel chromium film. This can lead to stability figures of better than 0.08% following
1000hrs storage in air at 155°C ®4. Moreover the addition of aluminium allows thin film

resistors with lower sheet resistances in the range below 10Q/c to be produced ®.
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Of the other elements which have been proven to improve the performance of NiCr

d 7% Additions of around 5 to

films, Silicon is perhaps the most widely documente
10wt.% Si can produce films with TCRs of £20ppm/°C and long term resistance stability
of better than 0.05%. It is assumed that the improved thermal stability of the NiCrSi film

is due to the diffusion limiting effect of silicon 2.,

Not satisfied with the performance of ternary film compositions, there have also been
several studies investigating the effect of adding two extra elements to the NiCr alloy to
form quaternary composition films. Thin film resistors based on the Evanohm, Ni-Cr-
Cu-Al alloy are the most popular and have been reported to possess very low TCRs of
+10ppm/°C 1#+57,

Apart from NiCr the most popular metal alloy system used in the production of thin film
resistors is probably copper nickel. Cu-45wt.% Ni alloy, known as “constantan” is a
typical material of low resistivity around 50 to 60uQcm and with a low TCR value of
less than +50ppm/°C ®®7 CuNi was reported to be the main film used at Philips
Electrical in the manufacture of low value resistors below 10Q. Films were deposited
having resistivities below 50uQcm making it suitable for low ohmic applications.

However the lower limit for the sheet resistivity of the sputtered CuNi films was 1Q/o ®.

In order to produce thicker films of CuNi with even lower resistivities, electroless
deposition is required. Films of up 10um in thickness are achievable producing CuNi
films possessing resistivities of around 40uQcm. Following post deposition stabilisation
the TCR of the films shifted to near zero. However the electroless deposition rate of the

alloy was reported to be remarkably slow ™.

Single Metal Systems

As is evident for the nickel chromium films discussed above, the resistivity of the thin
film is usually dominated by the background gases which are incorporated into the film
during the deposition process, rather than the resistivity of the source material itself.
With this realisation the focus of many researchers turned to the use of single metal
systems as problems such as alloy composition control and fractionation could be

automatically eradicated.

By far the most widely documented of the single metal systems is tantalum, reactively

deposited in nitrogen to produce tantalum nitride (TaN) %%

. The as-deposited
resistivity of pure tantalum is close to that of bulk tantalum (13uQcm). However when
reactively sputtered in a nitrogen atmosphere the tantalum and nitrogen atoms
combine to form a nitride which is trapped in the growing film. As shown in Figure 1.3,

this nitride produces an increase in resistivity and subsequent decrease in TCR .,
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Fig. 1.3 — Variation of TCR and resistivity in TaN films
as a function of nitrogen flow rate %,

As can be seen TaN possesses similar electrical properties to that of NiCr and is
generally used in the same mid-range area of resistor manufacture. However the
intrinsic properties of linear TCR and physio-chemical inerthess made TaN thin film
material superior to the more popular NiCr for thin film resistors ™ and the mass
production of TaN thin film resistors by magnetron sputtering with sheet resistivity of
50-100Q/o and TCR of about -80ppm/°C was announced in the early 1980's [,

Since that date, results reported on the electrical properties of TaN thin films have
varied quite considerably. However a number of more recent investigations have
suggested that its properties are indeed very similar to that of NiCr, with films sputtered
to thicknesses of between 300-1000nm possessing resistivities of 100-450uQcm and
giving sheet resistances of around 10 to 1000Q/o and TCR values of around -50 to
-100ppm/°C. Again post deposition stabilisation at around 200 to 400°C in both air and
N, atmospheres was reported to produce films with TCR’s of -5 to +5 ppm/°C and a
resistance stability of better than 0.1% &8,

Although these properties made TaN one of the main thin film systems adopted by
resistor manufacturers world wide, it was felt there was still room for improvement. As
with NiCr, development would come in the form of a third element to produce a ternary
system. There were two main issues with TaN; its negative as deposited TCR and the

need to further improve its stability for precision resistor applications.
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The first issue was tackled with the addition of copper 7%

. By varying the Cu
concentration in a TaNCu sputtering target, as-deposited films of 150uQcm with near
zero TCR were produced. The films could then be stabilised using a rapid heat

treatment method to reduce processing time.

To further improve resistance stability, as with NiCr the incorporation of aluminium was
used %1%l Reports showed that additions of 35-60wt.% of Al to TaN could produce
films of sheet resistance 50-600Q/o with long term resistance stabilities of better than
0.05% 1 |nvestigations were also conducted for binary systems of TaAl, with sheet
resistance of around 150-300uQcm resulting. However the elimination of nitrogen from

the film appeared to result in inferior stabilities of around 0.3% *+%%,

Cermets

Electron conduction is greatly impeded by a potential barrier in the path of the flow and
although the energy of the electron may be less than the barrier height there is a finite
probability that the electron will pass the barrier. This form of conduction is called
tunnelling and is an extremely useful mechanism for the production of high resistivity

materials

One way in which potential barriers are produced, and hence the resistance of the film
is increased, is by the precipitation of background gas impurities at grain boundaries. It
therefore seemed a logical step to try and include these impurities deliberately in the
sputtering target instead of accidentally in the background gases. In the case of a
cermet, a heterogeneous mixture of ceramic insulator and conductive metal material is
formed producing the potential barrier, hence the name cermet. As the inclusion of
ceramic, an insulator, has the effect of increasing resistance, cermet films usually find

application at the higher sheet resistance values >1kQ/o.

Although a number of metal-insulator combinations such as WSiO "% TicrAlO ® and
CrAISiO ™ have been studied in film form, by far the most successful to date has

m (&7 14198119 15 main use in thin

been the chromium-silicon monoxide (CrSiO) syste
film resistor manufacture is in the 1k to 10kQ/o range where standard alloy films such
as NiCr and TaN are too thin. However, although CrSiO produces a thicker, more
robust film at these higher ohmic ranges, its resistance stability and TCR are far inferior

to that of the alloy and single metal systems ..
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1.7 SUMMARY

From the previous review it can be concluded that there are primarily four material
systems currently used in the manufacture of thin film resistors. A summary of the

basic electrical properties of these films is presented in Table 1.3

Film ‘ Rs d TCR | DQ/Q | Deposition tzz‘g"'satti'r‘;g
0,
type (MAem) | (WD) (nm) | (ppm/C) (%) method °C) (hrs)
NiCr 0.1
NiCrO
o 100- 10- 10- . 200-
N!CI’SI 500 1000 500 <5 0.01 sputtering 400 2-5
NiCrAl 0.08
NiCrCuAl
. 50 1-50 500 sputtering 100-
N < . -
CuNi 40 0.08 | 5000 15 1015 | gectroless | 800 | 1
Ta 10- 0.3
100- 300- . 200-
TaN 450 1000 1000 <10 0.1 Sputtering 400 2-5
TaNAl 0.05
CrSio 1-10k <25 sputtering %%% 25

Table 1.3 — Electrical properties of thin film resistor material systems.

1.) Alloys of nickel and chromium either in binary form or with small additions of doping
elements such as aluminium or silicon are used in the mid-range of sheet resistance
from approximately 10 to 1000Q/o and possess excellent TCR and long term stability

properties.

2.) Alloys of copper and nickel find use in the lower sheet resistance range of around 1

to 50Q/o but have inferior stability properties to those of NiCr.

3.) Single metal systems of tantalum, reactively sputtered in nitrogen are also used in
the same mid-range sheet resistance area as nickel chromium, but possess slightly
worse TCR and stability properties. The main advantage of TaN is in its corrosion
resistance under humid conditions, meaning it usually finds use in the high reliability

military and aerospace applications.

4.) Ceramic metallic systems of chromium silicon monoxide are used when higher
sheet resistances in the kilohm range are required. TCR and stability are poor in
comparison to the alloy and single metal systems, however the inherent high resistivity

properties of the cermet systems mean they continue to find widespread application.
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Chapter 2

Binary Thin Film
Composition Selection
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2.1 INTRODUCTION

As detailed in chapter 1, the main objective of this work was to investigate the electrical
properties and performance of thin metal film systems which have lower resistivity than
that of NiCr and can be deposited to sheet resistances of <1Q/o at preferably faster
rates. From the material systems currently available for the manufacture of thin film
resistors, perhaps the most suitable candidate to meet this objective is copper nickel
45/55wt%.

When sputtered from a commercially available constantan alloy target, thin films
possessing desirable electrical properties such as a resistivity of <50uQcm, TCR down
to +15ppm/°C and an adequate long term stability of resistance of better than 0.5% are
achievable. It would therefore appear to be the obvious choice for the successful

manufacture of thin film resistors of low sheet resistance.

However there have already been a number of reviews for this material 7 and it
seems that the lower range of sheet resistance is restricted to around 1Q/o when
deposited by the PVD method. This figure is similar to that reported for nickel
chromium B! and is a result of the maximum film thicknesses achievable for these
materials by the sputtering technique. There has also been work undertaken to reduce
this sheet resistance figure by electroless deposition of copper-nickel films of increased
thickness, but this resulted in a subsequent increase in film stress and hence inferior
electrical stability .

Although alloys of copper nickel may not be ideally suited to this application it can be
postulated that it is the inclusion of copper, with its intrinsic low resistivity and high
sputter yield properties, which is largely responsible for the reported low sheet
resistivity of the film. Table 2.1 shows some important electrical and atomic properties

of the individual metals discussed in chapter 1.

Metal Sputter yield | Resistivity TCR Atomic Cova_llent
symbol at 500eV Ar+ at 20°C (0-100°C) | radius radius
(atom/ion) (LQcm) (ppm/°C) (nm) (nm)
Cu 2.0 1.69 4300 0.135 0.132
Al 1.0 2.67 4500 0.125 0.121
Ni 11 6.9 6800 0.135 0.124
Cr 1.3 13.2 2140 0.140 0.139

Table 2.1 — Electrical and atomic properties of individual metals 1% 3%,

In addition to copper-nickel, two other potential alloys employing the low resistivity
copper element are copper-chromium and copper-aluminium. Copper-chromium has

received limited attention in the application of thin film resistors ?”. Schuman et al,
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1993, investigated the electrical properties of CuCr 53/47at.% alloy thin films sputtered
onto both Al,O; and oxidised Si substrates. Films were found to have low internal
stress characterised by a TCR close to zero, a long term stability of around 0.1% and a
resistivity of 60-80uQcm. Following heat treatment in the increased temperature range
of 300-500°C the resistivity of the films was reduced to around 30uQcm, however TCR

and stability was worse and increased stress was apparent in the films.

There has also been limited research conducted for alloys of copper-aluminium in the
application of thin film resistors *?Y. Bashev et al, 1990, investigated the electrical
properties of CuAl thin films sputtered from a multiple section target made of small
sections of Cu and Al. Binary films across the full composition range of 0 to 100at.% Al
were investigated and it was found that a composition of approximately CuAl 60/40at.%
yielded a near zero TCR with a sheet resistance of » 7Q/o. Following post deposition
annealing at 90°C in air, the formation of the CucAl, ¢ phase was apparent with a wide
range of homogeneity and good long term stability of resistance was achieved. Bashev
concluded that thin films of CuAl could find use as low value thin film resistors, however
there appears to have been no published research in this area since this

recommendation.

There have however been several reports on the structural and electrical properties of

[122-146

the copper-aluminium thin film system in various other applications I The most

prominent of these in recent years is the work of Draissia and Debili and co-workers
(122128 They too found the stable g, phase to exist in the 40-60at.% Cu region but also

discovered an unexpected CusAl phase with similar stable properties.

Although it appears that there has been limited work carried out for concentrated
copper-aluminium thin films, there have been numerous studies undertaken to
understand the electrical behaviour of dilute copper-aluminium films [4716¢]
Traditionally thin films of aluminium containing up to 4at.% copper found widespread
usage in the semiconductor industry for the purpose of line interconnects. Additions of

copper have been shown to reduce electromigration by up to two orders of magnitude
[159]

However with the ever increasing demand for smaller semiconductor devices the line
width of interconnects has been forced to reduce, meaning that the resistance has
increased, causing reduced current handling and signal processing speeds. In order to
improve this situation a material with lower resistivity than aluminium was required and

copper was the obvious candidate.
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Although it was soon realised that films of pure copper possessed the required low
electrical resistivity, their reliability was far inferior to their aluminium predecessor due
to the poor oxidation resistance of the copper. However by adding aluminium in small
amounts up to 10at.% to the copper bulk, the self passivating properties of the
aluminium can be utilised to improve reliability without having too much effect on the

resistivity of the film 165266,

As it appears that there has been little or no further research into thin films of copper-
aluminium for use as resistors since the work of Bashev et al suggested its suitability in
1990, and also due to the promising stability and reliability properties already
established through its use in the semiconductor industry it would seem a viable option
to investigate the suitability of thin films of copper and aluminium for use as low ohmic

value resistors.

2.2 EXPERIMENTAL

2.2.1 Substrate Preparation

The substrate materials used were as-fired 96% Al,O3 for electrical measurements and
borosilicate glass for structural and dimensional characterisation. Both substrate types
were 0.635mm thick and were supplied in a standard 70mm x 60mm plate form to suit

automatic processing equipment.

To allow accurate resistance measurement of the films once deposited, 15um thick
palladium silver (97/3wt.%) terminations were screen printed onto the Al,O3; substrates
followed by an overglaze mask to produce the resistor matrix pattern. This mask could
then be removed with a light solvent wash after deposition revealing the resistor
pattern, consisting of ten individual four-terminal designs per substrate as shown in

Figure 2.1.

This design allowed accurate measurement of the resistor using the four-probe, or
Kelvin, method. With reference to Figure 2.1, this technique involves passing a current,
I, from an adjustable source through the film using probes I, and I, and then sensing
the potential difference, V, developed between probes V; and V, with a high
impedance voltmeter. This measurement of voltage in the absence of any current in the
electric circuit of the voltmeter removes the effect of the potential drops across the

resistances of probes V; and V, to the sample and the current carrying wires ™.

The resistance meters used in this investigation were a Wavetek model 1271 and an
Agilent model 3458A unless otherwise stated. Both of these meters have accuracies of

better than +20ppm across all resistance ranges used.
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Terminations —

Resistor pattern /%J
=
/‘E@

Substrate /( @

DL DL DAl DL DL

Fig. 2.1 — Resistor test substrate pattern (60 x 70mm).

2.2.2 Sputtering Target Construction

In order to investigate the electrical properties over the full range of copper-aluminium

compositions, a multiple section

sputtering

consisting of

interchangeable sections was manufactured as shown in Figure 2.2.

Copper backing plate

Fig. 2.2 — Multi-section sputtering target and magnetron cathode assembly.

eighteen

The eighteen target pieces are fastened to the copper backing plate with stainless steel

bolts, there is also a copper membrane (hidden from view) between the target and

backing plate to allow for any errors in surface flathess and to improve electrical and

thermal contact between the two parts. The backing plate is in turn bolted to an

aluminium housing to form a water cooling jacket for the target, in which the magnetron

is also housed. To prevent through sputtering of the backing plate, which could

eventually breakthrough into the water jacket, the edges of the target pieces are

machined at an angle of 20°. Moreover, sputtering of the stainless steel mounting bolts

is guarded against by a rectangular dark shield which sits in front of the target once

mounted in the plant.
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This arrangement allowed the target composition by area to be adjusted by around

5.5%. Hence the following nineteen compositions, % by area, could be sputtered:

Area.%

c 100 [ 94 | 89 | 83 |78 |72 |67 | 61 | 56 | 50 | 44 | 39 | 33 |28 |22 |17 |11 | 6 0
u

Area.%

Al 0 6 |11 |17 |22 |28 |33 |39 |44 |50 |56 |61|67|72|78|83]|89 |94 | 100

Table 2.2 — Possible CuAl sputtering target compositions.

2.2.3 Composition Selection

To obtain an initial impression of the electrical properties of varying CuAl thin film
ratios, samples were sputtered using the following target compositions, see Table 2.3.
A set of samples were also sputtered from the standard NiCrMo 45/45/10wt.% target to

be used as a control to assess the CuAl film properties against.

Run No. 1 2 3 4 5 6 7 8
Target Al 0 17 33 50 67 83 100 )
NiCrMo
area.% Cu 100 83 67 50 33 17 0

Table 2.3 — Cu-Al target compositions investigated.

2.2.4 Deposition Method

Once the target had been assembled to the desired composition it was fitted into the
deposition plant. The plant employed was a Circuit Processing Apparatus 900 (CPA)
load locked magnetron sputtering plant which had been modified to give full automatic

computer control. A schematic diagram of the plant is shown in Figure 2.3.

Target Target Target Target
#1 #2 #3 #4
Input Exit
Load lock @ @ © © @ © Load lock
Sputter Etch
Station ‘
= |
Cryo
Pump

[e]

Fig. 2.3 — Schematic representation of the CPA sputtering plant.
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In this system, argon atoms are excited to a plasma state by applying a d.c. voltage

between the target (cathode biased) and the substrates (anode). The film properties

are controlled by varying the substrate feed (deposition time), power level, and argon

pressure.

The basic sample manufacturing process is as follows:

N

© O N o o A~

11.

12.
13.
14.
15.

Configure sputtering target for required CuAl composition

Place 3 off Al,O; substrates and 1 off glass slide onto stainless steel
sputtering pallet and load into input load lock magazine.

Evacuate full chamber to better than 1x10™ Torr base pressure

Switch on pallet drive and adjust speed to 4cm/min

Switch on Ar flow and set to 35cm®/sec

Adjust throttle valve to give pressure of 3.5x107 Torr

Switch on target power supply and pre-sputter for 30mins at 1.5kW d.c.
Lower pallet onto drive chains

Pallet automatically stops at sputter etch station and substrates are plasma
cleaned for 5mins at 500W R.F.

Pallet then continues on drive chain under the target where the substrates
are deposited with the sputtered target material for » 5mins at 1.5kW d.c.
Pallet then enters output load lock magazine and is allowed to cool for
30mins

Switch off pallet drive and power supplies

Vent plant to atmosphere with N, and remove pallet from output load lock.
Remove substrates from pallet and clean off mask with light alcohol wash.

Repeat steps 1 to 14 until all trials are complete.

2.2.5 Film Stabilisation

Following deposition samples from each trial were stabilised for 5 hours at 200, 300,

400 and 500°C in both air and N, atmospheres. The equipment used was a Hedinair

HT3 nitrogen oven and the accuracy across the temperature range 150 to 550°C was
found to be £ +5°C.
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2.3 CHARACTERISATION OF FILMS

2.3.1 Chemical Composition Analysis

The composition of the film samples sputtered on to the glass slides were analysed
using an FEI Quanta 200, Scanning Electron Microscope (SEM) coupled with Energy
Dispersive X-ray analysis (EDX). The films were examined at five areas on the surface,
and were then fractured and a further five areas were analysed on the cross section.
The composition was found to be homogeneous and did not vary by more than +2at.%
across the 10 areas of analysis for all samples studied. The mean film composition
from each deposition run is shown in Table 2.4 along with the starting composition of

the sputtering target.

8 - NiCrMo
Run No. 1 2 3 4 5 6 7
Control
Target Al 0 12.8 26.1 41.8 59.3 77.8 100
49.8/44.2/6.0
at.% Cu 100 | 87.2 73.9 58.2 40.7 22.2 0
Film Al 0 7.1 15.4 27.0 42.9 64.4 100
51.0/43.5/5.5
at.% Cu 100 | 92.9 84.6 73.0 57.1 35.6 0

Table 2.4 — Mean composition of the CuAl target and film samples

As can be seen there is a large discrepancy between the starting composition of the
sputtering target and that of the film for all of the binary CuAl films i.e. trials 2 to 6. On
average the film is rich in copper and hence deficient in aluminium by between 5 and

15at% depending on the starting composition.

There are several potential explanations for this error such as the location of the target
pieces in relation to the magnetron wear ring and also the position of the test sample
underneath the target. However the most likely cause of the discrepancy is due to the

difference in sputtering yields obtained for the individual elements.

Sputtering yield can be defined as the average number of atoms ejected from the
target per incident ion and depends on the ion incident angle, the energy of the ion, the
masses of the ion and target atoms, and the surface binding energy of atoms in the
target **". In the present case when sputtering with an Ar+ ion energy of 500eV, typical
sputter yield figures for copper and aluminium are 2 and 1 atoms/ion respectively,
assuming the ion incidence angle is normal (perpendicular) to the target surface.
Indeed the relative ratio of sputter yields of copper to aluminium across a broad range

of argon ion energies from 50eV to 100keV is approximately 2:1 %%,
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If this ratio is assumed and the atomic weight of the copper in the target is doubled
then the ratio of copper to aluminium is almost identical for the target and film for run
numbers 2 to 6 as shown in Table 2.5. This result supports the theory that the relative
sputter yields of the two elements is the main factor affecting the discrepancy in

composition between the target and film samples.

Run No. 2 3 4 5 6
Al 12.8 26.1 41.8 59.3 77.8
Target Cu x2 174.4 147.8 116.4 81.4 44.4
at.% Ratio Cu:Al 13.62 5.66 2.78 1.37 0.57
Al 7.1 154 27.0 42.9 64.4
Film Cu 92.9 84.6 73.0 57.1 35.6
at.% Ratio Cu:Al 13.08 5.49 2.70 1.33 0.55

Table 2.5 — CuAl composition ratio for target and films, assuming 2:1 sputter ratio

2.3.2 Electrical Properties
As previously discussed, the three main parameters used to characterise the electrical

properties of thin metal films for use as resistors are:

1. Room temperature sheet resistance, Rs, (W)
2. TCR,, 20/70°C, (ppm/°C)
3. Resistance Stability, DQ/Q, (%)

As Grown Electrical Properties
Figure 2.4 shows the as-grown sheet resistance and TCR,, properties of the CuAl films
with increasing aluminium content, taken from a sample of 18 parts across the

sputtering pallet. The results for the NiCrMo control are also plotted.

The as-grown sheet resistance of the film increased from a mean value of 0.06Q/o for
the pure copper film to 1.8Q/o at 43at.% aluminium content. This figure then decreased
to 0.3Q/o for the pure aluminium film. The mean TCR,, followed a similar but inverse
trend with the TCR for the pure copper and aluminium films being large and positive at
2020 and 860ppm/°C respectively. Once aluminium was added to the copper the TCR
of the film decreased rapidly to around 500ppm/°C at 15at.%, before falling more

gradually to a minimum of -310ppm/°C for 43at.% aluminium.
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Fig. 2.4 — As grown sheet resistance and TCR,, properties
of the CuAl and NiCrMo control films

When compared to the NiCrMo control, the sheet resistance of the CuAl films was
much lower across the full range of compositions and in the worst case (43at.% Al) the
value was still approximately half that of the NiCrMo sample. Although the TCR of the
CuAl films were generally positive, the negative result obtained for the 43at.% Al film
was encouraging as it presented the possibility of obtaining a near zero result,

assuming the TCR shifted positive with increasing heat treatment temperature.

To allow further investigation of the sheet resistance and TCR results, the figures were
compared with those obtained from the literature. Figure 2.5 gives a comparison of the
current work and that of Bashev et al, 1990 "#!. Due to differences in sputtering
conditions, the sheet resistance and TCR results have been normalised to give
comparison of relative results and curve shapes. Moreover in order to replicate the
processing conditions of Bashev, the experimental films were annealed for 50 hours at

90°C in air.
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Fig. 2.5 — Comparison of mean sheet resistance and TCR Properties
As can be seen the results are in reasonable agreement with similar curve shapes for
both Rs and TCR plots. Perhaps the most significant variation between the results is
that obtained for the pure aluminium films. The sheet resistance figure obtain by
Bashev et al for the aluminium film is approximately 3.75 times greater than that
obtained in the current work. Assuming that the copper and aluminium films were
produced under similar conditions and again taking the sputter yield ratio to be 2:1, the
ratio of sheet resistances for the current work is much closer to the ratio of bulk

resistivities than that for the work of Bashev et al:

Ratio of Al:Cu Rs for Bashev et al =75 :1
Ratio of Al:Cu Rs for current work =33:1
Ratio of Al:Cu r at R.T. x ratio of sputter yields (2.65/1.67) / (1/2)=3.2 : 1

Room temperature resistivities of copper and aluminium taken as
1.67uQcm and 2.65uQcm respectively #2.

To allow further comparison with the literature the film dimensions were measured and
their resistivity was calculated using Equation 1.2. The film length and width were
measured using a Nikon Measurescope MM-22. The thickness of the films on glass

slides were measured using a SEM, the measurements were also confirmed for
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several samples using a Taylor-Hobson talystep profilemeter, the film step being
created with a microscope slide cover slip. Typical results for both methods are

presented in Figures 2.6a and 2.6b respectively.

= c T —— 60 —T— T 71 T T —

" . m T ;g;n ¥ #,", e T A A
~“W ‘ - gl [ [ [ [l -Zp--_[--_-C
i o e ny e ‘.E’ — 50— T
40 ———T— F A e p— p—

w
o

N
o

Film thickness, d (50nm/div)

10

0
Mag | WD Spot HV | HFW Det 1.0um 0O 01 02 03 04 05 06 0.7
20000x 8.0 mm| 4.0 20.0 kV/13.52 um ETD AMRI Scan |ength (mm)
Fig. 2.6a — SEM measurement Fig. 2.6b — Profilemeter measurement
of film thickness of film thickness

The calculated resistivities for the as-grown experimental samples are shown in

Figure 2.7.
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Fig. 2.7 — Experimental and theoretical resistivity plots for the CuAl system ™7,
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According to Matthiessen’s rule for pure metals the resistivity, r, is the sum of two

parts; a residual resistivity, r;, and a thermal part r (see Figure 2.8):

r (total) = r, + ry Equation 2.1
A
>
=
=2
=
0
[%)]
)
x
c
Q A
*3 Temperature
Q@ t component
W
Residual
' component
>
Temperature

Fig. 2.8 — Resistivity versus temperature for a typical metal, Matthiessen’s rule

The presence of impurities in the metal raises the residual resistivity, r,. The increase

of r, on a single impurity can be calculated using Nordheim’s rule 72

rr(x) = Ax (1-x) Equation 2.2

Where x is the concentration of the impurity as an atomic fraction and A is a constant
called the “solution resistivity coefficient”. A depends on the base metal, and the
impurity and material factors that can influence it include atomic sizes and crystal

structure.

Equation 2.2 can also be written as follows and indicates a parabolic relationship

between resistivity and impurity concentration.
ro(x) = Ax - AX Equation 2.3
Alsowhen x”™ 1,1 —-x» 1, we have:
r. » Ax Equation 2.4
This indicates a linear relationship between resistivity and impurity in a dilute solid

solution alloy.

The experimental resistivity plot for the as-grown CuAl films presented in Figure 2.7,
shows reasonable agreement with Nordheim’s rule. It is parabolic in shape for high
impurity concentration and more linear in the dilute regions in accordance with

Equations 2.3 and 2.4. This result is typical of a disordered binary alloy system, the
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resistivity increasing as the solute (Al) is added to the solvent (Cu) due to the
increasing possibility of collisions between moving electrons and the ions constituting

the crystal structure.

Although Equation 2.2 has shown good accuracy for a number of binary alloys, it relies
on the two constituents being homovalent, thus the highest resistivity is always
predicted at a composition of 50at%. To take into account the difference in valence
between copper and aluminium a virtual crystal approximation can be employed 2.
Again the model considers only the effects of change in composition and assumes the
alloy to be in a disordered state, therefore neglecting any changes in the crystal

structure. The impurity resistivity r , for the alloy AB1.«is given by:

re=x(1-x) [as + (@2 - ay)x] | M | 2 Equation 2.5

Where M is the matrix element of the difference potential (Va-Vg) and aj,a, take into
account the difference in valence between the constituents A and B. The full curve
calculated from Equation 2.5 for the CuAl system is plotted in Figure 2.7 and shows
close similarity in shape to that obtained for the as grown samples . The maximum
resistivity for the experimental curve is found at around 40at.%, which again is

consistent with the virtual crystal model, taking into account the difference in valence.

Perhaps the most noticeable dissimilarity between the as-grown experimental plot and
the virtual crystal theoretical plot are the large differences in resistivity values. For all
compositions the resistivity values for the experimental result are higher than those
predicted by the model. As the model assumes a bulk disordered system and is not
specifically developed for application to thin films, there are a number of potential
reasons for this increase in resistivty, such as thin film size effects, formation of
crystalline phases, micro-imperfections in the crystal lattice and impurity incorporation

during deposition. These theories are discussed in more detail in the proceeding text.

Effect of Heat Treatment on the Electrical Properties

As discussed in chapter 1, freshly deposited thin films can exhibit instability in their
physical properties during storage due to changes in their structural conditions. This is
largely due to the fact that the crystal lattice of the film contains a large number of
micro-imperfections in its structure such as non equilibrium vacancies. In order to
remove these imperfections and thus improve the stability of the film, heat treatment is

essential.

Following annealing, the structure of the film should be stable throughout its life at any

temperature lower than the annealing temperature, provided interaction with any
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external medium is prevented. Thus, in the case of thin film resistors, the annealing
temperature used during manufacture will usually exceed the specified operating

temperature of the device, in this case 125 to 155°C.

Following deposition, samples from each trial were annealed at temperatures of 200,
300, 400 and 500°C for 5 hrs in both air and nitrogen environments. Figures 2.9a to
2.9d show the sheet resistance and TCR,, properties of the CuAl films with increasing
heat treatment temperature. Results obtained for the NiCrMo control are also
presented. Results at each temperature are based on the measurements of a sample

of 6 films taken from across the sputtering pallet.

In general, the percentage decrease in Rs with increase in temperature is similar for
the CuAl films. The results of Rs obtained for films stabilised in air and N, are very
similar, suggesting that stabilisation environment, whether air or N, has negligible
affect on the Rs of the CuAl films.

The result for the NiCrMo control is similar to that of the CuAl films showing a decrease
in Rs with increasing annealing temperature. However the result obtained for the
NiCrMo films treated in air is noticeably higher than that for nitrogen. This result is most
likely due to the increased formation of chromium oxide in the air atmosphere leading

8l In terms of relative Rs, as both the NiCrMo and CuAl

to an increase in resistance
films decreased by similar amounts during the stabilisation process the advantage is

further increased to at least 5 times for the films treated at 500°C.

Figures 2.9c and 2.9d show TCR,, results for the different film compositions following
annealing in air and N, respectively. It can be clearly seen that increase in stabilisation
temperature results in an increase in TCR, again regardless of heat treatment
environment. Possibly the most striking area of this result is the difference in TCR
response to temperature between the pure elements and the alloys. As can be seen
the TCR of the pure Cu and Al films rise steeply towards their bulk values and peak at
values of around 4300 and 3500ppm/°C respectively after stabilisation at 400°C, before
decreasing to final values of 4000 and 3000ppm/°C following treatment at 500°C. This

negative shift at higher temperatures was attributed to degradation of the films.

Conversely the results obtained for the NiCrMo and CuAl alloys are relatively stable
and TCR increases are more gradual. Further analysis shows that the TCR of the CuAl
films moves positive quite linearly throughout the temperature range whilst that of
NiCrMo remains unchanged until 300°C where it then begins transition from negative to
positive through the zero TCR line. This result corresponds closely to that reported for

various alloys of NiCr in chapter 1.
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Fig. 2.9a — Sheet resistance following heat treatment in air
for 5hrs at varying temperatures.
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Further analysis of the results for the CuAl films shows that they all follow a very similar
curvature, with the copper rich films always remaining more positive than the Al rich.
One exception to this observation is the result of the 43at.% Al film, which as deposited
looked promising with a TCR of around -300ppm/°C. As can be seen this result soon
becomes positive with a value approaching +500ppm/°C following stabilisation at
300°C.

Although the error bars have been excluded from Figures 2.9 for clarity, the
distributions of measurements improved with increasing heat treatment temperature
and in all instances were no worse than those reported for the films in the as grown

state in Figure 2.4,

The general trend for all the films following heat treatment is a decrease in sheet
resistance accompanied by a subsequent increase in TCR with increasing annealing
temperature. This behaviour is typical of thin film resistor alloys sputtered at room
temperature and subsequently annealed. The processes responsible for the changes in
electrical properties can be largely divided into three categories; structural, phase and

chemical modifications of the films %

1. Annealing of micro-imperfections formed during deposition. This stage of
annealing results in a decrease in the concentration of non-equilibrium point
defects, redistribution of dislocations and formation and removal of small-angle
grain boundaries. These processes always lead to an irreversible decrease in

resistivity and subsequent increase in TCR.

2. Recrystallisation. This process leads to a reduction in the number of randomly
orientated crystallites due to transformation of high angle grain boundaries and

merging of crystallites. Again this process causes a decrease in resistivity.

3. Chemical reactions in the solid phase. The main process in this category is
oxidation of the film in the atmosphere and always results in an increase in

resistivity of the film.

