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ABSTRACT

MICROWAVE PLASMA-ASSISTED CVD POLYCRYSTALLINE DIAMOND
FILMS DEPOSITION AT HIGHER PRESSURE CONDITIONS

By

Stanley Shengxi Zuo

This study investigated the growth of polycrystalline diamond films using
pressures higher than 100 Torr, which is higher than the pressure nominally used for
polycrystalline diamond film deposition. Under these higher pressure operating
conditions, high optical quality freestanding films and substrates of polycrystalline
diamond with thickness up to 200 microns have been uniformly deposited on 2 inch and 3
inch silicon wafers in a 2.45 GHz microwave plasma-assisted chemical vapor deposition
(CVD) system. Several of these films were separated from the silicon substrate and then
lapped and polished for window applications. The polycrystalline diamond films are
grown in a microwave plasma-assisted CVD reactor using either a hydrogen/methane or a
hydrogen/argon/methane chemistry without any other additive gases. The deposition
reactor is a microwave cavity applicator with the plasma confined inside a 12 cm
diameter fused silica dome. The methane percentage was nominally varied to between 1-
2% when reactor deposition pressure varied between 100-180 Torr. The reactor was also
modified to improve its performance for higher pressure deposition processing. The
substrate temperature was controlled between 900 and 1100°C. The experimentally
measured average linear growth rate of the polycrystalline diamond film is as large as 3-4

pum/h at 160 Torr reactor pressure and 2% methane in the feed gas.
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The polycrystalline diamond samples were characterized to determine growth

rate, optical quality, film thickness uniformity, and intrinsic stress. Raman spectroscopy
is used to identify the spectral width of the sp3 peak and the ratio of the sp2 to sp3 signals.

The FWHM of the diamond peak from the Raman spectrum is used as one measure of the
diamond quality and the optical transmission measurements was used as another measure.
The diamond films were grown on silicon wafers and after the deposition process was
completed, the bowing of the wafer and film was used to determine the stress in the
diamond film. It was found that stress levels greater than a threshold value in the diamond
film on the silicon wafer often result in the film breaking when the silicon is etched away
from the diamond film. It was also determined that by controlling the substrate
temperature lower film stress could be achieved.

Finally, the diamond film thickness uniformity was evaluated by percent deviation
of film thickness in the radial and circumferential directions for samples deposited at
higher pressure condition. An example of achieved thickness non-uniformity was +4.7%
radially across a diameter of 2.5 inch (or 6.3 cm) and +4.0% along the circumference at a
radius of 1.25 inch (or 3.15 cm) for a 3-inch diameter deposition area at 120 Torr reactor
pressure with argon addition. The achieved thickness non-uniformity was reduced down
to +4.3% radially and 16.7% along the circumference for a 2-inch diameter silicon
substrate at 160 Torr reactor pressure without using argon gas. The thickness uniformity
was significantly improved by controlling the substrate temperature to be uniform and the

addition of the argon in the feed gas.
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L0 ettt ettt et e st et ae ettt e e sae et e nesn s ns 16

Figure 2-8: Diamond deposition reactor exhaust gas composition versus oxygen
percentage in the feed gas for input gas flows at 97 sccm hydrogen and

(a) 2 sccm CHy, (b) 1 sccm CoHg, (¢) 1 sccm CoHy, and (d) 1 sccm
CoH2 [9, 12]. ceeeeeeeetrtetreteetrereseesessese s ssesssesssssssssessssssassesesssssssesessessssans 17

Figure 2-9: Atomic hydrogen percentage and density versus pressure [9, 17]. ................ 19

Figure 2-10: Atomic hydrogen mole fraction versus the microwave power density
in part (a) and versus methane concentration in part (b) [9, 18]. .....ccccceueueunne 20

Figure 2-11: Radial distribution of H-atom mole fraction concluded by two photon
allowed transition laser induced fluorescence (TALIF) and by
actinometry after Abel inversion of the spectrum from the Optical
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Emission Spectroscopy (OES) [19]. This graph is a reproduction and,

not a duplicate of the original plot...........cccccooeerrrnenennereninrreereeeerereceerennen

Figure 2-12: Calculated density of hydrogen atoms [H] versus radius, 7, at a height
above the substrate of 0.6 cm (z = 0.4 cm) and a pressure of p = 40 Torr
at time moments 2, 5 and 8 ms from the pulse start. The pulse frequency

is 50 Hz and the pulse base duration is 10 ms [21]. ......ccccevevererrerernerernenennns

Figure 2-13: Atomic hydrogen translation temperature versus microwave power
density. The temperature was measured using Doppler broadening of

hydrogen OES signals [23, 24].......ccccceevverrrvernnnnnnne reeeerreeneenesaensresenes

Figure 2-14: Gas temperature versus average microwave power density. Gas
temperatures measured include atomic hydrogen temperature by two-

photon LIF and hydrogen rotational temperature by CARS [23, 24]............

