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ABSTRACT

CHARACTERIZATION OF THE BURST STRENGTH OF POLYCRYSTALLINE
DIAMOND THIN FILMS

By

Lyndon Edward David Flowers

The burst strengths of diamond thin film (DTF) diaphragms were determined by burst
testing under unitorm loading. Si (100) single crystal wafers were abraded with a 1 micron
diamond powder, and photoresist treated to enhance diamond nucleation sites. DTF’s were
deposited on the abraded Si wafers via a microwave assisted chemical vapor deposition
(CVD) process forming DTF on Si wafer samples.

DTF diaphragms were formed by etching small (~2 to 6 mm diameter) holes through
the Si wafers. The circular DTF diaphragms thus produced were supported around their
edges by the Si wafer. The DTF diaphragms were mounted in a pressure vessel and sub-
jected to an increasing gas pressure until failure.

Bursting of the diaphragms were modeled as circular plates rigidly clamped at the
edges and subjected to a uniform load. The maximum stresses and corresponding strains
are discussed, and correlations are made between normalized diaphragm radius and burst

pressure, and between grain size and burst pressure.
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Figure 6. Approximately 9 pieces of abraded Si wafers are placed
on the graphite plate. Each piece of Si wafer was approximately
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Figure 14 (a). Diamond thin film diaphragm specimen and flat metal
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Figure 14 (b). The specimen is glued onto the flat metal disk. The
metal disk, with the specimen glued in place, is then ready to be

mounted into the pressure chamber for burst testing. .......cccoeceeceviinicvncninnnns

Figure 15 (a). Fragment mounting on SEM stubs. The DTF frag-
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Figure 16. Hitachi S-2500C SEM specimen holder. The specimen
holder assembly is attached to the insertion chamber by the temp-
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Figure 20. SEM micrograph of specimen WF#60-25 showing the
thickness of a fractured polycrystalline diamond diaphragm. The

dotted bar represents S MUCTONS. ......c.ccceeeereeeereereseeneerueseessesseeseeseseesaessassenns

Figure 21. The relative positions for the 26 specimens taken from
wafer WEF#60 were recorded for later film thickness versus relative

POSILION COITEIALON.  ....eeeeireieiereeiereecercteesressressee s e e eressaesssesssessesnesssanaeees

Figure 22 (a). Micrograph of the interfacial surface of the DTF
specimen WF#25-11 showing distinct grain boundaries define by
the dark lines. A grain size of 0.71 micron was determined from the

micrograph. The dotted bar represents 5 miCrons. .........cccceeveeevereveeceneeneeennes

Figure 22 (b). Micrograph of the interfacial surface of DTF speci-
men

WF#60-1 showing distinct grain boundaries define by the dark lines.
A grain size of 1.00 micron was determined from this micrograph.

The dotted bar represents 3 MIiCTONS. ...........cuecumeveeunesseesenssnsssensseesssesssessaeees

Figure 23. The flaking off of the DTF from the Si substrate is obv-
u?us on specimen WF#25-12. The etch seem to have penetrated the
diamond filrm and attach the etch beneath. The circular diamond

diaphragm is also observed in the center. The bar represents 1 mm. ...............

Figure 24. Cover slip modification. A glass cover slip was added to
protect the diamond coating from the KOH etch. The inner dia-
meters of the large and the small tubes were 6.8 mm and 2,3, or 4
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Figure 25_ Typical diamond diaphragm (WF#60-15) produced by
etching a concave and circular dimple that was grounded into the Si

wafer with a TEM sample preparation dimpler. A1 mm bar is indi-
cated.
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Figure 26. Twinning in specimen DF-N1-4 are indicated by arrows.

A 1 microp bar is represented on the photomicrograph. .......ccccccevveeeeceeennen.

Figure 27 (a). Raman Spectroscopy. Raman spectra for specimen
DF-N1-6 shows the characteristic 1333.5 cm™! diamond peak and

relatively dominant region near graphite 1500 cm! peak. .....ooovovvvvvrrrerernn.
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Figure 27 (b). Raman curve for specimen DF-N4-4. The character-
istic 1333.5 cm™! diamond peak and a dominant region near the
characteristic 1500 cm’! graphite peak is observed. .......cccocoiiininiinininiiiinns 91

Figure 28. Plot of P versus [t/d]4 for 21 WF#60 diamond films burst
in this study, where P is the burst pressure, t is film thickness, and
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Figure 29. Plot of P versus [t/d] 122 or 21 WF#60 diamond films
burst in this study, where P is the burst pressure, t is film thickness,
and d is thie film diameter. ... 99