It is quite normal for all the above processes to occur simultaneously and the
probability of one process dominating is reliant on a number of factors such as the time

and temperature of the heat treatment and also the thin film material type.
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Figure 2.10 shows resistivity plots for the experimental CuAl films both as-grown and

following annealing at 400°C in nitrogen.
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—>— As grown - Experimental
————— Theoretical - Virtual Crystal model
—8— Annealed - Experimental

100 —A— Bulk - Macchioni et al
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40 60 80 100
Al, at%.

Fig. 2.10 - Experimental and theoretical resistivity plots for the CuAl system
(see Table 2.6 for identification of CuAl phases)

As previously discussed the as-grown plot has a typical parabolic shape of a
disordered alloy system and compares well with the theoretical model. The difference
in actual values of the two plots is attributable to imperfections and impurities formed

during deposition.

Once these micro-defects start to be annealed out of the film there is a considerable
reduction in resistivity, as demonstrated by the ‘annealed’ experimental curve. However
the reduction is not linear across the composition range causing a change in the shape
of the plot with a distinct peak at around 40at% Al. This shape is attributable to solute
interaction effects and the formation of phases of CuAl in the film and shows
reasonable agreement with previous work for both thin film ®? and bulk *¥ samples.
For comparison the results reported by Macchioni et al * for bulk samples of CuAl

annealed in argon, close to the maximum temperature consistent with stability as
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determined from the phase diagram, are also plotted in Figure 2.10. As can be seen

the shape of the plot bears close similarity to that of the current work.

As shown in Figure 2.11 the phase diagram for the copper-aluminium system is quite
complex especially at the aluminium rich side . In addition to the cubic solid
solutions of aluminium and copper there are five stable intermediate phases in the low

temperature range below 600°C (see Table 2.6).
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Fig. 2.11 — Copper-Aluminium phase diagram (169,

Phase Approxm(w:tt.(g/oczlr;wpo&non Lattice designation
a (Cu) 0-195 Cubic

@ (CugAly) 30 - 37 Cubic

d (CusAly) 39-40 Cubic

Z, (CusAlg) ~ 45 Monoclinic

h, (CuAl) 48 - 50 Monoclinic

g (CuAly) ~ 67 Tetragonal
b (Al) 97.5 - 100 Cubic

Table 2.6 — Properties of phases in the copper-aluminium system

The g and d phases are both complex cubic structures with approximate compositions
of CusAl, and CusAl, respectively. The g phase has a stability range of around 30 —
37at.% Al, whilst that of the d phase is much narrower at around 40at.% Al. The
remaining three phases z, h, and g also have narrow stability ranges with compositions
corresponding to Cu,Al;, CuAl and CuAl; respectively.
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As shown in Figure 2.10 the resistivity plots for the annealed film and bulk samples are
far from linear, the most prominent feature being the peak in resistivity for the ¢ and d
phases at around 30-40at.% Al. The sharp increase throughout the composition range
of the g, phase is reported as being essentially an electronic effect associated with the
gbrass band structure and can be explained by the Jones zone formed by the (330)

and (411) planes of the reciprocal lattice for a simple cubic structure 7.

Seeing that all of these planes are parallel, as the electron concentration increases the
Fermi surface will make contact with all 36 zone faces provided it is spherical. This
leads to a rapid decrease in the Fermi surface area and density of states at the Fermi
energy. Specific heat measurements of gbrass alloys have confirmed that this
decrease takes place " and it therefore follows that the resistivity (r ) will increase and
the conductivity (o) will decrease, due to the rapid decrease in Fermi surface (Sg) area

with increasing concentration of aluminium:

1 e?

S =
r 12pch

(tu)s, Equation 2.6

Where OtuQ is the average over the Fermi surface of the product of the relaxation
time, t and carrier velocity, u. The Fermi surface can be defined as a surface of
constant energy in k-space, where k is the wave vector of the electron, which
separates the unfilled electron bands from the filled electron bands, at absolute zero
[22

I It is important in determining the electrical properties of a metal because the current

is related to changes in the occupancy of states at the Fermi surface.

The resistivity of the z,, h, and g phases is similar to that previously observed in
polyvalent pure metals. The inconsistency between the experimental results of
Macchioni et al and the theoretical resistivities for these phases is due to the fact that
these are ordered electron compounds and not disordered as predicted by the virtual
crystal model. Likewise the results for the g and d phases show a reasonable fit to the

theoretical curve, thus supporting the theory that these are in fact disordered systems.

Although there is evident similarity in the shape of the resistivity plots for the annealed
samples for the current work and that of Macchioni et al, there is still a noticeable
discrepancy in the actual values. There are a number of potential causes of this error
such as sample preparation and processing conditions, however the most likely reason
is due to the thin film size effects on conductivity which must be taken into account
when making comparisons with data for bulk samples. This phenomenon is discussed

in detail in chapter 6.
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Resistance stability

To measure the stability of resistance for the CuAl samples, they were subjected to a
dry heat stability test of 168hrs at 155°C in an air atmosphere. Results of resistance
stability for the various film compositions following stabilisation in air and N, at 300°C
for 5 hours are presented in Figure 2.12. All results are based on the measurement of 6

films for each chemical composition.
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Fig. 2.12 — Resistance stability of CuAl samples following 168hrs at 155°C in air

An initial view of the data presented in Figure 2.12 shows that the copper rich films are
very unstable regardless of heat treatment regime. Although the results for these films
have been excluded they were no less than +20% in all cases. The most plausible

reason for these large positive shifts is oxidation of the copper rich films.

However once the aluminium content of the films begins to increase, the stability
significantly improves and is ho worse than 1% for films in the range »25 to 100at.%Al.
This improvement can be largely attributed to the formation of the protective aluminium
oxide layer on the surface of the film during the annealing stage which subsequently
retards the rate of further oxidation and hence resistance increases. This analogy is
further supported by the difference in results for the films annealed in air and nitrogen.
As can be seen for films in the composition range »15 to 30at.%Al, the stability figures
are better than 0.5% when annealed in the oxidising air atmosphere and greater than

0.75% when annealed in nitrogen.
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The further improvements in stability for the mid range composition films can be
attributed to the formation of the aforementioned stable CuAl phases. Results reported
by Bashev et al for thin films of copper-aluminium are also presented in Figure 2.12
(21 As can be seen excellent stability of resistance was also found in the mid range
composition area and was reported to be due to the formation of the stable g phase
with a wide range of homogeneity from approximately 28 to 62at.% Al. Indeed only
three phases were detected over the whole composition range for the ion-plasma
sputtered films: two highly-super saturated solid solutions based on Al and Cu and the

@ phase.

Also plotted in Figure 2.12 is the stability result for the NiCrMo control film following
heat treatment at 300°C in air. As expected changes of around 0.25% were produced
for these films, which correlate closely to the findings of other researchers for NiCr films
reported in chapter 1. When compared with the CuAl films annealed in air, the results
for the NiCMo films are marginally better, 0.25% versus 0.4%. On average the stability
of the CuAl films annealed in nitrogen are worse again, however the best result
regardless of heat treatment regime is produced by the 64at.%Al film at 0.23% and
0.13% for films annealed in air and nitrogen respectively. This improvement could be
due to the formation of the stable g phase which occurs at approximately 67at.% Al and

is investigated further in chapter 3.

2.4 SUMMARY

From the work conducted in this chapter it is quite evident that a binary system of
copper and aluminium shows much promise in the application of thin metal film

resistors.

Ultimately there are a number of detailed specifications to which a component must

' 2 the finer points of which are

conform before it can be deemed ‘fit for purpose
covered in chapter 8. However as discussed in chapter 1, in order to establish an initial
impression of the performance of the films, two tests which are deemed appropriate are

that of TCR,, (20°C and 70°C) and also dry heat stability (168 hours at 155°C).

A summary of key electrical properties for the CuAl film samples with increasing
aluminium content following heat treatment at 300°C for 5 hours in air are presented in
Figure 2.13
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Fig. 2.13 — Key electrical properties of the CuAl thin film samples
Following heat treatment in air for 5hrs at 300°C

From the results for TCR,, it can be established that only the films containing » 25 to
65at.% Al have as-grown values anywhere close to the specified target of +50ppm/°C.
Whilst that of the Cu rich films and indeed the pure Al and Cu films is large and positive
at between 500 and 2000ppm/°C. This inadequacy is then further augmented following
heat treatment stabilisation where TCR shifts positive with increasing temperature
across the composition range and thus the near suitable TCR of the mid composition
films soon deteriorates to values in excess of 400ppm/°C. This trend appears to remain

true regardless of annealing environment, air or nitrogen.

A similar result can be concluded for that of resistance stability, where again it appears
that a minimum of around 15at.%Al is required before any adequately low figure can be
established. On this occasion those films pre heat treated in an air atmosphere gave
the best results with a consistent figure of 0.3% produced by films annealed at 300°C.

In terms of achieving the preliminary objectives laid out in chapter 1, investigations thus
far could be deemed a success. Although at this stage it is still difficult to assess the
suitability of thin films of CuAl in terms of overall electrical performance it still useful to
compare their fundamental electrical characteristics against those of the NiCrMo

control, as ultimately it is the performance of this film which must be realised.
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| Rs(@m) | TCR(ppmFC) | AQIQ (%)

NiCrMo 3.25 -25 0.23
CuAl-43at.% 1.0 +515 0.33
CuAl-64at.% 0.6 +520 0.24

Table 2.7 — Comparison of the fundamental electrical characteristics
of NiCrMo and CuAl thin film resistors stabilised at 300°C in air.

Table 2.7 shows the results achieved for 43at%.Al and 64at%.Al films, which have the
lowest TCR figures, compared to that of the NiCrMo control film sputtered and
stabilised under identical conditions. As can be seen one major objective can already
be satisfied in that the sheet resistance value for the CuAl film is approximately 3.5
times lower than that of NiCrMo, thus lower pre-values can be sputtered at faster rates.
Moreover the stability of the CuAl films is also comparable to that of NiCrMo. However
one obvious concern at this stage which must be addressed is the large positive TCR
of the CuAl films.
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Chapter 3

Ternary Thin Film
Composition Selection
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3.1 INTRODUCTION

Perhaps the most widely documented method of reducing the TCR of binary thin metal
films is to introduce a third doping element into the structure to produce a ternary

system.

This ‘doping’ element can be supplied in the sputter gas or incorporated into the target
itself. Its role is to add controlled impurities into the growing metal structure giving
control over TCR and in many cases resulting in additional improvements in stability.
The level of doping is generally determined experimentally to give films with as grown
TCR figures in the negative region, which can be subsequently shifted to near zero

during heat treatment stabilisation.

In terms of ‘doping’ in gaseous form, oxygen and nitrogen are by far the most popular
elements. Generally the reactive gas is mixed with the inert sputter gas (usually argon)
at typical levels of between 1% and 20%. Once in the deposition chamber the reactive
gases then form oxides and nitrides in the film which are seen as a negative TCR due
to their semiconducting properties. As discussed in chapter 1 the two most popular
reactively sputtered films for use as thin film resistors are TaN and CrSiO. Reports
have shown that the TCR of these films is significantly reduced with increasing reactive

gas content.

There does however appear to be several drawbacks associated with the reactive gas
sputtering technique, the main one being accurate control of the gas flow rate and
hence reproducibility of films of consistent stoichiometery. Further problems can also
occur with the continuous processing of oxygen due to the build up of ozones in the
pumping system which have to be routinely removed by time consuming regeneration
of the system 771,

Once these negative TCR benefits were established in gaseous form, the next step for
many researchers was to incorporate the doping elements as solids in the sputtering
target itself. It was found that this method could match these benefits whilst also
eliminating the fore-mentioned problems, thus allowing the production of films with
repeatable characteristics. This transition from gas to solid allowed for the investigation

of a much wider spectrum of doping elements of various ratios.

Two of the most popular of these elements are silicon and molybdenum. As silicon is a
semiconductor it readily produces a negative TCR value. Molybdenum on the other
hand is a metal with a large positive bulk TCR. However once in the deposition

chamber Mo is known to have a high chemical affinity with residual oxygen due to its
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refractory nature. This reaction leads to the formation of thin dielectric layers in the

grain boundaries which are seen as a negative TCR !,

As it was not possible to locate any literature concerned with doping of CuAl thin films,
in order to try and reduce TCR, the most obvious choice was that of Si, as it has been
widely reported to reduce the TCR of other metal alloy systems such as NiCr 73,
Moreover NiCrSi 47.5/47.5/5wt.% is one of the main thin film resistor compositions

currently used at Welwyn Components Ltd.

In addition to Si, Mo is also an element in use at Welwyn Components in the NiCrMo
45/45/10wt.% composition. Although there has been limited data published for this

[311-312

system lit is by far the most popular in use at Welwyn Components and has been

successfully used for around 20 years. Moreover Mo has been proven to be more

78 and its

useful at reducing the TCR of thicker low resistance NiCr films than Si
refractory nature is also known to improve stability due to the small mobility of defects
at normal operating temperatures ?%. As the bulk resistivity of Mo is also lower than
that of Si (5pyWem versus 1000pWem B1%) it follows that its introduction into the CuAl

matrix should have less effect on the conductivity of the system 224,

As each of the eighteen pieces of the CuAl sputtering target equated to approximately
6% area, a decision was made to initially try incorporations of one piece of both Si and
Mo. However due to difficulties in machining matching angles on the target pieces, the

eventual percentage incorporations were nearer to 6.7% area.

As concluded in chapter 2, a minimum of around 15at.% Al is required to produce CuAl
films with good resistance stability following heat treatment in air. It was therefore

decided to investigate the performance of the following ternary compositions.

RunNo. | 9 | 10 11 | 12 | 13 | 14
Cu | 223 | 223 | 445 | 445 | 722 | 722
Target | Al 710 | 710 | 488 | 488 | 211 | 211
area.% |  Si 6.7 - 6.7 - 6.7 -
Mo - 6.7 - 6.7 - 6.7

Table 3.1 — CuAlSi and CuAlMo Target Compositions Investigated

3.2 EXPERIMENTAL AND CHARACTERISATION

All ternary film samples were manufactured and characterised under identical

conditions to the binary CuAl films described in chapter 2.
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3.3 RESULTS AND DISCUSSION

3.3.1 Chemical Composition Analysis

The mean composition of the film samples sputtered onto glass slides are presented in
Table 3.2. The films were examined at five areas on the surface, and were then
fractured and a further five areas were analysed on the cross section. The composition
was found to be homogeneous and did not vary by more than +2at.% across the 10

areas of analysis for all samples studied.

Run No. 9 10 11 12 13 14

Cu 20.1 28.7 53.6 52.9 79.3 78.3

Target Al 65.7 64.8 41.7 41.1 16.4 16.2
at.% Si 5.1 4.7 4.3

Mo 6.5 6.0 5.5

Cu 37.4 34.2 61.9 58.6 80.5 78.7

Film Al 57.6 57.3 33.5 34.5 15.3 15.3
at.% Si 4.9 4.6 4.2

Mo 8.5 6.9 6.0

Table 3.2 — Mean composition of the CuAlSi and CuAlMo
target and thin films

As with the binary CuAl films, the content of Cu in the films is higher than that in the
sputtering target and vice versa for the Al. Again this is related to the difference in

s 18] (see Table 3.3). However unlike the binary films,

sputter yields of the two element
in this case it was not possible to directly relate the discrepancy back to the sputter
yield figures. It can be postulated that this is due to the positioning of the sample
substrate in the centre of the target directly beneath the single piece of Si or Mo.
Indeed the content of Si and Mo in the films is reasonably close to that in the target for
all except one run, number 10, and had the doping piece been more evenly spread
throughout the target, the sputter yield figures suggest that their content in the films

would have been lower.

ryiel
Element | B meton)
Cu 2
Al 1
Si 0.5
Mo 0.6

Table 3.3 — Typical sputter yields of the individual elements
at 500eV Ar+ at normal incidence *°°.
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3.3.2 Electrical Properties

As Grown Electrical Properties

Figure 3.1 shows the as-grown sheet resistance and TCR,, results for the various films
of CuAlSi and CuAIMo. All results are based on the measurements of a sample of 18

films taken across the sputtering pallet.
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Fig. 3.1 — As grown sheet resistance and TCR for the
CuAlSi and CuAlMo thin films

The addition of the Si or Mo doping element to the binary CuAl film produces the
desired effect of reducing TCR across the investigated composition range and yields a

negative figure for the films containing » 35at.% Al and above.

However the doping has also in turn caused an increase in sheet resistance of the
films. As can be seen the sheet resistance plot for the CuAlSi film follows a similar
trend to the binary film and doubles in value from 1.3Q/o at 15at.%Al to 2.6Q/o at
33at.%Al, before levelling to a final value of 2.55Q/o at 57at.%Al. The result for the
CuAlMo films is higher again and rises from 1.8Q/o at 15at.%Al to 2.9Q/o at 34at.% Al.
However in this case the curve does not level off, as with the AICuSi films, and
continues to rise to a peak value of 4.55Q/o for the films containing 57at.% Al. This
figure is higher than that measured for the NiCrMo control of 3.5Q/o and is obviously

unacceptable.

As expected the plots for TCR follow a similar but inverse shape to the sheet

resistance curves. The mean result for the CuAlSi film is positive at +230ppm/°C for the
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15at.%Al film but reduces to a negative value of -68ppm/°C at 33at%.Al before again
levelling off to a final value of -60ppm/°C at 57at.% Al. The result for the CuAIMo film is
even more negative starting at +26ppm/°C and dropping almost linearly through
-114ppm/°C at 34at.% Al to -191ppm/°C at 57at.% Al. These negative as-grown TCR
results are encouraging and provided the opportunity to achieve a near zero TCR

following heat treatment.

It is possible to explain the difference in values and shape of the resistance plots
obtained for the two doping elements through their concentration in the films. With
reference to Table 3.2 it can be seen that the CuAlSi films are all slightly deficient in Si
across the composition range tested, when compared with the starting composition of

the target. Conversely the CuAlMo films are all rich in Mo.

However as the doping element was positioned in the centre of the sputtering target
directly above the substrate it would be expected that both film types would be slightly
rich in concentration, especially considering the closeness in sputter yield figures for
the two elements. Therefore this discrepancy is most likely related to the difference

between the sputtering properties of the two materials.

In order for the dc sputtering technique, as used in this investigation, to function
correctly, the target material must be an electrical conductor, i.e. a metal such as
molybdenum. Simple substitution of an insulator or semiconductor, such as silicon, for
the metal target is doomed to failure because of the immediate build up of surface
charge of positive ions on the front side of the insulator, which prevents any further ion
bombardment ). It is therefore common practice to employ an RF or a pulsed dc

arrangement to overcome this problem.

On the other hand, it is also well documented that dc sputtering of small percentages of
Si is possible when combined with alloy systems such as NiCr. Maybe the most
plausible reason in this investigation is that the Si was introduced as a single solid
piece in the sputtering target rather than being homogeneously mixed with the AICu
then sintered in the same way as commercial one piece NiCrSi sputtering targets are

manufactured.

A closer inspection of the composition figures in Table 3.2 shows that the deviation in
Si concentration in the film from the target is quite linear across the sampled range and
thus the resistance plots are offset from the binary CuAl result by a fixed amount and
therefore comparable in shape. The compaosition result for run number 10 is unusually

rich in Mo, 8.5at.% in the film versus 6.5at.% in the target, and is the most plausible
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reason why the CuAlMo resistance plots are linear and do not level off in the same way
as the CuAl and CuAlSi results.

It is not clear why run number 10 is unusually rich in Mo but could be due to the
reduced amount of high ‘sputter rate’ Cu present in the target in this composition, which
would allow more Mo to arrive at the substrate. Perhaps the aforementioned problems
associated with the dc sputtering source prevented the Si from attaining the same

advantage.

Effect of Heat Treatment on the Electrical Properties

Results for sheet resistance and TCR,, for the CuAlSi and CuAlMo films following heat
treatment in air for 5 hours at 200, 300, 400 and 500°C are presented in Figure 3.2 and
Figure 3.3 respectively. Results at each temperature are based on the measurements

of a sample of 6 films taken from across the sputtering pallet.

Perhaps the most noticeable feature of the results is the step decrease in sheet
resistance and coinciding increase in TCR that occurs for both film types following heat
treatment stabilisation. This transformation occurs at between 200 and 300°C for the
CuAlSi films and between 300 and 400°C for the CuAlMo films. It can be postulated
that this sudden decrease in resistivity is being caused be the formation of the CuAl
phases discussed in chapter 1 and that the Mo doping is able to retard their formation

to higher temperatures than the Si doping. This theory is expanded upon in chapter 5.

As this step increase through the zero TCR line occurs at relatively low temperatures
for the CuAlSi fims the TCR may be susceptible to changes in value during
subsequent manufacturing stages such as laser trim stabilisation and protection curing,
which have typical settings of 200 to 250°C. Although it may be possible to shift the
position of this ‘step’ to higher temperatures by increasing the Si content in the film it
was thought that this could lead to additional problems with dc sputtering of Si as
discussed earlier. It was therefore decided to abandon this composition and

concentrate on the more promising results achieved with the Mo doping.

Of the three CuAlMo film samples, those containing »35 and 58at.% Al give the most
useful TCR results, passing the zero line at 300-400°C and 400-500°C respectively.
The more Cu rich films containing »15at.% Al have a positive as-grown TCR, which

subsequently increases to beyond +200ppm/°C following treatment at 400°C.
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Fig. 3.3 - TCR following heat treatment in air

for 5hrs at varying temperatures.
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There is also a marked difference in the shape of the plots for the CuAIMo films. As
previously mentioned the 15 and 35at.% Al films have this step decrease in sheet
resistance occurring between 300 and 400°C, whereas the 58at.% Al film has a more
controlled gradual decline. This difference could be attributed to the increased Al
content or possibly the unusually high content of 8.5at.% Mo present in the 58at.% Al
film. For comparison the sheet resistance and TCR results for the NiCrMo control film
have been plotted alongside the CuAlMo results in Figures 3.2 and 3.3. As can be seen
the shape of both the curves for the 58at.% Al film and the NiCrMo film are very similar
and although the base binary alloys are completely different the result does suggest

that the Mo content plays a significant role in stabilising both film types.

Although the error bars have been excluded from Figures 3.2 and 3.3 for clarity, the
distributions of measurements improved with increasing heat treatment temperature

and in all instances were well within the target distribution of 50ppm/°C.

At this stage only the 35 and 58at.% Al films are capable of yielding a TCR near the
target specification of +25ppm°C following heat treatment. However the sheet
resistance of the 58at.% Al film is »4Q/o which is higher than the NiCrMo control and

obviously unacceptable.

It was therefore decided to try modifying the composition of the 58at% Al film slightly to
increase TCR to nearer zero and hence reduce Rs. To achieve this, the Cu content
was increased and the Al and Mo contents were reduced to produce a film with a
composition of 49.1/45.8/5.2at.% CuAlIMo. Again samples were manufactured and

tested under identical conditions.

Sheet resistance and TCR curves for the modified film composition are plotted in solid
black lines in Figures 3.2 and 3.3. The increase in copper and reduction in
molybdenum content has given the desired effect of reducing the as-grown sheet
resistance value. Indeed the figure of 1.45Q/o is lower than all the other three CuAlMo
compositions including the film containing »79at.% Cu. Moreover, when compared to
the result of 3.5Q/oc obtained for the NiCrMo film (solid red curve) the ratio is
approximately 1:2.5 and remains around this value throughout the heat treatment
temperature range, as evidenced by the close similarity in curve shapes. These results
suggest that it is the molybdenum content rather than the copper or aluminium content
which has the most significant effect on sheet resistance value. The more gradual
controlled shape of the curves appears to be a function of both molybdenum

incorporation and the higher aluminium content in the 46 and 58at.% Al films.
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The TCR result for the modified film is also very encouraging. It bears close similarity to
that of the NiCrMo control plot in both shape and value and having an as-grown value
of -25ppm/°C and crossing the zero TCR line between 300 and 400°C it is ideally

suited for use in thin film resistor applications.

In order to test the resistance stability of the CuAIMo films, samples containing 35, 46
and 58at.% Al were subjected to a 1000hr dry heat test at 155°C following TCR heat
treatment at 300 and 400°C. Results of these tests are presented in Figure 3.4. Results

are based on the measurement of 6 films for each chemical composition.
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Fig. 3.4 - Mean resistance stability of CuAIMo samples
following 1000hrs at 155°C in air

The stability of all three films is within the target specification of 0.5% and as expected
the change in resistance of the films pre-treated at the higher temperature of 400°C is
lower when subsequently subjected to the test temperature of 155°C. Overall the
results are very similar to those obtained for the CuAl binary films and neither an
improvement nor deterioration in performance is evident. This result supports the
aforementioned theory that the aluminium has more effect on the stability of the film

whereas the main role of the molybdenum is to reduce the TCR to a workable level.
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3.4 FINE TUNING OF MOLYBDENUM DOPING

A summary of the main electrical results obtained for the CuAlMo films are presented in

Table 3.4 along with those obtained for the NiCrMo control.

Film composition Rs (Q/o) TCR (ppm/°C) AQ/Q (%)
CuAIMo (at.%) 300°C | 400°C | 300°C | 400°C | 300°C | 400°C
58.6/34.5/6.9 275 | 1.20 -100 +175 | 0.47 | 0.41
49.1/45.8/5.2 1.40 | 1.15 -10 +25 0.35 | 0.23
34.2/57.6/8.5 430 | 3.95 -175 -140 042 | 0.35
NiCrMo control 3.25 2.95 -25 +35 0.23 0.15

Table 3.4 — Summary of the main electrical properties for the CuAlMo films

As can be seen the modified CuAIMo film with an approximate composition of
49/46/5at.% gives the best results for all three parameters and satisfies the main

specification objectives laid out in chapter 1.

The sheet resistance is »2.5 times lower than that obtain for the NiCrMo control.

The TCR,y is better than !125ppm/°C and has a similar controlled slope to the

NiCrMo control, passing the zero TCR line between 300 and 400°C.

The dry heat resistance stability, 1000hrs at 155°C, is slightly inferior to that of

the NiCrMo control but is well within the limit of 0.5%

To further investigate the effects of varying the Mo content on the electrical
performance of the films, it was decided to fine tune the composition. However due to
the aforementioned sputtering target to film composition errors and the central location
of the Mo doping section, sample manufacture was transferred from flat substrates to
cylindrical substrates, as the sputtering method employed for axial product involves
tumbling a large batch of rods in a deposition barrel, thus providing better film

uniformity.
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3.4.1 Experimental

Preparation of resistive films

The sputtering was carried out in a Teer Coatings MSBP deposition plant and as with
the planar sample manufacture, again a dc magnetron technique was employed, see
Figure 3.5.

Target

Fig. 3.5 — Barrel sputtering process

The barrel sputtering process involves mixing the ceramic rods in a finned barrel or
drum whilst the cathode material is deposited onto them. The mixing of the rods
produces a uniform film thickness throughout the batch but results in increased
deposition times as the rods tumble against each other constantly removing a
percentage of the deposited film. The film thickness is controlled by varying the
deposition time, power level and drum rotation speed whilst keeping the sputtering
pressure constant.

The eighteen piece sputtering target used to deposit the planar substrates was
machined down to fit the smaller barrel sputtering magnetron. In order to further
investigate the electrical properties of CuAlMo thin films, the following four batches,
each containing 50,000, 1.7mm diameter x 5mm long 85% Al,O; cylindrical substrates,
were sputtered and subsequently investigated. Again films were also deposited from
the standard 45/45/10wt.% NiCrMo target to be used as a control.
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Trial No.‘ 15 ‘ 16 ‘ 17 ‘ 18 ‘ 19

Al 65 66 67 68
Cu 30.5 | 30.5 | 30.5 | 30.5 NiCrMo
Mo 4.5 3.5 2.5 15

Table 3.5 — CuAIMo film compositions %area

All batches were sputtered under identical conditions as shown in Table 3.6. The
vacuum plant was evacuated to a base pressure of 5x10° Torr using a combination of
a mechanical roughing pump and then a cryo pump. Pure Ar was introduced at a
constant flow rate of 35cm®sec to achieve the desired sputtering pressure of 3x10°
Torr. The sample batches of 50kpcs were then sputtered with the various CuAlMo film
compositions at a target power of 2kW dc for 8 hours. This deposition time, target

power and barrel rotation speed was set to give a low sheet resistance of around 1Q/o.

Process parameter Setting
Base pressure 5x107 Torr
Sputter pressure 3x107 Torr
Ar flow rate 35 cm’/sec
Barrel rotation speed 3 rpm
Deposition time 8 hrs
Deposition power 2 kw
Target to substrate distance 250 mm

Table 3.6 — Barrel sputtering process parameter settings

Following deposition, samples of 1000 parts from each batch were annealed at
temperatures of 200, 300, 400 and 500°C in air for a period of 5 hours. Nickel-plated
steel termination caps were then fitted and subsequently resistance welded with 0.6mm

diameter tin plated copper termination wire to permit good electrical contact.

57



Characterisation of Films

The resistance values of a sample of 50 parts from each trial were measured at 20°C
and 70°C in a thermostatically controlled oil bath (Grant LTD20G) using a conventional
four wire technique in conjunction with a digital multimeter (Agilent 3458A). TCR was

then calculated using Equation 1.3.

Film resistivity was calculated from the measured resistance and film dimensions of a
sample of 5 parts. Film thickness was measured at several points on the cross section
of the sputtered rods using a SEM. Stability of resistance of a sample of 50 parts from

each trial was measured after subjection to 1000 hours at 155°C ambient in air.

Film composition was calculated from sputtering target weight loss (Salter type 424)
and analysed using EDX. For EDX the composition was measured at 5 separate

locations on the cross section of 5 films per trial.

Environmental Testing

Following initial classification, films containing 2.3 and 4.1at.% Mo were subjected to a
series of environmental tests to check their suitability as thin film resistors. At this stage
films of NiCrMo were also tested as a control. The tests performed included:- voltage
load, voltage overload, dry heat, damp heat steady state, temperature rapid change,
resistance to solder heat, vibration and bump, and climatic cycle. The sample size for

each test was 20 parts.

3.4.2 Results and Discussion

Chemical Composition

EDX analysis of the mean chemical compositions of the films resulted in a significant
shift in comparison to the nominal target compositions, see Figure 3.6. This
discrepancy can be largely explained by the variation in sputter yields of the individual
target segments, which were confirmed by measuring the weight loss during sputtering.
The sputter ratio of Cu:Al:Mo was found to be approximately 2:1:0.8, which

a "*71. This result also shows that the problem with

corresponds well with previous dat
excess Mo being sputtered from the centre of the target has been eradicated through

use of the barrel sputtering technique.
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Fig. 3.6 - Sputtering target and mean film composition, for the CuAlMo films

Electrical and Structural Properties

For all compaositions the film thickness was determined to be 1100 + 100nm. Thus with
a deposition time of 8 hours the sputter rate was calculated to be »2.3nm/min. This

slow deposition rate was related to the large test batch size of 50,000 substrates and

also the need to run the sectioned and clamped target arrangement at a reduced

power level for cooling purposes. This result suggests that the small changes in Mo

content between the four target compositions are not sufficient to affect the overall

sputter rate of the alloys.

The effect of Mo content on the resistivity and TCR value of the sputter deposited

CuAIMo films is shown in Figure 3.7. Each result is based on measurement of a

sample of 50 parts.
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Fig. 3.7 — Effect of Mo concentration on the as grown
sheet resistance and TCR of the CuAIMo films

In general, increase in Mo content has the effect of decreasing TCR and in turn
increasing resistivity from a mean values of 25ppm/°C and 60uQcm at 1.4at.% Mo, to
-60ppm/°C and 85uQcm at 4.1at.% Mo. However the influence of the Mo doping
appears to diminish at levels < 2.3at.%, where both TCR and resistivity curves begin to
flatten off. This suggests that the most useful region is between approximately 2 and
4at.% Mo. where a practical TCR can be achieved whilst maintaining a lower resistivity.
Again this result is in agreement with the well documented theory that the introduction
of small quantities of doping impurities either in the sputtering gas or target itself can

result in more amorphous structures with decreasing conductivity and TCR .

The effect of annealing temperature on the TCR and resistivity of the films is shown in

Figure 3.8. Each result is based on measurement of a sample of 50 parts.

TCR remains relatively unchanged and only increases gradually at temperatures below
300°C, beyond this temperature it rises significantly and after treatment at 500°C the
TCR of all four films is in excess of 200ppm/°C and hence no longer suitable for use as
a thin film resistor. The resistivity values of the films demonstrate a similar but inverse

trend to that of TCR and decrease with increasing annealing temperature.
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Fig. 3.8 — Effect of annealing temperature on the TCR
and resistivity of the CuAIMo films

On average, mean resistivity falls by about one third of its original value after treatment
at 500°C. Again, the largest value shifts appear to take place at temperatures in excess
of 300°C. The most useful temperature region is that between 300°C and 400°C, where
TCR is controllable to £50ppm/°C for all except the 1.4at.% Mo film. The best results
come from the two films with the highest Mo content, which can both be controlled
around the zero TCR line. Of additional benefit is that this region lies beyond the
maximum thin film resistor assembly processing temperature, which is generally

accepted to be around 300°C ¥, so TCR will be unaffected by subsequent operations.