Figure 2-15: Atomic hydrogen temperature (measured by LIF) and molecular
hydrogen rotational temperature (measured by CARS) versus methane
percentage in the feed gas [23, 24]. Plasma conditions: 600 W, 2500 Pa,

9 W-cm ~, 300 SCCM, TS = 900 OCuueeeeeeeeeeeeeeereseeseseessesessessesssessesessessssssess

Figure 2-16: Molecular hydrogen rotational temperature versus average microwave
power density. Temperature was measured using line-of-sight OES [23,

24] § 000000 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Figure 2-17: Molecular hydrogen rotational temperature versus pressure for a 5-cm-
diameter discharge system [9, 25]. The rotational temperature for
hydrogen discharge was determined by OES spectrum around 460 nm

(453 - 465) using the R branch of the Hy(G'Zg ) to Ha(B Zy ) (0, 0)

DANA. ...ttt e ste e s s eeenessesense st ee s asnasessessseensassanasnsesnesans

Figure 2-18: Electron density versus pressure for a microwave plasma-assisted

diamond deposition discharge [9, 25]........ccceceererererirenernsesssnsessssssssenesssesesesens

Figure 2-19: Microwave power density versus pressure for 5-cm-diameter hydrogen

methane discharge used for diamond deposition [9, 25].......ccccevvvevrrrecrrneneee

Figure 2-20 (b): High power density MPCVD diamond at 900 °C and 150 Torr with
different CH4 concentrations. The figure on the right is the Raman

spectra for the corresponding film [34]. ......cccoveuevirrieinenrrrererneeeneseeeeens

Figure 2-21 (b): High power density MPCVD diamond using 16 % CH4/H; and

100-150 Torr pressure at different temperature [34]. ........cccocevurverrrrerrcrcenennn.
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Figure 2-22: Growth rate versus substrate temperature in (a) 1 % and (b) 16 % CHy4
in Hj and (c) 16 % CH4+1.6 % O3 in Hj [34]. Though was not specified
by the author (s), the pressure is somewhere in between 100 to 150 Torr

for High Power Density (HPD) plasma and a few Torr to tens of Torr for
Low Power Density (LPD) plasma defined in the article..........ccocececeveuennee. 38

Figure 2-23: Locations for hydrocarbons near the enlarged hydrogen-rich corner in
C-H-O diagram [34]. .....ccceecereerenrecnrasesnescssessnesessenessesenssansssssesesssssessessassaesesse 39

Figure 2-24: A freestanding diamond thin film (SZ-2inch-1mm-08) that was bent
upward after the silicon substrate was chemically removed. The
diamond film is 2 inches in diameter, 46 um thick, and is sitting on top
0f @ flashlight. ......cooieeieieeectrertcceeccncereste et s e ssesssnessenssanens 39

Figure 2-25: Comparison of linear thermal expansion with respect to room
temperature (293 °K or 20 °C) for diamond and silicon in percentage
length increased versus to the temperature of the material [38, 39, 40].......... 42

Figure 2-26: The linear thermal expansion coefficients for diamond and silicon
versus the material temperature [38, 39, 40]. .......cccceoreererncnrrscncnnncccrnencnns 42

Figure 2-27: Top view scanning electron micrographs, in the same magnification,
for four diamond films grown for (a) 1, (b) 3, (c) 6.5 and (d) 10 h. The
film thicknesses were 3.0, 8.7, 21 and 42 pm, respectively. The surface
morphology of all films exhibited predominantly faceted pyramidal

grains [47].....ccceevecurvcnnne eeeeseseeeseeseesesaraesasnensasens 44
Figure 2-28: Cross-section SEM image of a diamond film on Si substrate [36]............... 45

F 1guare 2-29: Grain size as a function of the film thickness. A linear behavior is
ODSETVEA [A7]. .ottt essse s essasessnssessssssessssssnsansaessens 46

F 1 g@uare 2-30: Variation of the average grain size with the methane fraction in the
source gas. Grain sizes were calculated from X-ray diffraction data [41]. .....46

