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' ABSTRACT
ELECTRICAL PROPERTIES OF MATERIALS FOR ELEVATED
TEMPERATURE RESISTANCE STRAIN GAGE APPLICATION
By

Jih-Fen Lei &

The objective of this research is to study the
electrical resistances of materials that are potentially
useful as resistance strain gages at IOOOOQ.

A set of criteria were set and used in selection of
strain gage candidate materials that are electrical stable
and reproducible at all temperatures up to the operating
temperature (1000°C) and have small temperatﬁ:e
coefficient of resistance (TCR). Transition metal carbides
and nitrides, boron carbide and silicon carbide were
selected for the experimental phase of this research. The
electrical resistance of these materials was studied in
the temperature range of 23-1000°C undgr vacuum via dc or
automatic ac four probes methods. The electrical
resistance of boron carbide in an oxidizing environment was
also measured.

The resistivities of the transition metal compounds
increased and their TCRs and electrical stabilities
decreased with an increase iﬁ the vacancy concentrations.
The resistivity saturated at about 1000 microohm-cm, for

.resistivities larger than 1000 microohm-cm, negative TCR




were observed.

The TCR of stoichiometric transition metal nitrides
decreased monotonically in going from compoundé of metal
of group VI to those of group V then to those of group IV
of the period table. Also the TéR of transition metal
nitrides and carbides with transition metals in the same
column of the period table decreased as quantum number of
the{transition metal increased. Carbides had lower TCR
than the corresponding nitridés.

The change in resistance of B,C with temperature
followed a form of R=ATexp(EA/kT), with activation energy
EA of about 0.14+0.005 eV. The change in its strain
sensitivity with temperature were also tested.

The decrease in resistance with increase in
temperature was faster in e-5iC than in B-SiC. Nitrogen
doping effect was studied in the case of B-SiC, doping
resulted in a decrease in TCR and electrical stability.

Due to their low TCR and good stability, TiC, ZrC,
B,C and B-SiC are suggested to be good candidate for high

temperature resistance strain gage application.
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CHAPTER 1

INTRODUCTION

Historically, the development of strain gages has
followed many different paths, and gages have been
developed based on electrical, mechanical, optical,
acoustical, and pneumatic principles. During the past 40
years electrical strain gages have become so widely
accepted that they now dominate the entire strain gage
field except for a few special applications. This is
because they very closely meet the requirements of the
optimum gage, arising from their simplicity, high
sensitivity, reliability and low costs. The most.
important electrical strain gage is the resistance type.
Two less commonly employed electrical strain gages are
the capacitance type and the inductance type, which have

lower sensitivities compared to that of the resistance

type.

The discovery of the principle upon which the
electrical resistance strain gage is based was made in
1865 by Lord Kelvin, who loaded copper and iron wires in
tension and noted that their resistancgéincreased with
the strain applied to the wires (piezoresistance effect)

1




[1). Much work has been carried out on electrical
resistance strain gages since then in an attémpt to
evolve a generally applicable gage for the measurement of

strains at increasingly higher temperatures.

In recent years, the rapid progress in aerospace
and nuclear fields, in which extremely high operating
temperatures are prevalent, not only resulted in a search
for new, heat-resisting materials but also in need for
high-temperature resistance strain gages. Since existing
high temperature resistance static strain gages are not
reliable for use above 600°C, there is an urgent need to
find new sensor materials which can be used at higher

temperatures.

As the operating temperature level increases, the
problems associated with the use of strain gages also
increase. The main difficulty with static strain
measurements is that the strain gages will not retain (or
vary predictably within acceptable limits) their
characteristics over a long period of time at elevated
temperatures. Therefore, the basic requirement for a
strain gage material is to be electrical stable and

reproducible over the entire range of the operating




temperatures.

While the specific goal of this work is the
development of resistance strain gages for applications
at about 1000°C, the objective of this research is not to
build a gage itself but to study the electrical
resistances of materials that are potentially useful as
resistance strain gages at 1000°C [2]1. The results of
this investigation should lead to an improvement in the
material selection process for elevated temperature

resistance strain gages application.

This dissertation is divided into eight chapters.
In chapter two we review the development of different
resistance strain gages and analyze the properties of an
ideal resistance strain gage. From these requirements, a
set of simple and rough selection criteria were derived
and several candidate materials were chosen in the
chapter three. Chapter four describes the experimental
procedures and techniques adopted for the electrical
resistance measurements. In chapter five and six results
of the electrical resistance measurements for several
conducting and semiconducting materials are discussed

respectively. Chapter seven is concerned with the strain




sensitivity measurements for one of the best candidate
materials. Based on the work in preceding chapters, the
selection criteria for high temperature resistance strain
gage materials were modified and are discussed in the

final chapter.




CHAPTER 2

RESISTANCE STRAIN GAGE

2.1 pefinition of A Resistance Strain Gage

An electrical resistance strain gage is a strain-
sensing element which changes its electrical resistance
with an applied strain. The strain sensitivity (also
called "Gage Factor” G) of a gage is defined as [31]:

G = dR/ (R de) (2-1)
where R is the electric resistance of the gage material,
e is the applied strain (de=dL/L, L is the length of the
gage). Therefore, by detecting the change in resistance
and knowing the gage factor, one can measure the applied

strain.

For a material with length L, cross-section A, and
resistivity p, its electrical resistance R becomes
pL
R =—— (2-2)
A

If an uniform stress o is applied in longitudinal

direction to it, the variation in R is then




dRr d(pL/A) p 9L pL. oA L 9p.
= ®E - — - —— — ¢+ — (2-3)

do do A d¢ A2 d¢ A d¢

or, if referred to the initial resistance R,

1 4R 10L 182 1 3p
—_—— ——— ——— — — (2-4)
R do L dc A do p d¢c
Egs. (2-3) and (2-4) show that for a finite stress
variation the total resistance change is due to
(1)change in length: 4L/L

(2)change in cross-section A, or diameter D:

dA dap
- =z -2—
A D
(3)change in specific resistivity p: dp/p.

With Poisson's ratio n, the lateral contraction is

dp dL

= N

d L

then Eg. (2-4) becomes

dR  dL dp
- = —(1 + 2q) +— (2-5)
R L P

this yields the gage factor G :

drR/R dp/p
=14+ 29 +
de de

(2-6)

G=
with de=dL/L.




Experimental results show that G varies from about
1 to 6 for metallic materials at room temperature and
about +100 to +200 for semiconductors [4]. Since 0<(n<1/2
for all materials, equation (2-6) indicates that the
change in specific resistivity with strain can be quite
large for certain alloys and especially for
semiconductors. The change in resistivity with strain
(piezoresistive effect) can be further analyzed as

follows.

When the stress o applied on a sample with a
resistivity p is along the same direction as electric
field E, and current density i, the simple relation
between these factors is [4]:

E
— =3 (1 + nlc) (2-7)
[
where p is the resistivity of sample under no stress, "y
is a longitudinal piezoresistive coefficient which

depends on the crystallographic direction in a

crystalline materials.

The ratio E/i describes the quantity, i.e., the

longitudinal resistivity of the sample that is changing




under the stress o and can be denoted by :
E
— = p + dp (2-8)
i

then, from equations (2-7) and (2-8), the fractional

change of p due to a stress o is
n, 0 . (2-9)

By using Young's modulus Y = o/e, where & is the
longitudinal strain resulting in from the tensile stress

o, Eq. (2-9) can be rewritten

de
_p.. = ﬂle = mlg (2-10)

where
m1 = Yﬂl

then the gage factor G in Eg. (2-6) becomes
dR dp

=1 + 2q ¢+
Rde pde

G =

=1+ 2q + ml (2-11)

One of the most important qualities of a strain
gage is that its gage factor should be stable; it should
not vary with either temperature or time. Ideally, any
change in resistance should only be due to the change in
strain. However, in general, the change in the resistance

of a gage is not only a function of strain (e), but also




a function of temperature (T) and time (t), i.e., R =
f(e, T, t). To a first approximation, the relative change

in resistance of a gage is [5]:

AR 1 8R 1 @R 1 3R

—_— —— Ag + — —— AT + — At (2-12)
R R 98 To »to R AT e t. R ot & T

The first term (dR/ (R as))T° to is the gage factor G of

the gage material at temperature To' ané time to. The
second and third terms in Eq. (2-12) combine effects
which produce a temperature- and time- induced resistance
change. To have the resisgance change due to the strain
alone, one would have to/avoid or eliminate those'effects
which cause the resistance to change with either

temperature or time.

In the next section, we will review the development
of high temperature resistance strain gages, and see why
the existing gages fail to work at higher temperatures.
Then we will define the purpose of this work.

2.2 Historical Development Review

2.2.1 Conventional Resistance Strain Gage

The search for suitable alloys for high-temperature




10
strain gages has been under way since the introduction of
the wire resistance strain gages some fifty years ago. In
1968, Bertodo [6] after examining over 500 individual
alloy systems, announced that the existing gages at that
time could only measure the static strains up to 300°¢c.
The properties of the alloys he used for evaluation
included:

(1) a high degree of metallurgical stability and
oxidation resistance;

(2) a relatively constant temperature coefficient
of resistance over the temperature range of interest
coupled with a resistivity of at least 40 ul-cm;

(3) a moderate change in strain sensitivity with
temperature;

(4) adequate mechanical strength.

He claimed that the main source of instability at
temperatures above 300°C was associated with oxidation
and that the desirability of low drift rates restricted
the choice of gage materials to certain precious metal
alloys: of these an alloy of tungsten and platinum

appeared to have been the most acceptable at that time.

In 1970, Drennen et al. [7] conducted an extensive

literature survey and compiled and evaluated information
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on potential alloys. They consulted more than 700
articles obtained from the Western world and as well as
some from Slavic sources covering the period of 1957 to
1970. They defined the properties that an ideal material
should have for strain gage application as follows:

(1) good oxidation resistance at the temperature at
which it would be used.

(2) metallurgical and structural stability at
service temperatures.

(3) good fabricability to wire or foil.

(4) adequate mechanical strength.

(5) high electrical resistivity.

(6) the same or nearly the same coefficient of
thermal expansion as the material to which it is applied.

(7) little variation in gage factor with temperature
and strain.

(8) a minimum amount of apparent strain with
temperature.

(9) a constant or linear temperature coefficient of

resistance.

They concluded that no alloy was known at that time
which would retain all of the above properties at

temperature up to 600°F (315°C). However, they identified
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two groups of materials as promising candidates: the

7

platinum-tungsten system and the iron-chromihm-aluminum
system. Later Lemcoe I8] concluded that Fe-Cr;Al alloys
were better than Pt-W alloys for static strain

measurements up to 593°C, because Fe-Cr-Al alloys had a

lower resistance drift than platinum alloys.

In the early 1980's Pratt and Whitney made another
study to select strain gage materials which could be used
at temperature up to 600K (327°C) ana 900K 1627°C). Their
guidelines for selecting such candidate materials were as
follows [9]:

(1) The first atomic species in the alloy to be a
monomorphic FCC transition metal with:
(a) a melting temperature about twice the service
temperature, and
(b) high oxidation resistance (at least when in
solution with second element discussed
below).
(2) The second atomic species in the alloy should be from
a different column of the period table with:

(a) large difference in atomic radius

(b) large difference in valence

(c) a range of so0lid solution (no ordering or
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formation of phases or compounds with first
species) at all temperatures up to service
temperature, and

(d) high oxidation resistance when in solution
with the first element.

The contradiction between requirements (a) and (c¢)
for the second species is noted. According to Hume-
Rothery rule, the difference between the atomic sizes of
the component elements forming an alloy should be smaller
than 15%, otherwise solid solubility would become

restricted [10].

By using the guidelines mentioned above, Pratt and
Whitney selected 41 alloys and then investigated. They
classified Pt-W and Pd-Mo in the "should be tried” group,
and Ag-Pd, Al-Fe, Pt-Ru and Pt-Cr in the “could be tried”
group. The last four systems were placed in this group
because of their relatively high temperature coefficient
of resistance (>200 ppm/OC). Also, Cu-Ni and Ni-Cr were
found suitable for use at 327°C, but were eliminated for
use at 627°C because Cu-Ni was too sensitive to oxidation

and Ni-Cr underwent an order-disorder transformation.

Recently (March 1985), Hulse et al. [11] ran a
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survey concurrently with us to identify new candidate
alloy systems for electrical strain gage appiication at
temperature up to 1000°C. The materials were tested for
the repeatability of resistivity, the thermal coefficient
of resistivity over the temperature range of 23°¢C to
1000°C, and the drift in resistance during 3 hours soak
at 1000°c. six systems were selected after a literature
survey on 140 articles: Pt-Pd-Mo, Pd-Ag-Mo, Pt-W, Ni-Si-
Cr, Pd-Cr, and Fe-Cr-Al. Later the Pd-Ag-Mo system was
eliminated as a candidate when problems of liquid
immiscibility were encountered during alloying. The Ni-
Si-Cr system (Nicrosil) was also dropped because its
resistance did not vary linearly with temperature and it
had a relatively high thermal coefficient of resistivity.
After further experimental testings, Pt-W and Pt-Pd-Mo
were also dropped from the list of candidate alloys
because of problem of internal oxidation. From the
remaining two systems, Pd-Cr was regarded as the best

candidate, Fe-Cr-Al as a system with possibility.

Very recently, Wu et al. [12] developed a high-
temperature resistance strain gage which was fabricated
from specially developed Fe-Cr-Al-V-Ti-Y alloy. He

claimed that this gage with a specified room temperature
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gage factor of 2.62 could be used up to 700°C, and this

has been evaluated to be the state of the art [13].
2.2.2 semiconductor Strain Gages

The semiconductor resistance strain gages have been
in commercial production since 1960’'s. Some of their
advantages over metallic strain gages are [14] : high
sensitivity (up to two orders of magnitude higher than
conventional metallic gages), good mechanical stability
at room and elevated temperature (thereby minimizing
creep and hysteresis), and ease of gage installation.
However, there are some disadvantages, which include
relatively large temperature coefficient of resistance
(induced large apparent strain), large change in gage

factor with temperature, and the problem of brittleness.

The unusually large strain sensitivity
(piezoresistive effect) in semiconductors was first noted
by smith [15]. A complex theory which concerns
intervalley carrier scattering was analyzed and presented
by Mason and Thurston [16], who derived detailed
equations to explain this effect in terms of change in

properties of the semiconducting materials.
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It has been known that for lightly doped
semiconducting materials, the gage factor varies
inversely with the absolute temperature and that the
initial resistance varies considerably, Mason et al. [17]
found that these undesirable features could be eliminated
to a large extent by using heavily doped materials (e.g.,
1020 boron atoms per cubic centimeter of silicon). Their
experimental results are shown in Figs. 2-1 and 2-2. The
gage factor at room temperature for the heavily doped
sample is approximately 1/3 that of a lightly doped one.
However, it remains more than 30 times as sensitive as a
metallic resistance strain gage, and its gage factor and
resistivity are almost independent of temperature. This
heavily doped material consequently is the most practical
gage when the temperature can not be precisely

controlled.

Rapid progress has been made in the development of
semiconductor strain gages over last 25 years, and as a
consequence gages made from n- and p-type silicon and
germanium are commercially available with gage factors of
+130, which is about 65 times larger than the
conventional metallic gages. However, they can only be

used at temperature up to 250°C. At higher temperatures,
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when they reach the intrinsic conduction regions, the

temperature effects is too large for compensation.

Recently, a group of scientists in the USSR have
been attempting to f£ind a new semiconductor material as a
substitute for silicon and germanium for higher
temperature usage. They have found that silicon carbide
is a promising material for high temperature resistance

strain gage application [18-20].
2.2.3 Thin Film Strain Gages

Traditional strain gage technology uses "bonded”
strain gages. They are foil gages glued onto the surface
of the strainable membrane. The use of glue can, in some
instance, limit both the degree of strain transmission
from membrane to gage and the temperature at which the
device may be used. The use of thin film technology,
i.e., vacuum-deposited thin film formed directly on the
surface of a strainable member, is seen as a way of

obviating the limitations on both temperature and strain.

A number of companies have been involved in

research and development in this area since 1970, and it
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is clear that thin films will play a leading role in the

e

future transducer technology [21].
2.3 Purpose of this Research

This research is part of a larger investigation
conducted by NASA, which is dedicated to the éevelopment
of a strain gages which can measure the strain up to 2000
micro-strain at a temperature of about 1000°C or above
with a total error of no more than +10% over 50 hours

[21.

After reviewing the work in this subjects as cited
in the last section, we know that for a resistance strain
gage material, the two basic properties are that its
electrical resistance should be stable and reproducible
at all temperature up to the working temperature and its
resistance change must be due to the applied strain.
Since a material will be electrically stable only if it
is structurally stable, a gage material should therefore
not show any structural change with time or temperature
up to the operating temperature. To have the resistance
change mainly from the applied strain, one would have to

avoid or eliminate those effects which causing the
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resistance to change with either temperature or time. A
gage materials should therefor have (1) the same thermal
coefficient of linear expansion as the substrate on which
the gage is mounted, (2) a small temperature coefficient
of resistance, and (3) good resistance to oxidation,

recrystallization or creep.

It is the purpose of this research to study the
electrical resistances of the materials which are
potentially useful as high temperature resistance strain
gages and to develop a set of simple criteria for
selections of strain gage materials. We should note here
that in this research, we have only studied the intrinsic
properties of the gage material itself. We will not
consider the problems created when a strain gage is
placed on the material to be tested (e.g., the difference
in thermal coefficient of linear expansion causing the

bonding defects).

In the next chapter, we will discuss the individual
requirements which are placed on an ideal strain gage, in
order to establish our criteria for selection of high

temperature resistance strain gage materials.




CHAPTER 3

DERIVATION OF THE SELECTION CRITERIA

3.1 Introduction

As discussed in the last chapter, we already know
that the two basic qualities that an ideal resistance
strain gage material should have are :

(1) its resistance change should merely be due to
the strain alone, i.e., it should have small temperature
coefficient of resistance and good resistance to
oxidation.

(2) it should have a stable and reproducible
resistance at all temperatures up to the operating
temperature. Those phenomena which affect the structural
stability and therefore the resistance that should be
avoided include: phase transformation, magnetic
transition, order-disorder transition, short-range
ordering, clustering, plastic deformation, creep or

recrystallization.

In the following sections, we will look into these
phenomena individually and try to ascertain the intrinsic
properties a material should have in order to satisfy

22
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these requirements.

3.2 Small Temperature Coefficient of Resistance (TCR)

Although temperature compensation circuits are
often used with strain gages, the compensation problem
for a large TCR will be formidable [9]. In addition, for
acceptable performance in regions of steep temperature
gradients and uncertainty in absolute temperature, which

is often the case, the TCR must be reasonably low.

There is no proven basis which exists for the
accurate prediction of the electrical properties,
particularly., TCR of materials at high temperatures. In
fact, the electrical resistance of solids varies from
material to material more than any other easily measured

property.

