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ABSTRACT

MEASUREMENT OF RESIDUAL STRESS IN THIN DIAMOND
FILMS BY RAMAN SPECTROSCOPY AND THE BEAM
DEFLECTION EQUATION
By

Naoufel Turki

The properties of natural diamond and the effect of
deposition parameters on the deposited synthetic diamond films
were reviewed. A new model for calculating thermal expansion
mismatch stress between the film and the substrate is proposed.
Residual stress in a diamond film deposited by MPCVD on a
silicon substrate was measured from the change in substrate
curvature according to Stoney’s equation and from the shift in the
Raman peak position at 1332.5 cm™'. Both methods were found to
measure the average stress in the diamond film. Assumptions
made to derive stress equations for both methods were not truly
satisfied. Polycrystalline diamond film presents a problem for the
Raman Shift method and the non uniformity in the diamond film
thickness coupled with the anisotropy of the single crystal
substrate and possible texture in the diamond film create
obstacles to directly applying Stoney's stress equation. The
magnitude of the stress measured from Stoney’s equation and

Raman shift are comparable to reported values in the literature.
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1- INTRODUCTION

1.1 Overview

Due to its excellent properties, synthetic diamond films are being
increasingly used and studied.

In this work, a detailed review of the properties of natural diamond is
presented in section 2.1 to serve as a basis for comparison with the
properties of deposited synthetic diamonds. Depositions techniques
and the effects of deposition parameters on the properties of synthetic
diamonds are discussed in the remainder of chapter 2.

Residual stress measurement in thin diamond films is the main topic
in this thesis. A review of the effect of film properties ( film thickness
and grain size ) as well as the effect of deposition parameters on the
magnitude and sign of residual stress in thin films is discussed in
chapter 3.

In chapter 4, x-ray and energy gap stress measurement techniques
are briefly discussed while a detailed discussion of stress measurement
from the curvature change in a coated substrate and the Raman peak
position shift are presented in section 4.3 and 4.4. Stress calculation
formulas are derived and the two methods are analyses in terms of the
assumptions made and the applicability of those assumptions to the

specific silicon-diamond system used in the experimental procedure.



In chapter 5, a new model is presented for calculating the thermal
stress that develops in diamond films upon cooling to room temperature
from the deposition temperature. The temperature dependence of the
thermal expansion mismatch between the diamond film and the silicon
substrate and the Young’'s modulus temperature dependence are
considered in the proposed modael.

The experimental procedure is presented in chapter 6, while the
experimental results are given in chapter 7. Calculation of the stress by
the two methods and discussed of the results is presented in chapter 8.

Conclusion and recommendations are given in chapter 9.

1.2 Background

In 1909, Stoney [1] discovered large internal stresses in
electroplated films. Since then, many researchers have studied the
nature and effects of internal residual stress on thin films.

Residual stress in thin films can cause undesirable properties.
Internal stresses induced by the deposition process induce buckling of
the beam-substrate composite [2], and can promote interface cracking,
by providing additional driving force for crack propagation. Argon and
Gupta [3] found that SiC films deposited on single crystal silicon wafer
by plasma assisted chemical vapor deposition ( PACVD) process,
delaminated spontaneously under residual stress, when the thickness of

the film is above a critical value of about 1 um [3]). Cracking was also



observed at the interface of semiconductor films (GaP, GaAs, InP)

grown on silicon substrates, due to residual stress [4]. Strains up to

2x10"3 were measured in the semiconductor films.

In silicon coating on Pitch-55 carbon fibers, the coating trapped a
large concentration of hydrogen. The trapped hydrogen in the film
resulted in large compressive residual stresses in the silicon film. Upon
embedding the coated fibers in the metal matrix, hydrogen diffused to
the metal matrix leaving voids behind which resulted in severe
debonding of the fibers from the metal matrix [3]. Blunberg [5] reported
that super conducting critical temperature in thin films increased with
decreasing film thickness. An Increase in film thickness also resulted in
an increase in the residual stress. Freedman [6] reported that thermal
stress at 275°C due to thermal expansion mismatch was sufficient to
induce a phase change to a tetragonal structure in nickel films on NaCl
substrate. The stress was compressive and measured -1.0 GPa.

It is evident that the existence of residual stress in thin films affects
their properties. Therefore, it is critical to understand the behavior and
dependences of film stress so that the film-substrate composites behave
as they are designed.

There is an exhaustive amount of literature on the mechanisms and
measurement of residual stress in thin metal films. A lesser amount
however does exist for dielectric thin films. At a given temperature,
internal stress has two components: intrinsic and extrinsic. Extrinsic

stresses result from thermal expansion coefficient mismatch between the



substrate anq the film which in turn depends on the difference between
film growth terﬁperature. during deposition and stress measurement
temperature.

Intrinsic stresses are growth stresses arising from such etffects as
incomplete structural ordering processes, which could result in lattice
misfit strains. Intrinsic stresses can also arise from contamination of the
film. Internal stresses are therefore a strong function of the deposition
process and parameters such as deposition temperature, pressure, rate,
film thickness, sputtering ion beam energy as well as other parameters
[7.8]. Choice of film and substrate materials can reduce residual
stresses arising from thermal expansion mismatch and lattice mismatch.
However, residual stress elimination or reduction can best_be pursued
by changing the deposition parameters. Controlling all these material
and deposition parameters can affect both the magnitude and the sign of
internal stresses.