Figlu-e 2-31: Stress and grain size relation [45].........cccceeiennnveninrcnincnnsinneneneenienssnene 47

Figure 2-32: (a) High resolution TEM image of grain boundary in material grown at
800 °C and CH4=1% (b) Moire image obtained from CH4=0.1% [45].
Arrows in the figure roughly identify the grain boundary..........cceccovvveeurvcnnee 48

Figllre 2-33: Micro-Raman spectra of two diamond films with thickness of 3.0 pm
(curve 1) and 21 pm (curve 2). Both spectra exhibit the diamond line at

1332 cm  and a broad band centered at around 1550 cm.l, which is
attributed to the spz-bond graphitic carbon phases [47]........cccceeeereccninnencncne 49
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Figure 2-34: Luminescence spectra from gem-quality diamond and from CVD
diamond films deposited on W and Si substrates. Luminescence from Si
induced defect centers in the diamond film grown on Si is clearly shown
[49] cereeeensenensarsserenes fetsee et ettt as R ettt a st 50

Figure 2-35: Shift of peak position and change of width of the Raman peak of
diamond through the film thickness. Quality of film improves along the
growth direction and strain changes from compressive to tensile. The
lines are drawn to guide the eye [49].......cccccveereerennene reeetennreenaeenaneenes 51

Figure 2-36: Raman spectra measured with 514.5 nm laser from the cross section of
the film at intervals of 1 pm from the interface to the surface. The
spectra are offset vertically for clarity [49]. .....cccccooveeevenresenrsccnerneerrerecerserennene 52

Figure 2-37: The optical emission spectrum of a (4.4% CHy + 95.6% Hj)
microwave plasma [50]. .......cccceeeerierereereireerenrenensesseseesnesessessessssessessssssssssnaes 54

Figure 2-38: The optical emission spectra at different percentage addition of argon
gas [51]..... O 55

Figure 3-1: Schematic drawing of the microwave plasma CVD reactor for diamond
film deposition [9]. Ly is the Short length, Ly, is the Probe length, L) is
the substrate holder height, L is the depth from bottom of the cavity to
base of the cooling stage, and R,y is the cavity radius. .......ccccccecevevevenencncncne. 60

Figure 3-2: The overall microwave plasma-assisted CVD reactor system setup. All
essential 5 components are depicted in the figure except the cooling for
each of the 5 components. The cooling includes both the air and water
cooling as which ever is fit. Symbol ® represents the mechanical gas
valves are iNStAlled..........coveeeiereieinceieinreeniereesestesesesesssnesesesessssesesesesnssssenes 61

Fi guare 3-3: Sketch of TMp 3 electromagnetic resonant mode with the electric field
intensity distribution along the cavity wall versus its height (upper right,
[9]) and the E-field intensity distribution along cavity bottom versus its
radius 7 (bottom, [20]). Ag is the guide wavelength. Z-axis direction
depicts the center axis and the cavity height direction. .........coccccoevevrerucucncnee. 67

Flgllre 3-4: Sketch of TMy 3 electromagnetic resonant mode with the electric field
intensity distribution along the cavity center axis versus its height (upper
right) and the E-field intensity distribution along the cavity bottom
versus its radius 7 (DOtOM). .....cceoveieeeeeremreceereeee et e 68
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Figure 3-5: This figure shows an attached coax structure and its ideal height (can be

multiple of this value) with resonant mode TEMqyg; [74]. A is the
wavelength of this frequency (2.45 GHz) inthe air. ..........ccccceevievenreencneenenns 72

Figure 3-6: The cross section view of the brass cavity with tuning Short, the
stainless steel baseplate and molybdenum substrate holder. The non-
metal parts are excluded from this figure (compare to Figure 3-1) for the
purpose of showing the components of the actual microwave circuit of

this reactor design (include the baseplate). Dcg is the diameter of the

cooling stage. Lj and L) can be calculated. .74
Figure 3-7: The equivalent microwave circuit of Figure 3-6. ...........cccocevevevrvivecreeccnnnnenee 74
Figure 3-8: Original fused silica dome coolmg design: a. Top view and b. side view
of the cavity. eeeseeeesteteereseesesteeeatasestaretestte st ete st et ase st aseetereesenaentnentns 76
Figure 3-9: Modified fused silica dome cooling illustration: a. Top view and b. side
VIEW Of the CaVILY. ...ccconriricrriiiiniccniniinicincscssse st seasesensans 76
Figure 3-10: The cooling stage structure................cceceveunnee . 78