Although the error bars have been excluded from Figure 3.8 for clarity, the distributions
of measurements improved with increasing heat treatment temperature and in all

instances were inside those reported for the as-grown films in Figure 3.7.

These results are in good agreement with previous work, where annealing of films
sputtered from mixed composition targets at temperatures in excess of 300°C leads to
a positive shift in TCR and indeed follows the general theory of annealing out micro-
imperfection and impurities inside grains and recrystallisation of the film leading to a

(78] "In this investigation the structural transformation can be

reduction in resistivity
distinguished by three annealing states, as illustrated in Figure 3.8. At first the
sputtered film is in an amorphous state with a negative TCR. At annealing
temperatures below approximately 400°C crystals with positive TCR are formed and

the films are in a metastable state. Here zero TCR can be achieved through careful
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adjustment of Mo concentration and annealing temperature. At temperatures in excess
of 400°C further crystallisation and grain growth takes place leading to a positive shift in
TCR and reduction in resistivity towards that of the individual bulk elements & 2%,

These theories are discussed further in chapter 5.

Results for resistance stability of the various film compositions after storage for 1000
hours at 155°C in air, following stabilisation at 400°C for 5 hours in air, are given in

Figure 3.9. Results are based on the measurement of 50 parts per experimental trial
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Fig. 3.9 - 1000 hour Resistance Stability at 155°C vs Mo Content in the CuAIMo films

Resistance stability improves quite linearly with increasing Mo content. At 1.4at.% Mo,
the mean change in resistance is around 0.5% and reduces to around 0.15% for the
4.1at.%. Mo film. This improvement can be related to the rectory nature of the Mo
which has a small mobility of defects at normal operating temperatures, thus stability

improves as its content in the film increases ..

As illustrated in Fig 3.10, the vast majority of resistance change takes place in the first
48 hours of the stability test. This result can be explained by initial oxidation and
degradation of the films, followed by stabilisation as the protective oxide layer is

formed, retarding the rate of any subsequent changes.
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Fig. 3.10 - Resistance Stability at 155°C, measurements taken after
24, 48, 168, 500 and 1000hrs.

Environmental Testing

CuAIMo films containing 2.3 and 4.1at.% Mo were laser adjusted to target value using
a Nd:YAG laser (Nohau LSS600) before being encapsulated in a modified epoxy
coating. These samples were then subjected to a series of environmental tests in
accordance with BS EN 60115-1 ™ together with the NiCrMo control standards.
Maximum and typical results of these tests for a sample of 20 parts are presented in
Table 3.7.

Performance

CuAlMo CuAlMo
52.7/45/2.3 | 51.3/44.6/4.1

Max Typ Max | Typ Max Typ

Test specification NiCrMo

Load: 1000hrs @ 70°C DWe% | 0.25 0.2 0.15 | 0.08 0.3 0.1
Short term overload DWe% | 0.01 | 0.01 | 0.01 | 0.01 0.1 0.02
Dry Heat: 1000hrs @ 155°C DWo% 0.6 0.4 0.25 0.2 1 0.15

DHSS: 56 days @ 40°C/93%RH DW% | 0.20 | 0.15 | 0.12 | 0.09 0.5 0.1

Temperature rapid change DW% | 0.33 | 0.27 | 0.14 | 0.05 0.2 0.05
Resistance to solder heat DW% | 0.03 | 0.02 | 0.03 | 0.01 | 0.06 | 0.03
Vibration and bump DW% | 0.39 | 0.31 | 0.1 | 0.08 | 0.06 | 0.02
Climatic cycle DWes | 0.67 | 0.35 | 0.33 | 0.13 0.3 0.1

Table 3.7 — Environmental test results for CuAlMo and NiCrMo films
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Again it is clearly evident that an increase in Mo content gives a step improvement in
the electrical performance of the CuAlMo films regardless of the test environment and
conditions. Results of maximum resistance change (DW6) for the 4.1at.% Mo film
outperform that of the 2.3at.% Mo film for all tests undertaken. Moreover, comparison
against the results for the NiCrMo control film shows a similar performance level. Any
minor differences between the results of the two film types appear to be attributable to
the test conditions. For example the CuAIMo film gives better results for the lower
temperature and load tests, whilst the NiCrMo performs the best at higher
temperatures such as the dry heat test and also the climatic cycle, which contains a 40
hour dry heat soak at 155°C. Again this result can be attributed to initial oxidation of the
film as highlighted in Figure 3.10 and can be further supported by the similarity of the
dry heat and climatic cycle results, which suggests that the majority of resistance

change is taking place in the first 40 to 48 hours.

3.5 SUMMARY

Work conducted in this chapter has shown that the addition of varying amounts of Mo
to the CuAl films discussed in chapter 2 can be used to develop thin film resistors with
lower resistivity and equal electrical performance to that of NiCrMo. The TCR of the
films increases and resistivity decreases with reduction in Mo concentration form 4.1 to
1.4at.% and these changes are further augmented through annealing of the films at

temperatures above 300°C.

The CuAlMo films are characterised by metastable behaviour, which with correct
adjustment of Mo concentration and annealing temperature can be utilised to obtain
films with near zero TCR, possessing defined electrical properties such as a resistivity

of 60 to 80uQcm and a long term stability of less than 0.2%.
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Chapter 4

Composite Sputtering Target
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4.1 INTRODUCTION

In the preceding chapters it has been established that a ternary thin film of CuAlMo

shows much promise in the application of low value thin film resistors.

However all investigations thus far have been conducted using an experimental
sputtering target consisting of individual sections of Cu, Al and Mo. Although this
approach was deemed acceptable to gain an initial impression of varying the film
composition on electrical performance of the resistors, it would certainly not be
practical in a production environment due to high cost of target manufacture and also
the possibility of target to film compositional errors 2%,

It was therefore decided to employ a production type composite target of CuAlMo for all

further experimentation.

This chapter therefore deals with firstly the chemical analysis of the CuAlMo films
sputtered from the sectioned target, in order to specify and subsequently have
manufactured a composite target, and secondly to conduct experimentation to verify

the performance and suitability of this target.

In addition to chemical analysis, the film dimensions of a number of samples were also

measured in order to accurately determine the resistivity of the CuAIMo films.

4.2 FILM CHARACTERISATION

4.2.1 Film Thickness and Resistivity

In order to compare the CuAIMo films to other published work and against the NiCrMo
films, the resistivity was calculated by measuring the resistance and dimensions of the
films. The length and width were measured using a digital measurescope for the planar
samples and a micrometer and vernier for the cylindrical samples. The thickness was

measured using the following four techniques:

1. SEM - FEI Quanta 200

2. Ball Cratering - Eifeler Nord Caloprep coupled with SiS Analysis software
3. Profilemeter - Taylor-Hobson Talystep

4. XRF — Fischerscope XDAL

Cylindrical substrates were used for the SEM and XRF tests. However planar
substrates were required for the profilemeter and ball cratering methods. Hence films of
similar sheet resistances were sputtered onto polished Al,O; and glass substrates in

the barrel sputtering plant. For SEM measurements the substrates were cross
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sectioned. Details of the measurement sample sizes and an estimate of the uncertainty
for each method are given in Table 4.1. Where possible the same samples were used

for each measurement technique.

Measurement | Substrate Estimated No. of No. of
method type uncertainty (hm) | samples | measurements
Cylinder < 100 5 5
SEM
Flat < 50 2 5
Cylinder 2 2
XRF < +100
Flat 2 2
Ball cratering Flat <100 1 1
Profile meter Flat <30 2 2

Table 4.1 — Film thickness measurement uncertainties and sample sizes

Results of film thickness and resistivity for all four methods are presented in Table 4.2.
As can be seen the resistivity of the CuAlMo films is two to three times lower than that
of the NiCrMo control film, with values of 56 to 98uQcm and 192 to 215pQcm
respectively for all test methods used, except that of ball cratering. Moreover the

results correspond well with previous data for ternary NiCr films reported in chapter 1.

Film thickness (nm) / film resistivity (uQcm)
. Ball Profile
Target composition SEM XRF crater meter
Cylinder Flat Cylinder Flat Flat Flat
1080-1160 | 1210-1280 | 1100-1300 | 1300-1400 1225-1250
L4at%Mo | ™ 5egq /57-58 / 61-65 / 62-63 N/A / 56-58
1060-1150 | 1270-1340 | 1200-1300 | 1400-1500 1250-1300
0,
23at% Mo |~ 5o 60 / 60-63 1 67-70 / 68-70 N/A / 59-62
CuAIMo
1050-1200 | 1160-1230 | 1200-1300 | 1200-1400 1175-1225
3.2at% Mo | =) 67.70 16869 | 7677 | 17177 N7A /68-70
A 1at% Mo | 1050-1190 | 1200-1270 | 1200-1400 | 1300-1400 | 2800 | 1225-1250
~at. / 82-83 / 82-83 / 94-98 / 88-90 /184 / 81-83
NiCTMo 830-1000 | 910-1040 | 900-1100 | 1000-1100 | 2600 925-1025
/192-196 | 195-198 | /209-215 | /209-214 / 281 / 195-198

Table 4.2 — Film thickness and resistivity results for CuAIMo and NiCrMo films

In addition to the advantage of lower resistivity, a comparison of film thicknesses for the
two film types reveals that the CuAlMo also sputters at a faster rate than the NiCrMo
with thicknesses in the range 1050 to 1500nm and 830 1100nm respectively under
identical process conditions. Again this result was to be expected, taking into account

the sputter rates of the individual elements .
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Of the test methods utilised, the films sputtered onto flat glass or polished Al,O; and
measured by profile meter or SEM gave the most consistently accurate results. This
was due to their superior surface finish which made visual examination (SEM) and
profile measurement much easier, see Figure 4.1a. Although the SEM analysis of the
cylindrical rods also produced results within £3uWem to that obtained with the flat
samples, there was considerable measurement uncertainty due to the rough surface
finish of the substrates, see Figure 4.1b.

The thickness measurements taken using XRF were less consistent than the SEM and
profile meter methods and on average produced slightly higher resistivity results. This
discrepancy was thought to be attributed to the inaccuracy when measuring the lighter
elements such as Al. The ball cratering method was deemed incapable of measuring
the film thickness due to poor adhesion on the glass samples and poor surface finish
on the Al,O3z samples as shown in Figures 4.1c and 4.1d respectively. This method was
abandoned after trying the NiCrMo film and one of the CuAlMo films.

Mag | WD Spot HV HFW | Det 1.0pm Mag | WD Spot HV W\ 1.0um
20000x/8.0 mm| 4.0 120.0 kV/13.52 ym ETD! AMRI 80000x 7.2 r 4.0 20.0kV 38 AMRI

Fig. 4.1a — SEM image of Fig. 4.1b — SEM image of
CuAIMo film on glass slide CuAIMo film on Al,O3 rod

EﬂH Diameter 200 mm e : A MCrMyf on gl ickne: Ball Diameter. - : % - . Thickness of Layer
=i tim g ; - e o] ¥ Loyert,  230pm

Fig. 4.1c — Ball cratering of Fig. 4.1d — Ball cratering of
NiCrMo film on glass CuAlIMo film on Al,O3
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4.2.2 Film Composition
To allow specification of a composite sputtering target, the chemical compositions of

the CuAIMo films were analysed. Four different techniques were used:

Target weight loss calculation - Salter type 424
SEM:EDX - FEI Quanta 200 coupled with EDX analysis
XRF — Spectra-Analytical X-Lab 2000

ICP-MS - Agilent 7500ce

DR

The target weight loss method entailed accurately weighing the individual target pieces
before and after deposition, then calculating the composition ratio from the losses. For
SEM:EDX the cylindrical substrates were cross sectioned and a line scan was
conducted on the film to try and avoid the influence of the Al in the substrate which has
been previously encountered when analysing perpendicular to the film surface ™. For
ICP-MS analysis the films were dissolved off the substrates in nitric acid and then
made into solutions. A sample of blank substrates were also analysed to allow

deduction from the film results.

Details of the measurement sample sizes and an estimate of the uncertainty for each

method are given in Table 4.3.

Measurement Measurement No. of No. of
method uncertainty (%) samples | measurements
Weight loss < +1.00 N/A 3
EDX < +0.10 5 5
XRF < +0.18 50 3
ICP-MS < +0.08 50 1

Table 4.3 — Film composition measurement uncertainties and sample sizes
Table 4.4 shows the mean film composition analysis results for the CuAIMo and

NiCrMo films. All results are expressed in weight percent (wt.%), the standard unit used

when specifying a target for manufacture.
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Cor‘(”vs’tof/;)“o“ Cu/Al/Mo Cu/Al/Mo Cu/Al/Mo Cu/Al/Mo Ni/Cr/Mo
Target 58/39/3 57/38/5 56/3717 55/36/9 45745/ 10
wt. loss 70.5/26.5/3 69.5/26/4.5 68.5/25/6.5 68/24/8 N/A
EDX 67/29.5/3.5 70.5/25/4.5 68/26/6 64.5/275/8 44 145/ 11
Film
XRF N/A 7112712 N/A 69.5/27/3.5 46/44.5/9.5
ICP N/A 71.5/245/4 N/A 69/2417 4557445/ 10

Table 4.4 — Mean film composition results for CuAIMo and NiCrMo films

There is a considerable shift in composition between the target and film weights of the
CuAlMo films. As discussed in chapter 2, this error can largely be explained by the
sputter rates of the individual element sections of the target. It can also be observed
that this discrepancy does not appear to occur with the NiCrMo composite target.
These results suggest that the films sputtered from the multi section development
target vary from the target itself according to the sputter rates of the elements involved,
whilst films sputtered from a composite target match closely to the target composition.
This result is in good agreement with previous work in this area and is largely due to
the homogenous mixing of the elements when in composite form ™!,

The variation in chemical composition across the samples was found to be no worse
than +2 wt.% for each of the individual measurement methods. The weight loss, EDX
and ICP techniques gave the most consistent results, whilst those for XRF were »50%
lower in Mo content for the CuAlMo films. This result could be attributed to additional
signals from the Al in the underlying substrate, as the X-ray is directed to a sample of
50 rods rather than at the cross section of the film as is the case with the EDX method.
It was therefore decided to exclude the results obtained using this method when

deciding upon the final target composition.

Of the three remaining methods, there is still significant variation in the compositional
results, with deviations as large as 5 wt.% for the Cu and Al elements. Hence it was
foreseen that it would not be possible to accurately specify the composition of the
composite CuAlMo target first time and that further targets might be required to fine
tune the film properties. The above results were therefore used as a guideline on which

to select the target composition.
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4.3 SPUTTERING TARGET SELECTION

From the electrical performance results presented in chapter 3 and also the film
compositional results above, the final composition specified for target manufacture was
Cu-Al-Mo 69-24-7wt.%.

The target was manufactured by Testbourne Ltd ™. Due to the large differences in the
melting points of the individual elements the powder sintering techniqgue was used.
Because of difficulties in machining the brittle material, the target was eventually
assembled from 5 equal 3" x 4.75” x 0.25” (76.2mm x 120.65mm x 6.35mm) sections
with total target dimensions of 15" x 4.75” x 0.25” (381mm x 120.65mm x 6.35mm) and
was bonded to an MRC copper backing plate.

Once received, a sample of material was removed from each of the five sections for
chemical analysis using EDX (see Figure 4.2), the mean results of which are presented
in Table 4.5. Each sample was measured 3 times in 3 different areas and the
composition across all five target sections was found to be homogeneous to within

+ 2 wt.%.

Mag, WD Spot HV
160x/10.8 mm| 5.0 20.0 kV

Fig. 4.2 — Sample taken from CuAlMo composite sputtering target section
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Mean target composition (wt.%)
Element | Specified | Supplier EDX Analysis
ratio analysis | Target No.1 | Target No.2
Cu 69 68.95 58.27 65.46
Al 24 24.05 23.33 23.52
Mo 7 6.92 18.40 11.02
S 0.04
Zn 0.02
Fe 0.01
Pb 0.004
Ti 0.004
Total 100 100 100

Table 4.5 — Chemical analysis of the CuAIMo sputtering targets

As can be seen there was a large discrepancy between the target supplier’s analysis
and the EDX analysis of the target. On average the target composition was rich in Mo

and deficient in Cu, the mean Mo content being 18.4 wt.% instead of 7 wt.%.

The supplier was informed of the problem and advised that this was the first time they
had attempted to manufacture this material combination and had experienced
problems with fractionation of the elements leading to a rise in the Mo content. They
agreed to supply a second target, in which they tried to improve the composition by
offsetting the starting material quantities. The EDX analysis of this material is also

given in Table 4.5

Although the composition of target number 2 was much closer to the specified ratio the
Mo content was still high at 11 wt.%. However because of the long timescale involved
in manufacturing a third target, a decision was taken to sputter samples from target

number 2 to check their electrical performance.

4.4 EXPERIMENTAL AND CHARACTERISATION

All film samples were prepared and characterised under the same conditions as the
binary CuAl films described in chapter 2. Planar substrates were used, 96% Al,O; for

electrical measurement and borosilicate glass for chemical and structural analysis.
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4.5 RESULTS AND DISCUSSION

Results of mean chemical analysis for the composite target and films sputtered from it
are presented in Figure 4.3. The two results are of close similarity with the largest error
between target and film being no more than 2 at.%. Again this small error is due to the
films being slightly rich in Cu. However the discrepancy is much improved from the
result attained with the sectioned target, which is also plotted in Figure 4.3. In this case
the error is greater than 13 at.%. This result confirms the theory that sputtering from a
homogeneously mixed composite target can give good chemical correlation between

target and film, regardless of the sputter yields of the individual elements.

IR = R = R o I
= Mo
80
;\o‘_ 60
S
c @ Cu
R
2 40
o
£
]
O
20
o Al
0 T T T
Sectioned target Film from Composite target Film from
sectioned taget composite target

Fig. 4.3 — Chemical composition of CuAIMo sectioned and composite
sputtering targets and films sputtered from them

Results of resistivity and TCR,, with increasing annealing temperature in air are
presented in Figure 4.4 for films sputtered from both the sectioned and composite
targets under identical conditions. Results at each temperature are based on the

measurements of a sample of 6 films taken from across the sputtering pallet.

The as-grown resistivity of the film from the composite target is higher than that from
the sectioned target at 94 and 68mAtm respectively. Although every effort was made to
ensure that sputtering conditions were identical, this could not be guaranteed. However
the most likely cause of this increase in resistivity is the larger fraction of Mo present in

the composite target film. As already shown in chapter 3, increasing the Mo content in
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the film effectively increases the doping or impurity concentration thus increasing

resistivity and reducing TCR.

400 120
—a— Film from section target CuAIMo 51/46/3at.%
Film from composite target CuAlMo 53/41/6at.%
300 100
=
‘ /
I 200 7 80
| V\ /
I ’
/ ~—
I 100 > 60 §
g I -
é OZE_ ______ —_———————k - &= 40 é
& @
=-100 20 §
-200 ‘ ‘ ‘ ‘ 0
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Annealing Temperature (°C)

Fig. 4.4 — Comparison of electrical properties of films sputtered from
sectioned and composite CuAIMo targets

In the present case the excess Mo content resulted in an increase in the mean
resistivity value to 94mAtm for the as grown films. This in turn produced a subsequent

decrease in TCR,, to -110ppm/°C.

Although it can be postulated that this undesirable result could be eradicated through
further reducing the Mo content of the target, it can also be perceived from Figure 4.4
that resistivity and TCR properties in line with those produced from the sectioned target
are achievable through use of a higher heat treatment temperature. As shown in Figure
4.4 a near zero TCR and resistivity of »60-70miA\cm are achieved at annealing
temperatures of »300°C for films from the sectioned target and »420°C for the

composite target.

Furthermore, the sudden increase in TCR at »400°C observed for the films from the
sectioned target does not appear to take place with those from the composite target
and the curve is more controlled. Again this result is most likely due to the increased
Mo content and is good agreement with the results presented in chapter 3 for the
higher Mo content CuAlMo films and also the NiCrMo films. The increase in annealing

temperature required to achieve a near zero TCR should not raise any manufacturing
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concerns and if anything should give a further improvement in resistance stability,

especially when combined with the increased Mo content in the film.

Results of resistance stability for films sputtered from both the sectioned and composite
targets following storage for 1000 hours at 155°C in air following stabilisation for 5
hours in air at the temperature required to give a near zero TCR are given in Figure
4.5. Results are based on the measurements of a sample of 6 films taken from across

the sputtering pallet.

0.3
—2— Film from section target CuAlMo 51/46/3at.%

Film from composite target CuAlMo 53/41/6at.%

0.25 — X//—A
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Time (hrs)

Fig. 4.5 - Comparison of mean resistance stability at 155°C of films sputtered from
sectioned and composite CuAIMo targets, measurements taken after
24, 48, 168, 500 and 1000hrs

The mean resistance change for the films sputtered from the composite target is half
that of those from the sectioned target at values of 0.12 and 0.24% respectively,
following 1000hrs subjection to dry heat. Again this result is most likely a function of the
increased Mo doping and gives good correlation with the stability results presented in

chapter 3 for various Mo concentrations.
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4.6 SUMMARY

Work conducted in this chapter has shown that thin films of CuAlMo have two distinct
advantages over the standard NiCrMo film in achieving low value resistors; firstly the
resistivity of the CuAlMo film following heat treatment is around three times lower than
that of NiCrMo at »70 and 210mA\cm respectively, and secondly it also sputters at »1.2

times the rate of NiCrMo.

Of the methods used to measure film thickness for the resistivity calculations, the SEM
and profilemeter gave the most reliable results, whilst those recorded using the XRF
and ball cratering methods were inconsistent and were deemed unsuitable in this

application.

The chemical compositions of the CuAlIMo films sputtered from the sectioned
development target have also been analysed in order to specify a composite sputtering
target for use in production. Target weight loss, EDX and ICP methods gave consistent
results, whilst XRF gave incoherent results when measuring the films grown on Al,O3

substrates.

Chemical analysis of the composite CuAlMo target revealed that it was rich in Mo, and
films sputtered from it matched this composition with good accuracy. Although the
excess Mo was undesirable when trying to achieve low resistivity films, by heat treating
the films at higher temperatures in the range 400 to 450°C it was possible to overcome
the effect of the increased Mo doping and produce films with near zero TCR and
resistivites in the 70mAtm region. Furthermore the increase in Mo also gave the
desirable effect of improving 1000 hour dry heat resistance stability from 0.24% to
0.12%, when compared with films sputtered from the section target, which contained a

lower Mo concentration.
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Chapter 5

Deposition and Annealing
Process Optimisation
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5.1 INTRODUCTION

It has been shown in the preceding chapters that thin films of CuAlIMo show much
promise in the application of low value thin film resistors. However all resistor samples
investigated thus far have been manufactured under ‘typical’ process conditions that

were previously established for the production of NiCr type films.

The work described in this chapter is concerned with studying the effect of varying
sputtering and heat treatment process parameters on the key electrical properties of
the films, with the aim of specifying a set of optimum conditions under which the

CuAlIMo films can be manufactured to specification.

Due to the wide range of process variables involved in the sputtering and subsequent
heat treatment processes, a large number of experiments would be required to study
their effects efficiently. Accordingly, it was decided to utilise the design of experiments
(DOE) and analysis of variance (ANOVA) methods in order to decrease the number of

experiments required for determining the optimum process conditions.

DOE and ANOVA are powerful statistical techniques which use the variances of data to
study the effect of several process variables affecting the response or output of a
process. They were first developed in the 1920’s by Sir Ronald Fisher, his approach to

experimentation was a direct replacement of traditional one factor at a time methods
[179]

Although DOE methodologies have been practiced for several decades, it is only over

the last 20 years or so that they have gained wider acceptance as an essential tool for

[180-188

improving process effectiveness and product quality 1. This recognition is largely

due to the work of Genichi Taguchi, a Japanese engineer who promoted the

importance of making robust products and processes through the application of DOE
[189]

Following this wider acceptance, DOE has found application in many scientific areas

such as biometry, agronomy, psychology, analytical chemistry and process engineering

[190-2941 " However it is not until more recently that these methods have been applied in

the field of thin films for the efficient optimisation of sputtering conditions 9% 195204

The effects of varying sputtering conditions on the preferred c-axis orientation of

aluminium nitride thin films, for use in acousto-optic applications, have been studied by

[ [1990, 202 [ [195

Akiyama, M et a I and more recently by Adamczyk, J et al . Akiyama found
that the process factors having the most statistically significant effect on the orientation

of the films were sputtering power, sputtering pressure, substrate temperature and
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target to substrate distance. Adamczyk on the other hand found the interaction

between pressure and N, concentration to be the most influential factor.

DOE has also found application in the optimisation of hard coatings such as CNy, TiN
and ZrN. Akiyama, M et al ®® found that sputtering pressure, substrate temperature
and target to substrate distance were the most significant factors effecting the
hardness of CNy thin films prepared by dc magnetron sputtering. Whilst Chou, W et al
[199

I determined substrate bias and N, partial pressure to be the most sensitive

parameters effecting film hardness of magnetron sputtered coatings of TiN and ZrN.

Other areas of thin film processing in which DOE has found application include, Al-

[203 [196

based films for liquid diplays ?*®, Cr doped YAG films for fluorescent devices ™ and
SiO, for thin film transistor applications ™. Again factors having statistically significant
effects on the properties of these films included sputtering pressure, sputtering power

and also substrate bias.

Although DOE has begun to find application in the area on thin films over the last
decade, in the more specific field of thin film resistors, there appears to have been little

or no published research in this area to date.
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5.2 EXPERIMENTAL

5.2.1 Design Selection

To gain an initial impression of the effects of varying the sputtering and heat treatment
parameters on the electrical properties of the films, a 2-level factorial design was
utilised. This type of design can look at ‘k’ parameters or “factors” in ‘n’ observations or
“treatment combinations” (tc's), with each factor having two levels. The observations
are then analysed together as an experimental unit to provide mathematically
independent or “orthogonal” assessments of the effects of each of the factors under

study. The number of tc’s required is determined as follows ™8

tc=2% Equation 5.1

Where there are ‘2’ levels and ‘K’ factors. Initially the following five factors and levels

were selected for investigation, see Table 5.1:

Factor Low level (-) High level (+)
Sputter power (W) 250 1000
Sputter time (min) 6 24
Sputter pressure (mTorr) 1 6.5
Anneal temperature (°C) 250 450
Anneal time (hrs) 1 5

Table 5.1 — DOE experimental factors and levels

Generally the factor level settings were based on a combination of the working ranges
of the process and also previous results for the CuAlMo films. The high level sputtering
power was restricted to 1000W to avoid eroding the target material too quickly and the
low level power and sputtering times were selected to allow comparison of films grown

for similar kilowatt hours at different power levels i.e. 250 x 24 = 1000 x 6 = 3kWhrs.

As the vacuum plant employed was already being used in production it was not
feasible to adjust the position of the cryo pump throttle valve and hence the sputter
pressure could only be varied using the argon flow rate. The low level setting of ImTorr
was selected to be just above the pressure at which a plasma could be maintained and
the high level setting of 6.5mTorr was the highest pressure achievable at the maximum
gas flow of 100sccm. Prior to sputtering the experimental samples, it was confirmed
that the plant could operate consistently under these conditions without loss of plasma

or unacceptable heating of the cryo pump.

The low level annealing temperature of 250°C was selected to be above the maximum

device processing and operating temperatures of 220 and 155°C respectively. The high
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level setting was selected to be near the zero TCR annealing temperature determined
in chapter 4. In addition to the annealing time of 5hrs used in all experimentation thus
far, a reduced time of 1 hour was selected for the low level to see if suitable film

properties could be attained more rapidly.

From equation 5.1 it can be seen that for a 5-factor experiment, 2° or 32 treatment
combinations were required as shown in Table 5.2. To allow orthogonal analysis of the
experiment, the levels were coded into design units i.e. ‘+’ and *-', as defined in Table
5.1. The standard order of experiments shown in Table 5.2 follows the conventional
alternation of -‘'s and +'s or Yates order, which is useful during analysis, however when
the factorial experiment is run, it is done so in a randomised order as shown in column
2. This ensures that any unwanted or unknown sources of variation will appear
randomly rather than systematically and thus will not ‘cloud’ the results. In addition, to

further improve accuracy, the experiment was also duplicated.

Sputter Sputter Sputter Anneal Anneal
Std order | Run order pF())wer ?ime prgssure temperature time
1 5 250 6 1 250 1
2 24 1000 6 1 250 1
3 1 250 24 1 250 1
4 4 1000 24 1 250 1
5 28 250 6 6.5 250 1
6 3 1000 6 6.5 250 1
7 30 250 24 6.5 250 1
8 17 1000 24 6.5 250 1
9 11 250 6 1 450 1
10 27 1000 6 1 450 1
11 9 250 24 1 450 1
12 19 1000 24 1 450 1
13 8 250 6 6.5 450 1
14 10 1000 6 6.5 450 1
15 25 250 24 6.5 450 1
16 18 1000 24 6.5 450 1
17 22 250 6 1 250 5
18 23 1000 6 1 250 5
19 12 250 24 1 250 5
20 26 1000 24 1 250 5
21 32 250 6 6.5 250 5
22 14 1000 6 6.5 250 5
23 7 250 24 6.5 250 5
24 13 1000 24 6.5 250 5
25 16 250 6 1 450 5
26 20 1000 6 1 450 5
27 2 250 24 1 450 5
28 15 1000 24 1 450 5
29 6 250 6 6.5 450 5
30 31 1000 6 6.5 450 5
31 29 250 24 6.5 450 5
32 21 1000 24 6.5 450 5

Table 5.2 — 2-level factorial design for sputtering and heat treatment processes
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Again the following three main electrical properties of the films were selected as

experimental outputs:

1. Room temperature sheet resistance, Rs, (W)
2. TCR,, 20/70°C, (ppm/°C)
3. Resistance Stability, DQ/Q, (%)

5.2.2 Process Conditioning
All sample films were deposited in the CPA 900 planar substrate sputtering plant as
described in chapter 2. Prior to each experimental run the plant was conditioned in

order to make the comparison of results as accurate as possible.

This process involved firstly evacuating the plant to a base pressure of 1x10” Torr,
followed by a footprint analysis of the gases present in the chamber using a residual
gas analyser (RGA) type MKS e-vision Mass Spectrometer coupled with RGA Data
Recall software. An example of the RGA analysis is given in Figure 5.1 and for each
run this was compared to a control footprint for the plant, to check for any potential

problems such as gas or water leaks.

Once the base pressure was satisfactory, the CuAlMo target was pre-sputtered for 30
minutes under the required conditions for that experimental run, in order to remove
contaminations from the target surface and stabilise the magnetron discharge

parameters.
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Fig. 5.1 — Typical RGA footprint taken for the CPA sputtering plant
at a base pressure of 1x10” Torr.
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5.3 RESULTS AND DISCUSSION

5.3.1 2-Level Factorial Experiment

To help with the analysis of the experiment, Minitab 15 % statistical software package
was used. Firstly a hypothesis test was carried out to determine which of the factors
and their interactions or terms had the greatest effect on the electrical properties of the

films.

The null hypothesis, Hy, is that the effect of the term is not significant and the
alternative hypothesis, H,, is that the effect of the term is significant. The alpha (a) risk
value is used to set a maximum level of risk at which to reject Ho and therefore assume
Ha, and is most commonly set at 0.05. Therefore at this level the probability (P) of

[206

finding an effect which is not really significant is 5% *°®, hence:

For P >a, accept Ho - the term is not statistically significant

P £ a, reject Ho and accept H, — the term is statistically significant

Figures 5.2a to 5.2c show the terms which have P-values less than the a-level of 0.05
(following reduction of the experimental model by removal of insignificant terms) and
therefore a statistically significant effect on the electrical properties of the films. The

results are all based on the measurements of 20 samples from each experimental trial.
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Fig. 5.2a — Pareto chart of the standardised effects of sputtering
and heat treatment factors and their interactions on the
sheet resistance of the CuAlMo films.
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Fig. 5.2c — Pareto chart of the standardised effects of sputtering
and heat treatment factors and their interactions on the
resistance stability of the CuAIMo films.

85



Figure 5.2a shows that all the individual factors have a significant effect on the sheet
resistance of the films, along with a number of two factor interactions, the most
significant of which is that between sputtering power and sputtering time. Main effect
plots for each of the factors and the interaction between sputtering power and time are

shown in Figures 5.3 and 5.4 respectively.