3.2.1 Conductors

A treatment of the TCR of metals and alloys
requires a detailed consideration of the scattering
mechanisms. In a perfect lattice, the charge carriers

experience no scattering and the resistivity of the
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lattice is therefore zero. Any disturbance of the perfect
periodicity of the lattice (e.g., introductigq of phonon,
impurity. dislocation, etc.) will act as scattering
centers and produce resistivity. The electrical
resistivity of a nonmagnetic metallic material can in
general be separated into two components (Matthiessen's
rule), the temperature dependent ideal resisti&ity P
which results principally from the electron-phonon
interaction and the temperature independent residual
resistivity Po which is caused by the electron-defects
interaction [22]:

p(T) = Po + P (3-1)

The general form of the temperature dependent part
of resistivity P is given by the Bloch-Gruneisen

equation:

]
5 OD/T x dx

Me 0 .

(3-2)
(eX-1)(1-e7%)

where C is a constant, M is the atomic mass and 0D is the

Debye characteristic temperature.

For temperatures higher than the Debye
characteristic temperature (which is usually above room

temperature), the standard integral reduces to an
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expression proportional to (eD/T)4. and the Bloch-
Gruneisen equation can be approximated by

C
(

) ) T, T > OD (3-3)

D

p =

T Mo
At lower temperatures, the standard integral has a
constant value of 124.4, thus Prp is proportional to T at

low temperatures.

However, Eg. (3-3) is not strictly obeyed for many
metallic materials and the departures from a linear
temperature dependence of the resistivity are
particularly significant for transition metal systems.
For example, for transition metals of groups IV and VI,
the resistivity usually increases with temperature faster
than the linear relation; while for transition metals of
group III and V, the resistivity increases with

temperature more slowly than a linear relation [23].

According to Mott and Jones [24] and Ziman [25] the
Debye temperature of a metal should decrease with
increasing temperature as the result of lattice thermal

expansion, that is
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1 1

5 = 3 (1+6ByT) (3-4)

% 9%

where eo is the Debye temperature at T = O K, B is the

linear coefficient of thermal expansion, and y is the
Gruneisen constant. This gives a reasonable explanation
of the resistivity deviations from linear temperature
dependence for noble metal systems only, but not for most
transition metals. In particular, for those transition
metals with negative deviation from the linear
temperature dependence, one must look for other

mechanisms.

A second mechanism to account for the resistivity
deviation from a linear temperature dependence in
transition metals was also suggested by Mott and Jones
[24]. According to their theory. the resistivity is
thought to be determined mainly by the scattering
processes in which the conduction electrons under the
influence of lattice vibrations make transitions to the
unoccupied d states. The probability of such process is
proportional to the density of states Nd(EF) and its
derivative with respect to the electron energy 4E in the

d band at the Fermi level E,. Therefore, taking into

F
account the Debye temperature effect as given by Eq. (3-
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4) the ideal resistivity can be written as:

pp = (C/M8_) T (1+6ByT) (1+aT?), TSe,  (3-5)
where
2
-1 2 1 de 2 1 d Nd
A=—  (2k)° [3 (— ——) - — _T]E (3-6)
6 Ny GE Ny dE F
For transition metals with Fermi energies E_ near a

F
maximum position of the density of states curve Nd(EF).

the first term in Eq. (3-6) is small compared to the
second term, and A is positive. Then based upon Eg. (3-5)
one expects a positive deviation from the linear
temperature dependence. On the other hand, fdr transition
metals with Fermi energy near a minimum of the density of
states curve, the first term in Eq. (3-6) dominates and A
is negative, therefore the resistivity versus temperature
curve is expected to deviate negatively from linearity
[26]. Materials with a negative deviation in resistivity
will have a TCR that decreases with temperature and a low

TCR at high temperature.

Aisaka and Shimizu [27] have demonstrated that this
simple model agrees well with experimental results for
most pure transition metals. In their calculations they

made use of Nd(EF) determined in the rigid-band model
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from the low-temperature specific-heat data. Chiu [261]
had also applied this model to alloy systems and
suggested that this model describes the observed
behavior reasonably well for temperature higher than the
Debye temperature. However he suggested that the density
of states of alloys to be employed in Eg. (3-6) should be
calculated via a coherent-potential approximation (CPA)

rather than a rigid-band model.

Recently, much work has been devoted to the study
of alloys with TCRs much lower than what would be
expected from Matthiessen’'s rule and to the explanation
of the existence of zero and negative value of TCR in
alloys. These effects are not observed in the pure metals
or dilute alloys but only when the alloys are rather
concentrated. In strain gage applications, such materials
are chosen because the effect of strain cannot be masked
by that of temperature. Mooij [28] established a
correlation between TCR and the magnitude of the
resistivity p: if one excludes data on alloys where TCR
may be affected by magnetic or structural transition, one
concludes that no negative TCR is observed for materials
with resistivities below 100 microohm-cm while hardly any

positive TCR is found for material with resistivities
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above 150 microohm-cm. This TCR-p correlation is shown in
Fig. 3-1. It is seen that TCR pass through zero at p of

(1) Nearly all alloys with a low TCR contain at
least one transition element.

(2) No alloy was found with a low TCR at room
temperature when the alloy contains only
elements from the same column of the periodic
table.

(3) Nearly all systems that show a low TCR
are disordered.

He then suggested that the occurrence of a low TCR in a
concentrated disordered alloy containing a transition
metal plus at least one atomic species from a column of
the periodic table other than that occupied by the
transition metal seems to be the rule rather than an

exception.

The high scatter in these materials which results
in high resistivity and low TCR value of these materials
is usually caused by a high degree of disorder. The
origin of the disorder can be the random distribution of
the solute elements over the lattice sites or the
structural disorder of an amorphous solid. In alloys

containing transition metals, the scatter is also
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increased by the possibility of s = d electron

scattering.

The behavior of electrical conduction in the alloys
with a low TCR can be understood to a great extent if it
is assumed that in these alloys a lower limit is reached
in the electron mean free path, such a limit must exist,
as the mean free path cannot be smaller than the
interatomic distance [29]. If this limit is reached a
further decrease of the mean free path due to phonon

scattering is impossible and a low TCR results.

A further consequence of these ideas is that in the
absence of phonons, if the mean free path is already
short due to the presence of spin fluctuations or of the
atomic disorder produced by alloying or the presence of
defects, then the magnitude of the temperature dependent
(phonon) contribution to the resistivity will be
decreased thus resulting in a negative TCR [30]). This
phenomenon has been observed for different classes of
materials independent of detail of their atomic
structures or the electron configurations, for instance
in amorphous metals and concentrated crystalline alloys.

There is a general tendency for these materials with high
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electrical resistivity to have a TCR that decreases
linearly with increasing resistivity within a finite
fluctuation range (Mooij’'s rule) [28]. To explain the
negative values of TCR, Mooij suggested that in these
materials there can be thermally activated releasing
sites where electrons are liberated at high temperatures

[28].

Recent attempts to explain the negative TCR were
based on Ziman'’'s theory [31], coherent potential
approximation (CPA) [32,33], and force correlation
function method [34]. The basic mechanism for negative
TCR has been explained by Richter and Schiller [35] as
the mixing of a strong static (electron-disorder)
scattering and a dynamic (electron-phonon) scattering,
which is described by the CPA model in a simple and
straightforward way. For alloys with small "chemical
disorder”, the electrical resistivity increases nearly
linearly with temperature, as the “"chemical disorder”
becomes larger the slope of the resistivity versus
temperature curve decreases. For strong chemical disorder

negative temperature coefficients arise.

To further investigate the TCR of alloys of
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transition metals, where the disorder effects are mainly
due to the 4 electrons and where the s electrons are the
most important current carriers, it is necessary to use a
two s-d hybridized band model (BV model) [36] in which
transport properties are determined at T=O K. Brauwers
and Brouers [37] generalized the work of BV in the case
of T>0 K by considering that only d electron, which are
more localized, interact with phonons. They showed that
in concentrated transition metal alloys, the TCR can be
negative when the Fermi level lies near a d peak in the
alloy density of states. The sign of the TCR results from
the competition between two effects: the decreasing of
the purely residual resistivity when the Fermi level
moves with the temperature and the increasing of the
resistivity supposing the Fermi level fixed at its T=0 K

value.

In summary, it is still too early a stage in the
development of an alloy theory to give a quantitative
descriptions of the transport properties of concentrated
systems. Since the easier and more basic electronic
quantity, the static alloy density of state, is just
beginning to be understood. At present, there exists, as

mentioned in the preceding pages only qualitative or
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model description of the transport properties on such
alloys. However, these models gave us some guidelines for
selecting materials with small TCR. First, from
Matthiessen’s rule, it is known that alloys generally
have lower TCR than single elements. In this research, we
only concentrated our efforts on binary alloy systems,
excluding alloys with more than two elements because of
the complexity of the problem. Second, from Mott and
Jones theory, it is known that materials with low density
of state at the Fermi energy level may have a low TCR at
high temperatures. Third, from Mooij’s rule, it is
suggested that disordered alloys of transition metals
with other elements from the different column of the
periodic table will have low TCR. Therefore, disordered
binary systems of transition metals were chosen for
further studied in order to test the validity of these

models.

3.2.2. Semiconductors

The electrical resistivity of a semiconductor is
the sum of the resistivities contributed by electron and
by hole. The resistivity produced by the two dominant

mechanisms, phonon scattering and ionized impurity
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scattering, can be expressed as [38]

p = ( + ) + ( + ) (3-7)
en

where:

n and p are the concentration of electron and
hole, respectively,

Ky is the mobility of carriers for phonon
scattering and is usually proportional to T "
with 3/2<n<¢5/2, and

Ky is the mobility of carriers for ionized impurity

scattering and is proportional to Talz.

The processes of electrical conduction for
semiconductors can be divided into three sections,
depending on the dominate mechanism. At sufficiently low
temperatures (extrinsic region), ionized impurity
scattering is predominant, and the charge carriers are
excited from the impurity levels. The decrease of
resistivity with temperature is dependent on the
ionization energy (Ei) of the impurity, that is, p =

exp(Ei/2kT).

In many instances, the charge carriers from all the

available impurity levels are excited at room temperature
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because the ionization energy of the impurity is much
smaller than the band gap. If the number of impurities
greatly exceeds the number of intrinsic carriérs. the
number of carriers will hardly vary at all with the
temperature, and the variation of resistivity will be due
only to the variation of mobility, and it increases with
increasing temperature like that of a metal. This is the

saturated extrinsic region [39], and is the working

region applicable for resistance strain gages.

As temperature higher enough for electrons to be
excited across the forbidden energy gap, intrinsic region
begins and the lattice scattering becomes predominant. In
this region the concentration of electron n excited from
the valence band to the conduction band is equal to the
concentration of holes p formed in the valence band, and
[38]

n=p-= 2(-2-1;EI-)3/2 (mh mp)3/4 exp(:fﬂ—-). (3-8)
h 2kT
where m and mp are the effective mass of electron and
hole, respectively. Eg is the energy gap, k the Boltzman

constant and h the Planck's constant.

From Egs. (3-7) and (3-8), the resistivity is
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therefore, approximately proportional to exp(EQIZkT) and
again decreases with increasing temperaturesras in the
extrinsic region, but the resistivity decreases at a
faster rate with temperature in the intrinsic region
because Eg » E;. For resistance strain gage épplication.
one should avoid the occurrence of this region by'
choosing materials with larger band gaps so that the

temperature of the intrinsic conduction is higher than

the resistance strain gage working temperature.

In summary, from the discussion above, it is known
that in order to attain small TCR, one should wofk in the
saturated extrinsic region of a semiconductor. This
region can be extended to very high temperatures by
heavily doping a semiconductor which has large band gap

[40].
3.3 Resistance to Oxidation, Creep and Recrystallization
3.3.1 Oxidation

Oxidation results in a reduction of the conducting

cross sectional area of the sample which in turn results

in changing the resistance of the sample. Nevertheless,
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some oxides are stable kinetically, in the sense that
they adhere to the material surface and form a tight
protective adherent layers. Actually, it is not easy to
predict these reactions, since they also depend on the
environment. One rule suggests that the alloy should
contain at least one species which is resistant to
oxidation [7]. It has also been suggested that even noble
metals should use a protective coating in order to

improve their oxidation resistance [41].

3.3.2 Creep and Recrystallization

The creep effect of a material becomes more
prominent at temperature greater than half its melting
temperature. Also the recrystallization temperature of
most materials are about half the melting temperature
[42]. To avoid the occurrence of creep or
recrystallization, one should choose materials with
melting temperatures higher than twice the operating
temperature, i.e., 2000°C for this research. However, the
practical strain that these materials will be subjected
to are rather small (= 2000 microstrain), and these
effects may not be important.

3.4 Structure Stability
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3.4.1 Phase Transformation and Magnetic Transition

Phase transformation causes lattice periodicity and
structural change, thereby perturbating the resistance of
a material (see Fig. 3-2, for example). This effect can
be considered as being a main cause of electrical
resistance irregularities for alloys [22]). The candidate
materials should therefore be chosen after consideration
of their phase diagrams and by selecting the compositions
for which phase transformations do not occur in the range

of working temperatures.

Fig. 3-3 shows the resistivity versus temperature
for three ferromagnets. One can see that the resistivity
decreases more rapidly below the Curie point. This
decrease in resistivity is due to the freezing out of the
exchange scattering of the electrons from the magnetic
moments [43]. This transition frequently occurs in alloys
of iron, cobalt, nickel etc., and can be avoided also by
checking the existing phase diagrams and selecting a

material without magnetic transition.

3.4.2 Order-Disorder Transition and Clustering
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Order - disorder transition is a temperature and

42

time dependent reaction. Its major effects on resistivity

arise from the influence of the effective number of
carriers associated with a splitting of the Brillouin
zone during ordering and the presence of Anti-Phase-
Boundary scattering mechanism [44]. The effect of order-
disorder transition on electrical resistivity of AuCu,,
where the resistivity increases abruptly during the
order-disorder transition, as shown in Fig. 3-4, is a

classical example.

Clustering is another temperature and time
dependent reaction. The relation between electrical
resistance to clustering has been found to be fairly
complex and not yet been completely understood [45]. To
have stable and reproducible resistance with temperature
and time, one should therefore avoid choosing materials

with order-disorder transition or clustering.

From the thermodynamics point of view, these
transformations do not occur in ideal solid solutions
[46]. The ideal solutions can be characterized by null

enthalpy of mixing, or by activity coefficients equal to
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one for both elements [47]. Systems with a negative
enthalpy of mixing (AHmix<0) may have a tendency to order
at low temperature, and systems with a positive enthalpy
critical temperature of order-disorder transition is
proportional to the enthalpy of mixing and increases with
increasing AHmix' in many systems the ordered phases are
stable up to the melting point without the order-disorder
transition [48]. The ultimate selection procedure here

is to select either ideal solutions with AH ,,=0. or
intermediate phases with larger negative enthalpy of

mixing (AHmix<<0).

The structure of intermediate phases is determined
by three main factors: relative atomic size, valency and
electronegativity. Materials composed of two elements
having a large difference in their relative atomic size,
valency and electronegativity, will have large negative
AHmix and a higher order-disorder transition temperature.
Interstitial compounds with large difference in atomic
size between the components usually have large enthalpy

of mixing and therefore have been chosen for further

study.

3.4.3 Plastical Deformation
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Deformation of materials not only changes the
microstructure, but also produces dislocations,
vacancies, interstitials etc.. The relative resistivity
produced by the defect scatterings with the concentration
of defects less than 10%, is [49]

p = :ﬂ&iﬁfi (3-9)

Ne2

where °3 is the scattering cross section, v the velocity
of electron (=lf/tc. where 1f=1/Ncad is the mean free

path, and tv_ the relaxation time), N, the defects

c
concentration and N the concentration of lattice sites.

The relative resistivity (about 1.5x10 2! microohm-
cm per vacancy, or interstitial, and (2-20)x10 13
microohm-cm per dislocation line) [50] is negligible in
the temperature range of interest unless the material is
heavily strained (large plastic deformation). In this
case scattering by dislocations (Nd>109 cm-z) becomes
significant [51]. One can avoid plastic deformation by
choosing materials with large elastic strain regions.
(i.e., ceIY > the maximum strain to be measured, where °e
is the elastic limit and Y the Young's modulus).

Materials then will remain in the elastic domain during
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operation and an increase in dislocation density will not

Id

occur.

3.5 Selection Criteria and Material Selection

In summary, the selection criteria for materials
which are potentially useful as resistance sttrain gage at
1000°C are materials that have:

(1) Small TCR

-this screened the potential materials to
binary transition metal systems, and

heavily doped semiconductors with large band
gap.

(2) Good oxidation resistances.

(3) Melting temperature > 2000°C

-to avoid the occurrence of creep or
recrystallization.

(4) No phase transformation or magnetic transition

in the temperature range of o°c - 1000°c.

(5) No order-disorder transition or clustering over

the entire temperature range.
- this requirement screened the candidate
materials to either ideal solutions or

interstitial compounds.
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(6) ce/Y larger than the maximum strain to be

measured (2000 ppm).

Combining these selection criteria, one will
therefore search for candidate materials from the group
of (1)ideal solutions, (2) transition metal interstitial

compounds, and (3) semiconductors with large band gap.

An extensive survey of the literatures was made
taking into consideration the melting temperature, phase
diagram, mechanical strength, electrical and chemical
stability. Transition metal carbides and nitrideé were
selected from the group of transition metal interstitial
compounds, (the transition metals from which these
compounds form come from groups IV, V, and VI of the
periodic table) silicon carbide and boron carbide were
chosen from the group of semiconductors. The phase
diagrams of these materials are shown in Appendix A, and
their relative properties (e.g., melting temperature,
crystal structure etc.) are listed in the Appendix B.
Candidate materials chosen from ideal solution are being

studied by another member of our group [52].




CHAPTER 4

EXPERIMENTAL TECHNIQUES FOR RESISTANCE MEASUREMENTS

4.1 Material Preparation

The specimens of transition metal compounds were
prepared as thin films by several different evaporation
or sputtering techniques including Activated Reactive
Evaporation (ARE), Hollow Cathode Discharge (HCD),
Chemical Vapor Deposition (CVD) and Radio Frequency
Sputtering (RFS) method. These samples were provided
through the courtesy of Dr. B. Okimura from Tokyo
Institute of Technology and Dr. Y. Onuma of Shinshu

University in Japan.

NASA, the sponsor of this work, provided some B-SiC
thin films prepared by Chemical Vapor Deposition (CVD) on
the silicon substrates. Some B-SiC films prepared by
Electron Beam gun Evaporation (EBE) on the alumina A1203
substrates were also supplied by Dr. Okimura. All these

films were cut into about 15mm long by 1.5mm wide samples

via a diamond blade.

48
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Thin films of p-SiC on Si substrates were specially
treated. Since the resistance of Si substrate was about
the same order of magnitude as that of SiC thin film at
high temperature, Si substrate had to be removed from p-
SiC film. This was done by immersing the cut samples in
warm HF-50% HCl1 etchant solution, this resulted in the
removal of the SiC from Si substrate. The 16 micrometer
thick SiC films were then attached to A1203 substrates by
using AREMCO high temperature ceramic adhesive (Aremco
products, Inc.). The adhesive had to be cured at 370°C

prior to the electrical resistance measurements.

Boron carbide and e-silicon carbide bulk samples
prepared by hot pressing were supplied by Dow Chemical
Co., these samples were then cut into 15x1.5x1 mm

specimens via a diamond cut-off wheel.