Figure 3-11: An example of substrate, inserts and the main holder are stacking on
the cooling stage. The fused silica tube is acting as a guide to the gas

flow. eheseebessanseasts et st s et sa b st s b st e b sa e b st st s bt R e 79
Figure 3-12: Relative position of the fused silica bell jar, the plasma ball and the
SUDSITALE. .....coveueeenrnceeenranenteseteessetensseesssasseseessanesssssesssssassssssascsssassessensasnssens 84
Figure 3-13: Ilustration of the operational field/road map and parameters the map
ESCTIDES. ....eceverecenrciireeceiseteesescst s tessasses e sessesesssessassesssnssesssnsssssessatsnes 86
Fi guare 3-14: About 32 seeds within 345 pm x 367 um silicon surface. ..........oourunnnnee 91
Figure 3-15: About 660 seeds within 331 pm x 269 um silicon surface. .........cccceuvenneee. 91

F 1 &Zure 3-16: SEM photo shows how the diamond film sample (SZ-3inch-1mm-#06)
thickness is measured at its cross section. Both local minimum and
maximum values are taken to show measurements from the valley and
from the tip of the diamond grain to the silicon surface.........cccceceevevrrreerrunnce 98

Figllre 3-17: With curved tip of the point-stage and probe, the deviation due to
slight tilt wafer is kept to minimal. ............cceccereeuereerrencrneescnrecnreeeeieeseeseeneae 100

Fig\ne 3-18: Solartron linear encoder and measurement demo with the point-stages. ...100

Figuxe 3-19: Substrate and diamond film thickness measurement positions using the
Solartron linear encoder. Measured points are labeled in (a) the 2-inch
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substrate and (b) the 3-inch substrate, viewing from facing the polishing
side. Units are in inches or Specified. .........cccecevurverrerrerreereereeneenereesecceesennnnes 102

Figure 3-20: Comparison of the results of SEM measurements and the
measurements using Solartron linear encoder for the thickness across the
sample diameter for sample 3-inch-1mm-#06 after 48 hours diamond
AEPOSIHION.......coveeererecrneeerennesreensesneresaessesesaesessssessesessesssnesesnssnsasssssessssasseses 104

Figure 3-21: Geometry of the Bragg “reflection” analogy and Bragg’s law. The
direction n indicates the surface normal of the atomic plane or lattice
plane of the crystal Srating. ..........ccccceeereeererererseseeseresseeesansessesssssssasaesesseseses 107

Figure 3-22: 2D illustration of the X-ray reflection (diffraction) planes (i.e. {10},
{11}, {21} {31}, and {41}) and their corresponding d-spacing in a
“cubic” lattice such as diamond lattice for example [88].......cccccceeceeruerenncene 108

Figure 3-23: The location of the Bragg's angle on camera film for single crystal
diamond SAMPIE. ......ccoucveuruieeiienrcencte ettt 110

Figure 3-24: The X-ray diffraction pattern of a powder crystal sample. (a) The cone
shape of the diffraction pattern. (b) A strip of camera film setup for
collection of the X-ray pattern. (c) The powder X-ray pattern on a
negative camera film [88].........ccccevuererierrerricercceeecececene e 111

Figure 3-25: X-ray diffraction pattern with intensities of each reflection measured
as counts per second during the rotation of the MPCVD polycrystalline
diamond film sample (SZ-2inch-1mm-035) for the diffraction angle
started from 30°t0 150°. .....ccvveirrrerereresenecersesnesesseseesesaessssesssessesessessesesnes 114

Fi guare 3-26: The spherical projection of a crystal of plane (100), (100), (010),
(010). The original full projection can be found from E. Dana, a
Textbook of Mineralogy, 1932, Wiley or reference [99]. ......ccccoeveueeuereunce 116

Fi gruare 3-27: The surface morphology of diamond film sample SZ-2inch-1mm-035.
Most crystal surface shows a square shape of facet with a few grains
show part of the grain tips look like pyramids or wedges. ........c.cccecveeverennene 119

Figure 3-28: All possible shapes of cubic diamond crystallites. Two stable surfaces
{100} and {111} that normally border diamond crystal are shaded with
dots and lines respectively [106, 107]. ......ccccceerverrirveesenserreencererrenseseseeneennas 120
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Figure 3-31: An example of optical transmission spectrum. It is expected that the
percentage of the transmission is approaching to near 70% when

wavelength increases beyond 800 nm up to 3 pm........ccoceevricicrnccccnnncncne 129
Figure 3-32: A beam with length L showing the neutral axis - X when an external

moment F-L is applied to the beam [145]........ccccerreiverrncncncncncccccneccnnnes 134
Figure 3-33: Schematic diagram showing bending by an external moment M................ 134