Sputter Power Sputter Time Sputter Pressure

"

34 /

~

(O]

g 27

3

?

a l L T T T T T T
\U"’ 250 1000 6 24 1.0 6.5
[ad Anneal Temperature Anneal Time

c

©

(]

=

4 \ 0\
34 \ \

250 450 1 5

Fig. 5.3 — Main effects plot of sputtering and heat treatment factors on
the sheet resistance of the CuAIMo films

On average, the variation of sputtering power and sputtering time factors have the
greatest effect on the sheet resistance and this is indicated by the sharpness in the
gradient of their slopes in Figure 5.3. The higher power setting of 1000W and the
longer sputtering time of 24 minutes gave the lowest values of »1Q/o. The effect of
sputtering pressure, annealing temperature and annealing time were less, but still
statistically significant. The lowest values of sheet resistance were achieved at a

sputtering pressure of ImTorr and an annealing profile of 5 hours at 450°C.

The strong interaction between the sputtering power and sputtering time is signified by
the two lines with sharply differing slopes in Figure 5.4. This result indicates that the
lowest sheet resistance is achieved with a high sputtering power and long sputtering

time.
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Fig. 5.4 — Interaction plot of sputtering power and time factors on
the sheet resistance of the CuAIMo films

Figure 5.2b shows that the factor having the most significant effect on the TCR value of

the films is annealing temperature. The extent of this result is highlighted in Figure 5.5

along with the other main effects plots for TCR.
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Fig. 5.5 — Main effects plot of sputtering and heat treatment factors on

the TCR,, of the CuAlMo films
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In addition to an annealing temperature of 450°C, as with the main effects plots for
sheet resistance, the parameters having the largest effect on the TCR properties of the
films are a high sputtering power and time, low sputtering pressure and a long

annealing time.

Moreover as shown in Figure 5.6 there is a strong interaction between annealing time
and temperature and by treating the films at 450°C for 5 hours the mean value of the
films can be shifted positive through the zero TCR line. Also of interest in this plot is
that the annealing time appears to have little effect on the TCR of films treated at the

lower temperature of 250°C, indicated by the flatness of the plot.
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Fig. 5.6 — Interaction plot of annealing temperature and time factors on
the TCR,, of the CuAlMo films

From Figure 5.2c it can be seen that two factors having very significant yet opposing
effects on the resistance stability of the films are sputter pressure and annealing time.
Low sputtering pressure and long annealing times appear to be desirable if good long
term stability is to be achieved as shown in Figure 5.7. In addition, high sputtering
power and longer sputtering time also play a role in reducing the resistance drift, whilst

in this case annealing temperature does not appear to be as significant.

However there is evidence of an interaction between annealing time and temperature
as plotted in Figure 5.8 and following treatment for 5 hours, the stability of the films
annealed at 250°C is better than those at 450°C.
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Fig. 5.8 — Interaction plot of annealing temperature and time factors on

the resistance stability of the CuAIMo films
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Table 5.3 gives a summary of the main effect results presented in the previous figures.

Mean effect of increasing factor on:
Rs TCR AQIQ

sputter power -

sputter time -

Factor

sputter pressure - -
anneal temperature - -
Anneal time -

Table 5.3 — Summary of mean effect of increasing factors on the
sheet resistance, TCR,, and resistance stability of the CuAlMo films

In order to understand the influence of the sputtering and heat treatment process
parameters in more detail, the structural transformations taking place inside the films
during the growth process must be considered. There have been numerous studies

undertaken previously in this area 2%,

Obviously the reduction in sheet resistance and increase in TCR with sputtering time
are largely attributable to increasing film thickness. Furthermore increasing sputtering

power will also produce a thicker film due to the higher deposition rate.

In addition to film thickness, the deposition rate influences the grain size and the
number of residual gas molecules or impurities captured in the growing film. Increasing
the deposition rate generally leads to the formation of fine grained structures with a low
concentration of impurities .

However, increasing the sputtering rate through the energy of the bombarding Ar ions
can in turn lead to an increase in the energy of the ejected atoms from the target. On
reaching the substrate these atoms will have a higher surface mobility, thus raising the

temperature of the substrate and resulting in a larger grained film structure .,

Moreover it has also been shown that exceeding a critical deposition rate can lead to

h 22 This situation

the burial of these mobile surface atoms, thus impeding grain growt
can also result in an increase in the density of vacancies captured in the film, since

they have less time to escape.

In addition to deposition rate, sputtering pressure and substrate temperature are also
known to play a significant role in determining the structure of the growing film ™" The
combined influences of substrate temperature and sputtering pressure have been

considered in a now classical article by Thornton 223,
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A schematic representation of Thornton’s model is depicted in Figure 5.9. An Increase
in sputtering gas pressure allows more Ar atoms to be adsorbed at the substrate
surface. This limits the mobility and hence surface diffusion of arriving adatoms.
Conversely an increase in substrate temperature enhances surface mobility and

conventional bulk diffusion.
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Substrate

Argon Pressure temperature (Ts/Twm)
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Fig. 5.9 — Influence of substrate temperature and argon pressure
on microstructure of thin films 2.

Film growth in Zone | of the model tends to produce porous grain boundaries due to the
preferential collection of incident atoms at protuberances on the substrate surface,
which due to the low substrate temperature do not have sufficient thermal energy to

diffuse into a continuous structure.

In Zone T the substrate temperature is still too low to permit significant diffusion but
there is sufficient energy to overcome the main surface irregularities and produce a
continuous film having a dense fibrous structure similar to that in the open grains of

Zone |.

In Zone 1l the effects of inert gas adsorption no longer play any significant role due to
the increased substrate temperature, and surface diffusion processes are now
dominant, producing a film structure consisting of columnar grains with fully dense

boundaries.

Finally in Zone Il the high temperature produces substantial bulk diffusion, resulting in

grain growth and re-crystallisation in the film structure.
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To allow comparison of the above theory with the experimental findings it was
necessary to establish the temperature of the substrate during deposition. To achieve
this, two 0.2mm diameter fibreglass braided, type-K thermocouples were attached to
the top and bottom surfaces of alumina substrates positioned under the centre and to

the two extremes of the sputtering target as illustrated in Figure 5.10 12204227,

CuAlMo

. film top face alumina
alumina \ thermocouple substrate
film ~
T 1 K
|
A
sputtering thermally / bottom face
pallet conductive thermocouple
adhesive l

to temperature
recorder

Fig. 5.10 — Schematic of film and substrate temperature measurement setup

Both thermocouples were fed through a pre-drilled hole in the sputtering pallet. The
bottom face thermocouple was positioned on the rear of the substrate and the top face
thermocouple was mounted in a laser drilled hole in the substrate. Both thermocouples
were then secured in place using thermally conductive adhesive. The top face was
then polished flat before being sputtered with a thin layer (approx 200nm) of Al,O; to

shield the thermocouple from the plasma ??".,

Electrical connection was achieved via a multi pin feed through connector in the base
of the chamber and temperature measurements were recorded using a PicoLog USB

temperature recorder and software 22,

Plots of film and substrate temperature with increasing sputtering time and power are
presented in Figures 5.11a and 5.11b respectively. The variation in temperature was

found to be < +5°C once it had stabilised at each cathode power setting.

The temperature increase of the film (top surface of the substrate) is reasonably linear,
rising from 60°C at a sputtering power of 100W to 320°C at 1000W. The peak
temperature plot obtained for the bottom face of the substrate is lower than that of the

film and becomes increasingly more so as the target power is ramped.

For example the temperature recordings at the DOE upper and lower power levels of
250 and 1000W were 110°C and 320°C for the upper surface versus 95°C and 220°C
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for the lower surface of the substrate. Moreover the response of temperature to power
increase was instantaneous at the film surface whereas a distinct lag was observed at
the rear face of the substrate. These differences in results are largely attributable to the

vast heat sink effect of the stainless steel sputtering pallet onto which the substrate is

mounted 220 &227]
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300 _ 900W
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800W
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Fig. 5.11a — Variation in CuAIMo film and substrate temperature
as a function of increasing cathode power with time.
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Fig. 5.11b — Variation in CuAIMo film and substrate peak temperature
as a function of increasing cathode power.
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To help understand the combined effect of increasing sputtering power, and hence film
temperature, and sputtering pressure on the structural properties of the films, samples
were investigated using SEM and X-Ray diffraction (XRD). All XRD patterns were
collected using a Siemens D5000 X30 diffractometer with Cu Ka radiation at 40kV and
40mA, with a scanning speed of 0.01° per second. Details of the SEM have been
discussed previously in chapter 2.

Initially films sputtered onto Al,O3; substrates were analysed, see Figure 5.12. However
due to problems with the substrate morphology dominating over that of the film and
also the crystalline nature of the alumina clouding the XRD result, it was decided to use
borosilicate glass substrates for the analysis. Prior to investigation the electrical
properties of the films on glass were confirmed to be in line with those on Al,Os.

(a) x40 mag (b) x750 mag (c) x3000 mag

Fig. 5.12 — CuAIMo film grown on Al,O3; showing rough surface morphology
of the substrate dominating over that of the film.

SEM micrographs of surface morphology for films sputtered on glass at 250W and
1000W at pressures of ImTorr and 6.5mTorr are presented in Figures 5.13a to d.

The images show that the structure is very fine grained and is typical of an amorphous
material. Even at a magnification of x240K it was difficult to detect any significant
structure. The production of fined grained materials is frequently encountered when
sputtering multi component materials due to the reduction in grain boundary mobility
[256-257] and is regularly reported for thin resistive films such as NiCr 235 4445,

There also appears to be very little difference between the morphology of the films
grown at different temperatures or pressures. It could be considered that for the low
sputtering power of 250W the film grown at ImTorr has a more dense structure and
that grown at 6.5mTorr is slightly more porous. Moreover perhaps a slight increase in
grain size is observable with sputtering power, but again these features are much too
small to be measured with any degree of confidence using the SEM.
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(a) 250W and 1mTorr (x240K) (b) 1000W and 1mTorr (x240K)

(c) 250W and 6.5mTorr (x240K) (d) 1000W and 6.5mTorr (x240K)

Fig. 5.13 — SEM images of CuAIMo films grown on glass substrates at pressures of
ImTorr and 6.5mTorr and power levels of 250W and 1000W.

XRD plots for the film samples are presented in Figure 5.14. Although there was no
significant difference in the visual appearance of the films using SEM, the XRD

patterns clearly show an increase in crystallisation with sputtering power.

120000 - = 5
33
O ~
100000 -| _ ——1000W, 1mTorr
—+—1000W, 6.5mTorr
——250W, ImTorr
500007 —+— 250W, 6.5mTorr
P
2 60000 -
[J]
E
40000 +
20000 -

41 42 43 44 45 46 47
26 (degree)

Fig. 5.14 — XRD patterns for CuAlMo films grown at pressures of
ImTorr and 6.5mTorr and power levels of 250W and 1000W.
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The effect of sputtering pressure is less significant and results are more comparable for
films grown at ImTorr and 6.5mTorr at both power levels. This result is in line with the
main effects plot for sheet resistance in Figure 5.3, where the slope of the sputtering

power is much steeper than pressure.

This result is perhaps not too surprising when it is considered that only a small region
of the Ar pressure range depicted in Thornton’s model is being considered in the
current investigation. Nevertheless the DOE main effect plots show an increase in
sheet resistance with pressure, suggesting that the above discussed processes are

indeed taking place to some degree.

Only one pattern was detected on the XRD plot and this was identified as the @
(CugAly) phase as discussed in chapter 2, with orientation along the (330) direction.
The @ phase is known to have a stability range of around 31-37at.% Al for bulk

s 0173l

sample and has been shown to be stable over a much wider range of

s "2 This composition corresponds well with

approximately 28-62at.% Al for thin film
the current work where the Al content was measured to be 36-38at.%. Furthermore the
temperatures involved in the phase formation are also consistent with those

characterised by the CuAl phase diagram and discussed in chapter 2.

Using the XRD results, the average particle size of the films can be related to the
variation in the full width half maximum (FWHM) for the (330) peak and is calculated
using the Scherrer formula #*:

Kl

L= Equation 5.1
b cosq

Where L is the crystallite size, K is the Scherrer constant (=0.90), | is the wavelength
of the x-ray, b is the real width of the peak (b® = B? — b?, where B = experimental width,

b = instrumental resolution) and q is the Bragg angle.

The variation of the FWHM and corresponding calculated mean grain size as a function

of high and low sputtering powers and pressures are reported in Table 5.4.

The calculated grains sizes for the as grown films are extremely small in the range of
<15nm. This result corresponds well with the lack of observable structure shown in the

SEM micrographs in Figure 5.14.
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Power Pressure FWHM Mean grain
(W) (mTorr) © size (hm)
1 0.6 14.28
1000
6.5 0.66 12.98
1 0.7 12.25
250
6.5 11 7.79

Table 5.4 — Variation in FWHM and corresponding calculated mean grain size for
CuAlMo films grown at pressures of ImTorr and 6.5mTorr
and power levels of 250W and 1000W.

There is a decrease in FWHM with both increasing sputtering power and decreasing
pressure, which results in a slight coarsening of the particle size. This evolution of grain
size can be related to the evolution of conductivity, reported in Figure 5.3; however it
should be noted that the grain size alone does not solely determine the electrical
properties of the films. The number of voids and impurities in the film and also the grain

growth mechanisms require consideration.

One final point worthy of mention is that there is no detection of a Mo containing crystal
structure in the film by XRD, either as a pure element or as a binary or ternary
compound. Two possible explanations for this outcome are, firstly, the small content of
Mo present in the film (»6at.%) and, secondly, the higher energy and temperature

levels required for the formation of Mo containing phases.

In the binary Cu-Mo phase diagram there is no solid solubility of Cu in Mo and the
liquidus temperature rises quickly as Mo is dissolved in molten copper. The only stable
crystal structures known in the CuMo system are those of the pure elements

themselves 2%,

On the other hand the AlIMo phase diagram is far more complex and contains a number

s 2312331 |0 addition to the solid solution, the Al rich end of the

of intermediate phase
diagram contains a number of low temperature forming phases, most notably that of
MoAls which occurs at temperatures below approximately 700°C and has a similar

compositional ratio to that detected in the current film of Mo:Al 6:36 at.%.

These binary Al-Mo phases along with those discussed for the Cu-Al system in chapter

o [226

2 are also shown on the ternary CuAIM ! phase diagram in Figure 5.15.
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{[234] n[23s [226]

Following preliminary studies by Shuber and Raman'®®, Prevarskiy?*®! investigated

the ternary CuAIMo system in terms of an isothermal section by means of XRD and

metallographic analysis of alloys arc melted and annealed at 600°C for 400 hours.

Cu £00 °C (873 K)

/

i

1-81pCuMog () f\\ .
oAz CusMa ¥ oo

\ 8) Approximate region of
current investigation

/
AlCuyH *,
D AR\

MGUJ:Lnn f

i

Al Sus’iT)
"4 |g|:I 14
Rl

[Al} j'rf
Al

Y & : LY X
02w W
Al: Mo AlgMo AlsMaa *AbMas

Fig. 5.15 — Copper-Aluminium-Molybdenum phase diagram at 600°C 1?2,

Phase analysis data was taken from 83 specimens covering the full compositional
range. Only two ternary compound phases were discovered; t; (CuAlgMo,) and t,
(Cu,Al;Mo) with practically no homogeneous ranges indicated. Mutual solid solubilities
of the binary phases were insignificant. As shown in Figure 5.15 the compositions of
the t; and t, ternary CuAlMo phases are far from the area of investigation in the

current study and their formation is highly unlikely.

As there is no evidence of any Mo containing structure from the XRD results, it can be
postulated that the small quantity of Mo incorporated in the film must reside at the grain

boundaries between the Cu and Al, resulting in the formation of a heterogeneous

[224

structure 4. Its role is firstly to react with residual oxygen in the chamber to form

semiconducting phases having negative TCR properties, and secondly to stabilise the

film through its refractory nature as reported in chapter 3 %°!,
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5.3.2 Summary for 2-Level Factorial Experiment

At this stage in the optimisation process the following initial observations can be made:

High sputtering power and long sputtering time are desirable to produce films

with low sheet resistance

High sputtering power and low sputtering pressure increase the thermal energy
during deposition producing films with larger grain size and lower impurity
incorporation, resulting in lower sheet resistance, a less negative TCR, which

can be shifted to Oppm/°C during heat treatment, and higher stability.

Low sputtering power and high sputtering pressure result in a more porous
structure with a smaller grain size and higher impurity incorporation. This results
in a more unstable film with a negative TCR, which cannot be annealed to

Oppm/°C regardless of heat treatment regime.

Heat treatment time and temperature are critical parameters in determining the
TCR and stability of the film. For films sputtered at high power and low
pressure, heat treatment at high temperature for 5 hours results in a near zero
TCR and good long term stability. An annealing time of 1hr is not sufficient to

realise a zero TCR or stabilise the film sufficiently.

5.3.3 Multi Level Experiments
As the initial DOE design could only consider two levels, a high and low setting, to
permit analysis of interactions, it did not allow for the possibility of non linear

(181 To account for this possibility and to further optimise

relationships, see Figure 5.16
the sputtering and heat treatment process it was decided to study the effects of
sputtering pressure, heat treatment temperature and heat treatment time in more detail.
The sputtering power and sputtering time were not investigated as they would be set at
their upper levels of 1000W and 24mins with a view to achieving films of low sheet

resistance and zero TCR, which are of course two of the major objectives of this work.
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Fig. 5.16 — Non linear relationship between experimental factor and response &%

The as-grown electrical properties of the films with variation in sputtering pressure are

shown in Figure 5.17. All results are based on the measurement of a sample of 20
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Fig. 5.17 — As grown electrical properties of CuAlMo films grown at
different sputtering pressures
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It can be clearly seen that the changes in film structure with increasing sputtering
pressure cause an increase in sheet resistance coupled with a decrease in the
magnitude of TCR. This change is quite linear in the higher pressure range of 3 to
6mTorr, however at the low pressure range of 1 to 3mTorr the electrical properties
appear to be relatively unaffected by changing pressure. This phenomenon has been
encountered by other workers and can be related to a plateau in deposition rate as the
sputtering pressure approaches the minimum region in which a plasma can be
sustained % 2% This apparently stable pressure range of 1 to 3mTorr forms a useful
region for process optimisation as variability in as grown properties will be significantly

reduced.

The effect of increasing sputtering pressure on resistance stability is also significant.
Again films in the 1 to 3mTorr pressure range are the most consistently stable, whilst
those sputtered at higher pressures are considerably more unstable. This result can be
related to the formation of a more porous structure with higher defect concentration at
higher pressures. However, even the films sputtered at lower pressures exhibit
significant resistance changes of around 1%, thus suggesting that post deposition

annealing is essential to stabilise the films.

The combined effect of sputtering pressure and heat treatment temperature on the
sheet resistance, TCR and resistance stability of the films is illustrated in Figures 5.18a

to 5.18c. All results are based on the measurement of a sample of 20 films.

0.8 = T
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0 100 200 300 400 500
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Fig. 5.18a — Combined effect of sputtering pressure and heat treatment temperature
on the sheet resistance of the CuAIMo films.
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on the resistance stability of the CuAIMo films.
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The reduction in sheet resistance with increasing heat treatment temperature follows a
similar curvature for films grown at different sputtering pressures, see Figure 5.18a.
The results for films sputtered in the 1 to 3mTorr range are very consistent in the range
0.1 to 0.2Q/o, whilst those sputtered at higher pressures have increased sheet

resistances with a maximum value of around 0.6Q/o at 6mTorr.

The results for TCR,, follow a similar but inverse trend to the sheet resistance plots,
their values increasing with heat treatment temperature, see Figure 5.18b. Again
results obtained for the films grown in the 1 to 3mTorr pressure range are comparable
and all pass through the zero TCR line at 400-430°C. For films grown at higher
pressures the TCR becomes increasingly negative and for those sputtered above

4mTorr, a zero TCR is not attainable at the maximum annealing temperature of 500°C.

Films grown in the 1 to 3mTorr range are also the most stable, see Figure 5.18c. The
plot of stability versus annealing temperature follows a similar trend for all films, the
greatest improvement being made for films treated at 200°C, which is of course above
the dry heat stability test temperature of 155°C. This stability improvement with
increasing heat treatment temperature continues up to 300°C at which point the films
are at their most stable. Beyond this temperature the resistance stability of the films
begins to decline, the level of deterioration appearing to be a function of initial
sputtering pressure. For the films grown in the 1 to 3mTorr range and subsequently
annealed at temperatures of 300 and 500°C this increase is <0.10%, compared to 0.25

to 0.70% for films sputtered at higher pressures of 4 to 6mTorr.

The reason for this decrease in resistance stability for films grown at higher sputtering
pressures, especially when treated at higher annealing temperatures is thought to be
due to the more open porous structure which lends itself to higher levels of impurity
incorporation during deposition and also makes it more susceptible to attack in high

temperature oxidising environments.

To investigate this theory further the level of oxygen present in films before and after
heat treatment was measured using SEM-EDX. Results of surface analysis for films
sputtered on glass at pressures of 1, 3 and 5mTorr and subsequently annealed at 300
and 450°C are presented in Figures 5.19a to 5.19c. All results are based on the mean
of 3 measurements at different areas of the film surface. The films were found to be

homogeneous with variation in results of less than +2at.%.
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For the films deposited at 1 and 3mTorr the as-grown compositions are almost identical
with the concentration of oxygen being <3at.%. There are also small levels of both Si
and Fe present in the fiims which are believed to originate from the borosilicate
substrate beneath. Following heat treatment at 300°C for 5 hours, the oxygen level
increases to »6at.% and that of the aluminium decreases, thus suggesting the
formation of a stable aluminium oxide layer. After treatment at 450°C there are further
increases in the oxygen content of both films to »7at.% and also a slight decrease in
the Cu concentrations, suggesting the formation of a less stable copper oxide. There is
no noticeable change in the levels of Si and Fe with increasing heat treatment

temperature.

For the films deposited at 5mTorr there is a noticeable change in the as-grown
composition. The film is deficient in Cu and slightly rich in both Al and Mo when
compared with those films grown at lower pressures. There is also a slight increase in
the oxygen content to 4.5at.%, whilst that of the Si and Fe remained at below 1at.%. It
is thought that this shift in composition is due to the increased oxidation of the copper
during the lower rate deposition. These discrepancies are further augmented during
heat treatment, and following annealing for 5 hours at 300°C there are noticeable
decreases in the levels of both Cu and Al, whilst the level of oxygen has increased

rapidly to above 11at.%.

This result suggests that higher levels of aluminium and copper oxide are formed in the
films sputtered at higher pressures. The reaction is even further accelerated at an
annealing temperature of 450°C, where the oxygen content has increased to over
22at.%, reducing the levels of Cu and Al to 37 and 26at.% respectively. These results
can be attributed to the more open porous structure of the film which makes it more
susceptible to attack from the oxygen containing environment, a reaction which is
known to increase rapidly with temperature. There is also an uncharacteristic increase
in the Si content of the films with temperature. Again this result is thought to relate to

porous structure allowing access to the underlying glass substrate.

The above chemical analysis results correlate well with the stability measurements
reported in Figure 5.18c and are further supported by visual analysis of the film surface
before and after heat treatment. Figure 5.20 shows typical examples of CuAlMo films

grown at pressures of 3 and 5mTorr in both the freshly deposited and annealed state.
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(a) 3mTorr — as grown (b) 3mTorr — H.T. at 450°C for 5 hrs

(c) 5mTorr — as grown (d) 5mTorr — H.T. at 450°C for 5 hrs

Fig. 5.20 — Photos of CuAIMo films on Al,O3 showing changes in film colour
with sputtering pressure and heat treatment

For the as grown samples there is very little difference in the visual appearance of the
films deposited at different pressures and both are silver in colour. Following annealing
at 450°C for 5 hours there are noticeable changes for both films. There is a slight
darkening in colour of the film grown at 3mTorr. However the film grown at 5mTorr has
changed in colour to a golden brown, again suggesting the formation of copper oxide.

To confirm that the formation of an aluminium oxide layer was responsible for the
superior stability properties of the films grown at lower pressures, the chemical
composition with film depth was analysed using the MiniSIMS technique. The
equipment used was a manufactured by Millbrook instruments Ltd with 6 keV gallium
ions (Ga") used as the primary ion beam. Figure 5.21 shows results for a CuAIMo film
grown at 3mTorr and annealed at 450°C for 5 hours in air.
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Fig. 5.21 — MiniSIMS analysis of a CuAIMo film grown on Al,O3 at 3mTorr
and annealed in air for 5hrs at 450°C.

For the freshly deposited film the concentrations of Mo and Cu are relatively uniform
with film depth, whilst the intensity of the aluminium is already increased at the surface,
suggesting the formation of an aluminium oxide layer. This result is confirmed by the
increase in the AIO level at the film surface. The intensity of Al and AIO is also
increased at the bottom of the film due to the Al,O; substrate and at this point the Cu

and Mo results fall to zero.

Following heat treatment all three elements have diffused towards the film surface due
to their chemical affinity with oxygen. However once near the surface their intensities
fall sharply and at this point the intensity of the protective AIO layer is observed to

increase rapidly from its as grown level.

Figure 5.22 shows XRD results for films sputtered at 1000W and 3mTorr and annealed

at various temperatures for 5hrs.

It can be clearly seen that there is an increase in the crystalinity of the films with
annealing temperature. The relatively small difference in intensity between the as
grown film and the film annealed at 300°C is most likely related to the similarity in
substrate temperature during deposition, which was reported to be 325°C for a cathode
power of 1000W (see Figure 5.11).

107



350000 - = =
<8
ol
300000 - ——5hrs at 500C
——b5hrs at 400C
250000 - ——5hrs at 300C
—+—as grown
> 200000 +
)
c
9
€ 150000 -
100000 -
50000 -

41 42 43 44 45 46 47
26 (degree)

Fig. 5.22 — XRD patterns for CuAIMo films grown at 1000W and 3mTorr
and heat treated for 5hrs in air at various temperatures.

The variation in FWHM and mean crystalite size, calculated using the Scherrer formula,

as a function of annealing temperature are plotted in Figure 5.23.
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Fig. 5.23 — Variation in FWHM and corresponding calculated mean grain size
for CuAIMo films grown at 1000W and 3mTorr and heat treated for
5hrs in air at various temperatures.
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The average grain size increases from 14nm to 24nm with increasing heat treatment
temperature. The above results correspond well with change in the electrical properties
of the films reported in Figure 5.18. Increase in grain size and consequent decrease in
grain boundaries lead to an increase in the conductivity of the films due to the reduction

in charge-carrier scattering by grain boundaries .

The electrical properties of films grown at 1 and 3mTorr as a function of annealing time
at 425°C (the approximate temperature required to achieve near zero TCR) are
presented in Figures 5.24a to 5.24c. All results are based on the measurement of a

sample of 20 films.

It appears that a minimum heat treatment time of 3 to 4 hours is required to give stable
electrical properties. For films sputtered at both 1 and 3mTorr it takes 3hrs at 425°C for
the TCR,, to increase from an as-grown value of -90 to a final value of 0 £ 10ppm/°C.
Further heat treatment time has negligible effect on TCR and it remains better than

0 £ 20ppm/°C across the range 3 to 7 hours.

The films are also at their most stable in this time range and typical resistance shifts of
less than 0.2% following storage in air for 168hrs at 155°C are achieved for films

sputtered at both 1 and 3mTorr.
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Fig. 5.24a — Effect of heat treatment duration at 425°C on the sheet resistance of
CuAIMo films grown at sputtering pressures of 1 and 3mTorr
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5.4 SUMMARY

Work conducted in this chapter has shown that the electrical properties of the CuAlMo
thin films are not only a function of their chemical compositional ratio but also strongly

depend on the sputtering and heat treatment process settings.

To obtain films of low sheet resistance with near zero TCR and good long term stability
a high deposition rate and low sputtering pressure in the range 1 to 3 mTorr are

required.

The development of the film structure during sputtering appears to follow the classical
Thornton’s model. For films sputtered at high power and low pressure, a more dense
structure with lower impurity incorporation is produced. Moreover, the increase in
substrate temperature with sputtering power also results in an increase in the
crystallinity of the films and hence an improvement in conductivity. However for films
grown at lower powers or higher pressures the resulting structure is more amorphous

with a higher content of impurities being incorporated during deposition.

Subsequent annealing of the films in air results in further crystallisation with grain
growth and stress relief which gives increases in conductivity and TCR. For films grown
at pressures of 1 to 3mTorr the TCR can be controlled around the zero TCR line
following heat treatment at »425°C. For films grown at higher sputtering pressures the
TCR is much more negative and cannot be heat treated to zero within the temperature

range of investigation.

The evolution of mean grain size in the film, calculated from the FWHM of the CusAl,
(330) XRD peak, was 8 to 15nm in the as-grown state, depending on sputtering power

and pressure and grew to »25nm following annealing at 400 to 500°C.

In addition to the deposition parameters, the stability of the films was also shown to
improve with heat treatment temperature due to the formation of a protective aluminium
oxide layer. The optimum results were achieved for films annealed at 300°C. At higher
temperatures the stability was inferior, especially for those films which were grown at
higher sputtering pressures. This phenomenon was thought to be due to the porous

grain structure being more susceptible to attack from the hot, oxidising environment.

The effect of heat treatment dwell time at the optimum annealing temperature was also
studied. It appears that a minimum of 3 hours is required for the structural
transformations to take place and to set the electrical properties. Beyond this time the

changes are insignificant and the films are stable.
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From this work the following set of optimum sputtering and heat treatment process
parameters have been concluded, see Table 5.5. As will be discussed in chapter 8,
these settings have been used to manufacture production size batches of chip resistors

for long term reliability testing.

Process parameter Setting
Sputtering power 1000W
Sputtering pressure 2mTorr
Sputtering time varies depending on required Rs
Annealing temperature » 425°C (fine tuned to attain zero TCR)
Annealing time 4 hours

Table 5.5 — Sputtering and heat treatment process conditions to give
optimum electrical properties of CuAIMo films.
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Chapter 6

ELECTRICAL CONDUCTION
MECHANISMS
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6.1 INTRODUCTION

As discussed in chapter 1, it is often convenient to categorise thin films used in the
manufacture of resistors by the electrical conduction mechanisms present. For thin
films of conducting materials, such as metals, alloys and semiconductors, the main
differences in their physical properties when compared with their bulk counterpart are

due to the thinness of the film and also the preparation conditions.

The influence on the physical properties of varying process conditions during
preparation were discussed in chapter 5 and related to fundamental theories regarding
the condensation mechanism of thin films onto the substrate. Work in this current
chapter will deal with the effect of the film thickness on its physical properties, with

particular attention being given to electrical resistivity.

The type of electrical conduction mechanism dominant is strongly dependant on the
degree of thinness of the film, which is usually categorized by two distinct stages of

growth; discontinuous and continuous.

During the early stages of growth the film consists of small islands separated from each
other by small distances of 0.1 to 10nm. This type of film is called a discontinuous or
island film. The electrical properties of such a film are very different to the properties of
a bulk metal and are closer to that of a semiconductor, the resistivity often being many

orders of magnitude higher.

The conduction in a discontinuous film is basically a function of the spaces between the
islands, through which electrons must jump to enable an electric current to flow, the

resistance of the islands themselves being insignificant in comparison.

As the deposition process continues, these islands increase in size and eventually
become so large that they join to form a continuous film, showing metallic type
conductivity. The thickness at which this phenomenon occurs is deemed the critical

thickness, hg,.

For film thicknesses beyond h¢ the metal film is continuous and the main contribution
to the total resistance is from the resistance of the grains themselves. The resistance of
the film decreases by an order of magnitude in this transition from an island structure to
a continuous film. A typical example of the dependence of resistivity on film thickness is
shown in Figure 6.1 for aluminium films grown on glass substrates at various

condensation temperatures %,
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Fig. 6.1 — Dependence on thickness of the resistivity for aluminium films
deposited on glass substrates at various condensation temperatures %

The critical thickness increases from approximately 3 to 7nm with increase in
condensation temperature from 25 to 120°C. This can be explained by the increase in
mobility of the adsorbed atoms with temperature, which form fewer but larger
nucleation sites or islands. Therefore the film will be thicker at the point at which these
lislands join together, the critical thickness. This process is illustrated schematically in

Figure 6.2 for different condensation temperatures, where T > T, 0
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Fig. 6.2 — Decrease in the critical thickness with decrease in nucleation site size
at different condensation temperatures

If the thickness of a film is comparable with the mean free path (MFP) of the bulk
material, the boundaries of the film impose a geometric restriction on the movement of
the conduction electrons and therefore on the real MFP of the carriers, resulting in a

decrease in conductivity of the metal film compared with that of the bulk material.
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This scattering of conduction electrons at the film surfaces is the so called size effect
and it was first predicated in a famous theoretical paper by K. Fuchs %" in 1938 that
the electrical resistivity of thin metal films increases with decreasing thickness. Due to
good agreement with experimental data, Fuchs’ theory was not called into question for

a long period. However it later became obvious that in addition to surface scattering,

[239 [240

grain boundary scattering *** and surface roughness contributions **” also have a

significant effect on the resistivity behaviour of polycrystalline films.

The following section considers some aspects of the scattering hypothesis in thin films
and describes experimental results for both previous investigations and also for the

current work on CuAlMo films.