Specimens for electrical resistance measurements
were appropriately chemically cleaned to remove any
debris and contaminations. These samples were then sealed
in quartz tubes under vacuum and were subsequently
annealed for several hours at temperature above 1000°C
followed by furnace cooling to room temperature. Table 4-

1 lists the preparation methods for all the specimens
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studied in this thesis.
4.2 Electrical Resistance Measurements Apparatus

The electrical resistance measurements were
conducted inside a Lindberg electric resistance split-
type furnace under vacuum. The furnace had a 3-inch bore
and 30-inch heating length, which was more than adequate
to insure uniform temperature over the entire length of
the test section of the specimen. Up to three specimens
were placed in a one head opened quartz tube in the
furnace. The end of this quartz tube was connected to a
stainless steel vacuum cap. The junction between cap and
quartz tube was initially sealed simply with a rubber O-
ring around the cylindrical quartz tube. Leaks were
detected due to the irregularity of the diameter of the
tube. This leak problem was solved by acquiring an O-ring
sealed hemispheric junction between the quartz tube and
the vacuum system, illustrated in Fig. 4-1. In this way,
a vacuum better than 2x10"5 Torr was usually obtained
even at 1050°C. After each experimentation, the quartz
tube was cleaned with 5% hydrofluoric acid solution,
rinsed with distilled water and then with methanol prior

to being dried.
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Table 4-1

Preparation Methods for Candidate Materials.

Specimen Preparation Method Remarks
TiN-1  HCD, Hollow Cathode Discharge
-2 CVD, Chemical Vapor Deposition
ZrN-1 PN2-114 ppm-torr
-2 RFS, Radio Frequency Sputtering =108 ppm-torr
-3 =96 ppm-torr
-4 =990 ppm-torr
TaN-1 PN2=330 ppm—torr
-2 Magnetron RFS, =375 ppm-torr
-3 =600 ppm-torr
CrN HCD
TiC-1 ARE, Activated Reactive Evaporation
-2 CVD,
ZrC ARE
B,C Hot Pressed Bulk
B-SiC-1 EBE, Electron Beam Evaporation
-2 CVD, with N, dopant
ea-SiC Hot Pressed Bulk

* all the specimens are prepared as thin films on the

Al,0,4
g-sic

substrates except for B,C. a-SiC and CVD prepared

on Si substrate.
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Fig. 4-1. Schematic diagram of the hemispheric junction
between quartz tube and vacuum system.




53

The vacuum cap at the end of the quartz tube was
connected to a diffusion pump (made by Consolidered
Vacuum Corporation) which in turn was connected to a
mechanical vacuum pump. A copper disc was fitted to the
front of the vacuum system by means of an O-ring seal.
Three grommet vacuum seals were mounted around this disc.
Thermocouples and lead wires were introduced into the
vacuum system by passing through feed-thru connectors
which were mounted on top of the grommet vacuum seals.
This construction is illustrated in Fig. 4-2. All leads
wires and thermocouples were shielded by insulated woven

wire casings or two hole ceramic tubes.

The temperature of the furnace was programmed and
controlled by means of a system comprised of a DATA-TRAK
temperature programmer, THERMAC temperature controller
together with a LABAC power source of the same brand
(Research Incorporated). Two platinum/platinum- 13%
rhodium thermocouples located on both ends of the
specimens were used to monitor the sample temperatures
and detect the temperature gradient. Temperatures were
determined with a digital nanovoltmeter (Keithley 180),
with an Omega reference junction temperature compensator.

It was found that by using one of the inner thermocouples
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Fig. 4-2. Schematic diagram of the arrangement for

introducing lead wires into the vacuum system
then to the furnace.
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as a temperature sensor for the temperature controller,
better temperature control and stability were obtained.
The temperature gradient was found to vary by 1-10°%
along the length of the specimen holder with a
temperature variation over the length of the specimen of

1-2°C at the elevated temperature.

The resistances of samples were measured by the
four probes method. This method was chosen because of the
small resistances of some of the specimens. It was
important to exclude the resistances of lead wires
especially if they were of the same order of magnitude as
the specimens. Conducting lead wires were taped to the
specimen by using pressure contacts. Pressure contacts
were chosen because of the difficulty of spot welding
lead wires on some of the specimens without breaking them
due to thermal shock. In addition, carbide materials will
not accept soldered or spot-welded junctions. Another
advantage of pressure contact was the possibility to
remove the samples after experimentation without breaking

them or inducing contamination.

Pressure contacts require some means of holding all

four wires to the specimen at identical and constant
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pressure. Fig. 4-3 illustrates the ceramic specimen
holders designed for resistance measurementé.,These
holders were machined from Aremcolox 502-1100 high
temperature machinable ceramics sold by Aremco products,
Inc.. This material has a very low coefficient of thermal
expansion (1.5 ppm/°F). Grooves were machined into the
. lower part of the ceramic plates to fix the pBSition of
the lead wires used as current and voltage probes. Two
holes were drilled at both ends of the upper ceramic
holder for placing the thermocouples. After machined, the
ceramic specimen holders were fired at 1100°C prior to
being used. Samples were positioned on top of the lead
wires and between the two ceramic plates which were
joined together by ceramic screws to form the pressure

contact.

Platinum wires were first chosen to use as lead
wires because of the inertness of this noble metal.
However, it was found that platinum reacts with some of
the specimens, so it was replaced by tungsten.

4.2.1 DC method

At the first stage of the resistance measurement,
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Fig. 4-3. Schematic diagram of the ceramic specimen
holder.
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the electrical current which applied to the sample were
supplied by a constant dc current source (Keithley 227,
in the range of :10—5 to +1 Amp). The current was first
measured by measuring the corresponding voltage drop
across a standard resistor (Leads and Northrup, 1.00002
ohm with 0.005% accuracy). However, a heating effect was
observed in the resistor, and the resistor was not
reliable after a longer period, a Keithley 160B Ammeter
was then applied for measuring the current instead. The

polarity of the current was reversed alternately to

58

compensate the thermal electromotive force (EMF) effects.

The resistance of the specimen was measured at
every 80°C intervals, from room temperature to 1010°¢,
after the specimen stage temperature had been stabilized
within 1°c. At each temperature, eight values of direct
current both forward and reverse were imposed to the
samples and the corresponding voltages drop across the
specimens were measured with a digital multimeter
(Keithley 192). Resistance of the specimen at this
temperature was the average of these eight values of the

voltage drop dividing by the supplied current. By using

this method, it was possible to check the ohmicity of the

electrical contacts at all temperatures. The temperature
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was the average of four values given by the two
thermocouples, obtained immediately before and after the
electrical resistance measurements. Usually two cycles of
heating and cooling were conducted to check the

reproducibility of the electrical resistance.

Initially measurements were conducted on individual
specimen; later up to three specimens were held at the
same time to improve the reliability, readings on these
three specimens were selected by a mechanic rotary
selector switch in the circuit. The electrical circuit

for DC resistance measurement is illustrated in Fig. 4-4.

The accuracy of electrical resistance measurement
depends on the accuracy of the voltmeter and ammeter. The
relation between the resistance R, current intensity I
and the corresponding voltage drop across the sample V
is:

R=V/1
therefore, drR/R = dv/v - dI/1

For example, for a 1 ohm resistance measurement,
the currents delivered during the measurements is in the

range of 100 to 400 mA, and the corresponding voltage
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Fig. 4-4. Schematic diagram of the dc circuit for
electrical resistance measurements.
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measured is varied between 100 mV and 400 mV. The
RKeithley 160B digit ammeter used for current measurements
has an accuracy of 0.2% of reading in this range of
currents, and the Keithley 192 digital multimeter used
for voltage measurements has an accuracy of 0.004% of
reading in this range of voltages. Consequently, the
measurement of this 1 ohm resistance had an accuracy of
0.204%. Because of this error no information could be
provided concerning the reproducibility of the
measurements within 10-5. We assumed that for the very
low resistances, which required the use of the least
accurate range of the electrical equipments, the
measurements could be affected to a large extent by using

these Keithley instruments.
4.2.2 AC method

As the research progressed it became evident that
improvements would have to be made in the resistance
measurements system in order to obtain higher levels of
accuracy and stability. This was done by substituting a
high precision AC resistance bridge (A}A model F17A, made
by Automatic Systems Lab. limited, England) for the dc

current source and digital multimeter, and by using a
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high speed scanner (Keithley 705) instead of the

mechanical switch box.

The ac bridge had an accuracy of 1x10—6 of full
scale, and a resistance of 1 ohm could thus be measured
with 0.0001% accuracy. This accuracy was three orders of
magnitude better than that obtained by dc method
mentioned above. In addition, by using an AC current, one

eliminated the thermal EMF effects along the sample.

A computerized electrical resistance measurements
system was constructed in the latter stages of the
research for automatically recording the resistances of
the specimens between room temperature and 1000°C. The
temperature changes of the furnace were programmed to
increase or decrease in steps of 80°C, with average
heating and cooling rates of 1.85 Oc/min and 0.93 °c/min,
respectively. Data were taken after the temperature was

stabilized.

A standard IBM PC was set up as a system controller
and data collector. The computer communicated with the
instrumentations by means of an IEEE-488 interface bus.

The software (written in Advanced Basic) is attached in
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Appendix C. Data read from the instruments were saved on

o~
7’

a floppy diskette and were printed on a HP Thinkjet
printer. Fig. 4-5 illustrates the electric circuit for

this computerized AC resistance measurement.
4.3 Material Characterization

The precise characterization of transition metal
compounds is a difficult task. Chemical means of
determining the carbon (or nitrogen) to metal ratio are
limited by the strong bonding and high melting
temperatures of carbides (or nitrides) materials; In
addition, the likely major impurities (e.g., oxygen) are
most difficult to measure because they are also the

constituents of air.

A variety of methods of characterization were used
in this work. The structures and lattice parameters of
the specimens were determined by X-ray diffraction
technique with a Rigaku diffractometer. A correlation of
lattice parameters with carbon (or nitrogen) to metal
concentration ratio of some transition metal compounds

are presented in books by Storms [53] and by Toth [65].
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ig. 4-5. Schematic diagram of the cgmputerized AC
Flg. 4°% circuit for electrical resistance measurements.




Scanning Electron Microscopy (Hatachi) and Auger
Electron Spectroscopy (Physical Electronics Co.) were
adopted for topology and for determination of the
relative amounts of nitrogen or carbon in these
compounds. Thickness of some films were determined by

Tencor Profilometry.
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CHAPTER $
RESULTS AND DISCUSSION ON THE ELECTRICAL RESISTANCE

MEASUREMENTS FOR TRANSITION METAL COMPOUNDS

5.1 Calibration

Before measuring the electrical resistances of the
candidate materials, the measurement systems were
calibrated. This included the calibrations of the
thermocouples and the electrical resistance measurement

method.

The platinum/ platinum- 13% rhodium thermocouples
were calibrated against four reference temperatures: ice
point, boiling point of the distilled water and the
melting temperatures of pure aluminum and silver. This
consisted of measuring the resistances of two pure
aluminum and silver wires as a function of temperature up
to their melting temperatures. The melting temperature
corresponded to a sudden infinite increase in resistance
(when metals melt and the electrical circuit was broken).
However, the thermocouples were not in real contact with
the pure metals in order to avoid any contaminations,
which would result in faulty data. This experiment was

66




67

repeated several times, the results are listed below:

Reference Pt. Expected Temp. Thermocouple temp.
ice water 0°c o:é.z 0.4:3.2
boiling water 100°¢ 94+1 96+1
Al melting Pt. 660°C 658+2 656+2
Ag melting Pt. 962°¢C 962+3 959+3

The largest inaccuracy in the thermocouples read
out was within 6°C at 100°C, this may be due to a
possible contact between the thermocouples and the
container wall. Since the gradient of temperature in the
furnace should be lower than that between boiling water
and container wall, it was expected the errors for
measurements in the furnace would be lower than those

indicated in the table above.

Calibration of the system for electrical resistance
measurements was done by measuring the change in
resistance with temperature for pure platinum wire and
comparing the results with that of Vines [54]). A cycle of
heating and cooling between temperatures of 25°C and
1000°C was performed. Fig. 5-1 illustrates the results of

these measurements along with the published results of
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Vines. The resistance of the platinum wire were the same
during heating and subsequent cooling which ;§sure the
reproducibility of the measurements. The close agreements
between the two sets of data indicates the reliable
accuracy in the temperature and resistance measurements.
An error in the temperature measurements would be
detected by a shift of the two curves in the horizontal

direction (axis of the temperature).

The accuracy of the resistance measurements was
also ascertained by placing a standard resistor of 1 ohm
in series with the electrical circuit. The resistance of
this standard was determined at the same time with the
specimens, values within 2x10” 3 and 10™% were obtained by

DC and AC resistance measurement methods, respectively.
5.2 Transition Metal Compounds
5.2.1 Introduction

The refractory carbides and nitrides of the
transition metals comprise a class of compounds with many

scientifically interesting and useful properties [65]

such as :
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-high melting temperatures (around 3000°C)
-high electrical conductivity
-great hardness (comparable to diamond)
~-wide homogeneity range (e.g., Tico.s to Tico.97)

-excellent chemical stability

The combination of such properties makes transition
metal refractory compounds desirable for many special
applications. Perhaps the most important property of this
group of materials is their defect structures. Ideal
stoichiometry is generally not found in these phasesl
derivation from stoichiometry are far more common [691].
Most of the transition metal carbides and nitrides have
close-packed crystal lattices (NaCl or Hex.), with the
carbon or nitrogen atoms in the octahedral sites. If
these octahedral sites are not all occupied, the
unoccupied sites in the nonstoichiometric compound may be
considered as vacancies in the metalloid sublattice [65].
For all rocksalt structured transition metal carbides,
non-stoichiometry is due to carbon vacancies only and the
metallic sublattice remains completely occupied, as shown
by precise density measurements [53]. Some mononitrides
such as TiNx are reported to be nonstoichiometry with x

values larger than 1 and these compounds are
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characterized as containing metal vacancies [65].

However, this has not been the subject of many studies up
to now, and experimental data are still somewhat

conflicting.

A wide homogeneity range is characteristic of the
cubic transition metal compounds. Titanium carbide, for
example, has the NaCl structure from 11 %C to 20 %C by
weight. The lower extreme of this range corresponds to a
concentration of vacancies in the FCC carbon sublattice

of 50 at% and thus has the composition of TiC [671.

0.5
The presence of such a large concentration of vacancies
would be expected to affect various physical properties.
The vacancy concentration is determined by the relative
amounts of metal and carbon reacted together to form the

compounds.

The transition metals in these compounds are from
groups IV (Titanium, Zirconium, Hafnium), V (Vanadium,
Niobium, Tantalum), and VI (Chromium, Molybdenunm,
Tungsten) of the periodic table. However, not all the
carbides and nitrides of these elements seemed to be
suitable for high temperature resistance strain gage

application. Among these materials, nitrides of group VI
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were excluded from list of potential compounds because of
their chemical instability. These nitrides dissociate
rapidly into N, and metal at high temperatures. VN, NDN,
M,C and WC were also excluded due to their complex phase
diagrams and narrow ranges of homogeneity. However, since
we were only able to obtain samples of TiN, ZrN, TaN,

CrN, TiC, and ZrC among the remaining possible candidate
materials, we only studied the electrical properties on

these nitrides and carbides.

The phase diagrams of these transition metal
compounds are attached in Appendix A. The relative
properties of these materials (e.g., melting temperature,
crystal structure, homogeneity range etc.) are listed in
Appendix B, and the lattice parameter versus composition
curves for some of the materials are attached in Appendix

D.

5.2.2 Titanium Nitride

Two titanium nitride thin films were studied, one
prepared by hollow cathode discharge (HCD) method and the
other by chemical vapor deposition (CVD) method. Both

films were deposited on the A1203 substrates, and had
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thicknesses of 2 and 1.2 micrometers, resistivity of 30.5
and 1130 microohm-cm, respectively. Fig. 5-2 presents the
results of resistance change with temperature for the
specimen prepared by HCD. The electrical resistance of
this specimen was measured during two cycles of heating
and cooling in the temperature range of 23-1000°C. After
heated to 1000°C in the second cycle, the resistance
changes during an isothermal sojourn at 1000°C for 8.5
hours were also measured. As can be seen from Fig. 5-2,
this titanium nitride film showed metallic conduction;
its resistance increased with increasing temperature
following a linear regression approximation as:

R=3.55+(6.65x10% T

with a 0.9993 correlation factor. Its temperature
coefficient of resistance (TCR) at 1000°C was about
588 ppm/oc, and its resistance drift rate (DR) during 8.5
hours sojourn at 1000°C was about 0.14 %/hrs. Its
electrical resistance at any specific temperature was
the same during heating and subsequent cooling, i.e.,
this titanium nitride film had quite good electrical

resistance reproducibility.
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The TCR of a specimen at temperature T is defined

as: ?
TCR = (R—RO)IR(T-TO)
where R is the resistance of the sample at temperature
T, and R, is the resistance of the sample at a reference
temperature T, . The DR of a specimen at temperatufe T is
defined as: )
DR = (R-Ro)lRo(t-to)

where R, is the initial resistance of the sample at time
to and temperature T, and R is the resistance of the
sample after drifting for some period of time (tfto) at

isothermal temperature T.

Fig. 5-3 illustrates the change in resistance with
temperature for a titanium nitride thin film prepared by
CVD method. This figure shows the resistance of this
specimen during three cycles of heating and cooling, and
an isothermal sojourn at 1000°C for 9 hours after the
second cycle of heating. The average TCR of this sample
at 1000°C was about 143 ppm/°c (calculated in the
temperature range of 900-1010°C), about one fourth that
of the sample prepared by HCD:; however, its resistance
drift at 1000°C was larger, about 0.22 %/hr., also its

resistance reproducibility was not as good as the
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previous one. Bear in mind, materials with small TCR,
small DR and good resistance repeatability are the
desired characteristics of materials for resistance

strain gages.

A hysteresis was observed for the CVD titanium
nitride film in the temperature range of 300-800°C, and
this hysteresis decreased with the number of cycles. Fig.
5-4 is the expanded scale of the high temperature region
of Fig. 5-3. This figure shows that the resistance first
decreased then increased with increasing temperatures.
Invariably, the cooling curve exhibits a less abrupt knee
than the heating curve. An arrest in the temperature
cycling in the hysteresis range for several hours,
produced no noticeable resistance change, see table 5-1,.
In order to investigate the conduction mechanism of this
titanium nitride film, a plot of logarithm of resistance
versus reciprocal temperature is presented in Fig. 5-5§,
the slope of this curve changed from positive at low
temperature to zero then to negative value at high
temperatures. The resistance change of this film did not
follow the simple exponential law, however, it followed
an empirical expression:

R=Ro + a T+ Db explc/T) (5-1)
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Table 5-1

Resistance drift of TiN(CVD) at temperatures in the

hysteresis range

Temperature (°c) Resistance (ohm) Time (hour)
264 18.178 10)
264 18.194 1
265 18.166 2
425 16.532 0
425 16.558 0.28
424 16.596 0.95
424 16.642 1.88
569 15.545 o]
567 15.465 0.58
567 15.429 1.1
5617 15.336 6.03

568 15.582 22.5
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with the fitting parameters R,. a, b and ¢ equal to -
0.13, 0.0064, 4.289 and 708, respectively, i;e.. the
resistance of this sample depended on temperature based
on the following equation:

R=-0.13 + 0.0064 T + 4.289 exp (708/T),
the consistency between the empirical results and the
experimental results for this specimen is shown in Fig.
5-6. A straight line is observed with slope=c=708 K, and
intercept=ln(b)=1n(4.289)=1.459. At low temperatures, the
third term on the right hand side of Eq. (5-1) was
dominate and the resistance decreased with increasing
temperature; while at high temperatures, the second term
became more important and finally dominate the conduction
mechanism, as the resistance of the sample increased with

increasing temperature.