Figure 30. Thickness versus Position for WF#60. No thickness

values were obtained for specimens #10, #13, #20, #22, and #24. A

slight pattern of thickness decreasing with increasing radial dis-

tance from the bottom center is observed. This pattern might be due

to a higher substrate temperature corresponding to a thicker regions
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Figure A1. The deposition surface of DF-N1-4. A large grain is
seen at the center of the micrograph. A 1 micron length is indicated. ................. 112

Figure A2. The deposition surface of DF-N3-3. No diamond facets

are observed, therefore this film was consider (as was the entire set

?f PF-N3 films) to be mostly graphitic carbon. A 1 micron bar is
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Fig‘“'e.A3. ‘The deposition surface of DF-N2-2. A grain size of
0.53 microns was determined from this micrograph. The film
appears to be covered with minute lumps. A 3 micron dot-bar is
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:igu.re A4. The deposition surface of DF-N2-4. The surface is
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Figure A¢. The deposition surface of DF-NS-5. Pyramidal (111)
facets dominate the surface. A 2.7 micron dot-bar is indicated. ...................co... 114

xvi



Fiure A

At
BERe
2 -l
CupTe]

m3d 177
.'I.L:ly\d .

Fioure A
-

-

wa N
Rt

Figure A

vt

Lvwan

Figure o
an et
nthe de

Ty

Figure
™y LX

e

Fiaure
MZony.

F'é’ure A
Tomha]
% pogy
isip;

Figure A
%Cimﬂ
R ‘DOI{(
hal Is md

F'gure A
With i

Figllre [
Tgnife
"t



Figure A7. The deposition surface of DF-N5-6. The surface is
dominated by (111) facets. A grain size of 0.64 micron was deter-
mined from this micrograph. A 3.0 micron dot-bar is indicated. ..........ccccecerenncn. 115

Figure A8. The deposition (top) surface and edge of DF-N1-4. The
top surface is dominated by pyramidal (111) facets. Columnar stru-
cture is see on the edge of the film. A 1 micron bar is indicated. .........cccccceeeeeee 116

Figure A9. The edge of DF-N3-5. No columnar structure is evident
through the thickness. A thickness of 6.4 was determined from this
micrograph. A 1 micron bar is indicated. ..........cocoveviriiinninniniins 116

Figure A1 0. The edge view of DF-N3-2. No columnar structure is
evident through the edge. The thickness determined from this
micrograph is 3.5 microns. A 6 micron dot-bar is indicated. ...........ccccceereerrnnnnee. 117

Figure A11. The edge view of DF-N5-3. A thickness of 3.7 micron

was determined for this DTF. The dominant (111) pyramidal facets

on the deposition surface and the columnar structures through the

thickness are both evident. A 1 micron bar is indicated. ..........coooovuiveererererennnnn. 117

Figure A12. The edge view of DF-N5-4. A thickness of 4.3 mic-
Tons was determined from this micrograph. Small lumps on the
interfacial surface is also obvious. A 4.3 micron dot-bar is indicated. ................ 118

Figure A13. The thickness of DF-N5-6 was determined to be 5.3
MICrons from this micrograph. A 5 micron dot-bar is indicated. ............ccceeereumecn. 118

Figure A14. The bottom of the Si wafer supporting DF-N4-7. The

{“OTPhology is the result of etching the (100) single crystal Si wafer

Ina potassium hydroxide (KOH) bath (section 2.4.2). A 10 micron
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Figure A15S. The edge and bottom view of the Si wafer supporting
SPeCimen DF-N4-8. The Si wafer is the thicker material. The edge

and .bo.tmm of the diamond thin film (DTF) is.also see. A 10 micron
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Fi.gu"“'e A16. The interfacial surface of DF-N4-8. The surface is flat
With a few scattered lumps. A 1 micron bar is indicated. ............coooovveeeererevennen. 120

Flgtn:e A17. The deposition surface of DF-N5-8. At high (x20k)
magnification minute black dots are seen on the facets. Small struc-
ture that do not resemble square or pyramidal diamond face are also
$€€. A 1.5 micron dot-bar is iNAiCAted. ...............rmrersreereeessesesesnseeseeseeeseeseeeeeseseseeee 120
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Figure A18. A high (x70k) magnification of the deposition surface
of DF-N5-8. The small black dots on the surface (see Figure A17)
appears to be holes, perhaps through the gold coating (section

2.8.2). A 430 nm dot-bar is indicated. .........cceeveerrieeiueeirrinrrenreree e

Figure B1.The Deposition surface for WF#25-8. The surface is
dominated by (111) faces. A grain size of 0.75 microns was deter-

mined.A 3.8 micron dot-bar is INAICALEA.  ....eeeenreeeeeeeerrreereeeeeeeeeeee e es e e eeseeeseenns

Figure B2. The deposition surface of WF#25-9. The (111) faces
dominate the surface. A few large cracks are observed. A grain size

of 0.6 micron was determined. A 3.8 micron dot-bar is indicated. .......................