Measured stresses in carbon films are usually compressive [7,9].
The magnitude of the stress for CVD diamond is about 1 GPa [9]. The
magnitude of the compressive stresses in DLC films deposited by ion
beam sputtering methods are higher than in CVD films. Tensile stresses
in CVD films have also been observed [10]. While compressive stresses
are understood, tensile stresses in CVD diamond films are not so easily
explained. The grain boundary relaxation model ( GBRM ) has been
proposed to explain the origin of the tensile intrinsic stresses in CVD

diamond [10]. Compressive stresses are thought to be due to ion



bombardment in sputtered films and to impurities in CVD films
[9,11,12]. When diamond is deposited on silicon the lattice mismatch
strain is tensile in the diamond films. However, thermal expansion
mismatch stress between silicon and diamond is expected to be
compressive in the deposition temperature range of CVD diamond ( less
than 1200°C), and can become tensile at temperatures greater than
1220°C [10] which is oqtside the temperature range for CVD diamond
deposition. Thermal compressive stresses in diamond films on silicon

substrates are smaller in magnitude compared to intrinsic stresses ( less

than 0.3 GPa at 1000°C deposition temperature ) [10]. The sign and
magnitude of the total residual stress in diamond films is therefore
determined by the intrinsic stress. Tensile stresses in films are
undesirable because crack propagation is promoted under a tensile
stress state. Conversely, compressive stresses are desirable because
they strengthen the films by hindering the propagation of cracks [13].
High compressive stress can however cause buckling in the film and
induces wrinkles [12,14].

The sign and magnitude of total film stresses can be controlled via
variation of the parameters affecting the intrinsic stress namely the

deposition parameters.



2- PROPERTIES AND DEPOSITION OF DIAMOND FILMS

2.1 Properties of natural diamond

Natural Diamond has a unique combination of physical, optical and
electrical properties that may perhaps be exploited in application of
diamonds as a thin films [15,16]. Table 1 lists the properties of bulk
diamond.

Carbon can be amorphous or crystalline. When carbon crystallizes
in the cubic A4 structure ( named after diamond [17 ] ), diamond is
formed [18 ]. The structure of diamond belongs to the space group

Fd3 m-O,”. Diamond has a lattice constant a = 3.567 Angstroms at room
temperature. The diamond structure has eight atoms per unit cell with

each atom covalently bonded to another carbon atom ( sp® tetrahedral
bonds) [19]. The atomic distance (distance of closest approach) in
diamond is 1.544 Angstroms [17 ]. Diamond usually crystallizes in
octahedra crystallites whose faces are {111} planes. Less commonly,
diamond might crystallize in dodecahedra crystallites in thin plates,
with the crystals having {110} planes as their faces [18 ]. Compared to
other hard materials, diamond has a low density, (3.52 g cm™) due to
the small size of carbon atoms whose atomic radius is equal to 0.77

Angstroms. ( Carbon has an atomic number of six and an electronic

configuration of { 1s2 2sp3} [17] ).



When carbon crystallizes in the hexagonal structure, graphite is

formed. The lattice parameters are a = 2.461 Angstroms, and ¢ = 6.708
Angstroms. Graphite has a lower density than diamond, ( 2.3 gcm™

[18 ] ). Graphite is formed in layers with strong trigonal bonds ( sp?).
and an interatomic distance equal to 1.415 Angstroms in the basal plane
of the hexagonal lattice. The fourth electron in the outer shell forms a
weak bond of the Van Der Waals type, between the layers of trigonal
carbon. This weak electrostatic Van Der Waals force is responsible for
the low interplaner strength of graphite [19].

Amorphous carbon can be characterized as imperfect graphite
structure; the sp? bonded carbon clusters have crystallographic layer
planes which are not oriented with respect to a common axis. The
orientation of the planes is random and the layers overlap on one
another [19].

Diamond has some excellent mechanical properties. Diamond’s
hardness is the highest known ( up to 100 GPa ) [19], due specifically to
its strong covalent bonds (high atomic bond energy ) and carbon’s small
atomic radius. Diamond’s high atom number density coupled with strong
covalent bonds result in a very high elastic modulus ( 1160 GPa for
single crystal diamond. Silicon, which has the same crystal structure
as diamond's, has a elastic modulus of only 180 GPa [20] ).

While diamond’'s room temperature thermal conductivity of 1100
W/mK is five times that of copper, diamond is a strong dielectric material

(dielectric constant equal to 5.7 ) with electrical resistivity higher than



10'® ohm-cm. Diamond's thermal conductivity is much higher at room
temperature than other hard materials [18]). The thermal conductivity of
diamond at room temperature is one order of magnitude higher than that
of silicon, which has the same crystal structure as diamond [18].