The measurements of the change in resistance with
temperature of these two specimens were repeated several
times, the results were consistent, i.e., the electrical
behavior of TiN (HCD) was always metallic while TiN (CVD)
was semiconducting. The resistance change with
temperature for two other titanium nitrides were also
measured; one sample prepared by chemical vapor

deposition (CVD) on a glass substrate with a resistivity
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of about 6290 microohm-cm behaved like a semiconductor,
and the other sample prepared by radio frequency
sputtering (RFS) on the MgO substrate with 1 micrometer
thickness and 129 microohm-cm resistivity, behaved
metallic. Therefore, the contradiction of electrical
conduction in different titanium nitrides was not
coincident. Specimens with small resistivity (<129
microohm-cm) had positive TCRs, while specimens with

large resistivity (>1130 microohm-cm) had negative TCRs.

In fact, this phenomenon was not only observed for
TiN [56-58], but it has also been observed in the TiC
[56,59], ZxC (591, CIN [60,61] and TaN [62] systems. To
date there have been no conclusive experiments performed
to resolve the conflict between the opposing points of
view of classifying these compounds as metallic
conductors or semiconductors. There seem to be ample
evidence to support both points of view. An unambiguous
answer to the question as whether these materials are
semiconductor or metallic conductors is still a subject

of intense study [61].

In order to explore the reasons which cause the

observed behavior, we adopted several techniques to
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characterize our two specimens:

(A) X-Ray Diffraction

X-ray diffraction patterns of two titanium nitride
specimens with no heat treatment and diffraction patterns
of two titanium nitride specimens annealed at 1050°C for
114 hours are illustrated in Figs. 5-7 and 5-8,
respectively. These diffraction patterns showed that
these specimens all had FCC crystal structures, and the
specimen prepared by BCD, with (111) peak predominant,
had a lattice parameter of 4.24 3, corresponding to the
composition of TiN; and the other specimen prepared by
CVD had (200) peak predominant and a lattice parameter of
4.238 4, corresponding to the composition of TiNO.g [631.
These patterns also showed the presence of unknown phase
in the TiNO_9 film with no heat trgatment. This phase
disappeared during heat treatment. All the rest peaks

observed were from the A1203 substrate.

(B) Auger Electron Spectroscopy

The elemental compositions of these titanium
nitride films were analyzed by using Auger electron
spectroscopy. The derivative Auger electron spectra of

two titanium nitride samples after surface cleaning by
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Fig. 5-7. The X-ray diffraction patterns for TiN (HCD)(a)

and TiN (cvD) (b) thin films before the heat
treatments.
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means of ion sputtering for 10 minutes are shown in Fig.
5-9. The samples analyzed had not been heat treated. The
ratio of the intensities of different chemical

compositions to that of Ti are given below:

Specimen Cl/Ti Ar/Ti C/Ti (Ti+N)/Ti O/ Ti
TiN (HCD) 0.236 0.388 1.988 1.420

TiN (CVD) 0.775 0.176 0.268 1.837 1.521

The major impurity in these TiN films was oxygen.
Chlorine signal was rather strong in the CVD film but it
was not noticeable in the Auger spectrum for the'ﬁCD
film. The true atomic composition of these films was
difficult to determine by this technique since the
strongest KL,;L,; Auger emission from nitrogen occurs at
an energy (378 eV) that completely overlaps the
transition from titanium. However, the ratio of the
intensity of combined Ti+N peak (378 eV) to that of Ti
peak (420 eV) is proportional to the nitrogen
concentration [64]. Based on this hypothesis, the sample
prepared by HCD appeared to have a higher amount of
nitrogen than those prepared by CVD. This is consistent

with the results of X-ray diffraction analysis.
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(C)Scanning Electron Microscopy

Samples for SEM analysis were cleaned by using
distilled water : HNO3 : glacial acetic acid = 1:1:1
etching solution. The scanning electron micrographs of
these two specimens before and after the electrical
resistance measurements are shown in Fig. $-10 and 5-11,
respectively. The HCD film is more homogeneous, the film
prepared by CVD possessed a larger number of voids and a
wider range of grain sizes, it also cracked after the
electrical resistance measurements. The corresponding
EDAX spectra of these two films before the electrical
resistance measurements are illustrated in Fig. 5-12.
These spectra indicate the presence of some chlorine in
the CVD £ilm but not in the HCD film, the chlorine peak
again disappeared after heat treatment. Nitrogen could
not be detected by this method because of its light

atomic weight.

(D)Hall Measurement

Hall measurements were conducted in a 4000 Gauss
magnetic field at room temperature. The results of these
measurements showed that the specimen prepared by CVD ha
a Hall mobility of 24.6 cmzlv-sec and a charge carrier
o) c -3

concentration of 2.08x102 m °, and the specimen
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prepared by HCD had a higher mobility of about 36 cm?/v-
sec, and a larger charge carrier concentration of

1.2x10%1 cm73.

From all of these analyses the difference between

these two films can be summarized as follows:

(1) the concentration of nitrogen was higher in the
specimen prepared by HCD than in the specimen prepared by
CVD. HCD film corresponded to the composition of TiN and
CvD film corresponded to the composition of TiNo.g.

(2) TiN (BCD) had higher Hall mobility. larger
carrier concentration, and smaller resistivity than
'I'iNo.9 (CVD). This suggests that the carrier
concentration and Hall mobility of titanium nitrides both
increased with increasing nitrogen concentration; and the
resistivity of the specimen decreased as nitrogen
concentration increased.

(3) Auger spectra and EDAX spectra of the TiN film
prepared by CVD showed presence of chlorine in this film
and the unknown phases detected by the X-ray diffraction

of CVD film may correspond to the existence of a chlorine

containing phase, which disappeared upon heating.

It is, therefore, possible to speculate that the




reason for difference in electrical resistances of these
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two titanium nitride films is either the nonstoichiometry

of the film or the presence of Cl. However, the analysis
of the heat treated films showed that Cl evaporated
during heat treatment, so chlorine would not be the
reason for difference in electrical properties of these
films and we can therefore conclude that the reason is
the defect structure induced by nonstoichiometry.
Substoichiometric specimen with a low nitrogen
concentration had a larger resistivity and showed

semiconducting behavior.

The presence of the structural vacancies would be
expected to affect various physical properties of
materials. It is obvious that the basis of such behavior
is the change in electronic structures due to the
presence of vacancies in the crystal lattice. The study
of electronic structures of vacancies and perturbations
caused by them in the energy spectrum of a crystal is
therefore a problem of great interest and importance.
This point will be taken up in the final section of this

chapter.

5.2.3 Zirconium Nitride
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Four zirconium nitride thin films prepared by r.f.
sputtering (RFS) in mixed argon and nitrogenf;eactive
gases were studied. The sputtering was performed at a
total pressure of 6:(10-2 torr with different nitrogen
partial pressures (PNZ)' The alumina (A1203) substrates
were maintained at a temperature of 270°C during the
sputtering. The relative characteristics of these four

specimens are as follows:

Sample N,/Ar+N, Pyo Thickness Resistivity
(ppm-torr) h) {microohm-cm)

1 0.19 114 5900 180

2 0.18 108 5750 211

3 0.16 96 5800 255

4 1.65 990 5100 393

The change in resistivity with nitrogen partial
pressure and with film thickness are shown in Figs. 5-13
and 5-14, respectively. These figures show that the
resistivity of zirconium nitride appears to first
decrease and then increase with increasing nitrogen
concentration, and the resistivity of the films appears
to decrease with an increased in the thickness of the

films.
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These four zirconium nitride specimens were
annealed before electrical resistance measuréments.
Samples 1 and 2 were annealed at 1007°C for 30 hours, and
samples 3 and 4 were annealed at 1050°C for 95 hours.
Samples 1 and 2 were tested at one time and 3 and 4 at
another time. The change in resistance with temperature
and change in resistance during an isothermalmsojourn at
1000°C for these samples are illustrated in Figs. 5-15 to
5-18. As seen from these figures, the resistance of these
four ZrN films all increased with an increase in
temperature. However, their behaviors did not follow a
simple linear law, saturation at high temperatures was
observed in three of the four films. In order to test
whether the theory of Mott and Jones, as presented in the
form of Eq. (3-5), could explain this saturation
behavior, these resistance data were then plotted as
R(T(1+6B-1T))"1 versus T>. If the data fits Eq. (3-5), one

would expect a straight line for all specimens.

Fig. 5-19 shows such a plot for four ZrN samples,
data are from the second heating cycle, with the
Gruneisen constant y=1.49, and the thermal linear
coefficient of expansion B=7.24x10 ° for ZrN [66]. It is

seen that the results are indeed linear except at
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temperatures below the Debye temperature (TD=684K) where
Eg. (3-5) is no longer valid. Therefore, it kg concluded g
that theory of Mott and Jones is valid for the electrical
resistance behavior of ZrN at temperatures higher than

the Debye temperature.

The reduced resistance changes with temperature for
these four ZrN samples were compared and presented in
Fig. 5-20, these data are also from the second heating
cycle. It is seen that the relative resistance change
from room temperature to 1000°C increased as the nitrogen
concentration decreased. However, it was found that the
value of TCR at 1000°C. where the resistance saturation
was observed, first increased and then decreased with
increasing nitrogen concentration. In addition, the
resistance drift rates of these four samples all

decreased as the number of cycles increased.

The TCR of these specimens at 400°C (below Debye
temperature) and 1000°C (above Debye temperature)
together with their drift rates at 1000°C were calculated

and listed below:
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Specimen Py, TCR TCR DR’
(ppm-torr) (at 400°C) (at 1000°C) (%/hr)

1 114 405 275 -0.26%

2 108 560 228 ~0.30%

3 96 574 184 1.60"
4 999 294 212 -0.54"

¢ data were taken after cycle two heating for a 16

hours(#) or 19 hours(+) sojourn at 1000°C.

The crystal structures of these specimens were
studied from their X-ray diffraction patterns. It was
found that these four r.f. sputtered zirconium nitride
films all had FCC crystal structures. The lattice
parameters (LP) and the ratio of the intensity of (111)
peak to that of (200) peak of samples, as well as the
nitrogen partial pressure (Pnz) during sputtering

preparation are tabulated as follows:

Sample PNz(ppm-torr) LP(R) I(111)/1(200)
1 114 4,5785 3/8
2 108 4.5768 1/60
3 96 4.5692 0/ 42
4 990 4.5717 5/12

Fig. 5-21 illustrates the variation of the lattice
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parameters of these specimens with nitrogen partial
pressure. It is seen that the lattice parameters first
increased with increasing nitrogen partial pressure up to
114 ptorr. However, at higher nitrogen partial pressures,
the lattice parameter decreased with increasing nitrogen
partial pressure. Toth [65] and Khaenko [69] found that
for transition metal compounds, the lattice parameter is
maximum near the stoichiometric composition. The
relations between lattice parameter and composition for
some of the compounds are shown in the Appendix D. This
relati on in ZrN is not well established, however Yajima
et al. [70] studied the lattice parameter-composition
relation for ZrN, hyperstoichiometric compound, also
shown in the Appendix D, and found that the lattice
parameter of ZrNx (for x>1) also had maximum at the
stoichiometric composition. Comparing our lattice
parameter data with theirs and taking into account the
nitrogen partial pressure relation between specimens,
sample 1 is expected to have near stoichiometric
composition, and samples 4 had hyperstoichiometric
composition with x=1.102., Sample 2 and 3 are expected to

have substoichiometric composition.

The density studies in conjunction with lattice
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parameter studies in transition metal compounds have
shown that at substoichiometric composition, the nitrogen
sublattice is predominantly defective, and at
hyperstoichiometric composition, the metal sublattice is
defective [65]. Therefore, sample 2 and 3 had more vacant
sites on the nitrogen sublattices (Vﬁ) and samples 4 had
more vacant sites on the zirconium sublattice (VZr)' The
vacant sites on both the nitrogen sublattice and

zirconium sublattices are about the same in sample 1.

Therefore, taking into account the composition.
resistivity and TCR altogether for four samples, it can
be concluded that for zirconium nitrides:

(1) resistivity of the film increased as the
concentration of vacancies (both Vy and Vz:’ in the film
increased. (Fig. 5-13)

(2) resistance saturation at high temperatures was
more significant for specimen with higher vacancy
concentrations (both vy and VZr)' The saturation in
sample 1 which had near stoichiometric composition was
not significant. (Fig. 5-20)

(3) at high temperatures (higher than Debye

temperature), TCR of the films decreased as vacancy

concentration increased, while at low temperatures TCR
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increased with increasing vacancy concentration. (see
Fig. 5-20)
(4) the resistance drift rates of these films
increased with increasing vacancy concentrations, and

decreased with number of thermal cycles.
5.2.4 Tantalum Nitride

Three tantalum nitride thin films prepared by
Magnetron r.f. sputtering technique in an argon-nitrogen
plasma were analyzed. The total pressure of mixed gases

3

of argon and nitrogen was about 1.5x10 ° torr, and the

temperature of Al,0, substrate was kept at 250°¢.

The nitrogen partial pressures (PNZ). thicknesses
and resistivities of the specimens prepared by this

technique are as follows:

Sample N2/Ar+N2 thickness resistivity Pro
(%) }) (microohm-cm) (ppm-torr)

1 22 8400 113 330

2 25 12600 103 375

3 40 5300 165 600

Plots of resistivity versus nitrogen partial
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pressure and resistivity versus thickness of these

s

specimens are illustrated in Figs. 5-22 and=5723. It is
seen that the resistivity of tantalum nitridevfirst
decreased and then increased with increasing PNZ' and its
resistivity decreased as the thickness of the film

increased, as was the case for ZrN.

The resistance versus temperature behaviors of the
three specimens for two cycles of heating and cooling,
and a sojourn at 1000°C for 11 hours are presented in
Figs. 5-24 to 5-26. These specimens all showed metallic
behaviors as their resistance increased with increasing
temperature. Their average values of TCR and DR at 1000°c

are:

Sample PNz(ppm-torr) TCR(ppm/OC) DR(%/hr)

1 330 255 0.53
2 375 301 0.50
3 600 438 -0.16

From these data, it is noted that the TCR of
tantalum nitrides decreased with decreasing nitrogen
partial pressure, and their DR increased with decreasing
nitrogen partial pressure as in the case of TiN and ZrN.

It appeared that low TCR and low DR tended to be mutually




RESISTIVITY (microohm-cm)

Fig.

4

170

1S0

130

110

80

112

300 350 400 450 S00 S50 600 650
NITROGEN PARTIAL PRESSURE ﬁNémicrotorr)

5-22. Variation of room temperature resistivity with

nitrogen partial pressure for tantalum nitride
thin films.




113

~ 170
E a
4]
|
E
‘é
o 150 p
L
)
L)
E
A ¥4
> 130
P -
)
>
-
g
2 110
wn
w O
x
gD 1 1 L L 1 A [
S 6 7 8 =] 10 11 12 13
THICKNESS (10°A°)
Fig. 5-23. variation of room temperature resistivity with

thickness of the film for tantalum nitrides.



114

3‘8
O CYCLE 1 HEATING
o <
3.6 |- A CYCLE 1 COOLING o Ry
+ CYCLE 2 HEATING o ° é""‘
2 3.4 o Ot
E ¢ CYCLE 2 COOLING ° At D
g ° + O
3.2} ° o 4': o
Ww
0 ° at O
Z 3.0t o .at O
< + O
r o +Ag
PaN
n 2-8 F o+
W V4N
x & O
2.6 o2
-9 I& N, 7 (N, +Ar) =22%
o
|: I L [ 1 1 - |
=45 1S0 300 450 600 7SO0 900 1050

TEMPERATURE (¢°D)

Fig. 5-24. variation of resistance with temperature for
TaN-1, with PN2=330 ppm-torr during
sputtering.




115

2.8
0 CYCLE 1 HEATING °
° t
2. | & CYCLE 1 COOLING o i
+ CYCLE 2 HEATING ° +0
2 ° +40
E ¢ CYCLE 2 COOLING ° +ag
£ 2.4 r © A0
9 ° I'S
o a

w < o+ (]
'S 2. 2 u < A L o [m)
z © a
- a -+ a
g 2.0 o + (]
n a
& a® o

1.8 |

LD N/ (N, +Ar) =25%
1. s 'l [ [ | [} I}
O 150 300 450 600 750 900 10S0

TEMPERATURE ¢°C)

Fig. 5-25. variation of resistance with temperature for

TaN-2, with P

sputtering. N2

=375 ppm-torr during




RESISTANCE <(ohm)

116

4.0

O CYCLE 1 COOLING &,

A CYCLE 2 HEATING = WL

(]

5T =

+ CYCLE 2 COOLING A +

AO 4
AO
AQ 4
3. 0 r AD +
ab 4
DAD +
-+
2.5 r 2 +
- +
- +
A'_?_f"‘
+

2.0 +.*'

S N3/ (Np +Ar) =40
1. s [ ] . [] A L.

0 150 300 450 600 750 800 1050
TEMPERATURE ¢°C)
Fig. 5-26. variation of resistance with temperature for

TaN-3, with PN2=600 ppm-torr during
sputtering.



117
exclusive. The reduced resistance change with temperature
for these three specimens are compared and illustrate in
Fig. 5-27. High temperature resistance saturation which
was noticed as in the case of ZrN was not observed for

these three TaN film.

The crystal structures of the TaN sputtered films
were determined by X-ray diffraction. The diffraction
patterns indicated that the structures of the films

depended on the nitrogen partial pressure, when P, was

N2
low as in samples 1 and 2, the presence of a mixture of
hexagonal e-TaN together with a small amounts of
hexagonal Ta,N was observed, when nitrogen partial
pressure was high, as in sample 3, a mixture of e-TaN
with small amounts of Ta,N; was observed. The lattice
parameters of e-TaN phase in these three films are

calculated and listed below:

Specimen a(d) c(R) cl/a

1 5.2009 2.8662 0.551
2 5.2009 2.8609 0.550
3 5.2097 2.8405 0.545

The chemical compositions of these TaN, samples

were also studied by Auger electron spectroscopy. The
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derivative Auger electron spectra of these TaN, samples )
are shown in Fig. 5-28. It was found that tﬂe.major
impurity in these films was oxygen. The ratio of the
intensities of nitrogen to that of Ta are as follows:

Specimen 1 2 3
IN2/ITa 0.460 0.492 0.575
These data suggested that specimen 3 had the ﬂighest and

specimen 1 had the lowest nitrogen concentration (x).

It is concluded that as the nitrogen concentration
(x) in TaNx film increased, the resistivity and DR of the
film decreased, while TCR increased (see the second table

in this section).
5.2.5 Chromium Nitride

As already mentioned in section 5.2.1, chromium
nitride was not in our final list of selected materials
due to its dissociation at high temperatures. However, in
order to make a systematic analysis of transition metal

nitrides, it was included in this research program.