Figure B3. The deposition surface of WF#25-10. The grains are
not well defined. Small holes are seen at the grain boundaries. A
grain size of 0.99 was determined. A 5 micron dot-bar is indicated.

Figure B4. The deposition surface of WF#25-11. The (111) faces
dominate the surface. A grain size of 0.67 was determined. A 3.8
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F igu.re BS. The deposition surface of WF#25-15. The (111) faces
dominate the surface. A grain size of 0.47 micron was determined.

A 3.8 MIiCTOn dot-bar i iNAICAEA. weveveveeeeeeeeeeeeeeee oo eeeees e eeee s s ee s sees s

Figure B6. The edge view of WF#25-7. The edge surface was near-
ly Parallel and showing the true length thus no tilt correction was
applied. A thickness of 5 microns was determined. A 6 micron dot-
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Figure 37. ‘The edge view of WF#25-9. Columnar structure across
the edge is evident. No tilt correction was required. A thickness of

23 was determined. A 2.5 micron dot-bar is indicated. ..........ccoereeeeeererereeeeennns

Figure Bg_ The diamond diaphragm (light circular center) of speci-
ann WI-?#25-7. Many DTF blisters are observed on the Si, possibly
U€ 1o pinholes allowing the etch to attack the Si beneath the DTF.

The bar TEPIESENtS 1.3 MUTL ..ooueevierrieetiercectieecaieseeseaeesessesseseesessessesessensessssessossans

Figure B9 The diamond diaphragm (light circular center) of speci-
men WE#25.10. The good circularity obtained from initial dim-

Figu.re B10. The diamond diaphragm (light circular center) of
Specimen WE#25-12. The DTF blistering is severe and causes the

DTF to flake from the Si substrate. The bar represents 1 mm. ........
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Figure B11.The diaphragm (light circular center) of specimen
WF#25-14. The Torr Seal is seen on the outer edges surrounding
the protective fused silica tube. Inside the tube is seen the DTF on
Siand the diaphragm. The bar represents 1.3 mm. ....c.cccoceeveneeceneenencnenrcneccenen. 128
Figure B12. The interfacial surface of WF#25-11. The individual
grains are partially distinguishable. A grain size of 0.71 microns
was determined from this micrograph. A dot-bar of 5 micron is
INAICALEA. ..ottt e e e se e st s sne s et e ssae st et ennesnteaes 129

Figure B 13. The interfacial surface of WF#25-14. The individual
grains are distinguishable. A grain size of 0.86 microns was deter-
mined fromn this micrograph. A dot-bar of 3.8 micron is indicated. ....................... 129

Figure C 1.The deposition surface of specimen WF#60-2. The

square facets of the (110) or (100) crystals. A grain size of 1.14

microns was determined from this micrograph. A 3.8 microns dot-
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Figure C2. The deposition surface of specimen WF#60-6. The

square facets of the (110) or (100) crystals. A grain size of 1.04

microns was determined from this micrograph. A 3 microns dot-
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Figure C3. The deposition surface of specimen WF#60-18. The

Square facets of the (110) or (100) crystals. A grain size of 1.2

TICrons was determined from this micrograph. A 3.8 microns dot-
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Figure C4. The deposition surface of specimen WF#60-19. The

Square facets of the (110) or (100) crystals. A grain size of 1.26

MICTOns was determined from this micrograph. A 3.8 microns dot-
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F'g“".e CS. The edge view of specimen WF#60-6. A thickness of

3.6 microns was determined from this micrograph. Columnar struc-

tufes of the diamond crystals are obvious across the thickness. A 6
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FlgurF Ceé. The edge view of specimen WF#60-14. A thickness of

3.2 microns was determined from this micrograph. Columnar struc-

tufes of the diamond crystals are obvious across the thickness. A 3
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Figure C7. The edge view of specimen WF#60-18. A thickness of
3.4 microns was determined from this micrograph. Columnar struc-
tures of the diamond crystals are obvious across the thickness. A 2

micron dot-bar is INAICAE. ...cooeivvieieeereeieteeeerreeeeeeeeeeeeeseeeeesenas

Figure C8. The edge and bottom of specimen WF#60-25. Colum-
nar structures of the diamond crystals across the thickness are obvi-

.....................

ous. A 5 micron dot-bar is INAICAtEd. .......cooeveiriiiiiiiiiieeeerere et e e rerereeenes

Figure C9.The diaphragm (light circular center) of specimen
WF#60-6. White Torr Seal epoxy is seen outside of the protective
fused silica tube. Inside the tube, are the DTF on Si (dark area), and

the diaphragm are seen. The bar represents 1.3 mm. ......................