The optical properties of diamond are equally impressive with the rest
of its properties, justifying diamond's use as optical windows for x-ray
lithography due to a unique combination of high stiffness and high x-ray
transmission [21]. Diamond has a high refractive index (2.47 at 5890
Angstroms electromagnetic wavelength [18,10] ), resulting in a low
angle of total internal reflection [18]. The optical band gap is 5.4 eV
making diamond electrically insulating at room temperature. Diamond’s
absorption spectrum is quite complex, and resulted in classifying
diamonds as type I or type II, depending on each type’'s absorption in
the infrared, visible and ultra violet spectrum [18]. Type II diamonds
transmit well in the ultra violet range down to an absorption edge at
2200 Angstroms. Type I diamond however shows absorption starting at
3300 Angstroms and increases rather steeply at shorter wavelengths
[18].

Some type Il diamonds are semiconductors. Therefore, type II
diamonds were further classified as type Ila and type IIb, where type
IIa are not semiconductors and type IIb are semiconductors. The type
IIb semiconductor diamonds are usually blue p-type (boron doped)

semiconductors [18]. The resistivity of type II diamonds ranges from 5 x



10'4 Ohm cm o a low value of 100 Ohm cm for some type IIb

semiconductors at room temperature [18]. Table 2 compares some

optical and thermal properties of type I versus type II diamonds.
2.2 Properties of synthetic diamond

Interest in depositing thin diamond films is motivated by diamond's
unique combination of properties, extreme hardness, chemical
inertness, high electrical resistivity, high dielectric strength, optical
transparency, and high thermal conductivity.

In the time interval following the development of techniques for
depositing diamond films at reasonable rates by various subatmospheric
pressure plasma techniques, diamond synthesis has become a rapidly
developing area. The properties of synthetic diamond are usually
different from those of natural diamond [22]. Synthetic diamond's
properties vary with the deposition method and depend heavily on the
deposition parameters. The variation in film properties arises from
defects in the diamond lattice or from non diamond carbon phases like
graphite [22]. Chemical-vapor-deposited-crystalline diamond films
have high density, high abrasion, wear resistance, and corrosion
resistance [23] making CVD diamonds useful for applications such as
coating of twist drills and wire dies. The adhesion of diamond films to
their substrates and the internal stresses arising from the deposition

process are among the limiting factors for diamond’s extensive use.
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Table 1. Physical properties of bulk diamond

PROPERTY VALUE / RANGE ref
Structure Cubic (diamond structure) 17
Stuckurberich symbol MM 17
Lattice constant 3.5597 Angstroms 17

(at 25°C)
Melting point 4300°C 18
Energy gap (25°C) 5.4 eV 25
Thermal conductivity k 9.0-26 25

(WemK)
Density 3.51 gem3 20
Refractive index

at 656.3 um 2.41
18
at 226.5 um 2.72

Tr e ale 2) IR, visible, UV 18
Resistivity > 10'® ohm-cm 18
Dielectric constant 5.7 9
Dielectric strength > 102107 V/icm
Hardness ( Vickers ) 70-100 GPa 19
Young's modulus 18

( sgngle crystal) 1150 GPa

161 cal/mole 25

Heat of formation
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Table 2 Properties of various types of diamonds [ after table 23,

page 295 in [18 ] and [25] p. E-11].

(W /cm K)

Property Type I Type Ila Type IIb
Abs!;?pﬂ on| @bsorption at 6-13um no absorption at 6-13 pm
uv strong absorption at strong absorption at wavelength less than
Absorption| wave eggfh less than 2250 Angstroms
3000 Angstroms
coefficient
of
Thermal
conduc-
tivity 9.90 23.2 13.6
at 298 K
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Diamond is also becoming a popular choice for applications such as
semiconductors, infrared-transmitting membranes, and X-ray

transparent films for x-ray lithography [21,26].
2.3 Diamond deposition techniques

Several techniques 'have been developed to deposit carbon thin film.
These techniques include microwave-plasma-assisted-chemica-vapor-
deposition (MPCVD) A[10.21.27.28], hot filament assisted CVD [22,29],
ion beam sputtering [1‘1]. and low pressure CVD [16] as well as other
methods. Diamond deposition methods can classified in one of three
categories. The first category is ion beam deposition techniques which
might use a single ion beam or dual ion beams. lon beam techniques
are used to deposit primarily diamond like carbon (DLC). The second
category is the chemical vapor deposition techniques (CVD). Finally,
the third group which has more use than the other two groups is the
plasma assisted chemical vapor deposition (PACVD). Many deposition
setups now use microwave plasma assisted chemical vapor deposition
(MPCVD). The major advantage of the MPCVD is that transparent films
are obtained with the appropriate deposition parameters.

Diamond must be formed under extreme conditions of pressure and
temperature. Temperature and pressure spikes on the deposition
surface at the moment of ion bombardment have been proposed [19].

Temperature spikes estimated to at least 3823 degree K and pressure
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spikes to 1.3 x 10'° Pa ( 1.2 x 105 atm ) resulted from bombardment of
the substrate by ions with 100 eV energy. The thermal agitation and the
shock wave resulting from the impacts are enough to form a diamond
nucleus 1 nm wide [19].

The proposed model [19] asserts that at room temperature, the
diamond formed is thermodynamically unstable. Diamond is however,
preserved at room temperature by the very high quenching rates
following the collapse of the temperature spikes, thus preventing the
transformation of the newly formed unstable diamond into more stable
graphitic phases [19]. However atomic hydrogen or argon [19], present
in the deposition atmosphere, used to bombard the substrate cause
etching, which is the preferential removal of the weakly bonded sp?
carbon atoms and other non carbon ions resulting in much purer
diamonds [19]. Only diamond with strong C-C or C-H tetrahedral bonds

is allowed to grow.