6.2 THE SCATTERING HYPOTHISIS

The scattering hypothesis assumes that Mathiessen’s rule can be applied so that all

contributions to the film resistivity, pr, can be added together as follows:

e =rg+rg+r, +r Equation 6.1

gr sr

Where pq is the resistivity of a film of infinite thickness (the bulk material) manufactured
under the same conditions and having the same density of defects, and pss, Pgr and s
are additional contributions to the resistivity from surface scattering, grain boundary

scattering and surface roughness scattering respectively.

If the film thickness is approaching the value of the electron MFP, then film surface and
film to substrate interface scattering must be considered. In the Fuchs-Sondheimer
(FS) model 2*"%8 for a continuous single crystalline film, the specularity co-efficient p
is used to describe the fraction of incident electrons that are specularly scattered at
both the film surface and the film to substrate interface and is independent of incident
angle, electron energy and surface roughness. Values of p range from 0 to 1, with a
low p corresponding to a high resistivity. According to this theory the increase in
resistivity of the film due to surface and interface scattering can be calculated to good

approximation by:

r, = r0§L+i(l- p)l?I Equation 6.2

Where py is the resistivity of a very thick film with the same structure as the film under
discussion, | is the corresponding MFP of the of the conduction electrons, d is the film

thickness and p is the Fuchs scattering parameter.
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There have been numerous studies considering the effects of surface scattering on the

241-252
s !

electrical resistivity of thin film 1. A typical plot of resistivity against thickness for

thin films of Cu is shown in Figure 6.3, together with fits of the FS model (Equation 6.2)

for various values of p 9,

Fuchs’ model
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Fig. 6.3 — The Fuchs-Sonheimer model fits with various surface
scattering specularity coefficient p in the range 0<p<1 .

The model fits the calculated resistivity data well for d>40nm with p=0.05. This low
value of p indicates that diffuse scattering of the electrons at the film interfaces is the
predominant conduction mechanism responsible for the resistance increase in this
thickness range and is consistent with a discontinuous film morphology. For films with
d<40nm the data does not fit the model with any degree of accuracy and additional

scattering contributions must be considered.

As the FS model is for a single crystal it does not account for grain boundary scattering
in polycrystalline films. The quantum effects of grain diameter and grain boundary

reflection coefficient were studied by Mayadas et al %%,

The Mayadas-Shatzkes (MS) model describes a film that represents the grain
boundaries as parallel partially reflecting planes, perpendicular to both the electric field

and the plane of the sample and placed an average distance D apart:

1

10 :
a+a’-a’ In§+—q’J Equation 6.3
e a %

AR ALY
N |-

ry =

r0
3 é

o|—
o
Py
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Where D is the average in-plane grain size and R is the grain boundary reflection
coefficient. If R=1, electrons are confined to individual grains as they are reflected back
at all surfaces. Mayadas et al found values of R to be 0.17 and 0.24 for Al and Cu
respectively and grain size D was proportional to film thickness d, I /D a | /d and

therefore form Equation 6.3, a is also a function of film thickness.

Again there have been many reviews concerning the additional effects of grain
boundary scattering on the electrical resistivity of thin films 243251 253254 Figyre 6.4
shows the result for the copper film from Figure 6.3 with curves calculated from the MS
model fitted for p=0.05 and R=0.24.

MS model
~---p=0.05R=0.24,1/D=2/d
5 S p=0.05R=024,1/D=1/d
9 — p=00.05R=0.24,1/D=03l/d
~ 1
Q 107k —— p=00.05 R=0.24,1/D=0.1l/d
a |
=
@
[}
g -
£
]
O
100.,..|.l..1...,|

10 20 30 40 50

Cu film thickness, d (nm)

Fig. 6.4 — The Mayadas-Shatzkes model fits with p=0.05 and R=0.24
and a grain size assumed to be proportional to thickness,
with different proportionality constants 4%,

A good match between the experimental data and calculated resistivity is achieved for
d ~ 20-40nm when | /D = 0.3l /d. However for d<20nm experimental values still lie
above the values predicted by the model. This phenomenon is due the surface
roughness effect which must be taken into account for very thin films. The film can no
longer be regarded as a homogeneous layer of constant thickness and must be
considered to have a thickness which varies around a mean value i.e surface
roughness. Hence areas of the film which are thinner than others will contribute to an

increase in resistivity with increased weighting.

A model that includes the effect of surface roughness in addition to surface and

interface scattering on the resistivity of thin metal films was proposed by Namba 4.

| [249-252

This model is widely referred to as the Fuchs-Namba mode I and considers the
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film surface to consist of sinusoidal undulations with irregular indentations. A simplified

version of the model can be written as:

N
N\m

é & U é v}
r, :r0§.-8%9@ +ro%(l )@. 8%911 Equation 6.4
e elgyg g edgy

Where h is the peak to valley height of the sinusoidal roughness.

The best fit of Namba’s model for the copper film discussed in Figure 6.3 is shown in
Figure 6.5, where p=0.05 and h=10.3nm. By including the effects of surface roughness,
the model now fits the calculated resistivity across the full thickness range. However
when the value of h is decreased to 3.5nm as measured by AFM, the model fits the
resistivity in the high thickness regime but is lower by a factor of approximately four for
the lower thickness films. As expected this result indicates that the effect of surface

roughness of the copper films decreases with increasing thickness.

s Namba's model
[&]
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Fig. 6.5 — The Namba model fits with p=0.05 for h=10.3 and 3.5nm
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6.3 EXPERIMENTAL

All film samples used for conduction studies were prepared on glass slides under the
optimised sputtering conditions proposed in chapter 5. The slides were ultrasonically

cleaned in acetone prior to insertion into the plant.

The deposition rate of the CuAlMo film was determined by sputtering samples for a
range of times and then measuring the film thickness using SEM. A typical plot of
sputtering time vs. film thickness d is shown in Figure 6.6. As expected the deposition
rate was quite linear and was determined to have an average value of approximately

190nm/min.
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sputtering time (secs)
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Fig. 6.6 — Film thickness vs. sputtering time for the CuAlMo films
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The resistance of the growing film was measured during deposition using a simplified

version of the setup described by Barnet et al ***

, Suitable for measurements without a
substrate bias. The setup is illustrated in Figure 6.7 and consists of a four terminal
resistance measurement, where the voltage over the film is measured directly and the
current is measured indirectly by measuring the voltage across the 50Q resistor in

series with the film, thus eliminating the effects of contact resistance.

*grmng I
— M-
. e

voltage
10MW meters
I I
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600mV
417Hz

Fig. 6.7 — Schematic drawing of the in-situ measurement setup.

To permit good electrical connection to the film, four thick termination pads were
sputtered from Ti/Pd prior to measurement, leaving a square of uncoated substrate
onto which the CuAIMo film was deposited. The measured sheet resistance of the
termination pads was found to be less than 0.01Q/o which was more than one order of
magnitude less than the lowest value measured for the CuAlMo films. Therefore the
resistance contribution of the terminations could be ignored and the pads assumed to

be equipotential surfaces.

The resistance data from the growing film was collected at a rate of 5 times per second
by a PC which was interfaced with the measuring equipment. During deposition the
termination pads and connecting wires were shielded from the flux of the plasma by a
thin mask of alumina, thus restricting film growth to the exposed square of substrate
beneath.

Following deposition, the dimensions of the film square were accurately determined

using a measurescope and the thickness of the film was confirmed to be in good
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agreement with that reported in Figure 6.6. The resistivity of the film p; throughout its

growth, as calculated using Equation 1.2 is plotted in Figure 6.8
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Fig. 6.8 — Film resistivity as a function of thickness
for the CuAlMo films.

The resistivity of the film decreases rapidly in the first 20nm of growth, from
approximately 600uQcm at 7nm to 125uQcm at 20nm, marking the transition from an
island to a continuous film. After this point the reduction is more gradual and by
approximately 200nm the curve flattens off to a value of around 90uQcm, indicating the
bulk resistivity, po. This figure is in good agreement with the as grown resistivity value

of 94uQcm reported for the CuAlMo films in chapter 4.

For comparison of the experimental results with the theoretical models discussed in

section 6.2 it is convenient to rearrange the Fuchs’ equation 6.2 as follows:

rd=r Oéj +?(1- p)H Equation 6.5

It then follows that the graph of dependence pf(d) plotted in the coordinates pd, d will
be given by a straight line of slope po and intercept po(3/8)I (1 — p). As the specularity
co-efficient p is not very sensitive to range of values d/I p 1 used to generate the
straight line, no conclusion concerning its magnitude can be drawn from the graph of
equation 6.5 and its value can be taken as zero. Thus it is possible to determine the

values of pp and | from the experimental data.
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Figure 6.9 shows the resistivity data obtained for the CuAlMo films plotted in d vs pf(d)

coordinates.
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Fig. 6.9 — Size dependence of the magnitude of pfd
on the thickness d for the CuAIMo films

The values of the bulk resistivity, po and MFP, | were determined from the graph to be

as follows:
Po = 91.16uQcm | =15.7nm

This theoretical value of p, is in good agreement with the experimental result for films
in the high thickness regime presented in Figure 6.8. As there has been no previous
study undertaken on the CuAlMo system it is difficult to assess the accuracy of the
calculated value of | , however it is interesting to note that previous conduction studies
on thin films of Cu and Al have yielded typical values of 39nm and 18nm respectively
[243]

. However when the Cu film was alloyed with 0.5at.% Al the value of | was

suggested to be <10nm 24,

To model the increase in p; over po with decreasing film thickness it is convenient to
plot the ratio of pf/p, vs d. Figure 6.10 shows the experimental resistivity data plotted in
these co-ordinates for d<100nm with lines fitted for the FS model given in equation 6.2

for different values of the specularity parameter p.
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Fig. 6.10 - The Fuchs-Sonheimer model fits to the CuAlMo film resistivity data
with various surface scattering specularity coefficient p.

For values of d>40nm the best match beMeen the experimental data and theoretical
model is achieved when p<0.05. This result suggests that diffuse scattering of the
conduction electrons at the two surfaces is the predominant mechanism for the
increase in px in this thickness range. The calculated resistivity does not match the data

for d<35nm and other mechanisms must be considered.

Figure 6.11 shows the curves calculated from the MS model given in equation 6.3 with
p=0.05. When R=0.22 and | /D=0.85I /d a good fit was found with the experimental
results for d ~ 25-40nm. However for d <20nm the calculated values are low compared

to experimental results.

The results of the Fuchs Namba model are also plotted in Figure 6.11. By incorporating
the effects of surface roughness in addition to surface and interface scattering,
excellent correlation between the model and the experimental result is achieved. The
best fit was attained with values of p=0.05 and h=9nm. Although it was not possible to
confirm the magnitude of the film roughness experimentally, the result of 9nm is in

good agreement with other results reported using the Namba model 249,
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Fig. 6.11 — The Mayadas & Shatzkes and Fuchs-Namba model fits to the
CuAIMo film resistivity data with p=0.05, R=0.22, |1 /D=0.85I /d and h=9nm.
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6.4 SUMMARY

Although work in this chapter constitutes only a very preliminary study into the

dominating conduction mechanisms, many useful results have been considered.

By theoretically modelling the evolution of resistivity during the growth of the CuAlMo
films under optimised sputtering conditions it has been possible to gain an insight into
the types of electrical conduction involved with increasing film thickness, see Figure
6.12.
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Fig. 6.12 — Dominant conduction mechanisms with
increasing thickness of CuAlMo films

For d ~ <10nm the film is in a discontinuous state and consists of a network of isolated
islands with infinite resistivity. As these islands start to grow and coalesce, a
continuous film is formed, which is marked by the rapid increase in conductivity for
d=10-25nm. Electrical resistivity in this thickness range was assumed to be a function
of the film surface roughness and was suitably described using Namba’s model which
assumes the sample surface to consist of sinusoidal undulations with irregular

indentations.

As the film grows further the resistivity begins to level off towards the bulk resistivity
and the effects of surface roughness are decreased. In this thickness range the effects
of grain boundary and surface scattering of electrons become the dominant

mechanisms.
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For d=25-40nm the experimental data was most accurately fitted using the Mayadas
and Shatkes model which accounts for grain boundary scattering of the conduction

electrons.

For d>40nm, the thickness of the film was found to be controlling factor and the Fuchs-
Sonheimer model was used to fit the experimental data, with diffuse scattering of the

conduction electrons at the two film surfaces.

By combining the Fuchs and Namba models a suitable correlation between theoretical
and experimental resistivity can be achieved across the full film thickness range of 10-
1000nm.

For d ~ >200nm the resistivity curve flattens off completely and bulk conductivity is
assumed. The calculated bulk resistivity of 91.16uQcm is in good agreement with

earlier experimentation for as-grown CuAlMo films.

As one of the primary objectives of this work is to attain films of low sheet resistance,
the vast majority of CuAlMo films under investigation will be in the thickness range
dp200nm. Hence, from the work in this chapter it can be concluded that bulk

conductivity will be the dominating conduction mechanism in these films.

However it should be re-emphasised that bulk resistivity is not only a result of the
originating CuAlMo composition but is also a function of the film structure which is in
turn strongly dependant on deposition conditions and film treatment as discussed in

chapter 5.
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Chapter 7

Laser Trimming
Process Optimisation
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7.1 INTRODUCTION

For thin film resistors it is generally impossible to deposit batches of product with
resistance tolerances better than about +10% . This is partly due to problems in
attaining uniform sheet resistance, but mainly due to dimensional variation of the
individual resistor elements in the batch, a problem which is amplified as the resistor

size decreases Y.

Therefore when a precision of <10% is required, it is normal practice to fabricate the
resistor film to a lower resistance value than required and then adjust it by removing or
‘trimming’ away sections of the film material to increase the resistance to its target

value %Y,

There are a number of different trimming methods which can be used to adjust the
value of the resistor, including anodisation, heat trimming, electrical trimming,

[4, 21, 258-260

mechanical trimming, chemical trimming and laser trimming I However, of

these techniques laser trimming is by far the most effective and popular method and is

still a subject of continuing theoretical and experimental analysis and optimisation %%

281]

The laser uses a light beam of a few pym in diameter to remove the resistive film from
the ceramic substrate in a very short time period of less than 1ms. On impacting the
resistor film the high intensity coherent light pulse is absorbed by the material causing it
to heat and vaporise. The process is dependant on several variables such as the
intensity of the laser pulse, or the power level, the focus of the pulse and also the

properties of the material being ablated .

The laser beam is scanned across the resistor to produce a continuous kerf, changing
the resistance value of the film as it progresses. In addition to the properties of the
beam itself, the accuracy to which the resistance value can be adjusted is strongly
dependent on both the shape of the cut and also the speed at which the measurement
system can switch the laser beam off between pulses once the target resistance value

is reached .

There are two main types of laser used for the adjustment of resistive films; the pulsed
carbon dioxide (CO,) laser has a long pulse width with high energy per pulse, which
causes vaporisation of the film. However the long pulse width can also cause damage
to the substrate and the resistive material at the edge of the kerf, the heat affected
zone (HAZ). The neodymium:yttrium-aluminium-garnet (Nd:YAG) laser uses an

acousto-optic Q-switch to give two way optical switching of the laser beam. This
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system is able to produce short pulses of high peak power at a wavelength of 1064nm,
to rapidly vaporise the film, whilst minimizing heat flow and damage to the material
surrounding the kerf . In addition to the use of shorter pulses, more recently it has
also been suggested that lasers operating in the green region of the visible spectrum
can provide additional reductions in the HAZ due to the decrease in laser spot size
resulting from the shorter wavelength of 532nm. 2%,

As highlighted in Figure 7.1, there are various different laser trim patterns which can be
used for the adjustment of surface mount bar shape resistors.

(a) Plunge cut (b) L-cut

(c) Shadow cut (d) Double Plunge cut

(e) Serpentine cut (f) Scan cut

Fig. 7.1 — Commonly used laser trim kerf shapes %%

The plunge cut is the most simplistic and economical cut consisting of a single kerf
orthogonal to the current flow through the resistive element. Overall the tolerance
accuracy of this cut can be less than other methods.

The ‘L’ cut is perhaps the most frequently employed method due to its superior stability
and tolerance accuracy. With this type of cut the resistance increases rapidly as the
kerf is cut perpendicular to the current flow (y direction) and then more gradually when
it turns through 90° and cuts parallel to the current flow (x direction) until target value is
reached i.e. in an area of equal current density, see Figure 7.2.
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Fig. 7.2 — Typical plot of resistance increase with kerf length for the ‘L’ cut ®",

By varying the ratio of the x and y cut lengths the stability of the resistor can be
maximised. The optimum performance is usually attained when the y leg is a short as
possible leaving maximum resistor line width remaining. However, this is normally at
the cost of increased trim time and also has the risk of trimming into the resistor
termination with the extended x leg. It is therefore normal practice with the ‘L’ cut to find

279 Because of the

a balance between trim speed and tolerance and stability accuracy
additional time required to perform this cut, it is slightly more expensive than the plunge

cut.

A shadow cut adds an additional plunge to the side of an ‘L’ cut or plunge cut (double
plunge). This allows even tighter resistance tolerances to be achieved as the kerf is cut
in an area of low current density in the ‘shadow’ of the first cut. Again this type of cut is

more expensive adding additional trimming time.

When the pre-value resistance is much lower than the target value a serpentine cut is
usually employed. Multiple cuts are made in areas of high current density which
effectively increase the geometric length of the resistor and thus its resistance value.
As discussed in chapter 1 a long trim cut such as the serpentine can be used to give a
large resistance gain which results in improved tolerance accuracy. However the
disadvantage of a long trim length is the increased amount of HAZ surrounding it,
which can lead to stability problems and in some cases where the resistance gain is
very large, increases in TCR can also occur due to the amount of material which has
been raised to temperatures in excess of the zero TCR heat treatment temperature
without being vaporised. To overcome this problem it is common practice to employ a
two stage serpentine trim when precision thin film resistors are required. The vast

majority of the trimming is performed in the first stage and the resistor is adjusted to
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around -1% from its target value. The device is then stabilised, typically overnight at
around 200°C to relieve stresses built up in the HAZ. As it is not possible to accurately
predict the resistance change that occurs during this stabilisation operation, the second
stage of the adjustment process, the fine trim, is required to accurately adjust the
resistor to target value and usually consists of one or two plunges in the shadow of the
first serpentine. As can be imagined this type of cut can be very time consuming and
expensive, although the increasing availability of auto substrate handling equipment

can help to alleviate the majority of the labour cost involved.

The scan cut is the most commonly used when the device is required for high
frequency applications to minimise creation of capacitive reactance components of an
RC circuit. It also finds use in high voltage situations as the likelihood of voltage
breakdown across the trim kerf is greatly reduced. This type of cut is very time

consuming to perform and is therefore not cost effective for general use.

From discussions thus far it is apparent that a major cause of post-trim drift in laser
trimmed resistors is due to the HAZ bordering the kerf. It would therefore seem

beneficial to consider this area in more detail.

A Q-switched YAG laser is typically adjusted to operate in single traverse
electromagnetic (TEMqgo) mode, with the energy profile of the beam having a Gaussian
distribution. This profile is then translated into a Gaussian temperature profile in the

thin film as shown in Figure 7.3

Energy
A
Heat affected zone | | Heat affected zone
< | I >
AN
Threshold energy
for vaporisation
» Distance
| |
Laser kerf '

Fig. 7.3 — The fundamental mode laser beam profile as a Gaussian distribution .
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Only the central part of the profile is of sufficient intensity to cause vaporisation of the
thin film. For the areas of film adjacent to the kerf the energy absorbed from the laser
beam is less than the threshold required for vaporisation. Thus this region of the film
becomes a heat affected zone and is known to exhibit considerably more change in

resistance with time than areas of film not irradiated by the laser beam 274,

This ageing effect is partly due to the fact that the film which was stabilised and or
passivated prior to the adjustment process has now been re-exposed along the edges
of the laser kerf. The remainder of the resistance changes are related to changes in the
structural properties of the film material because of the rapid heating and cooling during

the trimming process.

In addition to the length of the kerf and hence the amount of HAZ, the extent to which
the HAZ protrudes into the current carrying path of the trimmed resistor is an important
parameter in determining the overall stability of the resistor #"%. As discussed above,
these parameters can usually be suitably optimised through variation in the shape of

the continuous trim and also the properties of the laser beam itself.

However a more direct solution to this problem is to trim by link cutting. This process
involves sequentially opening up shorting bars in loop and ladder type patterns to
increase the resistance in discrete steps. Once the trimming bars are opened the
current is redirected around the new longer path thus eliminating any current crowding
in the trimmed area or HAZ. Although this method can eliminate aging effects,
substantially greater chip area is required compared to the conventional bar design.
Moreover as the resistance is adjusted in discrete steps a very large number of links

may be required to give resolution comparable with the continuous trim approach #72.

There have however been methods reported to make the benefits of the link cutting
approach applicable to bar resistors. Perhaps the most notable of these involves
cutting a Swiss cheese pattern in the resistor which forces current crowding only in non

heat affected areas 2%,

More recent studies have focussed on both the effect of replacing the two contact bar

resistor with a three contact distributed structure, trimmed by narrow cuts around the

s [266

additional contact of various shape I and also a random trim approach whereby a

single plunge cut is proceeded by multiple holes cut in a random pattern across the

resistor film 25,
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Although some encouraging results were concluded for both of these methods, the
additional trimming time and materials required did not appear to justify the

improvements in resistor performance reported.

Work conducted in this chapter deals with firstly developing and specifying the optimum
laser settings for the efficient resistance trimming of CuAlMo films resulting in minimum
post laser drift and maximum tolerance accuracy. Secondly these optimised laser
parameters are used in assessing the effects of varying trim shape and length on the

electrical performance of the films.

7.2 EXPERIMENTAL

7.2.1 Sample Preparation

All CuAIMo films used in this investigation were prepared under the optimum sputtering
and heat treatment conditions described in chapter 5. The films were grown on 60 x
70mm, 96% alumina substrates, each scribed into 798 standard 1206 size (3mm X
1.5mm) chips. The resistor shape was patterned in a bar configuration via a screen
printable mask, which was applied prior to deposition and subsequently removed with a
light solvent wash. To permit accurate resistance measurement of the films once
deposited, 15um thick palladium silver (1:3) terminations were screen printed onto the

substrates prior to deposition.

The mean resistance value of the films in the as-grown state was »1.25Q, which
translated into a sheet resistance of »0.75Q/o taking the aspect ratio of the bar pattern
into account. This relatively high value was a function of the minimum pallet drive
speed setting of the sputtering plant and also the cathode power restriction of 1000W
which was being enforced for the purpose of reducing target wear rate. Although much
lower sheet resistance values were reported in previous experiments these were
achieved with the pallet being stationary, positioned directly beneath the sputtering
target. However this setup was not suitable for the current investigation as improved
film uniformity was required across a larger area of 12 substrates to provide sufficient

samples to the laser trimming process.

It is envisaged that much lower sheet resistance values will be achievable when the
CuAlMo film is manufactured in full production by modifying the deposition plant drive
system to achieve slower pallet speeds and also through increasing the target power
level. In addition to this, the measured value of the resistors will be further reduced by
modifying the aspect ratio of the film pattern using methods such as angled termination

pads.
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Once deposited, the films were annealed for 4 hours at 428°C in an air atmosphere.
This process resulted in TCR,, of +5 £ 3ppm/°C and a decrease in resistance from the
as grown value of 1.25Q to a final value range of 0.93 to 1.07Q for a sample of 200

chips taken across the pallet of 12 substrates.

7.2.2 Laser Trimming System

The equipment used in this investigation was a GSI Lumonics W778-2000 trim system
incorporating a High Power Spectra Physics X30 Green, Diode Pumped Laser (DPL)
which has been specifically designed to trim thin film resistors. The DPL supplies a
cutting beam of 532nm wavelength having an average Q-switched output power of 3W
in fundamental TEMyp mode. The main components of the system are illustrated

schematically in Figure 7.4.

Laser head
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positioner | I i . .
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Substrate Measurement SPL? W?r
handler system pply

Fig. 7.4 — Schematic representation of the GSI W778 laser trimming system.

The diode module in the power supply generates an optically pumped power output
which is routed through a metal-encased fibre optic bundle to an optical port mid way
along the laser head, producing an infrared (1064nm) output power. A frequency-
doubling (harmonic) module is attached to the laser head to produce the green

(532nm) output power.

On entering the laser head the light energy is focused onto and absorbed by the lasing
medium (YAG rod) which is housed inside a reflective cavity. When more atoms are
excited than not excited in the YAG rod, a population inversion occurs and it is at this

point that the lasing action begins.

The laser head also contains a pair of mirrors, which with the help of the reflective
cavity, force the laser beam to flow through the cavity to one of the mirrors and then
reflect back to the other mirror. When the beam passes back through the cavity further

stimulation of the YAG rod occurs.
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On striking the front mirror, a small amount of the beam is transmitted through the
mirror and the rest of the beam is reflected into the cavity. It is this small amount of the

beam which is then focussed and used to trim the resistor material.

The previous paragraphs describe a continuous wave (CW) laser with a steady state
energy output which is never interrupted. As discussed in section 7.1, this type of
output is not ideal for trimming as the resistor material adjacent to that being trimmed
may become overheated and the trim may be uneven, or the power may be too low to

trim.

To overcome this problem the laser head also contains a Q-switch which interrupts the
optical cavity for a short period of time by blocking the flow of light from the internal
cavity to the mirror to produce a high peak power output. The continuous pumping
during this interruption causes an increase in the population inversion inside the YAG
rod. Hence once the optical cavity is restored the pulse is much shorter in duration and
much more powerful. Thus the resistive material can be easily removed whilst

minimising heat flow into the surrounding area.

On exiting the laser head the beam then enters the beam positioner. This part of the
system is used to firstly attenuate the beam by reflecting a portion of it onto an
absorption block, or beam dump, and the rest is then transmitted to the beam expander
which uses a zoom telescope to expand the beam into the galvo block so that it
ultimately produces the required spot size at the work surface. The high speed galvo
block consists of two closed-loop galvanometers (X and Y), two galvo mirrors that
position the laser beam on the work surface and an objective cutting lens that focuses
the beam onto the work area. The positioning of the X and Y galvanometers is

precisely controlled by the trim controller computer.

The substrate handler is also fully automatically controlled via the trim controller
computer allowing several different trim pattern programmes too be run in sequence

with capability to continuously trim up to 4,200 standard 60 x 70mm substrates.

Finally the measurement system consists of a high-speed V900 bridge with a capability
of 0.1Q to 1000MQ and full Kelvin connection to one row of resistors on the substrate
via a tungsten tipped probe card. A voltage source provides a programmed voltage to
the part being trimmed and a voltage of opposite polarity to an internal standard
resistor. When the current, measured by the ammeter circuitry, through the part being
trimmed is equal but opposite to the current through the standard resistor, the bridge is
balanced and the resistor is in value. At this point the bridge outputs a signal to the

laser and trimming stops. Once the first full row of resistors has been trimmed, the
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substrate handler indexes the next row into the measurement position and trimming re-
commences. This process continues until all rows on the substrates have been

trimmed and then the handler loads the next untrimmed substrate.

7.2.3 Design Selection

The first stage of the investigation involved optimising the laser conditions to give
minimum post trim resistance drift and maximum tolerance accuracy. To achieve this, a
Central Composite Design (CCD) consisting of a three factor face centered cube was
utilised, see Figure 7.5. This type of design allows for the investigation of interactions,
plus the centre points in the middle of the cube and also on all six faces allow for the
investigation of non-linear relationships and generally increase the scope of the

experiment when compared with factorial designs "%

Power

Bite size

Fig. 7.5 — Three factor face centered cube design

The three parameters selected for investigation were as follows:

Power the measured power of the laser beam used to trim the

resistor material.

Q-rate the frequency at which the Q-switch interrupts the laser

beam and hence its peak power and pulse duration.

Bite size the distance that the laser beam is moved across the
resistor surface between pulses and hence the amount

each pulse overlaps.
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Thus the cube model shown in Figure 7.5 can be used to represent these three

parameters with the x, y and z axis being Q-rate, power and bite size respectively.

To determine the boundary limits for the laser power, firstly some initial reflectance
measurements were taken for the CuAlMo films and compared directly with those
obtained for NiCrMo films, see Figure 7.6. The measurements were taken using a
Hitachi U-3000 Spectrophotometer.
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Fig. 7.6 — Reflectance results for CuAIMo and NiCrMo films,
both as grown and following heat treatment

As can be seen the reflectance results for both as grown and heat treated films of both
chemical compositions are almost identical at a wavelength of 532nm (the wavelength
of the laser). As the optimum power required to vaporise the NiCrMo was already well
established, this could be used to estimate that required to vaporise an equal amount
of CuAlMo film.

Using this power estimate as a starting point, some initial samples were trimmed to
determine the upper and lower parameter levels which could be used to produce a

laser kerf of consistent visual quality. The final levels chosen for the three factors are
given in Table7.1.
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Factor Lower Level Mid level Upper level
Power (mW) 500 750 1000
Q-rate (kHz) 8 12 16
Bite size (um) 5 7.5 10

Table 7.1- Experimental design factor levels

The design matrix for the Face Centered Cube design is given in Table 7.2. In total 20
trials or were required, consisting of 15 distinct combinations of parameters and an
additional 5 replicates at the midrange levels, which were used to provide a better

model and allow an estimate of the experimental error.

Std order Run order Power Q-Rate | Bite Size
1 19 500 8 5
2 8 1000 8 5
3 4 500 16 5
4 13 1000 16 5
5 10 500 8 10
6 12 1000 8 10
7 17 500 16 10
8 3 1000 16 10
9 20 500 12 7.5
10 6 1000 12 7.5
11 15 750 8 7.5
12 9 750 16 7.5
13 7 750 12 5
14 11 750 12 10
15 2 750 12 7.5
16 5 750 12 7.5
17 18 750 12 7.5
18 16 750 12 7.5
19 1 750 12 7.5
20 14 750 12 7.5

Table 7.2 — Face centred cube design matrix for laser trimming process

Table 7.2 displays the trials in standard order; however the experiment was run in the
randomised order given in the ‘Run Order column. In addition the experiment was
replicated twice, given a total of three runs per trial. This gave a higher degree of
confidence in the model by eliminating any potential pattern or trend in the trimming or
film properties. A total of 190 resistors (5 rows of 38parts) were trimmed per trial giving

a total of 570 parts per data set across the 3 experiments.
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The following two electrical properties of the films were selected as experimental

outputs:

1. Post trim resistance drift (72hrs at room temperature), DQ/Q, (%)

2. Trim tolerance accuracy (standard deviation of batch), Q, (%)

7.2.4 Process Considerations
The following factors were taken into consideration prior to commencing the

experiment:

Acceleration of galvanometers

From the design matrix in Table 7.2 it can be seen that a maximum trimming speed of
160mm/second was required, occurring when the Q-rate=16kHz and the bite
size=10pm/pulse. It was therefore necessary to calculate how far the beam would
travel before the galvanometers would reach this speed. The distance required was
calculated to be less than 0.05mm. As the resistor films are spaced approximately
0.25mm apart on the substrate there was sufficient room, and it was decided to initiate
the trimming 0.075mm from the edge of the resistor film to allow the galvanometers to
reach full speed and ensure that the laser beam is travelling at a constant velocity

before reaching the edge of resistor film.

Measurement variation

As discussed eatrlier a full Kelvin probe card, with two probes per conductor pad, was
used for all measurements. Firstly the probes were planarised and repeated probing of
the 1Q pre value resistor material indicated that the resistance variation was better
than 0.01%. As all trimmed parts would have higher resistance values, it was expected
that the measurement variation would be no worse than 0.01%. This was confirmed
during the experiment by taking each resistance measurement at least three times and

eliminating any measurements with non typical variation.

Power stability

Before commencing the experiment it was confirmed that the laser could operate in
fundamental TEMy, mode across the full power range under investigation by
examination of the spot shape. The spot size had a diameter of approximately 15um,
this being a function of the laser optics design. The resulting kerf width was slightly

larger and is discussed in more detail in section 7.3.

Prior to starting each experimental run the laser power output was measured using a

Molectron P5100 10W power meter to confirm that it was set exactly as specified in the
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design matrix. The Q-rate vs peak power, and pulse width for the W778 laser are
specified in Figure 7.7
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Fig. 7.7 — Relationship between Q-rate vs peak power, average power
and pulse width for the W778 laser %4,

7.2.5 Trimming and Measurement Process

Once the initial checks had been made on the laser, the cut shape parameters were
loaded. A standard L cut was selected with a first leg plunge depth of 50% of the width
of the film, starting 20% of the film length from one conductor pad. The kerf then turned
through 90° and the second leg was cut down the centre line of the resistor, with
maximum length at 10% of the film length from the second conductor pad. The trim
pattern is shown in Figure 7.8.

Fig. 7.8 — L cut trim pattern used in determining the optimum laser beam settings
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The actual point at which the second leg finished was when the target value was
reached and this was in turn dependent upon the exact pre value resistance and also

the laser conditions for that run.