Figure C10. The diaphragm (light circular center) of specimen
WF#60-122. The Torr Seal is on the outer edges and surrounds the
protective fused silica tube. Inside the tube, are the DTF on Si (dark

area), and the diaphragm. The bar represents Imm. .......cccceveveerencnes

Figure C11. The diaphragm (light circular center) of specimen
WFf#60—15. The Torr Seal is on the outer edges surrounds the pro-
tective fused silica tube. Inside the tube are the DTF on Si (dark

area), and the diaphragm. The bar represents I mm. .........c.............

Figure C12. The diaphragm (light circular center) of specimen
WF#60-23. The Torr Seal on the outer edges surrounds the protec-
uve fused silica tube. Inside the tube are the DTF on Si (dark area),

and the diaphragm. The bar represents 1 mm. .......ccooeceeeerseeerunnn.

Figure C13. The interfacial surface of specimen WF#60-1. The
md“'ld}lal grains are well defined. A grain size of 1.00 microns was
determined form this micrograph. A 3 micron dot-bar is indicated.

F'g‘"'e C14. The interfacial surface of specimen WF#60-6. The
Individual grains are well defined. A grain size of 0.98 microns was

g;:g“iﬂed form this micrograph. A 3.8 micron dot-bar is indi-

Fig,‘":e C15. The interfacial surface of specimen WF#60-15. The
:;‘ w‘d}lal grains are well defined. A grain size of 0.82 microns was
elermined form this micrograph. A 3 micron dot-bar is indicated.

F'g‘“'e C16. The interfacial surface of specimen WF#60-17. The
individua] grains are well defined. A grain size of 1.01 microns was

de:dmﬁned form this micrograph. A 3.8 micron dot-bar is indi-
cated.
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Figure C17. A crack on the deposition surface of specimen
WF#60-3. Square (110) or (100) dominate the morphology. Some
intragranular cracks appears to be present. A dot-bar of 3.8 microns
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Figure C18. A crack on the interfacial surface of specimen
WF#60-26. This crack is clearly intergranular. A dot-bar of 2.7
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Figure E 1. Insignificantly small data set DF-N1. Included only to

complete ApPPendix E. ...t

Figure E2. Plot of burst pressure versus the fourth power of the
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Figure E4. Plot of burst pressure versus the fourth power of the

;?;io, film thickness divided by diaphragm diameter for data set DF-

Figure E5. Plot of burst pressure versus the fourth power of the

ratio, film thickness divided by diaphragm diameter for data set
WE#25.
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1. Introduction
One of the earliest documentation of diamond dates back to about 46 AD and centers
around the early city of London [1]. It is fair to say that diamond has been long regarded as
the ultimnate in aesthetic value, among materials. Today, with the help of advancing tech-
nology:, itis amazing to learn that diamond is indeed a unique material in many respects.
Diamond is unique in its mechanical, optical, electrical, chemical, and thermal properties.
Certainly these superior qualities of diamond compared to other materials were not appre-
ciated even 100 years ago. It is interesting to ponder why people have had such a strong
affinity to diamond so long before it’s many unique properties were even established.
Diamond’s remarkable properties such as hardness [2], broad range of electro-mag-
netic transparency [3,4], high electrical resistivity [3,5], excellent chemical resistivity at
T0OmM temperature [3,5], and high thermal conductivity [3], makes diamond the ultimate
Materi al candidate for many applications. However, the high cost of natural diamonds and
the Limited knowledge of its growth mechanism (which limits the synthetic abilities of dia-
MOnNds) have kept diamonds from wide spread use. It is not likely that diamonds will loose
their aesthetic appeal to people, therefore natural diamonds may never become a cheap
Material. The ability to produce cheap synthetic diamonds seems the only way that dia-
MOnds can possibly see wide spread use.
Most of the well established properties of diamond are based on its single crystal
fon'n, as natural single crystal diamonds were always available for testing. The properties
of Polycrystalline diamond however, especially its growth mechanism, are not as well
€stablished. Synthetic diamond has oﬁly become popular in recent decades, which may be

One of the reasons why many of their properties are not well established. It is
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conceivable that some of the properties of single crystal diamond might also be found in
diamond’s polycrystalline form. However, it is unlikely that all the properties of the single
diamonds will be realized in polycrystalline diamond. Properties that are grain boundary
dependent might be inherent in polycrystalline diamond.

The optical transparency of polycrystalline diamond may be significantly affected by

scattering due to grain size and concentration. Grain boundary impurities might affect the
transparency of polycrystalline diamond by increasing its absorbancy. Impurity concentra-
tion at grain boundaries might also affect the diffusive, electrical and chemical properties

of polycrystalline diamond.