A hollow cathode discharged chromium nitride thin

film with a resistivity of 13.8 microohm-cm was studied.
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Its resistance versus temperature curves for two cycles
of heating and cooling are presented in Fig. 5-29. It is
seen that the resistance increase had a polynomial
instead of linear dependence on temperature. This is due
to the dissociation of CrN at high temperatures. Its TCR

at 1000°C was about 710 ppm/°C and its DR was 20 %/hr.

5.2.6 Titanium Carbide

Two titanium carbides thin films were studied. One
prepared by activated reactive evaporation (ARE) and the
other prepared by chemical vapor deposition (CVD). The
samples were deposited on the A1203 substrates to
thicknesses of 2.0 and 1.5 micrometers, and had

resistivities of 39.4 and 169 microohm-cm, respectively.

Fig. 5-30 presents the resistance versus
temperature curves for TiC (ARE) for two cycles of
heating and cooling, and Fig. 5-31 presents the results
for TiC (CVD). It is seen that the resistance of both
samples increased with increasing temperatures with TCR
values at 1000°C of 338 and 210 ppm/°C and DR (measured
after cycle two heating) of 0.06 and 0.5 %/hr for the ARE

and CVD prepared samples, respectively. It was also found
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that TCR of TiC (ARE) decreased with cycling while that
of TiC (CVD) increased with cycling, and as in the case
of TiN the specimen prepared by CVD had inferior
electrical stability.

The crystal structures of these two specimen were
also examined by X-ray diffraction. Both films had FCC
structures with lattice parameters of 4.327 for TicC
(ARE) and 4.331 & for Tic (cvD). Comparing these values
with the relation between lattice parameter and
composition data of Stroms [53]1, shown in Appendix D, it
is found that the TiCx specimen prepared by ARE had
higher carbon concentration with x value close to 1, and
the sample prepared by CVD had x close to 0.85. The
relative properties of these two TiCx specimens were
compared and are listed below:

Specimen x resistivity TCR DR
(microohm-cm) (ppm/°C) (%/hr)
TiC(ARE)

n
-t

39.4 338 0.06

TiC(CVD) = 0.85 169 210 -0.5

It is therefore concluded that for 'ricx as carbon
concentration of the specimen decreased, i.e., as carbon

vacancy concentration increased, the resistivities and
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the DRs of these specimens increased, while their TCR
values decreased. This conclusion is similar to the
conclusion made for the nitrides in the previous

sections.

Many researchers have investigated the dependence
of resistivity upon vacancy concentration on the carbon
sites and found that an approximately linear relation
exists between them at low vacancy concentrations (<10%).
For the particular case of TiC, Williams [68] found that
the resistivity of TiCx varied by 16 microohm-cm per at%
vacancies, an order of magnitude larger than the'effect
found in noble metals. For high vacancy concentrations,
resistivity saturates as shown in Fig. 5-32. Data from
this work are also shown in this figure (marked as "X"),
the resistivities of our two specimens were lower than
that of William’'s samples with same compositions. However
the tendency of the resistance change with carbon

concentration are the same in two cases.
5.2.7 Zirconium carbide

The zirconium carbide specimen studied was prepared

by ARE method. Zirconium was deposited on the A1203
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substrate by electron beam gun in gaseous C2H2 at a
vapor pressure of (2-5)x10"° torr, with the substrate
témperature maintained at 300°C during evaporation. The
thickness and resistivity of this film were 2 micrometer

and 560 microohm-cm, respectively.

The resistance versus temperature curves for this
ZrC sample are presented in Fig. 5-33 for three heating
and cooling cycles. Resistance saturation at high
temperatures was again noticed as in the case of ZrN. In
order to test whether the theory of Mott and Jones also
applied to ZrC, a R(T(1+6ByT)) ! versus T? plot was made
for ZrC and is shown in Fig. 5-34, taking Gruneisen
constant vy= 1.50, and thermal linear coefficient of
expansion B=6.7x10 % for ZrC [66]1. Again, it was found
that the results are indeed linear at temperatures higher
than the Debye temperature (744K). Therefore, Mott and
Jones theory also described well the observed electrical
resistance of zirconium carbide for temperatures higher

than the Debye temperature.

The TCR of this sample was about 180 ppm/°C at
1000°C and its DR at 1000°C was about 0.13 %/hr for a 14

hours sojourn after cycle 1 heating and about 0.1 %/hr
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for 4 hours sojourn after cycle 2 heating. Based on these

-

’

low values this material was considered to b;,a good
candidate material for high temperature resistance strain

gage application.

The crystal structure of this 2rC film was examined
by X-ray diffraction. It was found that this %ZrC film had
FCC structure with lattice parameter of 4.701 A.,
Comparing this value with that of Storms [53], shown in

the Appendix D, this 2rC, specimen had a composition

either Zrco.76 or Zrco.9.

5.3 Discussion

The experimental results for the transition metal
compounds mentioned in the previous section are
summarized in Table 5-2. The results suggest the
following:

(1) The resistivities (p) of these compounds
increased with increasing the vacancy concentration (Nv).
However, the increase in resistivities with increasing
vacancy concentration was much larger in TiNx than in
Ticx. This result is mainly dﬁe to the fact that in TiNx

the concentration of charge carriers (n) decreased as Nv
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Table 5-2

Summarized results for transition metal compound MX_

Specimen P2 X/M Resistivity TCR DR
(ptorr) (pohm-cm) (ppm/°C) (%/hr)
TiN(HCD) 1 30.5 588 0.14
(CVD) 0.9 (VN) 1130 143 0.22
ZrN-1 114 =1 (VN) 180 275 -0.26
-2 108 {1 211 228 -0.36
-3 96 <1 + 255 184 1.6
-4 990 ~1.10 (VZI) 393 212 -0.54
TaN-1 330 + 113 255 0.53
-2 375 103 301 0.5
-3 600 (VN) 165 438 -0.16
CrN 13.8 710 2%
TiC(ARE) =1 39.4 -338 0.06
(CVD) 0.8 (VC) 169 210 -0.5
2rC 0.76 (VC) 560 180 -0.13
or 0.9

* TCR and DR values are based on the data of 1000°C. and

DR were measured after cycle two heating.
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increased, while in the case of Ticx. the concentration
of charge carriers increased as Nv increased, and in both
compounds., the mobility (u) decreased with increasing N,
(based upon our Hall measurements results and others
[771). Apparently the vacancy scattering which results in
decreasing the mobility offsets sufficiently the increase
in charge carriers with increasing carbon-deficient in

the case of TiC, since p=1/nep.

(2) The TCR of these transition metal compounds
decreased as the resistivities of the compounds
increased. This is illustrated in Fig. 5-35 and this
relation between the TCRs and resistivities of specimens
is similar to that of Mooij's model [28] for strongly
disordered metallic alloys mentioned in chapter 3 (see
Fig. 3-1). In the case of these transition metal
compounds, high scattering which is caused by the high
concentration of vacancies, resulted in high resistivity
and low TCR. Extrapolation of the data in Fig. 5-35
suggests that TCR passed through zero at resistivity of

about 800-1000 microohm-cm.

(3) The TCR of the stoichiometric carbides were

lower than those of their corresponding stoichiometric
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nitrides., for examples, TCR of TiC was lower than that of
TiN and TCR of ZrC was lower than that of ZrN, as shown
in Fig. 5-36. In the figure, TiC (ARE) TiN (HCD) and ZrN-
1 all had composition near stoichiometry. Although 2rC
was not stoichiometric, it was the only ZrC sample we
had, therefore, we used it for comparison. In addition,
the TCR of a transition metal nitride (or carbide) at
1000°C decreased with an increase in the vacancy
concentration, this may be due to the strong vacancy

scattering which compensates phonon scattering.

(4) The TCR of stoichiometric ZrN was lower than
that of stoichiometric TaN, which itself was lower than
that of stoichiometric TiN which has a TCR value smaller
than that of CrN, i.e., TCRypn ¢ TCRpay € TCRpiy ¢
TCR~, N+ @8 presented in Fig. 5-37. TCR of ZrC is lower
than that of TiC as shown in the Fig. 5-38. These results
indicate that the the TCR of transition metal nitrides
and carbides with transition metals in the same column of
the period table decreased as quantum number of the
transition metal increased. Also the TCR of transition
metal nitrides decreased monotonically as going from

compounds of metal of group VI to those of group V then

to those of group IV of the period table.
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(5) High temperature resistance saturations were
observed in the ZrC and ZrN systems. These two samples
had larger resistivities (in the range of 180 and 560
microohm-cm) that resulted from stronger vacancy
scatterings among all of the specimens studied except

microohm-cm and resulted in a negative TCR.

(6) The presence of both a small TCR and a small DR
value seemed to be mutually exclusive. However, the
source of the high temperature resistance drift for the
materials investigated was not ascertained. Note that
pure platinum also displayed a high temperature

resistance drift (x~ 0.2 %/hr).

In order to truly understand the conduction
mechanisms of transition metal carbides and nitrides and
to make a systematic analysis, we needed more data on
some of these materials and therefore it was necessary to
adopt the results of other investigators on these group

of materials.

As mentioned in the beginning of this chapter,

these transition metal nitrides and carbides are of
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particular interest, because, on one hand they have high
melting temperatures and are ultra hard, properties
typical of covalent compounds. On the other hand, they
show metallic luster and have high thermal and electrical
conductivities. Many of these compounds crystallize in
the NaCl structure, typical of ionic crystals. Since some
experiments indicate that there is some charge transfer,
these compounds actually combine covalent, metallic and
ionic binding [55]. Although this has been generally
agreed on, there are numerous contradictory theories on
the extent or importance of each of these factors in
these compounds. In spite of the considerable amount of
theoretical work have been carried out, no single theory
has been totally successful in explaining their
properties. In addition, the question as to whether these
materials are metals or semiconductors is unresolved and

remains a controversial subject still under study.

Bilz [71] calculated the first band structure for
TiC and TiN using a simplified linear combination of the
atomic orbitals (LCAO) method. He found that the M-X
bonds to be more important than M-M bonds, but, in
addition to the covalent aspect, a charge transfer from

the metal to nonmetal takes place. A large but opposite
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charge transfer was obtained by Costa and Conte [72] and
by samsonov [73], who favored M-M bonding and completely

neglected the M-X interaction.

Samsonov and Sinelnikova [74] reviewed previous

analyses of the transition metal compounds for the years
1930-1960 and pointed out that the TCR of metal carbides
generally decreases as one go from metals in group IV to
group V and then to group VI of the periodic system. They
compared this with the decrease of the accepter ability
of d electron levels of metallic atoms in this series.
They asserted that the TCR of silicide is considerably
higher than that for the corresponding borides, than
carbides, finally nitrides, i.e., TCRMsiz > TCRMB2 >
'I‘CRMC > TCRyy They related this behavior to the greater
ease of detachment of electrons from silicon atoms than
from boron atoms, carbon atoms and.finally nitrogen
atoms, comparing to the difference in their ionization
potentials (8.151, 8.298, 11.26, 14.53 eV, respectively).
Since his conclusion was based mainly on the M-M
interaction, and assumed that the nonmetal atoms donate
electrons to the M-M metallic bonds, but totally
disregarded the M-X interaction, his model is not

accepted today.
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Recently, Dunand, Flack and Yvon [76] used high- )
precision, high-resolution x-ray diffractioﬁ measurements
to study TiC and TiN refractory compounds. Their analysis
showed that ionicity is important, with a charge transfer
from the metal to the nonmetal of 2.14e in the carbides
and 1.94e in the nitrides. They suggested that the metal-
to-metal bonding is similar in TiC and TiN while the
metal-to-nometal bonding has greater strength in. TiC than
in TiN. Maayer and Mackenzie [77] who studied the TiCx
and TiNx thin films by Ball measurements found that the
concentration of electrons increased with decreasing C-
content but in the case of the nitride it decreased with
decreasing nitrogen content and they concluded that the
charge transfer in the TiN occurred from the nitrogen to
the titanium atom, while in TiC, the titanium atoms gave
up electrons to carbon atoms. Our experimental results of
Hall measurements for TiN and TiC supported this

argument.

In order to understand the basis of the electrical
properties for these materials, a study on the electronic
structures of these materials and the changes in
electronic structures with the vacancies concentration in

these crystal lattices are necessary. Electronic band
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structures have been calculated for many stoichiometric
transition metal carbides and nitrides. These
calculations have been summarized in two reviéw articles
by Calais [75] and Neckel [55]. From these reviews the
band structures of the transition metal compounds studied
in this work are shown in the Figs. 5-39 and 5-40. As a
result, which is well confirmed by various experimental
measurements, most of the band structure calculations
produce a narrow low-lying valence band which is
predominantly formed by metalloid 2s states (metalloid 2s
band) and is separated by a gap from a set of valence
bands resulting from the interaction of metalloid 2p with
metal d states. The energetically lower part of these
bands corresponding to bonding metalloid-p metal-d
interactions (metalloid 2p band) is separated by a deep
valley in the density of states (DOS) from the higher
part of these bands (metal d bond). This latter part
corresponds mainly to the metal-d metal-d bonding, to
nonbonding metal 4 states and also to antibonding metal-d
metalloid-p interactions. Therefore, the valence
electrons for transition metal compounds can be divided
into two groups: (1) electrons essentially localized in
Me-X bonds., which play a crucial role in determining

lattice properties of the compounds, high melting points,
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Fig. 5-40. The electronic band structures for TiC (a)

(after Calais [75]) and ZrC (b) (after Schwarz
et al. [113]).
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hardness etc., (2) electrons in the d-like high-energy
states, which are responsible for "electronic” properties

[78].

Neshpor and Samsonov [79] studied the electrical
properties of molybdenum silicides and quantitatively
derived a relation between electronic heat capacity.
density of states at the Fermi level N(EF) and TCR. For a
material with a low density of electron states ih the
conduction band, the scattering probability of the charge
carriers is low and therefore carrier mobility is high,
which results in low TCR value. Since the determination
of N(EF) is possible with the electronic specific heat

constant vy, then we can relate y = N(EF) « TCR.

This theory has also been supported by Nemchenko
[61] in his study of the nitride interstitial phases. He
suggested that the increase in electrical resistivity
with the increase in temperature should be greater for
conductors with larger N(EF). which result from a larger
heat capacity constant y. For the nitrides of group IV
metals, y is appreciably higher compared to the carbides
of these metals, while in group V this difference

virtually disappears, This predicts that nitrides will
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have a higher TCR than carbides. This is consistent with
the density of states calculations presented in Figs. 5-
41 and 5-42. From these figures, it is seen that nitrides
of titanium and zirconium, have larger N(EF) (10.28 and
10 states/Ry unit cell, respectively) than those of their
corresponding carbides (3.57 and 3.125 states/Ry unit
cell, respectively), while the difference between the
N(EF) of NbN (8,66) and NbC (8.33) is not significant.
Therefore, nitrides of Ti and Zr should have greater TCR
than their corresponding carbides, while the TCR of NbC
and NbN should be about the same. This is confirmed by
our experimental results, which indicated that TCR of TiC
to be lower than that of TiN, and TCR of ZrC to be lower
than that of ZrN (shown in Fig. 5-36). Also noted that
the N(EF) of ZrC (3.125) is smaller than that of TiC
(3.57), and N(EF) of ZrN (10) is smaller than that of TiN
(10.28), Fig. 5-41. This is also consist with our
experimental results as shown in Fig. 5-37 and 5-38.

All of the existing band structure calculations as
well as data on electronic specific heat and magnetic
susceptibility in these transition metal stoichiometric
compounds have indicated a minimum in the density of
states at Fermi level which means minimum TCR for the

group IV carbides [80].
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In 1980s, results of photoemission spectra of
stoichiometric and substoichiometric titanium nitrides
[81,82] and niobium carbides [83] showed that a vacancy
peak situated in the DOS minimum between metalloid p and
metal d band develops with increasing vacancy content in
the lattice. Furthermore the Fermi levels of these
compounds do not change with increasing vacancy content
(see Fig. 5-43). The experimental results of soft X-ray
emission spectra [84] and electron energy-loss spectra
[85] of substoichiometric titanium carbides and nitrides
also suggest the presence of so called "vacancy étates'
in order to keep the Fermi level fixed when nonmetal

atoms are removed from the lattice.

Such a peculiarity of electronic structure enables
us to understand the variation of physical-chemical
properties of transition metal compound (Mxx)' The
density of states for some non-stoichiometry transition
metal compounds are presented in Figs. 5-44 and 5-45. As
can be seen the presence of nonmetal vacancies results in
increases in the density of states at the Fermi energy
level N(EF). The consequence is an increase of magnetic

susceptibility value X, electronic specific heat y, and
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TCR. In the present work this behavior was found only in
the ZrN system at low temperatures, where ité_TCR
increased as vacancy concentration increased. However, at
high temperatures this is not the case for ZrN or other
materials. This is because the band structures were
calculated for T=0 K and hold only for low temperatures.
We infer from the resistivity measurement that the ZrN
system had a stronger vacancy scattering than other
compounds so the vacancy effect at higher temperatures is
more important in this material than in other materials.
At high temperatures the resistance thus the TCR of the
specimens induced from both temperature and vacancy

effects must be considered together.

As has been noted, the dependence of the residual
resistivity on defect structure does not follow the
simple linear rule for TiNx. Instead, an exponential
behavior was observed [77]. Matthiessen’'s rule [Eq. (3-
1)] is therefore of the form:

P =P, Pp=at bT+c exp (d Nv) (5-2)
where a, b, ¢ and d are constants, and Nv is the vacancy
concentration. For TiC the linearity relation holds [77],
and the Matthiessen’'s rule is written as

P =P,y +pT = a+bT+cC Nv (5-3)
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Bowever, when the vacancy concentratioh»(Nv) is
high (Nv > 10%) the simple forms of Matthiessen’'s rule,
which considers the resistivity of defects to be
temperature independent, do not hold. Dy and Williams
[86] studied the vacancy effects on the electrical
properties of NbC system, and Shacklette and Williams
[80] studied this effect in VC system, they both claimed
that vacancy scattering is important at low temperatures
but not at high temperatures. They found that the curve
of resistivity versus temperature fitted either of the
empirical expression

p(T) = p(ideal) + c' exp(d'/T) (5-4)

or a "parallel resistor” formula

1/p(T) = 1/p(ideal) + 1/p(max) (5-5)
where p(ideal) = Po + B'T. p, is the residual
resistivity, b’', ¢’ and 4’ are fitting parameters, and
P nax is the apparent saturation value of the resistivity
at high temperatures. Fisk and Webb [87] have called this
effect “"saturation” and argue, as does Mooij [28], that
this effect is associated with the mean free path
decreasing towards a minimum value - the interatomic

spacing a.
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This saturation effect was also observed in this
work for ZrN and ZrC systems. In order to ascertain
whether observed data for these systems also satisfied
Eg. (5-5), plots of (Rmax X R)/(Rmax-R) versus
temperature for ZrN and ZrC were made, taking Ppnax 28
1000 microohm-cm (from Fig. 5-35). These plots are shown
in Figs. 5-46 and 5-47, respectively. Straight lines were
expected and are indeed observed. The magnitude of the

resistivity saturation value Pnax Was larger than that

X
suggested by Mooij [28]. This is due to the smaller mean
free path which results from the larger vacancy

concentrations in these compounds. The mean free.path of
the materials is proportional to the reciprocal of defect

concentration [49].