2.4 Mechanical properties of diamond thin films

The high abrasion, high hardness, wear resistance and corrosion
resistance of polycrystalline CVD diamond justify CVD diamond’s use
for coatings of twist drills, machine tools, wire dies and nozzles.
Several attempts have been made to deposit diamonds with hardness
close to that of natural diamond ( 70 to 100 GPa [19] ).

In a review on diamond properties, Tsai and Boggy [19] reported that



14

for DLC films deposited by ion beam with various carbon sources
(carbon in rf plasma, carbon in arc, carbon in plasma ), hardness up to
18 GPa were obtained, when the ion beam energy is in the range of 40
to 100 eV. Higher hardness up to 24 GPa were obtained with sputter
orientation). A third material with <100> texture can be grown [31].
Clausing [31] has shown, through transmission electron microscopy and
x-ray texture analysis, that stacking faults and twinning are necessary

deposition technique by dc Magneton sputtering of a graphite target

[19]. As the sputtering power density increased from 0.25 to 25 W cm™,
the hardness value decreased from 24 to 7.4 GPa [19].

The hardness value was also dependent on other parameters. For
instance, the hard'ness value of i-C diamond films increased with
substrate potential up to 700 V [19]. Films deposited in an atmosphere
containing hydrocarbons have higher hardness than films deposited in
atmospheres not containing hydrogen. While diamond deposited by
methods not including hydrogen had hardness values up to 24 GPa, the
hardness values of diamonds deposited by the decomposition of
hydrocarbons were as high as 100 GPa [19]. Diamond films deposited
by electron assisted CVD with a mixture of methane and oxygen
(2 percent by volume methane ) with no hydrogen have hardness
values approaching that of natural diamond [19].

Surfac.e roughness of deposited diamond films vary with methane
fraction in the deposition chamber. Diamond films deposited by MPCVD

with methane fraction in hydrogen as 0.2 to 3.0 percent, had peak to
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peak roughness of 10 to 15 nm [10]. The surface roughness was
measured with a Dektak |l stylus type profilometer with a submicron tip
radius and by a an atomic force microscope [10]. The 10 to 15 nm
roughness value seems low for polycrystalline diamond. However,
Windischmann found the roughness to decfease with increasing
methane fraction which was as high as 3 percent, possibly explaining
the low roughness values. In films deposited by MPCVD at 0.7 percent
methane in hydrogen, the surface roughness was measured as 35 nm,
with a submicrometer stylus type profilometer [21]. Windischmann and
Epps observed that surface roughness of deposited diamond films by
MPCVD decreased with increasing methane fraction. They observed
that as the methane fraction increased, the surface of the films became
smoother, due to finer microstructure [21].

Windischmann and Epps Showed that the grain size in the diamond
films is also a function of the methane fraction in the deposition
atmosphere [10,21,31]. Figure 1 shows an obvious decrease in the
grain size with methane fraction. The data in figure 1 were fitted by non
linear regression analysis ( Marquardt approximation ) to the function
y= 112.25 exp ( 1.631 x ) + 14.115, with a correlation factor R=0.983.
Impurities can in general inhibit grain growth. The non-diamond
components in the films are thought to be the grain growth inhibitors in
diamond [10,21]. Raman studies of diamond films have shown that the
non-diamond phase fraction increases with increasing methane

concentration [10,21] (figure 2 ). Grain sizes were measured by
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INTENSITY
Arbitrary units)

0.3 % CH,

1.1 %,CH4

2.5% CH,

| ] | | I |

1600 1500 1400 1300 1200 1100
WAVENUMBER cm!

Figure 2. Raman spectra of diamond films prepared at a) 0.3

percent CH,, b) 2.5 percent CH, and c) 7.5 percent

CH,. After Windischmann [10].
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x-ray diffraction. The grain size was calculated from the FWHM of the
reflection peak corresponding to diamond. The specimens used were
deposited by MPCVD at 790°C with methane fraction ranging from 0.2 to
3.0 percent in hydrogen. The grain size decreased from 110 nm, at 0.2
percent methane to 15 nm at 3.0 percent methane [21].

The elastic properties of diamond films were not investigated as much
as other properties. In most of the studies on diamonds, the value of the
Young's modulus used was that of single crystal diamond, 1345 GPa
[18 ]. The Young’'s modulus of diamond films was measured by
Davidson et al. [16]). Davidson et al. used a cantilever beam of free
standing diamond, deposited by microwave plasma assisted CVD, to

measure the deflection & of the beam, as a function of a static, manually

applied load P. The deflection & is relate to the load P by [16].

5=PLY3 E I (1)

where L is the beam length, and I is the moment of inertia of the beam.
A plot of 8 versus P was made and the slope was measured. The value
of the Young’'s modulus was determined from the slope. Several trials
were carried, the value of Young's modulus was in the range of 1170
GPa to 1225 GPa, which is very close to the value of Young's modulus
for single crystal of diamond, 1130 GPa [16]. A vibrating membrane

method [20] was used to measure the Young's modulus of diamond
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membranes. The biaxial elastic modulus was found to range from 730 to
850 GPa, which is only 0.61 to 0.71 of that of natural diamond [20].