Five rows of resistors were trimmed for each experimental run. Once all 20 runs were
complete the parts were allowed to cool and stabilise before the trimmed resistance
value of each part was automatically measured and stored by the laser system. To
determine the post trim resistance drift, the parts were stored in air at room

temperature for 72 hours before the resistance value was measured and stored again.

7.3 RESULTS AND DISCUSSION

7.3.1 Optimisation of Laser Beam Parameters

5 [2%] statistical software package

To help with the analysis of the experiment, Minitab 1
was used. Table 7.3 shows the P-values for the effects of the three main factors and
their interactions on the standard deviation of resistance and 72 hour post trim
resistance drift of the CuAIMo films. The results are all based on the mean of 570
measurements with an alpha (a) risk value of 0.05 selected. Again those effects which
have P-values (probability) less than the a-level of 0.05 are considered to be significant

and are highlighted in bold.

Term P-value
Std dev 72hr drift
Power 0.494 0.258
Q-Rate 0.09 0.006
Bite Size 0 0.274
Power*Q-Rate 0.725 0.408
Power*Bite Size 0.735 0.926
Q-Rate*Bite Size 0.283 0.153

Table 7.3 — P-values for the effect of laser trim factors
and their interactions on the standard deviation and
72hr post trim resistance drift of the CuAIMo films

The factor having the largest effect on the standard deviation of resistance of the batch
is bite size, having a p-value of 0. This result is highlighted graphically in the main
effects plot in Figure 7.9. The result for Q-rate is less significant with a p-value of 0.09,
whilst those for power and the interactions of the factors appear to be relatively

insignificant.
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Figure 7.9 shows that the mean value of standard deviation of resistance decreases
quite linearly with decreasing bite size from a value of 0.16% at 10um to less than
0.10% at 5um. The results for power and Q-rate are much flatter with the best results

being achieved at maximum settings for both.
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Fig. 7.9 — Main effects plot of laser trim factors on
the standard deviation of resistance of the CuAlIMo films

The improved result with decreasing bite size can be easily explained by the degree of
pulse overlap. With a short bite size the laser pulse centres will be closer together and
will therefore overlap by a greater amount, for a fixed pulse diameter. With more
overlap, the amount of material removed per pulse will be less and therefore the
resistance change per pulse will be less. As discussed in chapter 1 the laser must
complete its last pulse once it receives a signal that the resistor has reached target
value, it therefore follows that parts trimmed with a smaller bite size will produce a
batch with a tighter resistance distribution.

The pulse overlap for the minimum and maximum bite size settings of 5 and 10um are
illustrated diagrammatically in Figure 7.10. For comparison the figure also shows SEM
micrographs of laser kerfs trimmed under these two settings with the power and Q-rate

set at their median values.
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Fig. 7.10 — Model of laser kerfs with variation in bite size and
SEM micrographs of experimental results

Although the variation in standard deviation of resistance with changing Q-rate is much
less significant than that of bite size, there is a noticeable improvement between the
minimum and maximum settings as shown in Figure 7.9. This result could perhaps be
explained by the decrease in peak power with increasing Q-rate as highlighted in
Figure 7.7. SEM micrographs of laser kerfs trimmed at the minimum and maximum Q-
rate settings with power and bite size at their median values are shown in Figure 7.11.
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Fig. 7.11 — SEM micrographs of laser kerfs trimmed at minimum and maximum
Q-rate settings with power and bite size set at their median values
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The kerf width is noticeably wider at the minimum Q-rate setting of 8kHz than at the
maximum of 16kHz, having values of 26um and 18um respectively. This is due to the
increase in peak power as the laser has more time to build up energy when the Q-
switch is switching at a lower frequency. This increase in kerf width with a lower Q-rate
setting means that again more material will be removed per pulse and hence the

resistance distribution of the batch will be wider.

Another look at the results in Table 7.3 shows that the factor having the most
significant effect on post-trim resistance drift is Q-rate, having a p-value of 0.006. The
other main factors and interactions are insignificant in comparison with p-values in the
range »0.15 to 0.93.

The main effects plots for 72 hour post trim resistance drift are presented in Figure
7.12.
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Fig. 7.12 — Main effects plot of laser trim factors on
the 72hour post trim drift of resistance of the CuAlMo films

The mean value of post trim resistance drift decreases quite steeply from a maximum
of 0.19% at a Q-rate of 8kHz to 0.13% at 12kHz and then more gradually to a minimum
of 0.11% at 16kHz. The main effects of power and bite size have less influence on the
degree of post trim drift, however the best results of around 0.12% are achieved with
minimum power (500mW) and maximum bite size (10um). It is interesting to note that
the effects of power and bite size appear to level off between values of 750 to 1000mW

and 5.0 to 7.5um respectively.
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One other point worthy of note is that there were no negative resistance drift results,
indicating that the laser kerf was clean and of adequate depth under all trial
combinations. The power of the laser beam needs to be controlled to penetrate the
alumina substrate by sufficient depth to ensure removal of all the resistive material. If
this situation is not satisfied, instability and negative resistance drift can result due to

(2851 Conversely if the power is too intense, excessive

shallow trimming and dirty kerfs
positive drift can occur due to very deep kerfs and thermal damage to the surrounding

resistor material, the HAZ.

It is therefore possible to relate the positive resistance drift results in this investigation
to the intensity of the laser beam under each set of experimental conditions and
therefore the amount of HAZ surrounding the kerf. For example the reduction in post
trim drift with increasing Q-rate can be explained by the reduction in peak power as
illustrated in Figure 7.7. Similarly a reduction is also apparent with decreasing laser
power level. Moreover a reduction in bite size will give more pulse overlap and

therefore more energy will be concentrated in the same area of film.

To support these hypotheses, SEM micrographs of trim kerfs produced at maximum
power with minimum Q-rate and bite size and also minimum power with maximum Q-

Rate and bite size are presented in Figure 7.13.

It is clearly seen that the thermal damage to material surrounding the laser kerf, the
HAZ, is much greater with higher power and lower Q-rate and bite size and is thus the

main reason for the increase in post trim resistance drift of the CuAIMo films.
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Fig. 7.13 — SEM micrographs of laser kerfs trimmed at minimum
and maximum parameter settings.
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7.3.2 Selection of Optimum Laser Beam Parameters

To help with the selection of the optimum laser beam parameters, contour plots were
generated from the standard deviation and post trim drift data using the statistical
software, see Figures 7.14 and 7.15. The contour plots are essentially slices taken
through the experimental cube given in Figure 7.5, on a plane parallel to one of the
sides. Therefore for each plot that is generated, one of the three parameters is held
constant at its median value, whilst the results vary based on the level of the other two
parameters.
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Fig. 7.14 — Contour plots for standard deviation of resistance with
varying laser beam parameter settings
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Fig. 7.15 — Contour plots for 72hr post trim resistance drift with
varying laser beam parameter settings

From the contour plots it can be seen that minimum standard deviation and post trim
stability of resistance are achieved when the laser power and bite size are set at their
minimum values of 500W and 5.0um and with a Q-rate of approximately 14kHz.

To confirm these results, the statistical software was used to automatically predict the
optimum settings for each parameter the results of which are presented in Figure 7.16.
and summarised in Table 7.4.

Laser parameter Optimised setting
Power 500mwW
Q-rate 13.6kHz

Bite size 5um

Table 7.4 — Summary of optimum laser parameter settings
predicted by Minitab software
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Fig. 7.16 — Optimum laser parameter settings predicted by Minitab software

7.3.3 Trim Pattern Selection

Single Stage Adjustment

Once the optimum laser settings had been established, they were then used to adjust
films using various trim patterns to determine to the most appropriate cut type

depending on the required resistance gain.

Resistor films from the same batch, having a pre-value resistance of »1Q were

adjusted with the following trim gains, see Table 7.5.

For trim gains of 1.5 to 5 both the L cut and serpentine cut were used. As the maximum
gain that could be achieved with the L cut was around 6, only the serpentine cut was
used for trim gains above 5. The basic layouts of the two trim patterns are shown in
Figure 7.17.
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Trim gain | Target value (Q) Cut Type No. of plunges | Plunge depth (%)
15 15 1 45
2 2 1 55
3 3 L out 1 75
5 5 1 85
15 15 1
2 2 1
3 3 15
5 5 15
10 10 . 25
20 20 Serpentine 4 75
40 40 6.5
60 60 9
80 80 12
100 100 15

Table 7.5 — Trim parameters used for single stage adjustment of the CuAIMo films

Fig. 7.17 — Layout of L cut and serpentine cut used to trim CuAlMo films

The plunge depth of leg 1 of the L cut was set to minimum length to give maximum
length on leg 2 for accuracy and also to leave maximum resistor width remaining for
reliability. The plunge depth of the serpentine cuts were set to 75% of the resistor
width, as this was determined to be an appropriate length that would allow a suitable
trim gain to be achieved in a reasonable number of plunges without the risk of trimming
too close to, or through the other side of the film should there be variation in the
sputtered pattern dimensions. In all cases the serpentine cuts were as evenly spaced

as possible across the film to reduce the effects of current crowding.
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Post trim distribution

The post trim distribution is often used as an initial indication of good laser trimming. A
tight distribution allows maximum process yields to be achieved, whilst a wide
distribution may mean that some of the parts fail to meet the specified tolerance limits.
The actual offset of the distribution from the target value is usually not important as this
can be compensated for using the laser measuring system. Typically a standard
deviation of resistance of less than half of the specified tolerance is acceptable. This
allows for errors in target value offset and also any subsequent process changes.
Therefore to produce a batch with a resistance tolerance of £0.5% a standard deviation
of <£0.25% is desired

The standard deviation of resistance of the batch with increasing trim gain for both cut
types is presented in Figure 7.18. Again the results are based on the mean of three

measurements of 570 chips per experimental trial.
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Fig. 7.18 — Variation in standard deviation of resistance with increasing trim gain
for both L cut and serpentine cut

For trim gains of <5 the L cut gives the smallest standard deviation of resistance of
0.06% for a gain of 1.5 to 0.2% for a gain of 5. This increase in standard deviation with
increasing trim gain can be related to the plunge depth of leg one of the cut, see table
7.5. In order to increase trim gain, the plunge depth of leg one must increase to leave a
narrower resistor as the cut turns into leg two. However this also means that the rate of
change of resistance with the increasing length of leg two is higher. Thus the

resistance distribution of the batch is wider.
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On the other hand, the standard deviation of resistance for the serpentine cut is much
worse for trim gains of <5, having a value of 0.83% for a gain of 1.5 and falling to
0.20% for a gain of 5, which is more in line with that of the L cut and inside the target of
0.25%. However once the trim gain has increased to 10 the standard deviation falls to
a value of 0.08% and remains around this figure for all further increases up to the

maximum trim gain of 100.

As discussed in chapter 1, this decrease in standard deviation with increasing trim gain
can be explained by the number of plunges and hence the overall length of the trim
kerf, see table 7.5. Unlike the L cut, the serpentine cut only makes cuts in the film
perpendicular to the current flow. Hence the rate of change of resistance per plunge
will be almost linear. However as the trim gain and hence the number of plunge cuts
increase the percentage of target value trimmed per plunge will decrease and the

accuracy to which the laser can switch off at target value will improve.

Post trim stability
Following laser adjust the films were stored for 168hrs at 125°C in air to check their
resistance stability. Results of mean resistance change for both cut types and also for

untrimmed films are presented in Figure 7.19

1.2 -

o
(o] =
| |

AQIQ (%)
o
[e)]

0.4 L cut
—8— Serpentine cut
0.2 - _
— — —— Un-trimmed
o—————
1 10 100

Trim Gain

Fig. 7.19 — Variation in post trim resistance stability following storage at 125°C for 168hrs
for both L cut and serpentine cut with increasing trim gain

The first thing to notice is that the stability of the untrimmed resistor is far superior to
that of the trimmed resistor having mean resistance shift of 0.03%. This result indicates

that the laser trimming is responsible for the inferior performance of the trimmed films
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and this is further supported by the increase in mean resistance shift with increasing

trim length.

For films trimmed with the serpentine cut the mean stability result increases quite
linearly from a value of 0.11% for a trim gain of 1.5 to a figure of 1.12% for a gain of
100. The result for films trimmed with the L cut is slightly less severe, but still increases
with trim length from an initial value of 0.11% for a trim gain of 1.5 to a maximum value
0.29% for a trim gain of 5. Thus, as the trim gain increases so does the trim length and

hence the amount of HAZ, which causes the film to become increasingly unstable.

The target specification for the dry heat stability test for chip resistors is a shift of <0.5%
following 1000hrs storage at 125°C, see Appendix 1. Therefore the results reported in
Figure 7.19 following 168hrs exposure, are clearly unacceptable, particularly for the

higher trim gain parts.

Two Stage Adjustment — Fine Trim

To try and overcome this stability problem a two stage adjustment process was
employed. As described in section 7.1, this is common practice for thin film resistors,
especially when high trim gains are required. The majority of the trimming takes place
in the first stage and the device is adjusted to around -1% of its target value. After
which it is stored at high temperature before a second or final trim is utilised to adjust

the device to target value.

This method of trimming has two main advantages over the single trim techniques.
Firstly the fine trim is usually designed so that it cuts the film in an area of relatively low
current density in the shadow of the first trim, therefore having a much lower rate of
change of resistance and allowing a tighter resistance distribution to be achieved. This
trim position in an area of low current density also means that any HAZ effects will be

significantly reduced.

A model of current density for the L cut with a shadow fine trim is shown in Figure 7.20
along with the corresponding calculated rate of resistance change plot for a CuAIMo

film trimmed from a pre-value of 1Wto a target value of 2W.
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Fig. 7.20 — Model of current density and corresponding rate of resistance change

for a CuAlMo film trimmed from a pre-value of 1Wto a target value of 2W,
using the two stage L cut and shadow fine trim.

should be achieved.

For the initial L cut, the resistance increases rapidly as the kerf is cut perpendicular to
the current flow (y direction) towards the opposite edge of the resistor film. For the
second leg of the L cut, the rate of resistance change is more linear as the kerf is cut
parallel to the current flow (x direction). Finally for the fine trim, the kerf is cut in the
shadow of the L cut in an area of low current density and the rate of change of
resistance is very slow. Therefore provided that the length of the fine trim is controlled
so that it does not plunge into areas of high current density surrounding the corner of

the L cut (through correct first trim resistance offset), good accuracy of resistance value
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The second advantage of the two stage adjustment is that the high temperature
storage is used to relieve stresses built up in the HAZ surrounding the first trim,
producing a much more stable device. The choice of storage temperature used
between the two trim stages is usually selected to be above the upper category
operating temperature of the device and also above any temperature seen at
subsequent process stages, but must not be so high that it could spoil the TCR of the
film. Thus in effect the dry heat stability performance is being improved by storing the

device at a temperature higher than that at which it will ultimately be tested.

The duration of the storage is also important. It must be of sufficient time to remove the
majority of the resistance shift from the films, but must not be so long as to affect the
manufacturing timescale. Typically the process will take place overnight, allowing the

first and second trims to be carried out on successive days.

The required storage duration can be estimated from a plot of resistance change with

time for the single stage adjusted films, see Figure 7.21.

As can be seen the vast majority of post trim resistance change takes place in the first
24 hours of testing, regardless of trim gain, after which the change begins to slow down
and level off. It therefore seems feasible that an overnight stove of 16hrs (5pm day one
to 9am day two) at a higher temperature of »250°C would be sufficient to remove the

majority of the post trim resistance shift.

1.2

—=a— Serpentine - Gain 100

Serpentine - Gain 80
—a— Serpentine - Gain 60
—=a— Serpentine - Gain 40

Serpentine - Gain 20
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Serpentine - Gain 5
—=a— Serpentine - Gain 3
—=a— Serpentine - Gain 2
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—a—L-cut-Gain 5
—a—L-cut - Gain 3
—a— L-cut - Gain 2
—a— L-cut - Gain 1.5
——o——No Trim

AQIQ (%)
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Test duration (hours)

Fig. 7.21 - Variation in post trim resistance stability with storage time at 125°C,
for both L cut and serpentine cut with various trim gains
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To investigate this theory, films of CuAIMo from the same batch of 1Q pre-values were
again adjusted to the following trim gains, see Table 7.6. Due to the superior resistance
distribution results achieved with the L cut it was decided to use this cut type for trim
gains in the range 1.5 to 5 and the serpentine cut for gains greater than 5. The basic
layouts of the two fine trim patterns are shown in Figure 7.22 and details of the other
trimming and stabilisation parameters are presented in Table 7.6.

Fig. 7.22 — Two stage adjustment trim patterns for both L cut and serpentine cut.

1°' trim parameters ?)':Zrl;s;icr)g Fine trim parameters
Trim 'I\'lzrlg(;t Target Plunge Target Max
gain Q) value Cut Type No. of de 31 Temp | Time value Cut plunge
offset yp plunges (oﬁ) ) (°C) (hrs) offset Type depth
(%) ° (%) (%)
15 15 -0.5 1 45 -0.10 35
2 2 -0.5 1 55 -0.10 Shadow 45
L cut 250 16
3 3 -0.75 1 75 -0.15 plunge 65
5 5 -1.00 1 85 -0.15 75
5 5 -1.00 15 -0.15
10 10 -1.25 25 -0.20
20 20 -1.50 4 -0.20
4 | 40 | -175 | Serpentne | 6.5 75 | 250 | 16 | -0.25 Sp';jggg 65
60 60 -2.00 9 -0.25
80 80 -2.25 12 -0.30
100 100 -2.50 15 -0.30

Table 7.6 — Trim parameters used for two stage adjustment of the CuAIMo films
The values for the trim target offsets were estimated from the stability results reported

for the single stage adjusted films, i.e. how much the resistance would change during
storage. The shadow plunge depth was restricted to a maximum length of 10% less
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than that of the first trim plunge to prevent it from entering areas of high current density

as shown in Figure 7.20.

The resistance distributions of the batches after first trim were measured to be in line
with that reported for the single stage adjusted films. The resistance shift following

stabilisation in air at 250°C for 16hrs is shown in Figure 7.23.

2 .
1.8 L cut
1.6 —8— Serpentine cut
1.4 - — ——— Un-trimmed

1.2

AQIQ (%)
H

0.8 -
0.6 -
0.4 -
0.2

1 10 100
Trim Gain

Fig. 7.23 - Variation in resistance shift following stabilisation at 250°C for 16hrs
for both L cut and serpentine cut with increasing trim gain

The stability of the films decreases with increasing trim gain and the shape of plot is
very similar to that reported for the single stage adjusted films after storage at 125°C
for 168hrs. However the value of the resistance shift is on average 40% higher
following storage at 250°C. This is an encouraging result as it suggests that the
resistance shift resulting from 168hrs storage at a 125°C can be removed in less than
16hrs at a higher temperature of 250°C. Thus the films should be much more stable

when subsequently tested at the dry heat stability test temperature of 125°C.

The standard deviations of resistance of the batches with increasing trim gain following
fine trim are plotted in Figure 7.24 along with those obtained for the single stage

adjusted batches both after trim and following the 16 hour stabilisation.
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Fig. 7.24 - Variation in standard deviation of resistance with increasing trim gain
for both L cut and serpentine cut following first trim, stabilisation and fine trim

By positioning the fine trim in an area of low current density the standard distribution of
the two stage adjusted films is far superior to that of the single stage and is better than
0.05% for all trim gains. This would allow for a final resistance tolerance of £0.1% to be
feasible with the correct trim offset selection (assuming that the distribution does not

widen significantly during the remaining process stages).

Following final trim, the films were stored at 125°C for 168hrs to check resistance
stability. Results of maximum resistance shift of the batches with increasing trim gain
are plotted in Figure 7.25 together with the mean results obtained for the single stage

adjusted batches and the maximum result for untrimmed parts.

Using the two stage adjustment technique has greatly improved the dry heat stability
performance over that obtained for the single stage method. The vast majority of
instability associated with the HAZ surrounding the laser kerf has been removed during
the 16 hour stove at 250°C. Again the positioning of the fine trim and also its relatively
short length in comparison with the first trim appear to have minimal affect on the
stability of the film. Thus the maximum resistance shift has reduced to less than 0.08%
following the two stage adjustment and is much closer to the result of 0.013% obtained

for the untrimmed films stabilised under identical conditions.

159



1.2

L cut - 1st trim (mean)
L cut - fine trim (max)
14 —8— Serpentine - 1st trim (mean)
—o6— Serpentine - fine trim (max)
0gl — — Un-trimmed (max)
g
S 06 -
o]
4
0.4 -
0.2 A
0 ——o—0— — — G_\__Q‘—_—_—H:e:e_/ﬁ)
1 10 100
Trim Gain

Fig. 7.25 - Variation in post trim resistance stability following storage at 125°C for 168hrs
with increasing trim gain for both L cut and serpentine cut
following first trim, stabilisation and fine trim

Finally the TCR,, of a random sample of 20 parts from each batch was tested to ensure
that the laser trimming and or stabilisation parameters had not had any effect causing it
to move out of specification. Figure 7.26 shows the results of TCR,, for the samples

with increasing trim gain and also for untrimmed films, which are plotted at a trim gain

value of one.

10

L cut - fine trim

5 - —B— Serpentine - fine trim

TCRav (ppm/ °C)
o

_5 B
-10 : :
t 10 100
un-trimmed Trim Gain

Fig. 7.26 - Variation in post trim TCR,, with increasing trim gain
for both L cut and serpentine cut
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The results for the untrimmed films and those trimmed using the L cut are very similar
to that measured for the pre-value films prior to commencing the trimming process,
which had a value of +5 £ 3ppm/°C. There is a slight decrease in the mean TCR result
for the films adjusted using the serpentine cut, which decreases further with increasing
trim gain. As the results for the untrimmed films are similar to that of the pre-value films
then this decrease in TCR when using the serpentine cut must be related to the cut
type or trim gain rather than the stabilisation process during trimming. One possible
explanation could be the highly positive TCR of the silver termination pads, causing a
series TCR effect with the resistor film, a phenomenon which is known to have an

increasing effect with decreasing resistance value or in this case trim gain ™ 78,

Nevertheless, the overall the effect of the laser trimming process on the TCR of the
films is minimal and the results for all of the batches are still well within the target

specification of £15ppm/°C.

7.4 SUMMARY

From the work carried out in this chapter it can be concluded that the laser trimming
process plays a critical role in adjusting the resistance of the CuAlMo films to the
desired target value and tolerance and also has a significant influence on their long

term resistance stability.

Through systematic investigation of key process parameters such as laser power,
Q-rate and bite size, it was possible to improve the resistance distribution of the batch
of CuAIMo films from pre-value range of around 10% to attain trimmed tolerances of
< +0.5%. This was achieved across a wide trim gain range of 1.5 to 100 through use of

two basic trim cut patterns; the L cut for gains < 5 and the serpentine cut for gains > 5.

These optimised results were achieved with low laser power and bite size and mid-
range Q-rate settings, which enabled material to be vaporised whilst minimising heat
flow into the remaining film and allowing accurate control over trim length and hence

resistance value.

Although optimisation of the laser beam parameters produced suitable results for
resistance distribution, there was still an unacceptable level of resistance instability
being introduced into the film via the heat affected zone surrounding the laser kerf. This
was determined through dry heat stability testing at 125°C and the level of instability
was proportional to the trim length, increasing from a value of 0.11% for a trim gain of

1.5to 1.12% for a trim gain of 100, following 168 hours exposure.
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To overcome this problem it was necessary to utilise a two stage adjustment process,
which incorporated a post first trim stabilisation at 250°C followed by a fine plunge trim
to target value. This procedure was successful in reducing the dry heat stability figure
to less than 0.1% across the full range of trim gain and also allowed for the possibility

of attaining much tighter resistance tolerances of < +0.1%.

The laser trimming process was also found to have limited affect on the TCR
distribution of the batch and all samples remained well within the target specification of
+15ppm/°C.

As will be discussed in the following chapter, the optimised laser trim settings have
been used to manufacture production batches of chip resistors for long term reliability

testing.
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Chapter 8

Process Verification
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8.1 INTRODUCTION

Work conducted in chapters 1 to 7 has focused on the research and development of a
new thin film material of copper, aluminium and molybdenum to be used for the
production of low resistance thin film resistors and also on the experimental
determination of a set of optimised process conditions using DOE, under which these

resistors can be successfully manufactured.

This current chapter deals with, firstly, manufacturing a production size batch of
CuAlMo thin film surface mount resistors under the optimised process conditions, and
secondly, verifying their performance against criteria such as manufacturability to

specification, and long term reliability.

In order to establish the performance of the CuAlMo resistors, a target product
specification has been generated, see Appendix 1. This specification is based on a
combination of historical performance requirements of thin film chip resistors, which are
controlled by both CECC *? and MIL B*¥ standards, and also recent market demands

for lower resistance value devices.

The PCF series is currently the main thin film chip resistor range manufactured and
sold by Welwyn Components Ltd. The present resistance value range offered by this
series is restricted to 10Wto 1MW, with NiCr films being used for values 10Wto 20KQ
and CrSiO films being used for values >20KQ.

The objective is therefore to extend this resistance range by using CuAlMo films for
values 0.1Q to 10Q, thus enabling an overall resistance range of 0.1Q to 1MQ to be
offered. However, due to the current capabilities of the sputtering plant, discussed in
chapter 7, a more restricted value range of 1Q to 10Q has been assessed during this

investigation.

8.1.1 Introduction to Reliability Testing of Thin Film Resistors

If a component is ‘reliable’ it could take many years to fail under normal operating
conditions, or in fact it might never fail. It is therefore not practical to establish the
performance of a device under ‘typical’ conditions. For this purpose various accelerated
tests have been established, allowing the long term reliability of resistors to be

predicted in a realistic timescale.

There have been numerous studies undertaken on the reliability of thin film resistors
2873091 and again most of these deal with the performance of the well established film

systems of NiCr, TaN and CrSiO. Although there are a number of other criteria which
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must be satisfied including mechanical strength, solderability, insulation resistance etc,
the tests which appear to present the highest level of severity to thin film resistors fall

into three broad categories of temperature, endurance, and humidity.

Temperature test

As discussed in chapter 1, the temperature, or dry heat, test is the most straightforward
test to implement and is therefore the most widely used. Commonly accepted criteria
for surface mount chips are a resistance change of <1% following storage for 1000
hours at 125°C. The thermal ageing that takes place during this test is usually a
measure of the level of oxidation at the film surface and also internal changes such as
annealing and precipitation that may occur. However these processes also serve to
stabilise the resistor making it appear to improve as the tests proceeds. As shown in
chapter 7 it is therefore possible to improve the performance of the device by
increasing the amount of heat treatment it receives during the manufacturing process.
For this reason it is not adequate to judge the long term reliability of the resistor based
on the temperature test alone, and its performance under other test conditions must be

evaluated.

Endurance test

The resistance change resulting from the endurance, or load, test should be very
similar to that from the dry heat test performed at the same temperature that is being
generated by the load. There are however a few exceptions to this similarity, making it

necessary to perform both tests:

Electrolytic corrosion can result if any moisture is allowed to condense
on the resistor surface and penetrate the protection. This process is
more likely to occur if the load on the resistor is insufficient to drive off

the moisture.

Electrolysis of ions in the substrate can occur and increases rapidly with

increasing temperature.

Under conditions of very high d.c. current densities, metal migration can
take place causing a redistribution of material with metal migrating away

from the cathode.

Hot spots are potentially the most likely cause of failure during load
testing but are sometimes difficult to identify due to their random

occurrence.
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Another important consideration which must be taken into account is the geometry of
the resistor. Wherever possible it is good practice to use straight line resistors instead
of meandering or serpentine patterns to give the most uniform distribution of the

electric field.

Typical load test conditions for both axial and surface mount devices are 1000 hours at
70°C with full power rating being applied, with maximum allowable resistance change
being <0.5%.

Humidity test
The humidity test is usually a test of how impervious to moisture the coating used to
protect the resistor is. However if the protection happens to become penetrated, then

the moisture resistance of the resistor film itself becomes important.

Typical test conditions are 1000 hours or 56 days storage at 90-95% relative humidity
at a temperature of 40°C. It is also common practice to split the test sample and apply
a light electrical load to one half of the parts. In this case, as discussed above, the main
source of drift results from electrical corrosion. However unlike the endurance test the
applied load must be mild enough to allow moisture to condense on the resistor
surface. If the load is increased further the test will become less severe as the heat
generated by the resistor will drive off the moisture. Again typical maximum allowable

resistance changes for this test are <1%.

8.2 EXPERIMENTAL / MANUFACTURE

All resistor samples manufactured were standard 1206 surface mount size. The basic

construction of the device is shown in Figure 8.1.

CuAlMo resistor element

Front face conductor

Termination plating i

Protective coating

Wrap-around termination Rear face conductor

Fig. 8.1 - Basic construction of the 1206 size surface mount resistor
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The process flow for the manufacture of experimental samples is given in Table 8.1.

Operation Process description Materials
Number
. . As fired 96% Al,O3; 60x70mm 1206 type
L e oS peay | Sblates and 00wt 50Ag ik
P b 23-28um dried thickness
5 Screen print and fire front face Ag/Pd 97/3wt.% ink, 10-15um dried
conductor pads (40mins at 850°C peak) | thickness
Screen print and dry resistor mask i . .
3 (20mins at 120°C) Overglaze, 20-25um dried thickness
4 Spultter resistor under optimised CuAlMo 69/24/7 wt.% target, »1.3um
conditions (320°C peak at 1000W) thickness
: : Stage 1 = de-ionised water and
5 g:;?ﬁggltcggg é;)lean off resistor mask detergent 5:1 ratio
Stages 2 - 4 = de-ionised water
6 Heat treat and TCR test
(4hrs at »430°C)
7 Laser adjust - 1% trim
8 Stabilise (16hrs at 250°C)
9 Laser adjust - fine trim
10 Screen print and dry 1*' protection Epoxy protection, 20-25um dried
layer (20mins at 200°C) thickness
11 Screen print and cure 2" protection Epoxy protection, 20-25um dried
layer (1hr at 200°C) thickness
12 Snap substrates into strips
13 Apply wraparound terminations Ag 65wt.% epoxy ink, 25-40um dried
and cure (1.5hr at 200°C) thickness
14 Snap substrate strips into single chips
15 Plate outer terminations and dry Ni, 7-15um thickness
(1hr at 70°C) Sn, 5-15um thickness
16 100% automatic visual inspection
17 100% final resistance measure Anti static 1206 size carrier tape and

and tape pack

cover tape. 7" taping reel.

Table 8.1 — Process flow for sample manufacture.

Once the front and rear face conductor pads and the resistor mask had been applied to

the substrates, the batch was split into three smaller batches, A, B and C, prior to

sputtering. Each batch contained 12 substrates, which were laser scribed into 798

chips, giving a total of 9,576 chips per batch.
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To analyse process repeatability, the three batches were sputtered under the optimised
conditions on three separate days. They were then heat treated for 4 hours in air at

various temperatures around 430°C until a near zero TCR,, was achieved.

Following heat treatment, substrates from each batch were laser trimmed to target
values of 1.5Q and 4Q using the two stage L-cut and 5Q and 10Q using the two stage
serpentine cut, both under the optimised laser beam settings. The films were then

protected by applying a screen printed epoxy protection to the substrates.

During the next stage the substrates were shapped into strips and an epoxy silver
wraparound termination was applied to both edges of the strip to form an electrical
connection between the front and rear face conductor pads. The strips were then
further sub divided into individual chips before the wraparound termination was plated

with Ni and Sn to give good solderability.

The manufacture of the resistor was now complete and the final 100% testing of the
batch was carried out. This included automatic visual inspection, to check for any poor
quality terminations or protection, and also final resistance measure and tape packing.

The parts were now complete and ready for environmental testing.

8.3 ENVIRONMENTAL TEST PROCEDURES

In terms of testing the performance of fixed resistors, the generic CECC B*¥ standard
referred to is BS EN 60115-1:2001 “Fixed Resistors for use in Electronic

" 12 This specification details the general test procedures and requirements.

Equipment
The more specific performance requirements are laid down in a series of additional
standards and depend on the technology i.e. thin film, thick film, wirewound etc, and
also the power rating of the device under test. The most applicable of these standards

for thin film technology are shown in Table 8.2.

e . : . Rated

Specification Resistance Resistance L TCR
BS CECC Technology range (W) | tolerance (%) %;s;aggtés\?) (ppm/°C)
40101-019 i

Aoxial metal 1-1M 05,1,2 | 0125025050 | °%19%

40101-803 im
40101-004 | precision axial 11M 0.05, 0.1, 0.0625, 0.125, 15, 25,
40101-804 metal film 0.25,0.5, 1 0.25, 0.50 50, 100
40401-801 | Frecision Lam 0.1,0.25 | 0.05 007501, | 10,15,
40401-804 i 0.5, 1 0.125, 0.25 25, 50

Table 8.2 — CECC specific standards for axial leaded and surface mount metal film resistors
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BS EN 60115-1 is applicable to fixed resistors for use in electronic equipment. It
establishes standard terms, inspection procedures and methods of test for use in
sectional and detail specifications of electronic components for quality assessment or
any other purpose. An outline of the main electrical test procedures and sequences
required to qualify fixed resistors to CECC specification is given in Appendix 2, full

details of all tests can be found within the specification itself.