‘With the ability to synthesize single and polycrystal diamonds has come the desire to
characterize and to control these properties. This desire is certainly based on the hope of
SOmeday harnessing the aforementioned exceptional properties of diamond for a multitude
of Practical uses. To this end much research is being done. In this investigation the burst

Stren gths of diamond polycrystalline thin films were tested under uniform loading and

related to film thickness, diaphragm diameter and grain size.

1.1 Diamond Thin Films (DTF)

Many situations éxist in which the properties of a diamond polycrystalline thin film (DTF)
€an be utilized. Diamond’s high electrical resistivity and good heat conductivity suggests it
4S8 a good coating for integrated circuits. The diamond polycrystalline coating, being a good
insylator, would protect the integrated circuit from shorting out due to dust particles etc.
that might fall on the integrated circuit. The diamond polycrystalline coating, being a good

heat conductor, would also enhance heat dissipation. Diamond’s extremely high hardness
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3
makes 1t useful as a wear protective coating. Diamond’s optical transparency from the UV

to the IR region, including the visible, makes it a candidate as a window. Diamond’s prop-
erties of high chemical inertness, and optical transparency at high temperatures would fill
the requirements for many unique window applications such as might be found in some
(Noramn) energy dispersive x-ray analysis equipments.

IDTF’s may be fabricated to be piezoresistive [6], which, combined with the other
properties mentioned, suggests DTF’s possible use in pressure sensing devices with the
ability to operate in harsh environments.

The results of this experiment may someday be useful information to anyone involved
in en gineering polycrystalline diamond windows and/or possibly future pressure transduc-

€S using piezoresistive polycrystalline diamond diaphragms.

1.2 Methods of CVD
The mnethods employed to fabricate diamond single crystals and polycrystals can be
grouped into five categories [3].
(1) Conversion of graphite to diamond by dynamic shock. This method produces
I'latively small diamond crystals.
(2) Conversion of graphite into diamond by a high temperature, high static pressure
Method. This process yields relatively small crystals, as in (1).
(3) Diamond formation from graphite by contact with a molten metal at high tem-
Perature and pressure which is the method used to produce most of the larger single crystals
used commercially. |

(4) A method similar to (3) which uses small diamond crystals as a precursor and
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4

can produce diamonds of well-controlled impurity level and produces large single crystals.
(5) Chemical vapor deposition (CVD) of diamond thin films (DTF) onto different
types of substrates.
The chemical vapor deposition (CVD) method is employed in this investigation.
More precisely, a microwave assisted plasma CVD method was used to deposit the DTF’s

(diamond thin films) onto (100) single crystal Si wafers.

1.3 Proposed CVD Growth Mechanisms

An accepted mechanism describing the growth of DTF’s has not yet been established. Dif-
ferent mechanisms trying to accommodate all the different trends observed in the deposi-
tion processes have been proposed, but many questions are yet unanswered and many
conflicting propositions exists [7,8]. A major disagreement exists on what is the key mono-
mer(s) responsible for the growth of diamond. Researchers generally agree that some
hydrocarbon species is responsible for the diamond growth in CVD processes. Of the dif-
ferent hydrocarbon species suggested as being responsible for diamond growth, acetylene

(C2H2), and methyl (CH3), seems to be the most commonly suggested monomer species
7.

1.3.1 A Simple Proposed Mechanism

A simple mechanism was proposed [7] in which a sequence of chemical reactions utilizing
acetylene, from the pyrolysis of methane, lead to the formation of sp3 carbon-carbon or dia-
Mond bonds. The continued formations of these sp3-bonds leads to epitaxial diamond

growth. This simple mechanism (Figure 1) can be applied to any plane; the dominant {111}
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Figure1 (a). Proposed growth mechanism showing the sequence of chemical reactions. A
hy. drogen atom activates the surface by abstracting a surface H atom creating a radical site,
(@) to 1(b). The large coarse mesh circles are the top layer carbon atoms and the large cir-
cles with diagonal lines are lower layer carbon atoms. The small circles represents hydro-
gen atoms. After [7].
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Figure 1 (b). An acetylene molecule is added to the radical site. The radical then propagates
to the added molecule, 1(b) to 1(c). The carbon atoms of the added acetylene molecule are
represented by the large fine mesh circles, and the radical site by a black dot. After [7].
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Figure1 (c). The radical then bonds to the hydrogen atom abstracted from the surface
carbonm atom of the lower layer, 1(c) to 1(d). After [7].
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Figure 1 (d). The carbon radical available on the lower layer then forms a C-C bond with
the carbon atom of the originally added acetylene molecule. This creates a free radical on
the adjacent carbon, 1(d) to 1(e). After [7].
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Figuare 1 (e). The sp3 bond is formed by this step. The addition of another acetylene mole-
Cule starts a similar reaction sequence which is depicted in (f) through (i). After [7].