The properties of deposited diamond films depends strongly on the
deposition parameters. Deposition pressure, temperature and
atmosphere affect the final properties of diamond films. While almost
every deposition parameter affect some film property, the effect of
deposition temperature, pressure and methane fraction in the deposition
atmosphere can affect the properties more than any other. These

effects will be discussed in the following sections.
2.5 Effect of deposition parameters

During deposition, carbon atoms can combine in one of many ways

to form graphite plates, crystalline diamond or amorphous carbon.
Hexagonal graphite is formed with planar sp? bonds, while tetrahedral

sp3 bonding results in cubic diamond.

Chemical vapor deposited polycrystalline diamond has two common
morphologies, the {111} material and the microcrystalline material [31].
Both of these morphologies lead to <110> texture ( preferred
to the formation of the {111} and microcrystalline diamonds [31]. The
third type exhibiting {100} facets are grown free of stacking faults and
twinning if no oxygen or boron is present in the deposition atmosphere
[31]. The author did not mention the minimum value of oxygen of boron’s

partial pressure to obtain a {111} material. Windischmann and Glen [10]
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reported that the texture in MPCVD diamond deposited on (100) silicon
depends on the deposition temperature and methane fraction in the
deposition atmosphere [10]. At lower temperaturé and methane fraction,
the texture was [11], however as the temperature and methane fraction

" increased, the texture changed quite frequently, then became

predominately a <220> texture [10].
2.6 Effect of deposition pressure

At low temperature and pressure, the growth of diamond is not
thermodynamically favored, a high density of defects exist in the
diamond component of a CVD carbon films deposited under such
conditions [22]. During film growth, there is a competition between
diamond and graphite formation. Diamond growth dominates if hydrogen

.is used in the deposition atmosphere. The etching rate of graphite by
atomic hydrogen is much higher than the rate for diamond since the sp?

bond in diamond are stronger than the sp? bonds in graphite and
amorphous carbon. Buckley et al. used Raman spectroscopy to
investigate the characteristics of filament assisted CVD (FACVD)
diamond [22]. The principal conclusion of Buckley's investigation was
that in FACVD carbon films, the carbon type in the film ( diamond,
graphite or amorphous carbon ) strongly depends on the total gas
pressure in the deposition chamber. As the total gas pressure is

lowered, more disordered carbon type is formed [22]. Buckley et al.
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used constant methane concentration at 0.2 percent and deposition
temperature of 950°C. Diamond films were deposited by FACVD on
molybdenum substrates. The only parameter that was varied was the
total gas pressure which ranged from 5 to 100 torr. Raman spectra were
taken of all specimens. The results obtained are listed as follows:

1) at low total gas pressure, (about 5 torr), the diamond peak at 1330

cm’! was obscure, indicating a very small fraction of diamond in the
film. The film deposited at 5 torr was found to be predominately
amorphous carbon, and displays a ball-like morphology which is not
typical of diamond.

2) at total gas pressures between 5 and 30 torr, Raman spectra

displayed two broad peaks centered around 1550 cm™! and 1360 cm™’

indicating the presence on both graphite and amorphous carbon
component in the film.

3) at total gas pressures higher than 30 torr, the broad peak around

1550 cm™! sharpened and shifted to 1578 cm™?, corresponding to
crystalline graphite.

In all specimens, except for the specimen deposited at 5 torr, the
position of the diamond peak at 1332 cm™! was independent of the
applied total gas pressure [22]). There is evidence that the diamond line
does shift with externally applied pressure [32] ( section 4.4 ). The
spectroscopic resolution for the infrared devices used in this study
possibly may not allow detection of the usually small shift in the

diamond line with pressure. The line width, however, for both diamond
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and graphite components vary with deposition pressure. The diamond
line broadening with decreasing total gas pressure indicates an
increasing defect density in the diamond component. The broadening in
the graphite line with decreasing total gas pressure indicates that the
amount of crystalline graphite is reduced, and eventually becomes
amorphous carbon at low pressures [22]). Decreasing total gas
pressure increases the disorder in both the diamond and graphite
components. Increasing the total gas pressure tends to favor the
formation of more defect free diamond component. Liou et al. found no
significant changes in the growth rate of MPCVD diamond films with

increasing total gas pressure from 6 to 50 torr [33].

2.7 Effect of deposition temperature & substrate temperature

Film growth rate depends on the deposition temperature. Grill et al.
[34] found that in presence of a substrate voltage bias of 80 volts, the
growth rate decreased with substrate temperature. The growth rate was
105 A/min at 100°C and 65 A/min at 250°C [34]. The films studied by
Grill et al. [34] were diamond like carbon films deposited on silicon
substrates by rf plasma decomposition of acetylene. The range of
substrate temperature studied was 100 to 250°C. In agreement with Grill
et al. [34], Liou et al. found that the deposition rate of diamond, at
constant methane and total gas pressure, decreased rapidly as the

substrate temperature increased ( figure 3 ).
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The data in figure 3 were fitted ( this thesis ) by linear regression to the
function y = 1.212 - 747104 x + 0.15 105 x2, with a correlation factor
R=0.995.