As discussed in section 8.2, production batches were manufactured to target values of
1.5Q, 4Q, 5Q and 10Q. A summary of the environmental tests undertaken for all four

batches are presented in Table 8.3.

Sambple size Limits of resistance
P change (AQ%+0.05Q)
Test Parameter Conditions CECC N CECC
40401-801 0 40401-801 | Target
) tested :
requirement requirement
1000hrs cyclic
0
Endurance at 70°C load at 70°C 20 40 0.50 0.25
Damp heat steady | 1000hrs at 40°C,
state (DHSS) 90-950%RH 20 40 1.00 030
Short term 6.25 x rated
overload power for 5sec 20 40 0.25 025
Endurance at
1250C 1000hrs at 125°C 20 40 1.00 0.25
Rapid change of 5 cycles -55 to
temperature (TRC) | +125°C 20 40 0.25 0.10
Resistance to 270°C for 10sec 20 40 0.25 0.20
soldering heat
Termlnat_lt_)n 235°C for 2sec 40 40 95% minimum coverage
solderability

Table 8.3 — Environmental test parameters with sample sizes and limits

8.4 RESULTS AND DISCUSSION

8.4.1 Production Batch Manufacture

Sputter Deposition

A summary of the electrical properties of Batches A to C in both the as-grown state and
following heat treatment at the optimum temperature for four hours, are presented in
Table 8.4. The resistance measurement results are percentage deviation from the
target pre-value of 1Q and are based on all 9,576 chips in the batch, the TCR,, results

are based on a sample of 10 chips per substrate, i.e 120 chips per batch.
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Resistance deviation o Final heat
Batch from 1Q (%) TCRav (ppm/°C) treatment
No. as heat as heat temperature
grown treated grown treated (°C)
A +11 to +53 -9to+5 -144 t0 -100 | -2to +10 425
B +7 to +67 -6 to +8 -143 to -100 -7to +8 425
C 0 to +46 -12to +4 -130 to -85 -8 to +9 425

Table 8.4 — Summary of the as grown and heat treated electrical properties
of production batches A, B and C.

The resistance deviations of batches A and B in the as-grown state are similar at +11
to +53% and +7 to +67%, whilst that for Batch C is slightly lower at O to +46%. The
reason for this decrease could be due to a reduction in impurity levels in the deposition
chamber during the sputtering of Batch C, since this was the last batch to be
processed. However there were no obvious differences between the background gas

analysis plots taken before each run.

Nevertheless this theory is further supported by the results for as-deposited TCR,,,
which also shows that Batches A and B had similar results of -144 to -100ppm/°C and
-143 to -100ppm/°C, whilst that for Batch C was more positive at -130 to -85. As
discussed in chapter 5, other possible explanations for this result could be an increase
in the substrate temperature or a decrease in the sputtering pressure, both of which

could result in lower resistivity films.

Whatever the true underlying cause of this discrepancy, it is of greatly reduced
significance following heat treatment, as both the resistance and TCR distributions of

all three batches are much narrower and of similar mean values.

On average the resistance value decreases by 25 to 30% following annealing for four
hours at 425°C and the overall distribution of all three batches is 20%. This decrease in
resistance can be related to processes such as grain growth and annealing of
impurities, both of which have been discussed in detail in previous chapters. In
addition, the reduction in resistance distribution of the batches following heat treatment
is perhaps related to a variation in impurity levels captured in the films during
deposition which are subsequently annealed out and also improvements in the

orientation of the film structure following heat treatment.

Although this pre value resistance distribution of 20% would be considered acceptable

for laser trimming it could lead to large variations in trim length within a batch. It was
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therefore considered worthwhile to try and understand the reasons for the relatively
large as-grown resistance distributions in more detail, to see if this could be improved

for future batches.

To help with this analysis a contour plot showing uniformity of resistance value across

the sputtering pallet for Batch B in the as-grown state is shown in Figure 8.2.
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Fig. 8.2 — Contour plot showing as-grown resistance distribution
across sputtering pallet for Batch B
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From the uniformity plot three observations can be made:

1. On average the resistance values are higher down the centre column of
substrates on the pallet and lower on the outside columns.

2. There is a line of higher resistance running through the right centre of all three
columns of substrates.

3. There is a slight resistance value gradient across each individual substrate, with

values being higher at the front of the substrate and lower at the back

Of these three observations, number 1 is the most difficult to explain and could be
related to the homogeneity of the sputter target or possibly the uniformity of the
sputtering plasma. It should therefore perhaps be noted that on several occasions
during sputtering, the plasma was observed to consist of two distinct clouds, each
covering approximately half of the target and therefore producing an area of apparently
lower intensity in the centre. This phenomenon was particularly noticeable when

sputtering at lower powers in the range 200 to 600W.

The cause of observation number 2 was found to be due to the sectioned construction
of the sputtering target. Once all depositions were complete the target was removed
from the plant and aligned with the sputtering pallet. This revealed that three of the
joints between the five sections that made up the sputtering target lined up with the
position of the lines of higher resistance observed on the sputtering pallet uniformity

plot.

There are two possible explanations for the occurrence of observation number 3. Firstly
it could be related to the application of the resistor mask through which the film pattern
is generated. For example if an unequal amount of pressure is applied to the squeegy
blade during printing of the mask, then the print lines will be of different thicknesses

and thus the resistor patterns will vary in size.

Secondly, this apparent gradient of resistance value across the individual substrates
could be directly related to a temperature gradient set up across the substrate during
sputtering. As the substrate enters the plasma the temperature across it will increase,
reaching its highest point at the back, where the lowest resistance values have been

recorded.

To try and confirm if either of these two theories was applicable, a fourth batch was
sputtered. However in this case the substrates were rotated through 180° prior to

sputtering.
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The contour plot of as-grown resistance for this batch was very similar to that for Batch
B and the gradient had not rotated. This result suggested that the poor uniformity of
resistance was related to variation in film temperature across the substrate and
therefore in the structural properties of the films rather than variation in the resistor
dimensions, which are in turn a function of the accuracy of the screen printed resistor

mask.

As summarised in table 8.4, the TCR,, distributions of the batches were also observed
to decrease following heat treatment. The variations in TCR of all three batches with

increasing heat treatment temperature are plotted in Figure 8.3.
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Fig. 8.3 — TCR,, results for batches A, B and C following heat treatment
for 4 hours at various temperatures

Both the mean TCR and distribution of TCR steadily improve with increasing
temperature from an as-grown value for all three batches of -144 to -85ppm/°C to
0+£10ppm/°C following heat treatment for 4 hours at 425°C. Again these improvements

can be related to the structural and chemical changes taking place inside the film.

Although the TCR distributions of all three batches are within the target specification of
0£15ppm/°C following heat treatment, the as-grown distribution is much larger at
around 50ppm/°C. As with the variation in as-grown resistance distribution, it was also
possible to relate the variation in TCR to differences in the structural properties of the

film due to the temperature gradient across the substrate during deposition.
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Laser Trim
One substrate was taken from each of the three pre-value batches and laser adjusted

to the target value. This meant that each of the four target values; 1.5, 4, 5 and 10Q
contained three substrates (one from each pre value batch) giving a total of 2,394

resistors per job.

Plots of resistance distribution before and after each stage of the laser trim process for

all four target values are presented in Figures 8.4a to 8.4d.
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Fig. 8.4a — Resistance deviation from pre trim value of 1Q and target trim value of 1.5Q.
L-cut used for first trim and shadow plunge used for fine trim.
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Fig. 8.4b — Resistance deviation from pre trim value of 1Q and target trim value of 4Q.
L-cut used for first trim and shadow plunge used for fine trim.
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Fig. 8.4c — Resistance deviation from pre trim value of 1Q and target trim value of 5Q.
Serpentine used for first trim and shadow plunge used for fine trim.
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Fig. 8.4d — Resistance deviation from pre trim value of 1Q and target trim value of 10Q.
Serpentine used for first trim and shadow plunge used for fine trim.

The standard deviation improves with each stage of the trimming process for all target

values, from an average pre trim value of 4.23% to a first trim value of 0.23% and

finally to a fine trim value of 0.036%.

Following fine trim the distribution is around +£0.1% for all four batches and at this stage

the target tolerance limit of +0.25% looks achievable. However during the fine trim

stage it was observed that a number of chips were not being trimmed. The cause of

this problem was found to be due to the resistance value shifting too positive during the
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16 hour stabilisation stage between first trim and fine trim. This result is characterised
by the extended ‘tail' on the positive side of the fine trim distributions for the target
values of 1.5Q, 4Q and 5Q.

To understand if a lower first trim target offset would overcome this problem a decision
was taken to fine trim the 10Q batch to a slightly higher target value of 10.1Q i.e. 1%
higher. As shown the ‘tail' has been eliminated from the fine trim distribution of the 10Q
batch and the standard deviation has been reduced to 0.026%. This result shows that
lower first trim offsets are required to ensure that all chips in the batch remain low

enough through the stabilisation process to allow them to be fine trimmed.

Final measure and TCR sample check

Once the four jobs were completed the resistance value of every chip was
automatically measured on the tape packing machine. The resistance distribution data
for a sample of 200 parts from each job is shown in Figure 8.5. The resistance
tolerance limits were set in line with the tightest available for that value range in the

target specification, see Appendix 1.
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Fig. 8.5 — Final measure resistance deviations from target values of 1, 4, 5 and 10Q,
showing upper and lower tolerance limits
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A summary of the end of line process yield achieved for each job is given in Table 8.5.,

together with results of TCR,, based on a random sample of 100pcs from each job.

Job value Tolerance | Start | Good | Reject | Process | TCRa (xppm/°C)
(+%) qty qty qty | yield (%) | target | actual
1.5Q - L cut 2097 297 87.6 -7to +9
0.25 25
4Q - L cut 2140 254 89.4 -5to +8
- 2394
5Q - Serpentine 1688 706 70.5 -8to +4
_ 0.10 15
10Q - Serpentine 2238 156 93.5 -11to +2

Table 8.5 — Summary of process yield data and TCR,, results
for 1, 4, 5 and 10Q jobs.

The process yields for the 1.5Q and 4Q batches are similar at 87.6 and 89.4%
respectively, when measured to a final resistance tolerance of +0.25%. Figure 8.5
shows that the mean value of the final measure distribution from the 4Q batch is
positioned very close to zero at 0.017%. Thus the fine trim offset of -0.025% used for
this batch was reasonably accurate with the mean value moving »0.04% between laser
and final measure. However the final measure data also shows that there is still a ‘tail’
of results on the positive side of the distribution caused by the first trim offset being too
high. It appears that if this offset had been more accurate a greater proportion of the

batch would have been within the final measure tolerance limits of £0.25%.

The same can be said for the final measure distribution of the 1.5Q batch, which also
has a ‘tail’ of results outside the positive control limit. However in this case the mean of
the data is also too positive at 0.07% and further improvements in yield could be

achieved through a reduction in the final trim offset as well as that of the first trim.

This problem is amplified further for the 5Q batch where a tighter final measure
tolerance of £0.1% was applied. Again a positive ‘tail’ of results has been left over from
the inaccurate first trim offset, and, due to the tightened tolerance limits, has resulted in
a further reduction in yield to 70.5%. However in this case, if the ‘tail' of results is
ignored, it can be seen that the distribution of the remaining data is adequately tight to

achieve a much improved yield at the applied tolerance limit of +0.1%.

Indeed, this assumption is confirmed by the result of the 10Q batch, which was
deliberately fine trimmed to a higher target value of 10.1Q to overcome the effects of
the inaccurate first trim offset. The standard deviation of this batch is 0.03% which is
approximately three times lower than that of the other batches and results in a process

yield of 93.5% when finally measured to the tighter tolerance of £0.1%.
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The results of TCR,, for all four batches are also presented in Table 8.5. Again the
results for the 1.5Q and 4Q batches are comparable at -7 to +9 and -5 to +8ppm/°C
respectively. These figures are very similar to those reported in Table 8.4 for batches A

to C following heat treatment, where the overall range of results was -8 to +10ppm/°C.

The results for the 5Q and 10Q batches are slightly lower at -8 to +4 and -11 to
+2ppm/°C respectively. As discussed in chapter 7 this phenomenon is thought to be
related to the decrease in the series TCR effect of the Ag terminations with increasing

resistor element value.

Overall the results for TCR,, are within the target specifications of +25ppm/°C for
values £4.7Q and x15ppm/°C for values >4.7Q (see Appendix 1). Furthermore the
similarity between results at the heat treatment stage and for the completed parts
demonstrates that the manufacturing process stages following heat treatment have
negligible effect on the TCR,, of the batches. Indeed this result could possibly have
been predicted from the fact that any temperature exposure that the films are subjected
to during the process stages after heat treatment are much lower than the heat

treatment temperature itself, as illustrated in Table 8.1.

8.4.2 Environmental Test Results
Environmental test results for all four jobs are presented in Tables 8.6a to 8.6d.

. Limits of resistance
Resistance change (AQ%) change (AQY%+0.05Q)
Test Description Min Mean Max [S)g\j/ 40251('\:301 Target
Endurance at 70°C 0.028 | 0.088 | 0.170 | 0.035 0.50 0.25
Damp heat steady state
(DHSS) 0.017 | 0.072 | 0.129 | 0.024 1.00 0.30
Short term overload 0.010 | 0.033 | 0.088 | 0.024 0.25 0.25
Endurance at 125°C 0.001 | 0.033 | 0.091 | 0.023 1.00 0.25
Rapid change of
temperature (TRC) 0.005 | 0.053 0.19 0.051 0.25 0.10
resstance to soldering | o075 | 0.042 | 0124 | 0.055 0.25 0.20
Termination solderability Pass 95% minimum coverage

Table 8.6a — Environmental test performance data for 1.5Q CuAlMo film resistors
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Resistance change (AQ%)

Limits of resistance
change (AQ%+0.05Q)

Test Description Min Mean Max [S)g\j/ 40251('\:301 Target
Endurance at 70°C 0.010 | 0.054 | 0.093 | 0.023 0.50 0.25
Damp heat steady state
(DHSS) 0.040 | 0.068 | 0.095 | 0.016 1.00 0.30
Short term overload 0.002 | 0.020 | 0.105 | 0.023 0.25 0.25
Endurance at 125°C 0.019 | 0.058 | 0.111 | 0.025 1.00 0.25
Rapid change of
temperature (TRC) 0.005 | 0.063 | 0.188 | 0.053 0.25 0.10
Reswtance to soldering | 9000 | 0.044 | 0137 | 0.042 0.25 0.20
Termination solderability Pass 95% minimum coverage

Table 8.6b — Environmental test performance data for 4Q CuAIMo film resistors

Resistance change (AQ%)

Limits of resistance
change (AQ%+0.05Q)

Test Description Min Mean Max [S)g\j/ 40251('\:301 Target
Endurance at 70°C 0.018 | 0.048 | 0.086 | 0.017 0.50 0.25
Damp heat steady state
(DHSS) 0.064 | 0.083 | 0.118 | 0.014 1.00 0.30
Short term overload -0.006 | 0.012 | 0.104 | 0.026 0.25 0.25
Endurance at 125°C 0.012 | 0.056 | 0.110 | 0.027 1.00 0.25
Rapid change of
temperature (TRC) 0.002 | 0.043 | 0.160 | 0.045 0.25 0.10
resistance to soldering | 067 | -0.007 | 0.067 | 0.045 0.25 0.20
Termination solderability Pass 95% minimum coverage

Table 8.6¢c — Environmental test performance data for 5Q CuAlMo film resistors
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. Limits of resistance
0,
Resistance change (AQ%) change (AQY%+0.05Q)
Test Description Min Mean Max [S)g\j/ 40251('\:301 Target
Endurance at 70°C 0.006 | 0.041 | 0.074 | 0.018 0.50 0.25
Damp heat steady state
(DHSS) 0.061 | 0.078 | 0.096 | 0.010 1.00 0.30
Short term overload -0.002 | 0.000 | 0.003 | 0.001 0.25 0.25
Endurance at 125°C 0.012 | 0.065 | 0.108 | 0.025 1.00 0.25
Rapid change of
temperature (TRC) 0.000 | 0.027 0.12 0.026 0.25 0.10
E::;Stance tosoldering | 4 o6 | .0.023 | 0.000 | 0.027 0.25 0.20
Termination solderability Pass 95% minimum coverage

Table 8.6d — Environmental test performance data for 10Q CuAlMo film resistors

From Tables 8.6a to 8.6d it can be seen that the environmental test results for all four
CuAlMo resistor batches meet the target specification and are well within the CECC

limits.

In addition to the excellent high temperature performance, which has been well
established throughout the course of this research, the CuAlMo films also appear to
perform well under the other environmental conditions such as humidity, load and

overload.

However it should be re-emphasised that the DHSS test is largely a test of the
resistance to humidity of the films protection layer rather than that of the film itself.
Moreover the d.c. voltage stresses applied during load and overload testing are also at

a minimum for low resistance parts for a fixed power rating.

Although these observations should not detract too much from the excellent reliability
results achieved, they do support the initial decision made in chapter 1 to use the

simple dry heat test as a benchmark of stability performance.

Of the environmental tests undertaken, that of TRC gave the worst result for all four
resistor values when compared with test limits. Maximum resistance changes ranged
from 0.12 to 0.19% against a target specification of +0.1%+0.05Q and CECC limit of
+0.25%+0.05Q) .
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The TRC test comprises five cycles between the upper and lower device operating
temperatures of -55°C and +125°C, with 30 minute soaks at each extreme. As the
stability of the CuAlMo films had been well established at the upper category
temperature (UCT), for periods of up to 1000 hours, it was suspected that the majority
of resistance change was taking place during the lower category temperature (LCT)

exposure.

To test this theory, the TCR of the CuAlMo film was tested across an extended
temperature range of -75 to +175°C. Figure 8.6 shows results for both CuAlMo and
also NiCrMo 1Q/o films. The resistance measurements were carried out in a
temperature cycling chamber (Associated Testing Laboratories, Type SLHU-1-LC),
using a combination of CO, gas and electric heaters to achieve the required test
temperature. The temperature was adjusted in 5°C increments starting at +25°C and
decreasing to -75°C and then increasing to +175°C before finally decreasing back to
+25°C, with a 5 minute soak at each point. Resistance measurements are all based on

the average of ten components each measured three times at every temperature

increment.
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Fig. 8.6 — Resistance deviation with temperature for CuAIMo and NiCrMo 1Q/o films

Two important results which can be established from Figure 8.6 are the irreversibility of

resistance and the extended TCR (TCRs,) of the films. For both of these tests it is usual

to specify an

across an extended operating temperature range of -75 to +175°C

upper and lower temperature result as reported in Table 8.7.
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Test Temperature NiCrMo (ext) CuAIMo (ext) CuAIMo (std)
Range (°C) (-75 to +175°C) | (-75 to +175°C) | (-55 to +125°C)
_— +25/LCT/ +25 0.01 0.21 0.02
Irreversibility of
I 0,
resistance (%) | 125/ ucT /+25 0.04 -0.03 -0.02
TCR., +25 to -55 +5to +11 -12to -2 -12to -2
(o]
(Ppm/°C) +25 10 +125 +1to +11 8100 8100
TCRy R -
(PpM/°C) +25t0 +75 Oto+9 3to+5 3to+5

Table 8.7 — Mean irreversibility of resistance and TCR results
for CuAIMo and NiCrMo 1Q/o films

From Figure 8.6 it can be seen that the mean resistance of the CuAlMo films
decreases with both negative and positive changes in temperature, whilst that of the
NiCrMo films increase in both temperature directions. Indeed the plots for the two

materials are virtually a mirror image of one another.

As reported in Table 8.7 the irreversibility of resistance for the NiCrMo film is better
than 0.05% following subjection to both negative and positive extended temperatures
of -75 and +175°C. However the same cannot be said for the CuAIMo film where there
is a mean change of >0.2% following the negative temperature cycle. Although this
result would appear to be unacceptable, it can be seen from Figure 8.6 that the vast
majority of this resistance change occurs in the temperature range -60 to -80°C, which

is outside the specified device operating temperature range of -55 to +125°C.

To determine if the performance of the CuAIMo films would be acceptable across this
normal operating temperature range, a second curve, CuAlMo (std), has been plotted
in Figure 8.6, the results of which are also reported in Table 8.7. By restricting the test
temperature range to -55 to +125°C the resistance changes following subjection to both

negative and positive temperature cycles is reduced to an acceptable figure of £0.02%.

The results for the TCR are also reported in Table 8.7. For both film types a figure of
less than £15ppm/°C is achieved with the sign of the results determined by the shape
of the plot in Figure 8.6., positive for NiCrMo and negative for CuAlMo. It is also
interesting to note the flatness of the CuAlMo plot in the 25 to 100°C temperature
range, which is the area in which TCR,, the most universally accepted TCR
specification, is calculated. Results for TCR,, are also presented in Table 8.7 and the
figure of -3 to +5ppm/°C reported for the CuAlMo film is again well within the target of

+15ppm/°C and gives good comparison with previous results.
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8.5 SUMMARY

Work carried out in this chapter has focused on the repeatable manufacture of
production size batches of CuAlMo thin film resistors under the previously established

optimum process conditions.

Three separate batches of standard 1206 size surface mount resistors, each containing
»10,000 parts, were deposited with the CuAlIMo film and annealed under the optimum
conditions reported in chapter 5. The pre-value resistance distribution across all three
batches was found to be within +15% of the target value of 1Q and the TCR,, was

£ 0+£10ppm/°C following heat treatment for four hours at 425°C.

Substrates from each of the three pre-value depositions were then mixed together to
produce four jobs containing »2,400 parts each. These batches were laser adjusted to
target values of 1.5, 4, 5 and 10Q using the optimised two stage laser adjust process
established in chapter 7. The laser had no difficulties in handling the mixed pre-value
resistance distribution of £15% and, with correct resistance offset selection, was able to

produce final trim resistance distributions of < +0.10% of target value.

Following laser adjustment, manufacture of the components was completed under
standard process conditions. No major problems were encountered during this stage
and overall process yields in the range 70.5 to 93.5% were achieved for the four target
values, with the highest yield being achieved for the 10Q batch after adjustment of the
laser trim offset. The end of line TCR,, of all four batches was also found to still be
within the target 0£15ppm/°C, thus confirming that the manufacturing process stages

following heat treatment had negligible effect on the TCR of the CuAlMo films.

Once completed the four batches were subjected to a series of environmental tests to
check their reliability. In addition to their excellent dry heat performance, which has
been established in earlier chapters, the CuAlMo films were also found to perform well
under other environmental conditions such as humidity, load and overload, and the

results of all tests were within both the target and CECC specifications.

One slight concern highlighted during environmental testing was the results achieved
for the TRC test. Although these figures were within specification, they were on
average, inferior to those obtained for the other tests. Further investigation of this result
revealed the low temperature exposure during the TRC test to be the most likely cause,
where the CuAIMo films were found to be unstable at temperatures just below the LCT

of -55°C, when compared with control samples made from NiCrMo films.
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As this relative instability of the CuAlMo film appears to occur outside the normal
operating temperature range of -55 to +125°C, it is not considered a specific
performance requirement, it is however suggested as a recommended area for further

investigation in chapter 9.

Another important property of the CuAIMo films that has been established is that of
TCRex, Where figures of better than 0+15ppm/°C were reported across both negative

and positive extended temperature ranges.

Overall this chapter has given an insight into the manufacturability of CuAlMo thin film
resistors in a production environment. Batches of resistors have been manufactured in
the range 1 to 10Q with excellent process vyields being achieved. The reliability
performance of these parts has also been verified through the successful completion of

an environmental test programme to both target and CECC requirements.
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Chapter 9

Conclusions
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9.1 CONCLUSIONS

The research detailed in this thesis has developed a new material system of CuAlMo

for use in the manufacture of low value thin film resistors.

An initial investigation into the electrical properties of binary thin films sputtered from a
multi sectioned target of copper and aluminium, suggested that a composition range of
approximately 30 to 60at.% Al possessed suitable electrical properties, such as low
resistivity and good long term stability. However, the TCR values of these films were
too positive at around +300ppm/°C and therefore unsuitable for use as thin film

resistors.

By doping the CuAl sputtering target with small amounts of molybdenum (5-10at.%) the
as-grown TCR of the films was reduced, becoming negative with a value of
approximately -100ppm/°C. Following post deposition heat treatment in the
temperature range 350 to 450°C this TCR property could be raised to near zero whilst
also giving a significant reduction in the sheet resistance of the films. The key
mechanisms responsible for these changes were found to be annealing of impurities
incorporated during the deposition process, grain growth and also the formation of a

stable CugAl, phase.

Fine tuning of the Mo concentration in the film suggested the optimum chemical
composition to be » 69/24/7wt.% CuAlMo. Several compositional analysis methods
were employed to confirm this ratio, before it was used to specify the manufacture of a

full scale composite sputtering target.

Next, the outcomes of varying the deposition parameters of this composite CuAlMo
sputtering target on the properties of the films were studied. The optimum electrical
performance was obtained with a high cathode power of 1000W and a sputtering
pressure of 1 to 3mTorr, where the film structure was found to be more crystalline due
to increases in the thermal energies involved. Following deposition, the TCR of the

films could be raised to near zero by annealing at around 425°C for 4 hours.

The electrical conduction mechanisms were then investigated by studying the variation
in resistivity with increasing thickness of the CuAlMo films, sputtered under these
optimised conditions. For films in the thickness range <200nm there was an increase in
resistivity above the bulk value due to the combined effects of surface roughness,
surface scattering and grain boundary scattering. For thicknesses beyond 200nm, bulk
conductivity was assumed. For films in the as-grown state, values of the mean free

path and bulk resistivity were found to be 15nm and 90uWem respectively.
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Once optimisation of the electrical properties of the films was complete, they were then
laser trimmed to target resistance value. Firstly, the effects of varying the laser beam
properties on the extent of the heat affected zone (HAZ) surrounding the laser kerf
were investigated. The best results were achieved using a low power, short bite size
and medium Q-rate. Two cut types were then used to first trim the films to within -2% of
target value; the L-cut for trim gains <5 and the serpentine cut for trim gains 25. The
films were then stabilised for 16 hours at 250°C to further reduce the effect of the first
trim HAZ, before being fine trimmed to final tolerance. By positioning the fine trim in an

area of low current density, final trim tolerances of £ £0.1% were achieved.

Several production size batches were then manufactured under these optimum
conditions and samples were subjected to series of environmental test procedures.
Results of all tests were found to be well within both CECC specifications and also the

target specifications of the investigation.

Overall, the investigation has been successful and all the required objectives have
been achieved or even surpassed. Through research and systematic experimentation a
new thin film resistor material of CuAIMo has been developed which has both lower
resistivity and faster deposition rate properties than that of the popular NiCr system,
and when manufactured using a set of optimised process parameters, thin film
resistors in the value range 1 to 10Q can be repeatedly produced to tolerances of
resistance better than £0.1% and TCR,, values of less than 15ppm/°C. It has also been
shown that if accurately laser adjusted to target resistance value, end of line yields in

excess of 90% are achievable.

Estimated Financial Benefits
Although this study has not investigated the financial benefits of using the new CuAlMo

resistor film, there are several advantages it has over the current NiCr based materials.
Firstly at the duration of the deposition stage the resistivity of the CuAlMo film is around
one third that of the NiCrMo film and the sputter rate is approximately 20% higher. This
means that equivalent sheet resistances can be sputtered in shorter time-scales and
lower sheet resistances can be achieved in an equivalent time-scale. Moreover this will
also give savings in target material usage, which in addition has also been suggested

to be less expensive to manufacture.

Secondly, at laser adjust, the relatively thinner CuAlMo films are also easier to laser cut
through, allowing increases in trim speed to be made. Furthermore, with the potential
for films with lower sheet resistances comes the opportunity to increase trim gain and
in turn produce batches to tighter resistance tolerances giving increased production

yields.
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Although these benefits can be realised across both axial leaded and SMD
technologies, it is within the axial leaded process that the greatest financial savings will
be achieved, due to the long deposition cycle times. This will also give savings in
equipment wear and downtime with reductions in various maintenance procedures

such as target changeovers and cryo pump regeneration.

9.2 RECOMMENDATIONS

9.2.1 Recommendations Resulting From the Investigation

The following section details work required to allow the successful manufacture of both
SMD and axial leaded CuAIMo resistors and also some suggestions to improve their

performance.

Approve full range of SMD resistor sizes

As the approval exercise undertaken in chapter 8 only considered one of the four
standard surface mount resistor sizes, the 1206, additional work will be required to
approve the other sizes detailed in the target specification i.e. 0805, 2010 and
2512.

Manufacture lower sheet resistance films

As discussed in chapters 7 and 8, the lowest film sheet resistance sputtered for
approval testing was » 0.7Q/o. This was a result of a restricted cathode power and
also the lower limit of pallet drive system. Although it was shown that lower sheet
resistances could be achieved with the pallet being stationary below the centre of
the target, the film uniformity was inferior to the moving pallet and therefore
unsuitable for use in production. To achieve lower sheet resistance films with
acceptable uniformity across the sputtering pallet will require modifications to the

pallet drive system and also higher cathode powers.

Transfer process to axial resistor manufacture

Once manufacture has been fully established for the production of surface mount
resistors it will then be transferred to the axial resistor process. It is within this
application that the full benefits of the lower resistivity CuAlIMo material will be
realised. It is envisaged that films will be sputtered to lower sheet resistances than
the current NiCrMo film at faster rates, giving both material and labour savings.
Moreover the ‘mixing’ action of the barrel sputtering plant should produce further
improvements in film uniformity, giving the possibility of achieving even tighter TCR

tolerances.
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Optimise laser trim offsets

As demonstrated in chapter 8, improvements in final measure yields can be
attained through accurate laser trim offset selection. This will be achieved in
production by processing samples to establish the optimum trim offset before the
full batch is adjusted. Once a history of offsets is built up it should be possible to

use this to predict the required offset for a given target value.

Improved target manufacture

As discussed in chapter 4, problems were encountered during the manufacture of
both CuAlMo composite targets when trying to attain the required chemical
composition. This is an issue which must be resolved if CuAlMo resistors with
repeatable properties are to be manufactured in production. The composition of the
second target was much closer to the required specification than the first and it is
hoped that this situation will continue to improve as the supplier gains more

experience with this material system.

9.2.2 Suggestions for Future Research
The following section highlights some potential areas worthy of further consideration.

Composite TCR effect

As briefly discussed in chapter 7, as the sheet resistance of the CuAlMo resistor
film becomes lower, the series resistance effect from the large positive TCR of the
resistor terminations will have a greater impact on the overall TCR of the device. To
compensate for this effect, further investigation will be required in the areas of
sputter deposition and heat treatment. It is envisaged that areas such as the bulk
TCR of the sputtering target and also the final heat treatment temperature may

require adjustment to produce films with a lower TCR.

Extended operating temperature range

With recent demands for resistors to operate in higher temperature applications
such as automotive (under hood) and oil exploration (down hole drilling), it would be
considered a useful exercise to characterise the performance of the CuAlMo
resistors in the extended temperature range up to approximately 200°C 29,
Moreover, although there is no real consumer demand for devices to operate in the
extended negative temperature range beyond -55°C, it too is also considered a
beneficial area for further investigation due to the uncharacteristic stability results

reported in chapter 8 in this temperature region.
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Effects of sputtering pressure

As discussed in chapter 5, due to production requirements for the sputtering plant,
it was only possible to investigate the effects of sputtering pressure on the electrical
properties of the CuAlMo films over a limited sputtering pressure range through
adjustment of the argon flow rate. Therefore an area considered worthy of further
investigation would be that of a wider sputtering pressure range through adjustment

of both argon flow rate and also cryo pump throttle valve.
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APPENDIX 1 - TARGET SPECIFICATION

{Tr:electronics

. -

Welwyn Components

Low Value AlICuMo Thin Film Chip Resistors

TARGET SPECIFICATION

L T R T T T FEEEEEA

Extension to PCF Series

Precision metal film technology

0805, 1206, 2010 and 2512 sizes

Extended ohmic range >R10 (100m£2) to 10R (102Q)
TCR grades 50, 25 and 15ppm/°C

Ideal for current sensing applications

RoHS compliant

@ & & & @ @

Electrical Data

0805 1206 2010 2512

Power rating at 70°C watts 0.1 0.125 0.25 0.5
Resistance range ohms Ri10to 10R
Limiting element voltage volts 100 150 150 150

4R7to 10R =15
Typical TCR ppmi°C 1RO to 10R =25

R10 to 10R = 50

4R7 to 10R = 0.1
Resistance Tolerance %o Ef?tﬁj 1100':; :%_255

R10to 10R =1.0
Standard Values E24 or E96, Other values available by special request
Ambient temperature range °C -55to +125
Performance Data

Test Parameter Conditions Maximum Change (AR%+0.050)

Load life 1000hrs cyclic load at 70°C 0.25
Humidity 1000hrs at 40°C, 50-95%RH 0.30
Short term overload 6.25 x rated power, or 2 x LEV, for Ssec 0.25
High temperature operation 1000hrs at 125°C 0.25
Temperature cycle S cycles -55to +125°C 0.1
Resistance to solder heat 270°C for 10sec 0.2
Solderability 230°C for 2sec 95% minimum coverage

. _____________________________________________________________________________________________________________________________________________________
General Note Issue A -05.2008

Welwyn Components reserves the right to make changes in product specification without notice or liability.
All information is subject to Welwyn's own test data and is considered accurate at time of print.