Figure 1 (f). The radical site is propagated to the added acetylene molecule. After [7].
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Figure 1 (g). A hydrogen atom is abstracted from a top layer carbon atom leaving a car-
bon radical. After [7].

f igure 1 (h). The carbon radical forma a C-C bond with another carbon atom from the
SWly addeq acetylene molecule propagating the radical to the molecule. After [7].
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Figure 1 (i). The radical on the acetylene molecule forms a C-C bond with a lower layer
carbon atom while abstracting a hydrogen atom from the lower layer. After [7].
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and {100} planes for example. A hydrogen atom activates and removes another H atom
from the surface plane of the diamond to produce a radical site (Figure 1 (a) to 1 (b)). The
C>H; acetylene molecule then attaches itself to the radical site propagating the radical (Fig-
ure 1 (b) to 1 (¢)) which abstracts a hydrogen atom from the carbon atom of the lower layer
(Figure 1 (c) to 1 (d)). The carbon radical now available forms a C-C bond with the carbon
atomn of the originally added acetylene molecule.creating a free electron on the adjacent car-
bon (Figure 1 (d) to 1 (e)). The hybrid sp bond of the acetylene molecule is transformed to
aspZ bond upon attaching itself to the solid carbon atom. Another C;H, monomer species
then attaches itself to this radical site in a similar manner. This sequence of CoH; addition
to radical sites on the diamond surface propagates to form the DTF (Figure 1 (e) to 1 (i)).
It is proposed elsewhere however, that CoH, is an insignificant species in the deposi-
tion of DTF’s [8]. This conclusion is based on data that shows the mole fraction of CoH,
in the deposition atmosphere to be less than 1.0x10 -7. A mole fraction of 1.0x10”7 was
deemed too low to be responsible for film formation. Besides CH,, whose mole fraction is
0.7 inthe deposition atmosphere, only C;Hg and CH3 have concentrations above 10 7, thus

CH4, C,Hg, and CH3 were suggested to be the only monomers that could possibly be

Tesponsible for the diamond film formation [8].

1.3.2 Role of Hydrogen in DTF Deposition

Hydrogen is used as the carrier gas in most CVD processes. Methane (CHy) and often oxy-
&en (O,) gases in small amounts are added to an abundance of H gas to makeup the depo-
Sition precursor gases. The two most important roles of hydrogen atoms in the deposition

Process is (1), hydrogen preferentially etches the graphitic/amorphous phases of carbon
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over diamond phase [7.9.10.11.12]. and (2). hydrogen suppresses of the aromatic hydrocar-
bons responsible for diamond [Y.13). The preferential etching of the non-diamond phases
over the diamond phase by hydrogen causes diamond growth rate to dominate, thus pro-
ducing a quality diamond film. The preferential etching effect of hydrogen is the primary
mechanism in CVD diamond formation [2].

Hydrogen is a known impurity within diamond thin films (DTF’s) [4]. Impurities
such as hydrogen, may increase the compressive stresses in a film [14]. It is thought that
increasing the deposition temperature decreases the H content [4,14], which may be the rea-
son for the decrease in the compressive stress associated with increased deposition temper-
ature [14,15]. The overall intrinsic stresses of the film is decreased by increasing the
methane, CHy, concentration of the precusor gas. This intrinsic stress decrease is due to an
increase in the compressive stresses in the film. The compressive stresses are caused by the
increase in the hydrogen concentration which is associated with the methane concentration
increase.

Hydrogen content in deposited diamond can be determined by elastic recoil detection
(ERD) spectroscopy [14,18] and by nitrogen nuclear reaction analysis [4,14]. Nitrogen
nuclear reaction analysis has been used to determine that films grown by a particular micro-

wave plasma assisted CVD process contained 0.7 to 8.0 percent hydrogen [4].

1.3.3 Role of Oxygen in DTF Deposition
The addition of oxygen to the precursor gases decreases the quantity of non-diamond car-
bon that is codeposited with the diamond. Oxygen also increases film growth rate [5]. When

added 1o the methane-hydrogen precursor gas mixture, oxygen increases the effective
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hydrogern concentration in the deposition atmosphere [ 13]. Hydrogen etches non-diamond
carbon preferentially (section 1.3.2), therefore an increase in its effective concentration aids
in graph i te/amorphous carbon suppression. The addition of oxygen thus greatly affects film

growth by, increasing the hydrogen concentration and hence the effects of hydrogen etch-

ing.