When the resistivity of material is larger than the
saturation value, one would expect negative TCR as
suggested by Mooij [28]. This is observed in the case of
TiNo'g in the present work, Fig. 5-3. As discussed in the
Section 5.2.1., TiNo.9 had resistivity of 1130 microohm-
cm, which was larger than 1000 microohm-cm, and its
electrical behavior followed Eq. (5-1), which was the
same as Eg. (5-4). At low temperature, the exponential

term of the Eg. (5-1) dominated and a decrease in
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resistivity with an increase in temperature was observed.
While at higher temperature the second term of the Eq.
(5-1) became more important and an increase in
resistivity with increasing temperature was observed.
Since most of the previous work on transition metal
compounds was conducted in the low temperature range,
where the resistivity decreased with temperature, the
behavior were therefore characterized as semiconducting.
However as shown for 'I‘iNo.9 while the resistivity
initially decreased with temperature, it increased at

higher temperatures.

Although the order-disorder transition was not
observed for materials studied in this work, it does
occur in some of the transition metal compounds [118,
119]. The transition temperatures, the range of
compositions for ordered phases and some phase diagrams
concerning the order-disorder transitions for transition
metal compounds are attached in Appendix E. Materials for
resistance strain gage application should have
compositions with no order-disorder transition in the

entire range of the operating temperatures.

5.4 Summary
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From this study we conclude that the resistivities ’
of transition metal carbides and nitrides increased and
their TCR decreased with increase in vacancy

concentration. Resistivity saturated at Peat = 1000

t
microohm-cm, suggesting the electron mean free path was
saturated at its lowest limit- the interatomit¢ spacing.
For resistivities larger than 1000 microohm-cm, negative
TCR values were observed. Therefore, we suggested that
these compounds are metallic in nature, and the
semiconducting behavior observed for some specimens are
due to the high vacancy concentration in these materials,

which results in higher resistivity than the saturation

resistivity.

Materials with small electronic specific heat
constants had low density of states at the Fermi levels,
and therefore had low TCR values. Among the
stoichiometric carbides and nitrides, carbides had lower
TCR than nitrides, Group IV carbides had the lowest TCR,

and TCR of ZrC was smaller than that of TicC.




CHAPTER 6
RESULTS AND DISCUSSION ON THE ELECTRICAL RESISTANCE

MEASUREMENTS FOR SEMICONDUCTORé ,

6.1 Introduction

Traditional semiconductor resistance strain gages
are made of silicon or germanium, which have band gaps of
1.11 and 0.67 eV, respectively. In order to extend the
working temperature of the strain gages to higher
temperatures, semiconducting materials with band gaps
larger than 1.11 eV are therefore needed. ae-Silicon
carbide, B-silicon carbide and boron carbide witﬁ band
gaps of 2.86, 2.3 and 2.5 eV, respectively, were chosen
for this study. Their intrinsic conductions all occur at

temperatures above 1000°C.

Boron carbide and silicon carbide have the highest
chemical resistances among the refractory carbides. They
are not decomposed by mineral acids or mixtures of them,
including the mixture of nitric and hydrofloric acids
which decomposes almost all the transition metal carbides
(except those of chromium). The high chemical resistance
of the boron and silicon carbides may be attributed to

161
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the strong covalent bonds between the atoms of carbon and
boron or silicon and to the very low concentration of
unlocalized electrons. This property makes these
compounds suitable for application in the severe

environment.
6.2 Boron Carbide

The boron carbides B, xCx in the composition range
of 0.1<{x<0.2 represent a class of single-phase solids
with remarkable mechanical and electronic properties
[88]. They are believed to crystallize in a rhombohedral
structure R3m consisting of a twelve-atom deformed
icosahedra shared at the corners of the unit cell and a
three-atom chain, containing one or more carbon atoms,
along the cell diagonal connecting the icosahedra [89,90]
(see Fig. 6-1). The boron carbides are highly stable
(melting temperature = 2470°C) and have high electrical
conductivities and Seebeck coefficients as well as low
thermal conductivities [89]. These features have
stimulated considerable interest in these materials for
possible applications in efficient high-temperature
thermoelectric generators. More generally, these

materials have potential applications as very- high -
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Fig. 6-1. Crystal structure for boron carbide; carbon
atoms are distributed among open circles and
within icosahedra (after wWood and Emin [891]).
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temperature semiconductors.

The change in resistances with temperatures for a
hot pressed B4C was first measured under vacuum during
two cycles of heating and cooling. These data are shown
in Fig. 6-2, a decrease of the resistance with increasing
temperature was observed. Furthermore, the resistance was
altered somewhat with thermal cycling, the magnitudes and
directions of the changes depended on the temperature and
previous history of the sample, this is shown in the Fig.
6-3, which is an expanded scale of the high temperature
section of Fig. 6-2. These changes, amounting to at most
4 %, occur on thermal cycling to temperatures in the
vicinity of, or above, a knee in resistance curves

occurring at about 750°C and above.

A resistance which decreases in an activated manner
with temperature can arise from two causes. First, it
can, as in conventional high-mobility semiconductor, be
ascribed to an increase in the carrier density with
temperature. In this situation the resistance (R)
decreases with temperature (T) as

R = Aexp(Eg/2kT),

where A is a constant, Eg is the band gap of the
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specimen, and k is the Boltzman constant. The second
possibility is that electronic transport probgeds via
low-mobility hopping of a temperature-independent density
of small-polaronic charge carriers. The carrier mobility
varies as T-nexp(-EA/kT) where Ep is the activation
energy for hopping, and n is either 3/2 or unity
depending on whether the hopping is nonadiabatic [91] or
adiabatic [92]. Thus, the resistance falls with

increasing temperature as R= A Tnexp(EA/kT).

In order to understand the electrical conduction
mechanism of boron carbide, plots of log(R) and iog(R/T)
versus reciprocal temperature (1/T) are drawn in Figs. 6-
4 and 6-5, respectively. A straight line is found in Fig.
6-5 but not in the Fig. 6-4, therefore, the change in
resistance of B,C with temperature followed a form of

R = ATexp(EA/kT) (6-1)
with activation energy EA of about 0.14 + 0.005 eV. The
form of this expression is that appropriate to the
adiabatic hopping of a constant number of small polarons,
the temperature dependence of the resistance is actually

the temperature dependence of the mobility.
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The elemental composition of this B,C sample was
analyzed by chemical analysis and the results are shown
in weight percent as follows:
B C 0 N Fe Ca
wt % 78 19.6 0.65 0.92 0.053 0.041

This boron carbide B, specimen therefore had a

-xCx
composition with x=0.18.

Recently, Wood and Emin [89] studied the high
temperature transport properties of boron carbide. Their
experimental results on the electrical conduction
mechanism were similar to ours with activation energy of
0.16 eV. Their results on the Hall effect and Seebeck-
coefficient measurements suggested that the electrical
conduction of boron carbide results from the hopping
motion of a large ( = 1021 cm-s) temperature-independent
density of small-polaron holes. In addition, they studied
the relation between carbon concentration and electrical
conduction, and they found that an increase in the carbon
concentration decreases the magnitude of the
preexponential factor of the conductivity. However, the
temperature dependence of the conductivity was

independent of carbon concentration and the current is

carried by small-polaronic carriers whose density falls
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with increasing carbon content [89].

It has been almost 50 years since Lev Davidsvich
Landau set forth the notion of the small polaron.
Nonetheless, it is only in recent years that have seen
the rapid accumulation of evidence of small polarons and
the development of the theory. A small polaron is a
severely localized extra electron or a hole within a
potential well that it creates by displacing the atoms
that surround it. The polaron is the entire unit made up
of the self-trapped carrier and the atomic-displacement
pattern. A polaron is called "small” when the spatial
extent of the wave function of the excess electron or the
hole is less than or comparable to the separation of the
atoms or molecules. The charge carrier then moves only in

response to appropriate motions of the surrounding atoms.

The properties of small polarons are often opposite
those of quasi-free charge carriers. Because of its
connection with surrounding atoms, a small polaron has a
mobility of less than 1 cmzlv-sec. which is very much
lower than that generally associated with quasifree
motion. While the mobility of a quasifree carrier

typically falls with increasing temperature, small-
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polaron mobility usually increases with temperature. The )
highest mobility of small-polaronic hopping ﬁccurs in the,
adiabatic region where [93]:

n = qa’v/KT exp(-E,/kT) (6-2)
Here q is the carrier’'s charge, a is the characteristic
hopping distance, and v is the vibrational frequency

which characterizes the atomic displacements with which

the electronic carriers interacts most strongly..

Most recently., Emin [94]1, who studied the
structural and electronic model of the boron carbides,
found that the charge carriers in boron carbide are
really bipolarons, i.e., with two extra electrons or
holes trapped, instead of polarons. Azevedo et al. [95]
found that the charge carriers of boron carbide provide
neither an ESR signal nor a contribution to the magnetic
susceptibility, i.e., they are spinless. With q being the
charge of a bipolaron, twice the elemental electronic
charge, a being the separation between the centroids of
adjacent icosahedral, = § A, and the phonon temperature
being close to room temperature, Emin calculated the
preexponential prefactor of the mobility by using Eg. (6-
2) to be about 1 cmzlv-sec. A low and thermally activated

mobility with an activation energy in excess of a typical
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phonon energy is the hallmark of small polaron or small

~

bipolaron motion.

Emin’s study [94] also suggested that it was the
additional localizing forces in the crystal, éuch as
disorder that were effected in fostering self-trapping.
The disorder provides a trigger for the collapse of a
quasifree carrier into a small polaron. The structures of
the boron carbides are inherently disordered, the basic
structural picture of the boron carbides is that carbon
is distributed substitutionally in some icosahedra and
occupies sites within the intericosahedral 1inka§es. For
B,C. the material is viewed as composed of B,,C
icosahedra with C-B-C intericosahedral chains [94]. The
presence of disorder, e.g., carbon inclusions and a high
density of twin planes, encourages electronic self-

trapping in the boron carbides.

Hot-pressed boron carbide samples have highly
disordered structures with the degree of disorder subject
to modification by heat treatment. These effects are most
pronounced at the knees of the resistance curves. Emin
conjectured that temperature cycling to the vicinity of,

or above, the knees in the resistance curves produces a
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change in the degree of disorder of the boron carbide and
in a rearrangement of the distribution of C atoms in
energetically favorable hopping sites. Thermal cycling
appears to change the distribution of carbon atoms in

energetically favorable hopping sites.

In summary, boron carbide is a degenerate
semiconductor in which the predominant conduction
mechanism is small-bipolaron hopping between carbon atoms
at energetically inequivalent sites in highly disordered
structures. The activation energy associated with such
correlated hopping can be large enough that the émall-
polaron mobility has a very weakly temperature-dependent
value of about 1 cm’/V-sec [93]. The TCR of our bulk B,C
at 1000°C was rather small, around 200+10 ppm/°C
(calculated in the temperature range of 900 to 1010°C),
and its average resistance drift rate at 1000°C was about
0.095 %/hr for 17 hours. Based on these low values, boron
carbide was considered to be good candidate for high

temperature resistance strain gage usage.

The change in resistance of boron carbide with
temperature was also conducted in the air with results

shown in the Fig. 6-6. Data was collected after two
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cycles of heating and cooling. The hysteresis effect
which was noted for sample without heat treated (shown in
Fig. 6-3) was not observed for this sample with heat
treatment, (see Fig. 6-7, which is the expanded scale of
Fig. 6-6). Therefore, the reproducibility of B,C could be
improved by thermal cycling in air. The conduction
mechanism also followed the form of Eg. (6-1), with
activation energy of 0.139 eV. This result together with
that of the test in the vacuum are compared and
illustrated in the Fig. 6-8. The TCR at 1000°C was around
250*10 ppm/oc, and the resistance drift rate was about
0.9 %/hr. for 14 hours. The sample after electrical
resistance measurements in air was heavily oxidized and

had changed its color from a grey to a dark black.

Nazarchuk and Mekhanoshina [96] who investigated
the oxidation of boron carbide powder, had shown that
oxidation began at 600°C, and the oxidation rate
increased sharply with rise in temperature up to 800 -
1000°C, it then became slower followed by a sharply
increasing between 1200 and 1300°C. At all temperatures
oxidation proceeded only for a certain period of time,
after which it ceased. They suggested it was probably due

to the formation on the B,C particles of a B,0; film
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which prevented further oxidation not only of the carbide

’

but also of the carbon. They also found thatjghe greater
the carbon content in the boron carbide, the higher the
oxidation rate. A study of the oxidation mechanism and
protection method for boron carbide films is suggested

for further work.
6.3 Silicon carbide
6.3.1 p-SicC

The thsics of silicon carbide and the
possibilities of its use in device design have been
subjects of considerable interest for the past decade.
Its relevant electrical characteristics appear to qualify
it as a more promising material than silicon and
germanium for electronic device applications at high
temperatures. In addition, its strong chemical bonding
and physical stability are favorable for the development
of devices which must withstand radiation and other
severe environments. B-SiC is expected to be an excellent
material for electronic devices operated at high
temperature because of its wide band gap (2.2 eV) and

high electron mobility (=~ 1000 cmzlv—sec) comparable to
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that of silicon.

A B-SiC thin film prepared by electron beam gun
evaporation (EBE) on an alumina (Al,0;) substrate was
tested. The substrate temperature was kept at 875-900°C
during the deposition, and the thickness of the film was
0.25 micrometer. The change in the electrical resistance
with temperature for this B-8iC film is shown in Fig. 6-
9. These data show a decrease in resistance with
increasing temperaﬁure and a average TCR of 330 ppm/°C at
1000°C. In addition, the change in resistance with
temperature occurred at a higher rate in the heaﬁing
cycle than in the cooling cycle at high temperatures
(1>900°C). Resistance drift at 1000°C was measured during
three cycles, the drift rates decreased with cycles from
1.16 %/hr for the first cycle to 0.32 %/hr for the third
cycle. The electrical resistance stability of this B-SiC

film was improved by thermal cycling.

The change in resistance with time at three
different temperatures (900°c, 950°C, and 1007°C) are
shown in the Fig. 6-10. The drift rates at these three
temperatures were about 0.066 %/hr, -0.075 %/hr and -0.36

%/hr, respectively. SiC does not melt congruently,
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instead it begins to dissociate into graphite and silicon
vapor between 900 and 1000°C [971. Assuming the
resistance drift at high temperature was due to the
growth of the graphite layers, the growth rates of the
graphite layers calculated from the resistance changes
were about 1.68 & /hr at 1007°C and 0.32 A/hr at 950 °c.
For a thicker specimen, this phenomenon would not be
significant, therefore, the drift effects would most

probably decrease in thicker specimens.

A plot of log(R) versus 1/T for this specimen
illustrated in Fig. 6-11 indicated that the slope of this
curve increases with increasing temperature and the
activation energy calculated from the slope, varied from
0.005 eV at low temperature to 0.074 eV at high
temperatures. Nagai et al., (98) who studied the effects
of nitrogen on the electrical properties of the sputtered
SiCx films, found that the addition of a small amount of
nitrogen gas (<9 %) to the argon sputtering atmosphere
markedly affected the properties of the SiCx films,
particularly the electrical properties. The temperature
dependence of the resistance was found to be represented
by the following empirical equation:

R= AT * exp(m/T) (6-3)
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where A, n and m are constants and are determined

;-

’

experimentally and depend on the sputtering Egndition. A
plot of log(RT) vs. 1/T for the B-SiC f£film uséd in
present work is shown in Fig. 6-12. A straight line was
observed in the high temperature region. Therefore, the
temperature dependence of the resistance of this p-SiC
thin film at temperature higher than 250°C can be
described by

1

R= AT ~ exp(429/T)

with n=1 and m=429 K.

Another B-SiC film prepared by chemical vapor
deposition (CVD) on a silicon substrate was also tested.
This specimen had a greater thickness (7 micrometers)
than the former one and with some nitrogen dopants
(n=1.1x107 cm™3). The temperature dependence of the
resistance for this B-SiC film on Si is illustrated in
Fig. 6-13. As can be seen, it has positive TCR at low
temperatures and negative TCR at high temperatures, this
results from the change in resistance of a 7 micrometer
p-SiC (with room temperature resistivity of 0.2 ohm-cm)
together with that of a 381 micrometers Si (with a room

temperature resistivity of 20 ohm-cm). Since the

resistance of the Si substrate was about the same order
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of magnitude as that of the SiC film, the temperature

dependence of this B-SiC film is difficult to resolve.

A similar p-SiC film was tested again without the
Si substrate. After removing the Si substrate, this 7
micrometer film was attached to a alumina substrate by
means of a high temperature adhesive. The alumina
substrate had very high resistance compared to that of
the SiC. The change in resistance with temperature and
with reciprocal temperature for this specimen are
illustrated in Figs. 6-14 and 6-15, respectively. It can
be seen that this sample has a negative TCR at low
temperature region and but a positive TCR at high
temperature region. The changeover point may be due to
the sample going from a region of extrinsic conduction at
the lower temperatures to a region of saturated extrinsic
conduction in the higher temperature. The plot of log(R)
verse 1/T as in Fig. 6-15 shows a linear relation at the
temperature between room temperature and 600°C. The TCR
of this p-SiC film at 1000°C was about 223 ppm/°C, which
was smaller than that of the p-SiC (EBE) film, and its
average DR was 0.53 %/hr for four hours, which is larger

than that of the g-SiC (EBE) film.
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6.3.2. a-8iC

Silicon carbide exists in the form of the cubic g-
SiC and the hexagonal a-8SiC. B-SiC is unstable above
2000°C, and is converted into a-SiC. The a- B transition
at high temperature is accompanied not only by a change
in structure and color but also by a strong increase in
the resistivity [1001. It has been noted that the
mobility of electrons scattered by phonons in a-SiC is

-

much lower than that in B-SiC [101]).

The resistance versus temperature and reciprocal
temperature curves for a hot pressed a-SiC are presented
in Figs. 6-16 and 6-17, respectively. The electrical
resistance of the specimen in the temperature range
investigated was the same during heating and subsequent
cooling, i.e., the results were reproducible. The
resistance of the sample decreased with increasing
temperature in an activated manner with activation
energies of 0.0058 eV at low temperatures and 0.36 eV at
high temperatures. The TCR of this bulk a-SiC at 1000°C
was 2100 ppm/°C and its DR was about 0.04 %/hr for 9

hours.
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Comparing the results of B-SiC with those for a-
S8iC, it was noticed that the decrease of resistance with
increasing temperature was faster in a-SiC than in p-SiC.
This is because, in the case of a-SiC, the electron
mobility at high temperatures is restricted by
intervalley scattering as well as acoustic phonon
scattering [102,103], which results in the steep decrease
of mobility with increasing temperature. On the other
hand, in the case of B-8iC, the mobility is little
affected by intervalley scattering because of its crystal
symmetry. Therefore, it was anticipated that the change
in the mobility of B-SiC with temperature would be
smaller than those of other polytypes and its mobility

would be large even at high temperatures.