Liou [33], Windischmann [21] and Harshavarhan [35] all agreed that
there is a temperature interval in which optimum deposition conditions
are obtained and crystalline diamond is formed. The limits of the
temperature interval, where conditions are optimum, varied between the
three authors mentioned above [21,33,35]. In Harshavarhan’s study, the
temperature interval for optimum deposition was 900 to 950°C. In
Windischmann’s study, this interval reported was not clearly stated, but
the study implies that this interval is roughly 500 to 850°C. Liou found
the interval of optimum conditions to be 500 to 1000°C. The differences
in the intervals might arise from the difference in deposition methods
and parameters. The deposition method used by Liou [33] is MPCVD
with a methane fractions ranging from 0.5 to 5 percent in hydrogen gas.
Harshavarhan [35] used an oxyacetylene welding torch to deposit
diamond on silicon. Finally, Windischmann deposited diamond films by
MPCVD also with varying methane concentrations. For instance, films
deposited at 550°C had three times as much methane as films deposited
at 825°C [21]. The role of methane in the deposition process will be
discussed in section 2.8. One should note at this stage that the amount
of methane significantly affects the amount and crystallinity of diamond,
graphite and amorphous carbon.

In spite of the slight'differencas among the reported temperature
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intervals at which optimum diamond deposition occurs, the general
observations in the three studies [21,33,35] are similar. All three
authors [21,33,35] used Raman spectroscopy of the deposited films as
an investigative tool of the carbon components and their crystalline
quality. All Raman spectra of diamond films were taken at room
temperature in the three studies [21,33,35). The following observations
were common to the three studies:

1) At temperatures outside the interval of optimum conditions

described earlier, Raman spectra show two broad peaks centered
around 1560 to 1580 cm*! and 1350 to 1355 cm™', respectively

( figure 4 ). The broad peak around 1350 to 1355 cm™! is believed to
arise from small graphitic crystallites less than 20 nm in size, and / or

disorder in tetrahedrally coordinated carbon network [21]. The peak
centered around 1350 to 1380 cm™! arises from crystalline graphite, the
line width is proportional to the crystallinity of the graphite. For
example, at temperatures less than 900°C or above 950°C [35], the
Raman spectra shows two broad peaks; the amorphous carbon peak
centered about 1350 cm™! and the graphite peak centered around 1580
cm! [35]. In the same temperature range ( below 900°C or above

950°C ), the crystalline diamond peak centered around 1332 cm™! is
practically absent, indicating a dominance of the amorphous carbon

and graphite to a lesser extent [35]. At temperatures in the 300 to 400°C

range, the deposited films are mostly amorphous carbon.
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( Arbitrary units)
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Figure 4. Raman spectra of deposited diamond films at a) 825°C

and b) 550°C. After Windischmann [21].
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On the other side of the temperature interval, at 980°C, the deposited
films are mainly graphitic [35].
2) At temperatures within the interval of optimum conditions, there is a

sharp peak around 1330 to 1332 cm™' in the Raman spectra of the films.

The peak centered about 1332 cm™! is due to crystalline diamond

[10,21]. In the same temperature range, the peaks centered around
1355 and 1550 cm™! almost disappeared indicating a much smaller

presence of non diamond carbon. For example, at 550°C, the non

diamond components are virtually non existent as can be deduced from

the lone and sharp peak around 1332 cm™! in figue 4 [21]. Figures 2 and
4 are manually reproduced in this thesis from original curves; the
precision of the data is therefore lost.

At temperatures in the range of 800 to 1000°C, diamond grains are
several micrometers wide and well faceted [21]. Outside the
temperature range of 800 to 1000°C, the grains are finer and unfaceted
[36]. At lower temperatures, films have coarser microstructures in the
range of 2 to 5 microns. Larger grains have lower grain boundary area.
And since non diamond carbon and graphite tend to precipitate at the
grain boundaries, they inhibit grain growth. Finer grains contain larger
non diamond component at 825°C than grains deposited at 550°C [21].
One should note that the grain size is also a function of the nucleation

condition through abration and seeding of the substrate surface.
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2.8 Effect of methane and hydrogen gas on film properties

When methane is used in the gas mixture in the deposition chamber,
the deposited diamond film properties depend on the fraction of methane
in the deposition gas. Mechanical properties[27], optical properties
[10,21,27,37] and the morphology [9,10,26,29,31] of the film vary with
methane fraction.