1.4 Imterface between DTF and Si Substrate

A thin 1ayer of SiC is found between the DTF and the Si substrate [12]. The SiC layer is
3PProximately 0.25 microns thick and may be continuous across the entire diamond/silicon
interface [12]. Residual diamond particles (diamond seeds) left embedded in the Si wafer
after abrasion by diamond powder or diamond paste act as nucleation sites for diamond film
8rowth [17]. The deposited DTF grows directly on some or all of these embedded diamond
Particles. Initially the crystals grow laterally until they meet, and then they grow upwards
f01T!1ing columnar structures (Figure 2). The diamond film deposition rate is initially high

(18] and the SiC layer (perhaps a reaction product) may dominate initially and form much

faster than the diamond crystal.

1.5 Deposition Parameters and Their Effects
Several deposition parameters affect the films synthesized in a CVD process. The types of
precursor gases used in deposition, the concentration of the precusor gases, the deposition

temperature, the deposition pressure, and the energy source, can each affect the growth rate

and quality of the DTF synthesized in a CVD process.
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1.5.1 ID»e=position Precursor Gases

The typ e s and relative concentrations of the precusor gases used in CVD processes have a
signific a rt effect on the nature of the diamonds produced. Varying the types and relative
concentx ations of the precursor gases is cheap and simple. This type of variation is often
made in CVD processes to produce desirable diamonds and/or to study diamonds growth
mechanism.

The most common gas combination used in diamond tilm CVD processes is a meth-
a“f=‘hydrogcn (CH4-H;) mixture. Methane is the source of the carbon which forms the car-
bon sp3 bonds that characterizes diamond. Hydrogen (section 1.3.2) is primarily an etchant
for the other carbon phases codeposited with diamond. Carbon phases such as amorphous
and graphitic phases have a lower Gibb’s free energies than diamond, therefore their
Codeposition with the diamond phase is always expected [11]. The etching of the amor-
Phous and graphitic carbon phases is the most important process in the CVD of diamond
films, therefore the etching effect of hydrogen is quite necessary.

Another precursor gas combination used in diamond film CVD is a methane-oxygen-
hydrogen (CH4-0,-H;) mixture [13] where the oxygen increases the effective hydrogen
Concentration in the deposition atmosphere.

Other gases may also be used in the CVD of diamond films, but their uses is usually
as an experimental means of studying the growth mechanism of diamond. For example, the
inert gases helium (He) and argon (Ar) were used in the CVD of diamond films to better
understand the role of hydrogen in the deposition of diamond. In one particular experiment
[8], H, (the usual carrier) was replaced by helium. CH4 and Hy/O, were alternated in the

He carrier as the deposition precursor gases. A substantial diamond growth rate was noticed
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which i ght indicate that hydrogen as a suppressor to the diamond forming aromatic 1s a
signiicamt process in the CVD of diamond. In a simulation experiment [9], Ar was used to
replace 5 to better understand hydrogen’s role in the growth mechanism of diamond. The

results swa ggested that suppression of aromatic formations by hydrogen was the key factor

in diamnond formation.

1.5.2 Concentrations of Precusor Gases

Typical the CHy4-H, mixture used for CVD of DTF ranges from approximately 0.1 percent
10 5.0 percent methane in hydrogen [4,12,14]. However, a higher quality diamond film is
deposited at the lower CH,4 to Hj ratios, from approximately 0.5 to 1 percent [14,18]. As
the methane to hydrogen ratio increases, the likelihood of codepositing a non-diamond car-
bon phase also increases. The film growth rate also increases with the concentration
increase of methane in hydrogen [12].

In the CHy4-0,-H; systems, the concentration range of O, may be from 0.5 to 5 per-
cent [13]. The film growth rate increases with increasing oxygen concentration in the pre-
Cursor gases [13], and as mentioned earlier, oxygen addition effectively increases the
hydrogen concentration thus improves the quality of diamond film produced. The optimal

Oxygen concentration range seem to be 0.5 to 1.0 percent of the precusor gases at 45 -50

Torr [10].

1.5.3 Deposition Temperature
The diamond film growth rate also increases with temperature, but the growth rate of dia-

mond reaches a maximum and further temperature increase leads to the increased formation
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of graphite [7,18]. The temperature at which transformation from diamond formation to
graphite f£ormation occurs is not reported. Graphite formation also exhibits a temperature
maximuxn but at a higher temperature than that of diamond [7].

The usual substrate temperature range for DTF deposition is 700° C to 1,300° C
[10.13.1 6]. One might assumed that as the temperature increases, so would the surface
mobility for diffusing hydrogen atoms therefore increasing the purity (less hydrogen impu-
rties) of the diamond films produced at the higher growth rate [11]. However, for the tem-
Perature range of 600 °C to 887 °C, no correlation between deposition temperature and the
film’s hydrogen content was determined [4].