Sasaki et al. [101], who studied the high
temperature (¢<850°C) electrical properties of B-SiC
epitaxial layers grown by chemical vapor deposition, also
found that p-SiC had weaker temperature dependence of
mobility and larger mobilities compared with other
polytypes of SiC, and they suggested that B-SiC is more
promising material for devices that operate at high

temperatures.
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Analysis of the X-ray diffraction patterns of these
SiC specimens indicated that both B-SiC samples had FCC
crystal structures, with lattice parameters of 4.2807
and 4.3583 A for the samples prepared by EBE and CVD
methods, respectively. a-SiC had a hexagonal crystal
structure with a lattice parameter of a=3.0805 % and

c=15.117 4.

The oxidation of SiC begins at above 1000°C [104].
The principal oxidation product of this compound is Sioz.
whose volume is greater than that of SiC. With time a
dense film of SiO2 forms which is protective and retards

further oxidation of SiC film.

6.4 summary

Table 6-1 summarizes the experimental results for
the semiconducting materials mentioned in the preceding
sections. Due to its special conducting mechanism, the
temperature dependence of resistance in B,C is actually
the temperature dependence of its mobility, and the
activation energy was large so that its mobility had a
weakly temperature dependent value and resulted in a

small TCR value at high temperatures. In addition the
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electrical resistance reproducibility of boron carbide

was improved by thermal cycling.

B-SiC had weaker temperature dependence of
resistance compared with «-SiC, and it is more promising
for use at high temperature. The TCR of silicon carbon
was decreased by doping effect. However, its resistance
stability was slightly diminished. It is also concluded
that the resistance stability of thin films depends on
their thickness: with better stabilities for thicker

films.




Table 6-1
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Summarized results for semiconducting candidate materials

Specimen

p-sic-1

e~-SicC

P

(g-cm)

0024

0.01

10.1

TCR
(ppm/°C)

-200

-250

-330

-223

-2100

DR
(%/hr)

0.095

0.9

-0.32

-0.53

0.04

Remark

tested in vacuum
tested in air

hot pressed bulk

"pure”, 0.25 pm
thick, prepared
by EBE.

with N, dopants,
7um thick,

prepared by CVD.

hot pressed bulk




CHAPTER 7
GAGE FACTOR MEASUREMENT

7.1 Introduction

Although the main concern of this work was to study
the electrical resistance properties for those materials
which were potentially useful for resistance strain gage
application, a preliminary study on the piezoresistance
effect for one of the best candidate materials, boron

carbide, was also undertaken.

In this chapter the experimental apparatus which
was adopted for strain measurements and the theory behind
it are described and the results of gage factor
measurements for boron carbide are discussed and compared
with that of Wu's Chinese strain gage [12], which is the

present state of the art.

7.2 Experimental Apparatus

In order to determine the gage factor, it is

necessary to simultaneously strain the sample and measure

198
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the change of resistance with strain. Strain is most
commonly applied to the specimen by means of a direct
pull on a tensile specimen, the bending of a beam, or the
deflection of a cantilever beam. Due to its simplicity,
small size and the fact that it requires virtually no
auxiliary equipment, a device which consisted of a
cantilever beam designed first by McClintock [105] was
adopted and modified to measure the gage factor of the

specimens in this work.

The principle of operation of this strain gage
calibration device was a constant strain cantilever beam,
an element frequently used by civil and aeronautical
engineers. The width of a fixed-end cantilever beam of a
homogeneous material of constant thickness was varied
along its length so that upon loading in the elastic
region the stress and consequently the strain was the
same everywhere on its upper and lower surfaces [105]. If
L is the length of such a homogeneous isotropic beam, t
its thickness, P a force applied at its free end, and
taking the origin of linear Cartesian coordinates at its
fixed end as shown in Fig. 7-1, then in order to achieve
a constant stress o at its surface, the width b must vary

linearly along the length of the beam according to [1061]:
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(a)
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(b)
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v

Fig. 7-1. schematic diagram of cantilever beam (a) side
view and (b) top view.
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b=6P(L-x)/ot?. (1-1)
The relation between deflection of the free end of
the beam and the strain at its surface can be deduced
from the condition of equilibrium for an elastic member
[106],

M=E1d2y/dx?, (1-2)
where M is the bending moment, I is the moment of inertia
of the cross-sectional area about its central axis, and E
is the modulus of elasticity. For the free body diagram
shown in Fig. 7-1, this moment becomes

E1d’y/dx? = -P(L-x). (1-3)
For a beam with rectangular cross section I=bt3/12. and
for the constant strain beam

b=6P(L-x)/ot2,
S0
atysax? = -20/Et. (7-4)

Integrating both sides of this equation twice with
respect to x and applying the following conditions

(a) dy/dx = 0 at x=o0,

and (b) y=0 at x=0
yields the following relation:
y = -ox2/Et.
Maximum deflection, y'. occurs at x=L and since o=Ee,

where & represents strain, thus,
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e= -y t/L? (1-5)

—
s

This shows the strain at the surface of the Eantilever
beam to be dependent only upon easily measured

deflectional and geometric factors.

Fig. 7-2 is a drawing of the apparatus designed on
this principle. This includes a cantilever beam with a
5.27 inch length, a 0.13 inch thickness and a 1 inch
width at the fixed end. Every 0.1 inch deflection of this
cantilever beam at the free end will result in a
microstrain of 468 at the surface of the beam. Since
strain at the surface is constant over the length of the
beam except near the ends, the location of the gauge was
not critical. Part number 2 is a stepped, sliding block
in contact with a screw which is fixed at the free end of
the beam. The block was accurately machined so that the
difference in height between any two steps (0.022 in)
represents a known deflection of the free end of the
beam, and consequently a known strain of 103 microstrain
(calculated from Eq. (7-5)) at the beam surface. The
frame (part number 3) which fixed the relative position
of the cantilever beam and the sliding block by means of
screws are heavy enough to minimize the error caused by

deflection of the frame. The sliding block, beam, frame,
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Screws

2. Sliding Block

3.Frame

Fig. 7-2. Schematic diagram of the apparatus for gage
factor measurements.
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and screws were all made of the same material (Aremcolox
502-1100 high temperature low thermal expansion
machinable ceramics, AREMCO) to minimize relative
dimensional changes of these parts resulting from the

thermal expansion.

This whole device was then inserted in a two head
opened quartz tube, the quartz tube with one head
connected to the vacuum system, and one head to a
micrometer was placed in a furnace described in chapter
4. The position of the frame in the furnace was fixed by
a rod extending outside the furnace and fixed by‘means of
screws. The sliding block was actuated by a micrometer
through another rod extending through the same end of the
furnace. This system is illustrated in Fig. 7-3. Two rows
of small diameter holes were drilled in the cantilever
beam to fix the positions of the led wires used as
current and voltage probes by winding the wires through
the holes. Samples were placed under the lead wires and
attached to the surface of the cantilever beam by means
of a high temperature ceramic adhesive (AREMCO products),
which was cured at 370°C prior to making measurements.

This arrangement is illustrated in Fig. 7-4.
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Fig. 7-3. Schematic diagram of the arrangement for
actuating the sliding block to apply a strain
to the specimen.
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Fig. 7-4. Schematic diagram of the arrangement between
specimen, lead wires and cantilever beam.
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Platinum wires were first uéed as lead wires.
However it was found that platinum wires reacts with the
ceramic adhesive., and they were replaced by tungsten
wires. The gage factor of the specimen was measured every
100°C intervals from 1010°C to room temperature after the
furnace temperature had been stabilized within 1°c. The
procedure for controlling the furnace temperature and for
measuring the temperature and resistance of the specimen
were the same as those described in chapter 4. At each
temperature, 3 levels of strain were applied to the
specimen by moving the sliding block forward through
three steps, which resulted in strains of up to 306
microstrain in the specimen, and then back to the
original position. The gage factor of the specimen at
each temperature was the resistance change divided by the
original resistance multiplied by applied strain, as
defined by Eg. (2-1):

G=dR/ (R ds).

7.3 Result and Discussion
The gage factor measurement system was first

calibrated with commercial resistance strain gages at

room temperature. Three EA strain gages (Micro-
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measurements Co.) with resistance of 120 + 0.15 % ohm and

’

gage factors of 2.105 + 0.5 % at room tempefature were
attached to the cantilever beam and tested all at the
same time. By applying a total 103 microstrain to the
specimens, which corresponded to the deflection of the
beam by one step height of the sliding block, the three
gages showed resistance changes corresponding to 103.7,
103.2, and 103.4 microstrain deformation, respectively.
The largest inaccuracy in these strain measurements was

about 0.68 %,

The use of a simple cantilever beam can result in a
number of possible errors. The most important of these is
probably that due to the thickness of the adhesive layer.
The strain in the gage differs from the surface strain of
the beam by an amount directly proportional to the
adhesive thickness. If the adhesive has a thickness & at
the center of the gage, because of the radius of the
curvature of the deflected beam, the gage is subjected to
a strain greater than that at the beam surface by an
amount of 25y'/L2 [105]. For example, with a 0.13 inch
thick beam and 0.004 inch thick adhesive, the strain at
the gage element is 6 % greater than that at the surface

of the beam. Errors arising with the effects of
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nonuniform shear stress could be neglected provided L>>D,
where L is the length and D the depth of cross section of
the cantilever beam. The beam used in this work was

suitably designed to satisfy this requirement.

A hot pressed boron carbide (B,C) with a 0.24 ohm-
cm resistivity was then attached to the cantilever beam
with the ceramic adhesive and tested in the furnace under
vacuum. Resistance of this sample was measured from room
temperature to 1000°C. The change in resistance with
temperature curve of this sample was compared to that of
the resistance data from a sample without applying
adhesive (shown in Fig. 6-2). The comparison is shown in
Fig. 7-5 where the consistence between two curves

indicates the inertness of the adhesive.

Fig. 7-6 illustrates the resistance versus strain

characteristics for boron carbide at three different

temperatures. A linear change in resistance of the boron
carbide with applied strain at strain levels less than
306 microstrain was observed. The gage factor drift at
1000°C was also investigated for B4C and was found to be

about 0.22 %/hr for period of 6 hours.
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Fig. 7-7 is a plot of percentage change in gage
factor from its room temperature value versus temperature
for the B,C specimen in the temperature range of 23°C to
1000°C. This figure shows that the gage factor of B,C
decreased with increasing temperature. This gage factor
characteristics is similar to that of the comparssion
curve for Wu'’'s gage [13], shown in Fig. 7-8. The gage
factor of boron carbide was about 196+1 % at 1000°C and
45542 % at room temperature, respectively. It varied by
about 57% from room temperature to 1000°C. The gage
factor of Wu's Fe-Cr-Al-V-Ti-Y gage was 2.56 at room
temperature and 1.9 at 700°C which varied about 26% in
the temperature range from room temperature to 700°C. In
the same temperature range the gage factor variation for
B,C was about 32%. Since no effort has been made to
optimize the performance of B,C. the comparison is rather

favorable.

The usually large piezoresistive effect in
semiconductors was first noted by Smith [15] and
explained later by Herring [107], and others [16,108].
The optimum piezoresistive effect depends on physical
form, type of material, its resistivity or doping, and

crystallographic orientation. P-type silicon with a
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Fig. 7-7. variation of gage factor with temperature for
boron carbide.
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resistivity of 0.1 ohm~cm in [012] orientation is the
most widely used strain gage material and has a high gage
factor of 125, which is 62.5 times larger than those of
conventional conductors [4]. This large piezoresistive
effect in silicon is attributed to the large values of
piezoresistance coefficients that are associated with the
symmetrical structure of silicon. The theory is quite
complex and concerns intervalley carrier scattering and
in some cases, impurity scattering [109]. The theory
behind the even larger piezoresistive effect in B,C is a

subject suggested for further study.

The boron carbide studied in this work had
Rhombohedral crystal structure with a=5.60 % and c=12.08
X, determined by X-ray diffraction pattern. Its elemental
composition determined by chemical analysis are as
follows:

B C (0] N Fe Ca
wt % 78 19.6 0.65 0.92 0.053 0.041
This boron carbide B, _«Cx thus had a composition with

x=0.18.



CHAPTER 8

CONCLUSION

From the review of the previous works on high
temperature resistance strain gages it was realized that
the two characteristics of these gages, namely., the
stability of their electrical resistance with temperature
and time and their low temperature coefficient of
resistance (TCR) are the controlling factors in the
selection of candidate sensor materials. This induced the
need for studying the electrical properties of the
materials which are potentially useful for high

temperature resistance strain gage applications.

After an intensive literature survey, a group of
materials was selected for electrical resistance
evaluation based on the criteria defined in chapter 3.
These candidate materials included transition metal
carbides and nitrides, silicon carbide and boron carbide.
All the materials studied in this work showed no phase
transformation in the temperature range of 23%c-1000°c
and they all had some degree of electrical

reproducibility and stability.
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The resistivity of the transition metal compounds

increased and their TCR values decreased with increasing
the vacancy concentrations. The resistivity saturated at
about 1000 microohm-cm, suggesting the electron mean free
path was saturated at its lowest limit - the interatomic
spacing in these compounds. For resistivities larger than
1000 microohm-cm, negative TCR values were observed. This
suggested that these transition metal compounds are
metallic in nature and the semiconducting behavior
observed for some specimens are due to the large vacancy
concentration in these materials which results in higher

resistivity than the saturation resistivity.

The low values of TCR of these compounds were
associated with highly defective lattice structures.
However, structures with high concentration of defects
were often unstable at high temperatures, this was
observed from the resistance drift at 1000°C. Actually,
this dilemma between low drift and low TCR has appeared
often in the annals of strain gage development of the
past 30 years. Therefore, the selection of the
composition of these transition metal compounds depends

on which one of the two factors is more dominate.
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This work on transition metal compounds supported
the theory of Neshpor and Samsonov [79], which relates
the electronic heat capacity, density of states at the
Fermi level, and TCR. The stoichiometric materials with
small electronic specific heat constants wauld have low
density of states at the Fermi levels, and therefore have
low TCR values. The relation between these three factors
can complement the selection criteria of materials with

small TCR.

It was also found that the TCR of transition metal
nitrides decreased monotonically in going ¥xrom compounds
of metal of group VI to those of group V then to those of
group IV of the period table. Also the TCR of transition
metal nitrides and carbides with the transition metals in
the same column of the period table decreased as quantum
number of the transition metal increased. Carbides had

lower TCR than the corresponding nitrides.

The study of the electrical resistance of boron
carbide brought focused attention on a material in which
the electronic transport proceeds via a low-mobility
hopping of a temperature independent density of small-

polaronic charge carriers. This kind of material has a
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small TCR at high temperatures and their electrical
stability is generally improved by thermal cycling and
perhaps by controlled oxidation.

In the case of silicon carbide, it was found that
B-SiC was more suitable than a-SiC for high temperature
resistance strain gage applications. It was noted that
the decrease in resistance with an increase in
temperature was faster in a-SiC than in B-SiC. One of the
effect of doping nitrogen in B-SiC was a decrease in TCR
values at high temperatures, however, this resulted in an
increase in the drift rate. Again, we have to compromise
between the two factors: low TCR and low drift. It was
also found that the resistance stability of thin film
specimens depends on their thickness; the thicker the

film, the higher the stability.

For a resistance strain gage to be useful for 2000
micro static strain measurement at 1000°C for 50 hours
within 10 % accuracy., (TCR x AT)/G of its material must
be below 200 ppm, and the DR/G must be less than 4
ppm/hr, calculated from Eq. (2-1), where AT is the
uncertainty in temperatures, G the gage factor. For

alloys, the gage factor (G) is usually close to 2, so the
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value of (TCR x AT) should not be larger than 400 ppm/oc.
For semiconductors, G has large values, usually of the
order of 100 to 200. As a result (TCR x AT) value should
be less than 2000 ppm/oc. For example, for a performance
in a region with 2K temperature uncertainty. the TCR of
the alloys should be lower than 200 ppm/°C. and TCR for
semiconductors should be lower than 1000 ppm/°C. Based
upon the data presented in Table 5-2 and 6-1 which
summarize the experimental results, we conclude that TiC,
ZrC, B,C. and B-SiC have the potential to be used in
production of high temperature resistance strain gages.
However, further studies on the optimization of their
electrical behaviors and protection of these materials
from oxidation at high temperature is necessary before

these materials could be utilized in strain gage.
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Table B-1

Properties of the specimens

Specimen Homogeneity‘ Structure# Melting+

range (x) temp.°C
TiNx 0.50-1.15 NaCl 2949
ZrNx 0.55-1.15 NaCl 2982
TaNx 0.80-0.90 Hex 3093
CrNx 0.98-0.99 NacCl 1500
TiCx 0.50-0.97 NacCl 3067
Zer 0.58-0.97 NaCl 3420
B,_,Cy 0.08-0.20 Rhom. 2350

a-SicC Hex

p-8icC FCC 2830

* after Khaenko [69] _
# after Toth [65]1 and Samsonov [73]

+ after Toth [65] and Samsonov [73].
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150
160
170
199
200
210
220
225
230
235
236
250
260
470
480
490
495
496
500
510
520
530
540
545
550
560
570
580
585
590
600
610
620
625
639
640
650
660
670
689
690
700
710
728
730
740
750
760
Ok

770
780
785
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REM't""tt’t.tt"t'.tt..ttt..'."t"t'ttt'.'tt".t.tittttt.‘ﬁ'ttt't.."t‘.

REM* ' o
REM®* BASICA PROGRAM TO TAKE DATA AUTOMATICALLY - b
REM* FROM ELECTRICAL MEASUREMENT INSTRUMENTS N *
REM* e
REM* FILE NAME: INTERFAC hd
REM* *

REM'QQ*.ttiti*'*tttt.t*'i.ti"'t'Q*’ttt.'*"ttt't"t"ttﬁ*tt't'ﬁ't'i'.‘**t

DIM TEMPL(200), SEMPZ(ZGb) TEMP3(200),TEMP4(280),TEMP(2088), RESIST(3, 200) ,NAMS
TIMS(ZEG) DATS (208) ,SIGN(3,200)

‘ default values

L

\ ph

L]
GRADMAX=S5 ‘maximum gradient of temperature allowed
TEMPMIN=0 'minimum temperature difference between 2 measuremen
TIMMIN=10 ‘minimum time difference between 2 measurements
DELTATP=40 '‘'minimum temperature change between 2 cycles
CYCLNUM=1 '‘number of the first cycle
UNITEMPS="C": UNIRESS$="OHM" )
TIM$(P)="00:00": DATS(2)="0-00-1900" ‘time for the fictive data "o"
I=1 ‘number of the first data

X2 X2 X242 222222 222222222 222222 X282 2223222222232 22222222222 2Z222222 ¢ 2]

L]

' BEGINING OF THE PROGRAM

IR2 X228 222 22X 2223222222222 2222222222222 2222222222222 2222t 2 24
GOSUB 3179 ‘introduction of the information for the table
GOSUB 2089 ‘creation of the table
PARAMS="INIT/1/&H318/P/": GOSUB 96020 ‘initialize IEEE
GOSUB 4065 'set=-up scanner
GOSUB 4165 ‘set-up multimeter 192 for measuring temperature
GOSUB 5400 ‘set up ac bridge for measuring resistance
GOSUB 4250 ‘read thermocouple voltages
GOSUR 5229 ‘conversicn of voltage into temperature
TEMP1(1)=TEMP1 ‘temperature for thermocouple 1
TEMP2(1)=TEMP2 * 2

PRINT "TEMPERATURE before: *®;TEMPl,TEMP2
IF ABS(TEMP1(I)-TEMP2(L))>GRADMAX THEN GOTO 550

FOR F=1 TO NSPECI .