The most important effect of methane fraction on diamond films is on
the type and amount of the carbon component in the film that forms
during deposition. Many researchers using various depositiAon method
have concluded that the amount of non diamond phases in deposited
diamond film is a function of the methane fraction in the deposition
atmosphere [9,10,21,29,31]. Raman spectroscopy and x-ray diffraction
are commonly used tools for investigating the carbon type (amorphous
carbon, graphite or crystalline diamond ) in carbon films. Raman

spectroscopy is especially powerful in detecting the non diamond

content in the films. The sensitivity of Raman signal from the sp? bond

( unsaturated C=C ) in graphite is about two orders of magnitude higher

than the Raman signal from the sp® bond ( saturated C-C ) in the
tetrahedrally coordinated diamond [29].
Raman spectra of diamonds from various studies have some common

features. At low methane concentrations, there is a sharp narrow peak

around 1332 cm"', indicating the presence of a large fraction of

crystalline diamond [10,21,26,38]. At low methane fractions, the
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relative peak intensity at 1560 cm™! due to absorption from graphite
( relative to the diamond peak at 1332 cm™! ) is weak. The sharp peak at

1332 cm"! combined with the relatively low peak at 1560 cm"!
demonstrate that at low methane fractions, the films obtained are mostly
crystalline diamond, provided that other parameters such as optimum
temperature and pressure are chosen. A small fraction of small non
diamond carbon ( graphite and/or amorphous carbon) inevitably exists
in the film, even at low methane fractions [10,38). As the methane
fraction in the deposition atmosphere is increased, the non diamond

carbon content increases as can be deduced from the increase in the
relative intensity of the 1560 cm™! peak at higher methane fractions
[10,21].

Spectroscopic ellipsometry was used to measure the number of sp2

bonds ( proportional to the non diamond fraction in the film ). The

number of unsaturated sp? bond in the film increased with methane
fraction ( figure 5). The data in figure 5 were fitted ( this thesis ) by
linear regression to the functiony = 1.76 + 2.53 x, with a correlation
factor R=0.95. The same conclusion could be drawn from figure 2

which represents the change in Raman spectra of diamond films at

various methane fractions; the relative intensity of the 1560 cm™’
graphite line increases with increasing methane fraction [10]. Films
deposited by hot filament CVD [38], using hydrogen and methane gas

mixture, showed differences based on the methane fraction used.
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With all other conditions kept constant, two methane fractions were
used in deposition; 0.5 percent and 1.0 percent methane fraction [38].

Under both conditions ( 0.5 and 1.0 percent methane ), Raman spectra

had a sharp peak around 1332 cm"!, indicating the presence of
crystalline diamond. However, in the Raman spectrum of the specimen

deposited with the lower methane fraction (0.5 percent), a relative

increase occurred in the peak around 1500 cm™! representing
absorption from amorphous carbon [38]. Consequently, just like
graphite, amorphous carbon production is favored in films deposited at
higher fraction of methane.

Films deposited by MPECVD (microwave plasma enhanced CVD )
[c2], with methane fractions at 0.5 percent and at 4.0 percent, showed
similar results to those in reference [38]. Indeed, specimens prepared
at 0.5 percent methane fraction contained less non diamond carbon
than specimen prepared at 4.0 percent methane. The Raman intensity of
the 1550 cm'' line was lower in the film deposited at the lower methane
fraction. In another study, the Raman spectrum of a film deposited at 2
percent methane fraction was dominated by the graphite peak [26]. As
the methane fraction was reduced, the diamond line gradually come to
dominate the Raman spectrum [26].

When ethanol was used in the gas mixture along with hydrogen, the
Raman intensity of the broad peak assigned to graphite increased with
ethanol fraction. The specimens were deposited by HFCVD at two

different ethanol fractions [9]. Both films contained line defects
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consisting of twins, stacking fault, and dislocations, as well as highly
disordered regions at the crossing points of twin boundaries [38]. The
specimen deposited at the higher methane fraction contained more of
these defects [38]. The above observations may indicate that stresses
formed during film growth are partially relaxed by the formations of these
defects. The defect density increased with methane fraction [38], thus
increasing the methane fraction may allow stresses in the film to relax
by the formation of defects. However, the trade off to stress relaxation
is the loss in diamond purity, since non diamond content increases with
increasing methane fraction.

In another study, three samples were deposited by HFCVD in a
hydrogen and methane mixture, with three different methane fractions
[29]. Films labeled A, B and C were respectively deposited at 1.0, 4.0
and 7.0 percent methane. Films A and B were identified as diamond by
X-ray diffraction. The x-ray diffraction of sample C showed a sharp line

only for the silicon substrate. Raman spectra of specimens A and B

revealed sharp lines at 1333 cm! attributed to sp® bonds, thus
supporting finding x-ray diffraction findings. The Raman spectra of films
C however showed a broad peak around 1330 cm™!. All three samples
showed a peak around 1550 cm"! that increased with methane fraction
[29].

The growth rate of diamond films grown in an atmosphere containing
methane increases with methane fraction [21,29]. As the methane

fraction increases, the diamond film growth rate increases, then
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decreases [29]. The diamond cluster size simultaneously becomes
smaller with methane fraction [29]. TEM observations showed that at a
1.0 percent methane fraction, the diamond crystals are clearly defined
and triangular [29]. At 4.0 percent methane, diamond grains are
smaller. At 7.0 percent methane, the particles’ morphology is ball-like
without habit planes [29]. A different study [38] revealed that diamond
films deposited at 0.5% methane were crystalline consisting of (111)
planes forming triangle shapes. At 1.0 percent methane, the diamond
consists of particles.with a mixture of (111) and_(1 10) planes [38].