Intrinsic tensile film stress also varies strongly with deposition temperature [14,15].
The inrinsic stress increases as deposition temperature increases. The intrinsic film stress
Versus deposition temperature relationship might be attributed to the non-diamond (sp2)
incorporated during deposition [14]. Higher temperatures corresponds to a lower non-dia-
mond content in the deposited film [14]. Lowering the non-diamond content increases the
film’s tensile stress by lowering the compressive stresses caused by the non-diamond.

The (111) and (100) faces of diamond preferentially grow in the temperature range of
750° C to 1000° C. At the higher temperatures in this range the (111) face dominate,

Whereas the (100) faces dominate at the lower temperatures of this range [19].

1.5.4 Deposition Chamber Pressure
Variation of the deposition chamber pressure in a diamond CVD process affects film mor-
phology and film growth rate [10]. The morphology is the strongest determinant of the

mechanical properties of synthetic diamond [20]. The deposition chamber pressure
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therefox e would seem a reasonable parameter to use in tailoring the synthetic DTF. How-
ever, the deposition chamber pressure is not a parameter that is usually varied to tailor the

deposite d diamond thin film (DTF). Film growth rate increases with increasing chamber

pressure [10].

1.5.5 Deposition Energy Source

Several different types of energy (heat) sources are used in the CVD of diamond. Hot fila-
ments[ 19], high temperature furnaces [11], high-intensity infrared lamps [18], and micro-
Waves [4] are some of the methods used to excite the precursor gases to a plasma state from
which diamond is chemically deposited.

As mentioned earlier, the morphology of synthetic diamond is the determining factor
for most of the physical properties for which diamonds are made [20]. The different types
of €nergy sources used are not known to have any special effect on the morphology of the
diamond they produce [20]. The many different methods of plasma generation in use is
likﬂ‘—ly due to a search for the most economic source for the CVD of diamond. The most eco-
Nomic method to generate the heat necessary for the CVD of diamond is still not estab-
lished. Perhaps there does not exist a most economic method. The lowest temperature at
which DTF’s can be synthesized may be the most economical.

Although the heat source is generally accepted as not playing any role in the mechan-
ical properties of the synthetic diamond produced, it seems likely that the heat source
employed may be important to some non-mechanical properties. Non-mechanical proper-
ties of the CVD diamond which are dependent on impurity content and/or possible the

effect of heat gradients on the specimen could make the energy source a non-trivial
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depositon parameter. If the types and concentrations of impurity in a single crystal or a
polycrystalline thin film effect its ransparency. electrical. or chemical property. then the
energy source would be important. The impurity of a CVD diamond will be, to some extent,
dependent on the environment in the deposition chamber. The deposition chamber is often
dictated by the energy source used., thus the energy source may influence the types and
amount of impurities incorporated in the synthesized diamond film.

A nother non-mechanical property that might be influenced by the heat source is the
uniformity of the thickness of the diamond film produced. The heat gradient in the deposi-
tion chamber is related to the thickness variation of polycrystalline thin films [21]. Mini-
mizing the heat gradient would produce films of more uniform thickness. Heat gradients
can be strongly dependent on the energy source, as in convection oven the heat gradient is
greater than in a microwave oven. These considerations coupled with controlling cost com-
Plicates the task of establishing any one energy source as the most economical energy
source for the CVD of diamond.

Getting away from the complexity of the CVD process, the burst test experiment dis-
Cussed in this thesis is intent on the characterization of the mechanical properties of poly-

Crystalline diamond thin films (DTF’s). The DTF’s were deposited by a microwave assisted

CvD Process.
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2. Experimental Procedure

Diamond polycrystalline thin films (DTF’s) were deposited on Si single crystal
wafers. Circular holes were etched through the Si wafers to produce circular DTF dia-
phragms. These diaphragm were subsequently loaded to failure with gas pressure.

The deposition of the polycrystalline diamond thin films onto Si wafers was accom-
plished with the use of a microwave plasma reactor (Figure 3) via a microwave assisted
CV D process. Circular holes were etched through the Si wafers with a KOH etching solu-
tion to produce circular DTF diaphragms. The circular diaphragms, supported at their edges
by the Si wafer, were then mounted into a pressure vessel and uniformly loaded with nitro-
gen gas pressure to failure. The increasing pressure of the nitrogen gas was closely moni-
tored, and the pressure at failure was recorded for each diaphragm that was burst. The
critical load at failure, film thickness, diaphragm diameter, average grain size, and the qual-
ity of diamond polycrystalline fil<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>