CHANELS$=CHANS (F) ‘channel for specimen F
GOSUB 4480 ‘read resistance of specimen F
PRINT USING "RESISTANCE: #.#####+";RESIST(F.,I)

NEXT F
GOSUB 4250 ‘read thermocouple voltage
GOSUB 5200 ‘volt-temperature
TEMP3(1)=TEMPl

TEMP4(1)=TEMP2 : PRINT "temperature after : “;TEMPl,TEMP2

IF ABS(TEMP3(I)=~TEMP4(I))>GRADMAX THEN GOTO 550 ‘check that the variation

IF ABS(TEMP3(I)-TEMP1(I))>GRADMAX THEN GOTO 550 ‘'of temperature is lower

IF ABS(TEMP3(I1)-TEMP2(1))>GRADMAX THEN GOTO 550 ‘'than a given max gradient
IF ABS(TEMP4(I)-TEMP1(I))>GRADMAX THEN GOTO 550

IF ABS(TEMP4(I1)-TEMP2(I))>GRADMAX THEN GOTO 550

TIMS$(1)=TIMES: DATS(I)=DATES

TIME1$=TIM$(I-1): DATEl1$=DATS$(I-1)

TIME2$=TIMS$(I): DATE2$=DATS(I)

GOSUB 2879 ‘derive the difference in minutes between tl and t2

IF ABS(TEMP(1)-TEMP(I-1))<TEMPMIN THEN GOTO 558 ELSE GOTO 790
IF TIMEDIF<TIMMIN THEN GOTO 550
TEMP(I)=(TEMP1(I)+TEMP2(I)+TEMP3(I)+TEMP4(I))/4 'average temperature
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790 GOSUB 2248

8020

829

825

839

840

842

845

850

920

1958
1960
1978
1986
1999
1995
20090
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2119
2120
2130
2140
2150
2155
2157
2159
2160

GOSUB 42

58

FOR F=1 TO NSPECI

GOSUB 5000

GOSUB 2565

NEXT
PRINT: P
I=I+l: P
GOTO 558
END

L]

F
RINT

RINT*data: ";1

‘introduce the data in the table
‘read thermocouple voltages

‘conversion of voltage into temperature

'creation of the disket file

‘increment the number of the data
'‘begins a new serie bf meéasurements

241

(R X223 3122222222222 2222222222332 223222223223 2323232232222322 32222232222 2Z 2 2]

' BEGINING OF THE SUBROUTINES

(R 2322238322222 22222222222 2222222222222 2222222222232 32232322222222 34

Subroutine Creation of the Table

‘CLS
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT
LPRINT

LPRINT
L]

LPRINT

CHR$ (27):"E"
CHR§$ (27):"F"

COMENTS (1) :*

“Date: " ;DATES

*;TITLES

* sCOMENTS$ (2) ;"

* ; COMENTS (3)

® Time

" ; UNIRESS

LPRINT
LPRINT

" Tbl

Temperature

* ;UNITEMPS ;"

Tal Taz2

tav R1

Resistance

R2

Subroutine

introduction of the lines

of data

I=I+1

LPRINT USING
LPRINT USING
LPRINT USING
LPRINT USING
LPRINT USING
LPRINT USING
LPRINT USING
LPRINT USING
LPRINT USING
LPRINT USING
RETURN

*\  \":TIMES;: LPRINT " “;
“"$444.4";TEMP1(1);: LPRINT
“##44.4";TEMP2(I):: LPRINT
“$#%%.4#" ;TEMP3(I);:: LPRINT
“#$¢44.4" ;TEMP4(I);: LPRINT
“$4%£4.48" ;TEMP(I);: LPRINT

“$.#44#4#" ;RESIST(1,1);: LPRINT
“$.444444" ;RESIST(2,I);: LPRINT R

“#.#4##44" ;RESIST(3,1)
“##4#.44" ; TEMPCOMP

2 2 3 3
wp =6 ng S



2519
2520
2538
2540
2550
2560
2567
2570
2580
2600
2800
2819
2820
2830

2840
2850
2860
2865
2870
2880
2890
2900
2905
2910
2920
2930
2940
2950
2953
2955
2968
2970
2980
2992
2991
2992
30089
3100
3119
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3229
3225
3227
3230
3240
3245
3250
3260
3272
3289
3290
3310
3320
34009
3410

Subroutine creation of the files

IF I>1 THEN GOTO 2580
OPEN NAM$(F) FOR OUTPUT AS #F
WRITE #F,TEMP(1),RESIST(F,I)

RETURN

‘no need to reopen the same file

Subroutine Derive the difference in minutes
between two Times Values

‘conversions of date and time in numeric values

HOUR1=VAL(MID$ (TIMEl§$,1,2)): MINUT1=VAL(MIDS$(TIMELS,4,
HOUR2=VAL(MIDS$ (TIME2S$,1,2)): MINUT2=VAL(MIDS (TIME2S,4,
MONTH1=VAL(MIDS (DATE1$,1,2)): DAYlaVAL(MIDS (DATElS,4,2
MONTH2=VAL(MIDS (DATE2§,1,2)): DAY2=VAL(MIDS (DATE2S,4,2

2)
2)
))
))

‘adjustments for the ends of days and months
IF MONTH1>MONTH2 THEN DAYl=DAY2+1
IF MONTH2>MONTH1 THEN DAY2=DAYl+l
IF DAY1>DAY2 THEN HOUR1=HOURl1+24
IF DAY2>DAY1l THEN HOUR2=HOUR2+24
L]

HOURDIF=HOUR2-~HOURL
IF HOURDIF>@ THEN TIMEDIF=HOURDIF*60+MINUT2-MINUT1
IF HOURDIF<@ THEN TIMEDIF=HOURDIF*60+MINUT1-MINUT2
IF HOURDIF=0 THEN TIMEDIF=ABS(MINUT1-MINUT2)

L]

difference of time (in minutes) between timel and time2

PRINT * the time difference is : “;TIMEDIF,TIMES.DATES

RETURN

Subroutine INPUT of the informations for the Table

CLS

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

ANSWER=0

X222 2232222222222 22 2223222 222232222232 ZX22223222232223222222]2 &

LT
LTS
"
"y
we
"y
(2
"
LTS

INPUT:

1
2
3
4
]
6
7

-n

NO. OF SPECIMEN wo
TITLE OF THE TABLE bl
COMMENTS o
CHECK THE TITLE AND COMMENT bl
RAMES OF THE FILES e
VALUE OF STANDARD RESISTOR w
RETURN TO THE MAIN PROGRAM .

®x"

(EEX 2222222222222 222222222 2222322222222 222 ii0222s2222ZR 222l

INPUT “INPUT YOUR CHOICE “;ANSWER
IF ANSWER<1l OR ANSWER>7 THEN GOTO 3320
ON ANSWER GOSUB 5219,3600,3400,3800,3920,5600,3310

RETURN

GOTO -3279
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3420
3430
3440
3450
3460
3463
3465
3466
3470
3480
3490
3495
3500
3600
3618
3620
3630
3649
3652
3660
36790
3680
3690
3695
3700
3800
3glo
3828
3838
3840
3859
3860
3870

Subroutine for the introduction of the comments

cLs
PRINT ® YOU HAVE TO INPUT 3 COMMENTS "
PRINT
FOR I=1 TO 3
INPUT"INPUT THE COMMENT " ;COMENTS(I)
NEXT 1
GOTO 3170
RETURN
»

(name of the specimen or else)

Subroutine to introduce the TITLE of the table

CLS

INPUT "INPUT THE TITLE OF THE TABLE " ;TITLES
GOTO 3179

RETURN

Subroutine to check the title and the comments

PRINT “TITLE: “;TITLES;" COMMENT #1: " ;COMENTS$(1):"

® ;COMENTS (2):" COMMENT #3: *;COMENTS(3)

3875
3889
3890
3900
3901
39062
3903
3904
3905
39906
3987
3908
3909
3919
3929
3930
3940
3950
3951
3968
3970
3975
3980
4000
4010
4020
4030
4040
4050
4060
4065
49070

INPUT RS 'used to give time to read

GOTO 3170 'return to last menu (title,comments,program,check)
RETURN 'used to mark the end of the subroutine but not used
t

cLs

PRINT "INPUT THE NAME OF THE FILE FOR THE SPECIMEN: *

PRINT "(INPUT N FOR THE LAST ONE)"
PRINT
FOR F=1 TO 5
PRINT “SPECIMEN # “:;F;" "3
INPUT SPECIS(F)

IF (SPECIS(F)="N" OR SPECI$(F)="n") THEN GOTO 3970

NAMS (F)="B:"+SPECIS(F )+".DAT"
NEXT F
NSPECI=F=-1
GOTO 3170 ‘return to the last menu
RETURN

Subroutine set-up of the scanner

PARAMS="SDR/17/": GOSUB 10008

DATA.STRINGS="A2POT2DOH1OX" '2 poles,step scan,trigger on X,channel
display mode,settling time 5 sec.

ORIGINAL PAGE S
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4080
4090
4100
4110
4120
4130
4149
4150
4160
4165
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display mode,settling time 5 sec.
PARAMS$="WR.STR/17//EO1/%3s GOSUB 18000
RETURN
[ ]

Subroutine set-up of the Multimeter 192 volt for temperature

PARAM$="SDR/8/": GOSUB 10008

41790 DATA.STRINGS="FPROT4S8X" 'DC volt,Auto range, Zero on, Trigger 1
shot on X, rate integration 1€0 ms (6.5
digits)
4188 PARAMS="WR.STR/8//EO1/": GOSUB 10000
4199 RETURN
4200 °
4210 °*
4220
42390 ' Subroutine to read voltage with 192 multimeter
4249 °
4244
4259 '
4251 DATA.STRINGS="NO7NOS8COIX" ‘channel used for thermocouple calibrat
ion
4252 PARAMS="WR.STR/17//EOI1/": GOSUB 10000
4253 FOR T=l1 TO 920: R=COS(f): NEXT T
4254 PARAMS="RD.STR/8//EOQI/%: GOSUB 10800 'read the volt
4265 VOLT=VAL(MIDS(DATA.STRINGS,7,6))/10000001 *PRINT VOLT
4266 DATA.STRINGS="NP1X": PARAMS="WR.STR/17//EOI/": GOSUB 10003 'close chan 1
4267 TEMPCOMP=3@+VOLT*18°3 ‘temperature compensation
4268 VOLTCOMP=5.42950084%*TEMPCOMP+.0114468854* TEMPCOMP " 2~.08000112953064#*TEMPCOMP
“3+.00000000500208496%* TEMPCOMP" 4 ‘volt compensation in uv
4269
PRINT TEMPCOMP
4270 DATA.STRINGS="NG1CP8NOA7X" ‘close channel 8 and open channe
1 7 and 1
4280 PARAMS="WR.STR/17//EO1/": GOSUB 10000
4285 FOR T=1 TO 300 : R=COS(©): NEXT T ‘allow stabilization of volt
4294 PARBMS="RD_STR/S//ECI/";: GOSUB 18806 ‘read voltage
4300 VOLT1=VAL(MIDS(DATA.STRINGS,7,6))/1082000! ‘convert alpha in numeric v
olt
4305 VOLT1=VOLT1+VOLTCOMP/1000000 !
4319 DATA.STRINGS="CO7NA8X" ‘close 7 open 8
4320 PARAMS="WR.STR/17//EOI/": GOSUB 10000
4325 FOR T=1 TO 300 : R=COS(P): NEXT T ‘allow stabilization of volt
43308

4340
4345
4350
4360
4379
4400
4420
4430
4440
4450
4460
44790
4480
4499
4509
4510
4515
4517
4519

PARAMS="RD.STR/8//EQI/": GOSUB 106008 ‘'read voltage
VOLT2=VAL(MIDS (DATA.STRINGS,7,6))/1000000!
VOLT2=VOLT2+VOLTCOMP/1000000 !

DATA.STRINGS="NO7X"

PARAMS="WR.STR/17//EO1/%: GOSUB 10000

RETURN

.

. -

' Subroutine to measure the resistance with AC bridge
L]

DATA.STRINGS="C"+CHANELS+"X" ‘close channel CHANS(F)
PARAMS="WR.STR/17//EOI/": GOSUB 10000

DATA.STRINGS="S"+CHRS (13)+CHR$ (16) ‘'start and get resistance data
PARBRMS="WR.STR/9//EO1/": GOSUB 10000

FOR T=1 TO 500: R=COS(Z): NEXT T ‘allow stabilization of resistance
DATA.STRINGS="LDEB"+CHR$ (13)+CHRS (10)

PARAMS="WR.STR/9//EOI1/" 3+ GOSUB 10000



4520
4530
4531
4532
4533
4535
4537
4540
4600
4610
4620
4630
4640
4650
4660
4680
4699
4700
4710

47292
4725
4730
4732
4735

4736
4740
4745
4747
4750
4755
4768
4980
49990
5000
5219
Se28
5230
5040
5050
5068
5865
$a7o
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PARAMS="RD.STR/9//EOI1/%: GOSUB 19000 °‘read the resistance from AC bridge
RESIST(F,1)=VAL(DATA.STRINGS) ‘conversion data string into value
RESIST(F,1)=RESIST(F,I)*R ‘conversion value of ratic into resistance
DATA.STRINGS="W"+CHRS (13)+CHRS$ (108) ‘hold untill reatart
PARAMS="WR.STR/9//EO1/": GOSUB 10000
DATA.STRINGS="N"+CHANELS+"X" ‘open the chanel
PARAMS="WR.STR/17//EOI/“: GOSUB 10000
RETURN
' Subroutine to create the names of the files
L}

L]
L)

‘the name is chosen according to the evolution of the temperature

' € for a cooling cycle and H for the heating cycle

‘a difference of DELTATP is needed to change of cycle

‘(increase DELTATP of temperature change from a cooling to a heating cycle

SIGN(F,I)=SGN(TEMP(I)-TEMP(I-1)) ‘sign=-]1 for cooling and 1 for heating

SIGN(F,0)=1

IF SIGN(F,1)=SIGN(F,I-1) THEN GOTO 4745 ‘still the same cycle

' PRINT“ABS: ";ABS(TEMP(I)-TEMP(I-1)),“DELTATP: ";:DELTATP
IF ABS(TEMP(I)-TEMP(I-1))<DELTATP THEN SIGN(F,I)=SIGN(F,I-1)
‘change in temperature is

not significant

IF ABS(TEMP(I)=TEMP(1I-1))<DELTATP THEN GOTO 4745

IF SIGN(F,I)=1 THEN CYCLNUM=CYCLNUM+1l ‘change of cycle

IF SIGN(F,1)=1 THEN C$="H*

IF SIGN(F,I)=~1 THEN C$="C"

NAMS(F,I)="b:“+SPECIS$(F)+C$+MIDS (STRS (CYCLNUM),2,1)+" . DAT"

PRINT NAMS$(F,I),F

RETURN

Subroutine to convert wvolt into temperature

For Pt-Pt 13% Rh we use the following relationship

VOLT1=VOLT1*108080001: VOLT2=VOLT2*106000200!
TEMPl=.15239494#'VOLT1-.BBGBI375567§S'VOLT1“2+.00060E0512610922$'VOLT1‘3-4{

4281251D-14*VOLT1 4,

5875 °*

5080 TEMP2=.15239494#*VOLT2~-.8008137556754*VOLT2"2+.00000000126109224*VOLT2"3-4.
4281251D-14*VOLT2%4

$099 °*

5095 RETURN

5200 °*

5219 °

5220 ° -

5230 °* Subroutine to input the no. and channel of specimen

5240 ° -
5250 °

5268 PRINT "HOW MANY SPECIMEN YOU HAVE?", N

5270 NSPECI=N

5280 FOR I=1 TON

5299 M=1l1+I

5308 CHANS(I)="M*" ‘set the scannel channel for different specimen
$320 NEXT I

5350 RETURN

5400

5419



$420
5430
5440

5458

5460
5465
5470
5492
5500
5600
5610
5620
5630
5640
5650
5660
5678
9600
9610
9620
9630
9640
9650
9660
9680
9780
9720
9740
9780
9800
9820

. 9940

9959
9955
9960
9999
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Subroutine to set up AC Bridge for resistance measurement

PARAMS="SDR/9/": GOSUB 192000

DATA.STRINGS="LDEOW"+CHRS$ (13)+CHRS (18) ‘'AUTO,OUTPUT STATUS,INTER Rs
PARAMS="WR.STR/9//EOI/": GOSUB 100600 :

RETURN

Introduce the value of standard resistor

PRINT "WHAT 1S THE VALUE OF THE STANDARD RESISTOR?", R

RETURN

1]

L]

' Subroutine to initialize IEEE interface

L] -

1

REM IEEE-488 INTEFACE FOR THE 1IBM PC V4.2

REM WRITTEN IN ADVANCED BASIC

REM AND INCORPORATING ASSEMBLY LANGUAGE ROUTINES TO IMPLEMENT
REM DMA -~ DRIVEN GPIBR TRANSACTIONS

REM THE ASSEMBLY LANGUAGE ROUTINES MUST BE LOADED PRIOR TO ENTERING

REM
REM
REM
REM
REM
REM
END

BASICA BY TYPING “SUBLIB“. THEN TYPE "BASICA", LOAD IEEE488.BAS,
AND CALL SUBROUTINES AS DESCRIBED IN THE MANUAL.

(C) Copyright Tecmar, Inc. 1982,1983,1984

LA A 22222222 22222222 START OF SUBROUTINE 1222222222223 22322222 X222

10000 GOSUB 21560 'FETCH COMMAND
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Fig. D-1. Dependence of the lattice parameter with N/M
ratio for TiN (a) and NbN (b) (after Toth [65].
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TABLE E-1
Characteristics of Ordered Modifications of Cubic
Carbides and Nitrides of Transition Metals of Groups IV
and V. [69]

@£

Bais Ordered Composition, Tempﬂ;mtf Crystallographic characteristics
modificad . range of exis~
phase onja% CorN tence, °C unit-cell period
: lattice type -
(2 .NICI)
TiC. & 37-43 24400 Trigonal . | a=6115 A=12a,
c==14,90 A=2r3a,
a=5885 Am12g,
Iy ~455 4000 » em=14,43 Aa273a,
VC. a=10,9 A=7fa
€=28,85 Ae473a,
8 ~455 ~1250-1000 » a=163,0 A-1§_r‘sa.
c=2885 Am4r3a,
& ~46,8 (V4Cy) <1250 Cubic ¢=8330 Am2q,
ZC. & 39-43 24400 Trigonal =663 A=12q,
¢=16,26 Am273q,
NbC. & 43-48 21000 ’ a=10,87 A=76a,
i ¢=30,78 A=473a,
TiN. ¥y ~37 2800 - Tetragonal a=4144 Axg,
- | e=8,781 Ae2a,
VN. & 44-47 <520 * gmcm8 {5 Am2g,
NbN & ~43 (N = ¢=4382 A=y
. , (Nb(N) 1400 * c=8632 Am2a,
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Fig. E-1
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