To explain the decfease in grain size with simultaneous increase in
the growth rate, a model was proposed [29] in which hydrogen is the
determining factor. The model assumes that the diamond cluster size
depends on the hydrogen to methane fraction ( or on the number of
available atomic hydrogen per carbon atom) [29]. At a low methane
fraction, all the carbon atoms supplied by the decomposition of methane
builds up on the rapidly growing film. There is enough atomic hydrogen
around the substrate to ensure high etching rates of the non diamond
phases. At this stage, the growth rate increases with increasing
methane fraction. At higher methane fraction, too many carbon atoms
are supplied. Only small clusters of low molecular weight are formed,
most of which cannot survive at the high substrate temperature. The
decomposition of the low molecular weight clusters may be one reason
behind the slowing down of the growth rate [29]. Atomic hydrogen also

brakes up the network of weakly bonded amorphous carbon between




diamond clusters, allowing diamond clusters to grow. At high methane
fraction ( assuming the gas is a mixture of hydrogen and methane), less
atomic hydrogen is available to etch away the amorphous carbon
network that forms between diamond clusters. The reduced etching
power of atomic hydrogen at higher methane fractions might be a
second reason why the growth rate of diamond slows down. The
reduced etching power of hydrogen could also explain the increase in
the non diamond content of films deposited at higher methane fractions.
The hydrogen content in diamond films increases linearly with
methane fraction ( figure 6 ). The data in figure 6 were fitted ( this
thesis ) by linear regression to the function y= -0.623 + 2.66 x with a
correlation factor R=0.975. The amount of hydrogen in the films is to be

differentiated from the hydrogen fraction in the deposition atmosphere.

The hydrogen concentration was measured by N nuclear reaction (NR)
analysis and by elastic recoil detection (ERD) spectroscopy. A
hydrogen content of 7 to 8 percent [21] and up to 50 percent [39] was
found in many films. The presence of hydrogen in the film is necessary
to obtain good mechanical properties and infrared transparency [39].
Hydrogen stabilizes the diamond phase, films produced by
decomposition of hydrocarbons are more stable and have better
mechanical properties [22,39]. X-ray absorption fine structure (EXAFS)

measurement showed that two thirds of the carbon in diamond films have

sp? coordination. Most carbons attached to hydrogen atoms also have

tetrahedral diamond like bonding [39].
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One third of the carbon atoms in the studied specimens have sp?

trigonal bonds [39]. Hydrogen initially attached to carbon in sp® bonds
may later detach at high temperature thus altering both mechanical and
optical properties of diamond films. If hydrogen is lost upon annealing,
film decomposition could result [39]. Loss of hydrogen and eventual
decomposition or transformation to graphite occurred upon annealing at
temperatures greater that 400°C [39]. A 100 percent transformation to
graphite resulted from a 1000°C anneal [39]. While increasing the
methane fraction in the deposition gas results in film defects which relax
the stress, the hydrogen content also rises with the methane
fraction[10]. An increase in hydrogen concentration in turn causes a
greater degree of atomic misfit in the lattice. The misfit strain induces
higher residual stress, giving rise even to spontaneous delamination
[27]. Films deposited with a methane fraction greater that 15 percent

delaminated spontaneously from silicon substrates, when film thickness

was greater than 3000 A [27].



3- PARAMETERS AFFECTING RESIDUAL STRESS

Several parameters affect the sign and magnitude of residual stress:

Some of these parameters are discussed next.

3.1 Effect of film thickness on residual stress

Hoftman [8] reported that in metallic thin films the average intrinsic
stress decreased with increasing film thickness. However, the average
intrinsic stress is independent of thickness for thick films. For example,
at film thicknesses greater than 2000 A, silver [40] and gold [41] films
showed practically no increase in stress, while no stress existed in
copper and silver films until a threshold thickness of 200 to 300
Angstroms is reached [40,42]. Similar results were obtained for
antimony [43] and gold film grown on quartz substrate [44] where the
stress was zero until a threshold film thickness of few hundred
angstroms, followed by a rapid rise in stress in a narrow thickness
region of about 1000 Angstroms. A constant stress value is then
reached for thicknesses greater than 1000 angstroms [44].

The trends for residual stress as a function of film thickness in
dielectric films are not as clear as those for metal films [8]. ZnS films

evaporated at the rate of 20 A/sec have compressive residual stresses

that decrease with increasing film thickness, up to about 2 um [45]

( figure 7).

37
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However, film stresses in carbon films on glass substrates increased up
to a carbon film thickness of 1000 A, then become independent of film
thickness at higher thicknesses [46]. The data in figure 7 were fitted
( this thesis ) by non linear regression ( Marquardt approximation ) to
the function y = 1.237 exp( -0.506 x ) with a correlation factor R=0.99.
The sign of residual stress can also be thickness dependent. Strains
parallel to the interface in GaP, GaAs and InP semiconductors grown on
silicon substrates changed from compressive to tensile at film thickness
greater than about 1.5 um [4]. The tensile strains measured from the
change in the radius of curvature were however thickness independent
in the range of 1.5 to 5 um film thickness in the semiconductor-silicon
systems mentioned [4]. Stress in SiC films grown on silicon substrates
was found to be large ( 2 GPa ), compressive and thickness
independent [3]. However, stresses in the SiC film became tensile after
an anneal at 600°C, for 30 minutes [3]. Stresses wer<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>