©@Welwyn Components Limited

Welwyn Electronics Park, Bedlington, Northumberland, NE22 7AA, England. Tel: 01670 822181 Fax: 01670 829465 Web: www . welwyn-
ft.com
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APPENDIX 2 — ELECTRICAL TEST PROCEDURES TO BS EN 60115-1

Resistance
Measurements of resistance are be made by using a direct voltage of small magnitude
for as short a time as is practicable, in order that the temperature of the resistance

element does not rise appreciably during measurement.

Endurance at 70°C

The initial resistance is measured and then the resistors are subjected to an endurance
test of 1000 hours at an ambient temperature of 70°C + 2°C. A dc voltage is applied at
full rated power for the duration of the test. For example the voltage applied to a 10Q

resistor with a power rating of 0.125W would be:

V=CPxQ =(0.125x10 =1.12V

After approximately 48, 500 and 1000 hours, the resistors shall be removed from the
chamber and allowed to recover, under standard atmospheric conditions for not less
than 1 hour and not more than 4 hours. The resistors shall be visually examined. There
shall be no visible damage and the marking shall be legible. The final resistance is then
measured and the change in resistance, AQ, is calculated. AQ must not exceed the

value prescribed in the relevant detailed CECC specification.

Damp heat steady state (DHSS)

The initial resistance is measured and then the resistors are subjected to 56 days of
1000hrs at 40°C and 92% relative humidity. After56 days the resistors shall be
removed from the chamber and allowed to recover, under standard atmospheric
conditions for not less than 1 hour and not more than 4 hours. The resistors are then
visually examined, there must be no visible damage and the marking must be legible.
The final resistance is then measured and the change in resistance, AQ, is calculated.

AQ must not exceed the value prescribed in the relevant detailed CECC specification.

Short term overload

The initial resistance is measured and then the resistors are mounted horizontally in
free air at an ambient temperature between 15°C and 35°C. An overload voltage of
6.25 times the rated power is then be applied to the terminations of the resistor for a
period of 5 seconds. For example the overload voltage applied to a 10Q resistor with a

power rating of 0.25W would be:

V=06.25P x Q = (%6.25x0.25x10 =3.95V
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After a recovery of not less than 1 hour and not more than 2 hours, the resistors are
visually examined. There must be no visible damage and the marking must be legible.
The final resistance is then measured and the change in resistance, AQ, is calculated.

AQ must not exceed the value prescribed in the relevant detailed CECC specification.

Endurance at the upper category temperature (dry heat)
The initial resistance is measured and then the resistors are subjected to an endurance
test of 1000 hours at an ambient temperature of 125°C + 2°C. The test shall be

performed at zero power dissipation.

After approximately 48, 500 and 1000 hours, the resistors shall be removed from the
chamber and allowed to recover, under standard atmospheric conditions for not less
than 1 hour and not more than 4 hours. The resistors shall be visually examined. There
shall be no visible damage and the marking shall be legible. The final resistance is then
measured and the change in resistance, AQ, is calculated. AQ must not exceed the

value prescribed in the relevant detailed CECC specification.

Rapid change of temperature (TRC)

The initial resistance is measured and then the resistors are subjected to 5 cycles as

follows:
Lower temperature: -55°C
Lower temperature dwell time: 30mins
Temperature transfer time: <30secs
Upper temperature: 125°C
Upper temperature dwell time: 30mins

On completion of the 5 cycles the resistors are allowed to recover for a period of
greater than 1 hour but less than 2 hours, after which the resistors are visually
examined. There must be no visible damage. The final resistance is then measured
and the change in resistance, AQ, is calculated. AQ must not exceed the value

prescribed in the relevant detailed CECC specification

Resistance to soldering heat

The initial resistance is measured and then the test is carried out under the following

conditions:
Solder bath temperature: 270°C
Immersion time: 10secs
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After recovery the resistors are visually examined, there must be no visible damage
and the marking must be legible. The final resistance is then measured 24 hours after
the test and the change in resistance, AQ, is calculated. AQ must not exceed the value

prescribed in the relevant detailed CECC specification.

Termination solderability

The test is carried out under the following conditions:

Solder bath temperature: 235°C

Immersion time: 2 seconds

Following immersion the terminations shall be examined for good tinning as evidenced

by free flowing of the solder with wetting of the terminations.
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Abstract: Thin film resistors have been manufactured to evaluate the electrical performance characteristics of
AlCuMo thin films. The films were prepared on Al,O3 substrates at room temperature as a function of Mo
concentration by DC magnetron sputtering and were then annealed at various temperatures in air and N,
atmospheres. The effect of annealing temperature on the electrical properties of the films was
systematically investigated. Increase in Mo content produced a decrease in temperature coefficient of
resistance (TCR), an increase in resistivity (p) and an improvement in long term stability (AQ/Q) of the
films. TCR varied from negative to positive and further improvements in resistance stability of the films
were also achieved through increasing annealing temperature in both air and N, atmospheres. A
temperature region is proposed where ‘near zero’ TCR (ppm/°C) and long term stability of better than
0.2% can be realised.

It has been previously reported that a binary film system of
AlCu ~40/60wt%, produced films with lower resistivity of

1 Introduction

Owing to electrical properties such as excellent long term
stability (AQ/Q) and low temperature coefficient of
resistance (T'CR), thin metal alloy films have received
much attention in the application of thin film resistors

(TFR).

Of the metal alloy systems available for the production
of TFR’s, NiCr is perhaps the most widely reviewed,
either in binary or ternary systems with small additions of
doping elements [1-7]. NiCr is generally regarded as a
good all-round film as it possesses a resistivity (p) of
between 150 and 300 pw) cm, which can cover a wide
sheet resistance (R;) range of (}/0J while maintaining
excellent electrical properties such as a TCR of less than or
equal to ppm/°C and AQ/Q of less than +0.1% [8].

However, with ever rising energy prices, the last decade has
seen a vast increase in the requirement for TFR’s with lower
resistivity and equal performance to NiCr, especially in
portable devices for the purpose of saving battery power.

~30-40 n€ cm and similar electrical performance to that
of NiCr, however TCR was large and positive [9]. This
current study explores the possibility of incorporating a
third doping element, molybdenum, within the alloy to
produce ternary thin films of AlCuMo, with the aim of
reducing and controlling TCR while maintaining a lower
resistivity. Molybdenum was chosen as this doping element
due to its high chemical affinity with residual oxygen in the
deposition chamber. This reaction leads to the formation of
thin dielectric layers in the grain boundaries which is seen
as a negative TCR and also the formation of a protective
oxide layer at the film surface which gives improved
protection from the environment and thus enhances

electrical stability [10].

Various compositions of AlCuMo were deposited and
then compared directly with films of NiCr manufactured
under identical conditions. The electrical and structural
properties of the films were then investigated as a function
of post-deposition annealing temperature and atmosphere,
air and N.
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2 Experimental

2.1 Preparation of resistive films

A summary of the axial TFR manufacturing procedure
and barrel-sputtering process conditions are given in Fig. 1
and Table 1, respectively. In general, axial TFRs are
manufactured by depositing a sub-micron layer of metal alloy
onto a ceramic substrate then heating to give the required
pre-value resistance. Termination caps are then fitted before
the resistor is adjusted to the target value by removing part
of the metal film, usually by a helical cut produced by a laser
or cutting wheel. Termination leads are then fitted, before
the component is encapsulated in a protective coating.

Substrates used were 1.7 mm in diameter x 3.25 mm long
85% Al,O; rods. The AlCuMo films were deposited at room
temperature by the DC magnetron-sputtering technique
from 99.99% pure Al, Cu and Mo target pieces. Eighteen
of these pieces were assembled to produce a standard target
size of 381 mm x 89 mm (15" x 3.5”) with a composition
of AlCuMo 35.7/55/9.3 wt%. The size of the target pieces
were then varied to allow different target compositions to
be sputtered and subsequently investigated (Table 2).

The vacuum plant employed was a Vac Tec Systems barrel-
sputterin§ plant, which was evacuated to a base pressure of
5% 107 Torr using a combination of a mechanical
roughing pump and then a cryo pump. Pure Ar was
introduced at a constant flow rate of 35 sccm to achieve the
desired sputtering pressure of 3 x 107> Torr. Sample
batches of 50 kpcs were then sputtered with the various
AlCuMo film compositions at a target power of 2 kW DC.
Following deposition, the samples were annealed at
temperatures of 200, 300, 400 and 500°C in both air and

Figure 1 Sample manufacturing procedure

a Blank Al,O3 rods

b Deposit metal film

¢ Fit termination caps

d Laser adjust film

e Weld termination leads
f Apply protective coating

www.ietdl.org

N, atmospheres for a period of 5h. Nickel-plated steel
termination caps were then fitted and subsequently resistance
welded with 0.6 mm in diameter tin-plated copper
termination wire to permit good electrical contact.

2.2 Characterisation of resistive films

Termination caps and leads were fitted and the resistance
values of the films at 20°C (Ryo) and 70°C (Ry) were
measured in a thermostatically controlled oil bath using a
conventional four wire technique in conjunction with a

digital multimeter (Agilent 3458A). TCR was then
calculated using the following equation

TCR (ppm/°C) = (Ry — Ry)/Ryp0(70 — 20) x 10°

Film resistivity was calculated from the measured resistance
and film dimensions. Film thickness was measured at
several points on the cross section of the sputtered rods
using a scanning electron microscopy (FEI Quanta200).
Stability of resistance of the films was measured after
subjection to 1000 h at 155°C in ambient air.

Film composition was calculated from sputtering target
weight loss (Salter type 424) and analysed using Energy
Dispersive X-ray analysis (EDX).

2.3 Environmental testing

Following initial classification, films containing 5.3 and
9.3 wt% Mo were subjected to a series of environmental
tests to check their suitability as TFR’s. At this stage films
of NiCr were also tested as a control. The tests performed
included: voltage load, voltage overload, dry heat, damp

IET Sci. Meas. Technol., 2008, Vol. 2, No. 5, pp. 304—-309
doi: 10.1049/iet-smt:20070076
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Table 1 Sputtering process conditions

base pressure 5 x 107> Torr
sputtering pressure 3 x 1073 Torr
Ar flow rate 35 sccm
barrel rotation speed 3rpm
deposition time 8 h
deposition power 2 kW
target to substrate distance 250 mm

Table 2 AlCuMo sputtering target compositions

W1t% of target

Al 39.1 38.0 36.8 35.7
Cu 57.6 56.7 55.9 55.0
Mo 3.3 53 7.3 9.3

resistive films

solder heat, vibration and bump and climatic cycle.

3 Results and discussion
3.1 Chemical composition of AlCuMo

heat steady state, temperature rapid change, resistance to

EDX analysis of the chemical compositions of the films
resulted in a significant shift in comparison to the nominal
target compositions (Fig. 2). This discrepancy can be
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largely explained by the variation in sputter yields of the
individual target segments, which were confirmed by
measuring the weight lost during sputtering. The sputter

ratio of AICuMo was found to be ~1:2:0.8, which
corresponds well with previous data.

3.2 Electrical and structural properties
of AlCuMo resistive films

For all compositions the mean film thickness was determined
to be ~1100 nm. Thus with a deposition time of 8 h the
sputter rate was calculated to be ~2.3 nm/min. This slow
deposition rate was related to the large test batch size of
50000 substrates and also the need to run the sectioned
and clamped target arrangement at a reduced power level
for cooling purposes. This result suggests that the small
changes in Mo content between the four target
compositions are not sufficient to affect the overall sputter
rate of the alloys.

The effect of Mo content on the resistivity and TCR value
of the sputter deposited AlCuMo films is shown in Fig. 3. In
general, the addition of Mo to the binary AlCu alloy gives the
desired effect of decreasing TCR to a practical level of around
+50 ppm/°C. However the consequence of this result is an
increase in resistivity over that reported for binary films [9].
Variation in Mo content has the effect of decreasing TCR
and in turn increasing resistivity from ~25 ppm/°C and
60 ) cm at 3.3 wt% Mo, to —60 ppm/°C and 85 pf) cm
at 9.3 wt% Mo. However, the influence of the Mo doping
appears to diminish at levels <5.3 wt%, where both TCR
and resistivity curves begin to flatten off. This suggests that
the most useful region is between ~5.3 and 9.3 wt% Mo,
where a practical TCR can be achieved while maintaining a
lower resistivity. This result is in agreement with the well
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Figure 2 Sputtering target and film composition, for the AlICuMo films
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Figure 3 Sputtered TCR and resistivity, for the AICuMo films

documented theory that the introduction of small quantities
of doping impurities either in the sputtering gas or target
itself can result in more amorphous structures with
decreasing conductivity and TCR [10].

The effect of annealing temperature and environment on
the TCR and resistivity of the films is shown in Fig. 4.
TCR remains relatively unchanged and only increases
gradually at temperatures below 300°C, beyond this
temperature it rises significantly and after treatment at
500°C, the TCR of all four films is in excess of 200 ppm/°C
and hence no longer suitable for use as TFR’s. The
resistivity of the films demonstrates a similar but inverse
trend to that of TCR and decreases with increasing
annealing temperature.

On average, resistivity falls by about one third of its
original value after treatment at 500°C. Again, the largest
value shifts appear to take place at temperatures in excess of
300°C. The most interesting temperature region is that
between 300 and 400°C, where TCR appears to be
controllable to around =50 ppm/°C for all except the
3.3wt% Mo film. The best results come from the two films
with the highest Mo content, which can both be controlled
around the zero TCR line. Of additional benefit is that this

region lies beyond the maximum TFR assembly processing
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Figure 4 TCR and resistivity following annealing in air
and N2 atmospheres at various temperatures, for the
AlCuMo films
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temperature, which is generally accepted to be around
300°C [8], so TCR will be unaffected by subsequent

operations.

Perhaps the most striking result is how little influence the
annealing atmosphere has on the behaviour of the films. Both
TCR and resistivity results for films treated in air and N, are
virtually identical for all four compositions, thus suggesting
that temperature, rather than environment, plays the major
role in altering the electrical properties of the films.

These results are in good agreement with previous work,
where annealing of films sputtered from mixed composition
targets at temperatures in excess of 300°C leads to a
positive shift in TCR and indeed follows the general theory
of annealing out micro-imperfection and impurities inside
grains and recrystallisation of the film leading to a
reduction in resistivity [10, 11]. In this investigation, the
structural transformation can be distinguished by three
annealing states, as illustrated in Fig. 4. At first the
sputtered film is in an amorphous state with a negative
TCR. At annealing temperatures, below ~400°C crystals
with positive TCR are formed and the films are in a
metastable state. Here zero TCR can be achieved through
careful adjustment of Mo concentration and annealing
temperature. At temperatures in excess of 400°C further
crystallisation and grain growth takes place leading to a
positive shift in TCR and reduction in resistivity towards
that of the individual bulk elements [12, 13].

Results for resistance stability of the various film
compositions after storage for 1000 h at 155°C in air

following stabilisation at 400°C for 5h in air are given in
Fig. 5.

Resistance stability improves quite linearly with increasing
Mo content. At 3.3 wt% Mo, the mean change in resistance
is ~0.5% and reduces to ~0.15% for the 9.3 wt% Mo film. It
can be postulated that the mechanism behind this marked
improvement is the reaction of the Mo with oxygen which
forms a protective oxide layer [10], both initially in the
deposition chamber and annealing furnace and secondly in
the environmental test chamber. In future experiments, the
oxygen content in the deposition chamber will be

0.6
0.5 [
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Figure 5 1000 h resistance stability against Mo content
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Figure 6 Resistance stability at 155°C, measurements taken
after 24, 48, 168, 500 and 1000 h.

monitored prior to sputtering, supporting measurement and
understanding of the influence of residual oxygen pressure
on the electrical properties of the films and ensuring
repeatability of the process.

As illustrated in Fig. 6, the vast majority of resistance
change takes place in the first 48 h of the stability test.
Again this result can be explained by initial oxidation and
degradation of the films, followed by stabilisation as the
protective oxide layer is formed, retarding the rate of any
subsequent changes.

3.3 Environmental testing of AICuMo and
NiCr resistive films

AlCuMo films containing 5.3 and 9.3 wt% Mo were laser
adjusted to target value using a Nd:YAG laser (Nohau
LSS600) before being encapsulated in a modified epoxy
coating. These samples were then subjected to a series of
environmental tests in accordance with BS EN 60115-1

Table 3 Environmental test results for AICuMo and NiCr films

[14] together with control standards sputtered form the
traditional NiCr resistive film and manufactured under
identical conditions. Maximum and typical results of these
tests are presented in Table 3.

Again it is clearly evident that an increase in Mo content
gives a step improvement in the electrical performance
of the AlCuMo film regardless of the test environment
and conditions. Results of maximum resistance change
(AQ%) for the 9.3 wt% Mo film outperforms that of the
53 wtl. Mo film for all tests undertaken. Moreover,
comparison against the results for the NiCr control film
shows a similar performance level. Any minor differences
between the results of the two alloy types appear to be
attributable to the test conditions. For example, the
AlCuMo film gives better results for the lower
temperature and load tests, whereas the NiCr performs
the best at higher temperatures such as the dry heat test
and also the climatic cycle, which contains a 40h dry
heat soak at 155°C. Again this result can be attributed to
initial oxidation of the film as highlighted in Fig. 6 and
can be further supported by the similarity of the dry heat
and climatic cycle results, which suggests that the
majority of resistance change is taking place in the first
40-48 h.

4 Conclusion

In order to develop TFR with lower resistivty and equal
electrical performance to that of NiCr, the effects of the
addition of varying Mo content to AlCu alloy films was
studied. The TCR of the films increased and resistivity
decreased with reduction in Mo concentration and these
changes were further augmented through annealing of the
films at temperatures above 300°C. Heat treatment
atmosphere, air or N, had no significant effect on electrical
properties of the films.

Test specification Performance (AQ%)
AlCuMo 38/56.7/5.3 | AlCuMo 35.7/55/9.3 NiCr
Max. Typical Max. Typical Max. Typical
load: 1000 h @ 70°C 0.25 0.2 0.15 0.08 0.3 0.1
short term overload 0.01 0.01 0.01 0.01 0.1 0.02
dry heat: 1000 h @ 155°C 0.6 0.4 0.25 0.2 1 0.15
DHSS: 56 days @ 40°C/93%RH 0.20 0.15 0.12 0.09 0.5 0.1
temperature rapid change 0.33 0.27 0.14 0.05 0.2 0.05
resistance to solder heat 0.03 0.02 0.03 0.01 0.06 0.03
vibration and bump 0.39 0.31 0.1 0.08 0.06 0.02
climatic cycle 0.67 0.35 0.33 0.13 0.3 0.1
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AlCuMo films were characterised by metastable behaviour,
which with correct adjustment of Mo concentration and
annealing temperature could be utilised to obtain films with
near zero TCR, possessing defined electrical properties
such as a resistivity of ~80ulcm and a long term

stability of <0.2%.

Thus on the basis of resulting resistivity, thin films of
AlCuMo can find use as low ohmic value resistors, whereas
offering similar environmental performance to that of the
traditional NiCr alloy.
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Abstract

NiCr iswiddly used in the manufacture of thin meta film resistors (TFR) in the value range 10Q to IMQ because of
its relatively large resistivity, low temperature co-efficient of resistance (TCR) and excellent stability of resistance.
However the demand for TFR’s with ohmic values of less than 10Q has significantly increased in recent years due to
the rising demand for low-loss current sensing in many e ectronic products. Consequently this trend has highlighted a
number of problems associated with the manufacture of lower resistance NiCr films, primarily increased film
thickness and hence increase in deposition time.

This paper investigates the electrical properties of AICu as a replacement for NiCr in this lower resistance range.
Films of NiCr and compositions of AlCu were prepared by DC magnetron sputtering in Ar. After deposition the films
were annealed in both air and N, atmospheres at a range of temperatures. A direct comparison of eectrica
characteristics of the two film systems was then performed. Results reveal that an increase in Al content produces a
decrease in TCR and gives an improvement in resistance stability. A wide region of alloy composition exists where
films with equivalent resistance stability and sheet resistance to NiCr can be obtained at lower deposition times.

Introduction

In genera thin film axial resistors are manufactured by depositing a sub um layer of metal onto a ceramic core then
heat treated to give a pre-value [1]. The resistor is then adjusted to target value by removing part of this metal film,
usualy by a helical cut produced by a laser or cutting whedl [2]. Termination leads are then fitted, before the
component is encapsul ated in a protective coating.

Of the metal alloy systems available for the manufacture of TFR's, NiCr is perhaps the most widely reviewed, either
inabinary or ternary system with samall additions of doping elements[3-7]. NiCr iswidely regarded as good all round
film as it can cover a wide pre-value sheet resistance (Rs) range of around 1-1000Q/a whilst maintaining excellent
electrical properties such as a temperature co-efficient of resistance (TCR) of <50ppm/oC and resistance stahility
(AQ/Q) of <0.1% [8]. However although this is perfect for values in the middle of the range problems with film
thickness can arise at the two extremes, thin film for high resistance values >500Q/o and thick film for low resistance
values <1Q/o. Problems associated with thin films can largely be overcome through the use of CrSiO, which has a
higher resigtivity than NiCr, hence producing a thicker film for the same sheet resistance [9-10]. However at the
thicker film low resistance range, there has been little improvement and NiCr remains the preffered film [11].
Currently there exist a number of problems with this range such as long deposition times, and problems with cutting
through the thicker film, which is often only achieved through a reduction in machine output speed. Hence, a film
system with a lower resistivity than NiCr, which can produce a thinner film for the same sheet resistance, is required
for the economic production of pre-value resistors of <1Q/o. Moreover, with ever increasing energy prices, the
demand for lower value resistorsin fixed current applications has never been more apparent.

This study explores the possibility of using a binary alloy system of AlICu to try and overcome these problems.
Various compositions of AlCu were deposited and then compared directly to films of NiCr manufactured under
exacting conditions. Rs, TCR and AQ/Q were measured as a function of post deposition annealing temperature and
environment, Air or N..
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Experimental

A summary of the manufacturing procedureis given in Figure 1.

Print Resistor Mask
¥
Sputter Etch Substrates
-
Deposit Meta Film
v
Wash Mask
v
Anneal Films
v
Print Termination Mask
v
Deposit Terminations
v
Wash Mask
v
Solder Terminations
v
Electrical Measurements

Figure 1: Sample manufacturing procedure

Substrates used were 50.8mm x 50.8mm x 0.635mm thick 93-96% Al,Os, which were screen printed with a mask to
produce sixteen, 20mm x 4mm resistors patterns. Both the AICu and NiCr films were deposited at room temperature
by DC magnetron sputtering technique. The NiCr samples were sputtered from a 99.999% pure 378mm x 120mm x
8mm target. The AlCu samples were sputtered from 99.99% pure Al and Cu 21mm x 120mm x 8mm pieces. Eighteen
of these pieces could be assembled to produce a standard target sizes of which the %area composition could be varied
by approx 5.5% to allow for a possible nineteen compositions to be trialled. Of these, the following compositions by
%area were investigated (Figure 2):

% Target surface area

Cu| 100| 83| 66| 50| 34| 17 0

Al 0 17| 34| 50| 66| 83| 100

Figure 2 — AICu sputtering target compositions

The vacuum plant employed was a CPA 9900, which was evacuated to a base pressure using a combination of a
mechanical roughing pump and cryo pump. Pure Ar was introduced at a constant flow rate to achieve the desired
sputtering pressure. The substrates were then sputtered etched prior to the meta films being deposited. Following
deposition, the samples were annealed at temperatures of 200, 300, 400 and 500°C in both air and N, atmospheres.
The samples were then screen printed with a conductor mask to allow metallic measurement contacts to be sputtered
directly on top of thefilms.

Electrical measurements were then conducted using a four probe measurement system. TCR was measured between
20°C and 70°C and calculated using Equation 1. Resistance stability checks entailed 168 hours at 155°C, with interim
measurements being taken after 24 and 48 hours.

TCR= (Rb—Ra)x 10° ppm/°C
Ra(Tb-Ta)

Ra=Q@20°C Rb=Q@70°C Ta=20°C Th=70°C
Equation 1: Calculation of TCR[1]



Results and Discussion

Results of as deposited Rs and TCR are shown in Figure 3. As can be seen a reduction in sheet resistance of between
approximately 2 and 35 times that of the NiCr film can be achieved across the range of AICu compositions. The films
sputtered from pure Cu and pure Al gave the lowest sheet resistances of 0.10 and 0.40W/J respectively, that of
copper, being lower which compares to the bulk resistivities generally reported for the two elements [12]. However
once aluminium is added to the pure copper target to form an aloy the sheet resistance begins to increase. At a
composition of Al/Cu 17/83 %area thisfigureis approximately 0.25W/C and rises quite linearly with increase in Al%
to a peak of approximately 1.8\ at 66%Al. This follows the commonly accepted theory that alloys are aways less
conductive than the pure metas they are made from, as the presence of solute atoms increases the possibility of
collisions between moving eectrons and the ions congtituting the crystal structure. Hence resistivity rises with
increasing impurity concentration, usually reaching a maximum for an alloy composition of approximately 50%
“impurity” [1, 12]. However, as the bulk resistivity of Al is significantly greater than that of Cu it follows that the
more Al rich aloys have the higher Rsvalue.
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Figure 3 —Asdeposited Rsand TCR

Results for as deposited TCR produce a plot of virtual mirror image to that produced for sheet resistance (Figure 3).
Values for the two elementsin bulk are large and positive at around 2000ppm/°C for Cu and 800ppm/°C for Al. This
figure then decreases with increase in Al content once in aloy form to a minimum of around —300ppm/°C for the film
sputtered from 66%area Al. The TCR value of the NiCr film was around —30ppm/°C. Again, these result correspond
quite closely to those published by other researchers[1-8, 13]

Post Annealing

Figures 4 and 5 show results of Rs for the various film compositions following annealing in air and N, respectively.
In genera Rsfor the films more rich in Cu appears to remain unchanged with increase in temperature, whereas that
for Al rich films tends to decrease. The result for NiCr is similar to that of Cu and does not appear to vary with
temperature. A comparison of Rs obtained for films stabilised in Air and N, appear to be very similar, hence posing
the suggestion that stabilisation environment, whether Air or N,, has little or no affect on Rs of the films. In terms of
relative RS, as both the NiCr and AlCu films decreased by similar amounts during the stabilisation process the
advantage is further increased to at least 5 times for the films treated at 500°C.

Figures 6 and 7 show TCR resultsfor the different film compositions following annealing in air and N, respectively. It
can be clearly seen that increase in stabilisation temperature results in increase in TCR, again regardiess of hest
treatment environment. This result corresponds to that reported by a number of authors, where heat treatment is used
to shift the TCR of a film positive as well as stabilising it and indeed follows the general theory of annealing out
impuritiesin the film leading to properties of that corresponding to the bulk metalsthemselves[1].
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Possibly the most striking area of this result is the difference in TCR response to temperature between the pure
elements and the aloys. As can be seen the films of pure Cu and Al rise steeply to peaks of around 4300 and 3500
ppm/°C respectively after stabilisation at 400°C, before decreasing to final values of 4000 and 3000ppm/°C following
treatment at 500°C. This positive shift can be explained by the aforementioned theory and perhaps the then negative
shift at higher temperatures could be attributed to degradation of the films. Conversaly the results obtained for the
NiCr and AlCu dloys arerelatively stable and TCR increases appear to be more gradual. Further analysis shows that
the TCR of the AlCu films move positive quite linearly throughout the temperature range whilst that of NiCr remains
unchanged until 300°C where it then begins transition from negative to positive. Again this corresponds closaly to
results reported for various alloys of NiCr [1-8] and is one of the reasons for its wide spread dominance as the
favoured resistive thin film. A further breakdown of the results for the AlCu films shows that they all follow a very
similar curvature with the copper rich films always remaining more positive than the Al rich. Perhaps one exception
to this observation is the result of the 66% area Al film, which as deposited looked promising with a TCR of around —
300ppm/°C. As can be seen this result soon becomes positive with a value approaching 500ppm/°C following
stabilisation at 200°C.
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Figure 7: TCR following annealing in N, atmosphere

Resistance Stahility

Results for mean resistance stability, 168hrs at 155°C, of the various film compositions following stabilisation in Air
and N, at 200 and 300°C are given in Figure 8. An initial view of the data presented suggests films with an Al content
of less than 40% area are very unstable, regardless of stabilisation temperature or environment. The most plausible
reason for the huge positive shifts in resistance is oxidation of the Cu rich films. Figure 9 shows the same stability
results with the AQ/Q range tightened. As expected the stability of the NiCr films is better than 0.30% regardless of
heat treatment regime. Moreover the most stable of the NiCr samples appears to be that which was annedled in N, at
200°C. Changes of around 0.20% were produced for these films, which correlate closgly to the findings of other
researchers [1-8] who also reported stability results of 0.1-0.3% for NiCr films treated under the same conditions. Of
the AICu films those, which were treated in N,, appear to be more stable. The most stable of the AICu samples
appears to be 83%area Al stabilised at 200°C in N,. Thisfilm produced a mean change in resistance of approximately
0.1%. However samples annealed at 300°C in N, gave more consistent results with stabilities of around 0.3% reported
for films with Al contents in the range 33 to 83%. This figure corresponds with the work of Bashev et al [13] who
recorded stability figures of no worse than 0.4% for AlCu films containing 46%wt or more Al. For pure Al films
treated at both 200 and 300°C the stahility increases to around 1%.
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Figure 9: Resigtance stability following 168hrs at 155°C - AQ/Q rangetightened

Conclusion

From the work conducted thus far it is quite evident that a binary system of Al and Cu shows much promise in the
application of athin metal film resistor. Ultimately there is a number of detailed specification and criteria to which a
component must conform before it can be deemed ‘fit for purpose’ [14]. However in order to establish an initial
impression of a resistors performance, two tests which are more than suitable are that of TCR (20 and 70°C) and also

dry heat stability (168 hours at 155°C).

From the results presented for TCR it can be established that only the films with 50% area or more Al have an as
deposited value anywhere close to the target of <50ppm/°C, whilst that of the Cu rich films and indeed the pure Al
and Cu films is large and positive at between 500 and 2000ppm/°C. Furthermore this inadequacy is then amplified
following heat treatment stabilisation where TCR is proportional to temperature increase across the composition
range and thus the near suitable TCR of the Al rich films soon extends to values of near 500ppm/oC. This trend

appearsto remain true regardless of heat treatment environment, air or N,




A similar result can be concluded for that of resistance stability, where again it appears that a minimum of 33%area
Al is required before any sensible figure can be established. On this occasion those films pre heat treated in N,
atmosphere gave the best results with a consistent figure of 0.3% produced by films annealed at 200°C.

Although at this stageit is ill difficult to assess the suitability of AICu in terms of overall electrical performanceitis
gill useful to compare its fundamental electrica characteristics againg those of NiCr, as ultimatdy it is the
performance of this film, which must be met.

Rs (Q/o) | TCR (ppm/°C)| AR/R (%)
NiCr 3.8 -40 0.17
AlCu (66/34) 11 +420 0.10
Figure 11 — Comparison of the fundamental electrical characteristics of
NiCr and AICu thin film resistors stabilised at 200°C in N,.

Figure 11 shows the best results achieved for an AlICu film compared to that of a NiCr film sputtered and stabilised
under identical conditions. As can be seen one major objective can already be satisfied in that the Rs value for the
AICu film is approximately 3.5 lower than that of NiCr, thus lower pre-values could be sputtered at faster rates.
Moreover the stability of the AICu film isalso comparable to that of NiCr. However one obvious concern at this stage
that must be addressed is the large positive TCR of the AlCu film.

Summary of Conclusions
- Thin metal films of AlCu offer areduction in Rs of between 2 and 25 times that of NiCr films
Filmsrich in Cu have thelowest Rs
Filmsrich in Al arethe most stable and have the lowest TCR
A minimum of 33%area Al content isrequired to produce a film of reasonable stability
A minimum of 50%area Al content isrequired to produce a film with reasonable TCR
Heat treatment stabilisation temperature increase causes decrease in Rs and increasein TCR
Heat treatment stabilisation environment, air or N2 does not appear have any significant relevance

Recommendations for Further Work

Conduct further investigationsinto AICu filmswith an Al content of between 50-90%area.
Investigate performance of AlCu films during further assembly processes
Investigate structural properties of AlCu films
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