Figure 3-34: Schematic diagrams of a three-step operation for illustrating the
movement of the composite two beam neutral axes from an external
moment M. eeerreereeeeaetestesnaes reeteeteeette et et ees 135

Figure 3-35: The corresponding stress distributions and the shifting of the neutral

axes 81 and 8, from the central axes of the beams by the applied
uniaxial tensile and compressive stresses to the two beams [132]................ 138

Figure 3-36: Schematic diagram showing bending by an internal moment ;. ............. 139

Figure 3-37: Schematic diagrams of a two-step operation for illustrating the
movement of a composite two beam neutral axes from an internal

107024111 L . 140

Figure 3-38: Redraw of the schematic sketches of the analysis procedure for a
composite beam subjected to a differential strain Ae: (1) beam geometry
at reference state. (2) The final resultant beam configuration with no
external moments applied [133]. ......ccccoeevievienicnccecn et 142

Figuare 3-39: Best-Fit functions to the curves in Figure 2-26 for linear thermal
expansion coefficient of silicon (above) and diamond (below) for
temperature range from 293 °K (or 20 °C) to 1400 °K (or 1127 °C)............. 149

Fi guare 3-40: How the difference of the area is calculated graphically (so is the strain
differential) using the best-fit curves of the linear thermal expansion
COCTTICIent. .......ooueicceeccrccccce e . ..151

Flg'l-lte 3-41: XRD spectrum from one of the lab grown freestanding diamond film
samples (SZ-2inch-043) that shows highly oriented diamond crystals in
the direction (111). Diamond is a typical cubic crystal material that
consists of five possible lattice planes: (111), (220), (311), (400), and
(331). However the (400) plane is missing in the XRD plot. That means
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Figure 4-1: Operation condition field map of the microwave plasma CVD system
for a 3-inch diameter silicon wafer as the substrate. The feed gas

composition used for this measurement is 400 sccm Hj and 4 sccm CHy. ..168

Figure 4-2: Operation condition field map of the microwave plasma CVD system
for a 2-inch diameter silicon wafer as the substrate. The gases
composition used for this measurement is 400 sccm hydrogen and 4
SCCIM MELANE. ....ccveueerrrrrrrirenectrneeneeereeennnesesesssssssesessesessseessensensanssssassenees 168

Figure 4-3: Operation condition field map of the microwave plasma CVD system
for a 3-inch diameter silicon wafer as the substrate. The gases
composition used for this measurement is 400 sccm hydrogen, 200 sccm
argon, and 4 sccm methane.... etereereesresnrenesnsresassaneseanans 170

Figure 4-4: Sample SZ-2inch-1mm-31 with thickness of 75 micron is laid on a
piece of white paper. Silicon is back etched without any polishing. Label
is written on a piece of paper underneath of the diamond film. High
degree of transparency clearly can be seen from this sample. From this
photograph and the Raman spectra of this sample on next page, high
quality polycrystalline diamond film is uniformly deposited. The
average growth rate by weight gain was 0.79 pm/h. The substrate
temperature was 1083 °C at the beginning, then gradually decreased to
955 °C at the end. ........ccoevuirircniriicrcccctrcecre et 172

Figure 4-5: The Raman spectra for a HPHT single crystal diamond and sample SZ-
2inch-1mm-031. The spectra were recorded at four different spots where
P1 is about 1 mm to the film edge and P4 is near the center of this 2-inch
diameter film. Points P2 and P3 divide the line P1-P4 into three equal
distance. (a) Whole view of scanned region. (b) Zoom-in view at the
peak wavenumber......... reereteteeeasae ettt anene 173

Figuge 4-6: Sample SZ-2inch-1mm-43 with thickness of 19 micron is laid on a
piece of print paper. The transparency of the film is shown from the
print underneath. The average growth rate by weight gain was 0.53
pm/h. The substrate temperature was 992 °C at the beginning, then
gradually decreased to 954 °C at the end. .........c.coveeeververveecreneerersenenneneenens 174

FZmare 4-7: The Raman spectra of sample SZ-2inch-1mm-043 at points P1 through
P4in comparmg with a HPHT Single Crystal Diamond (SCD). (a)
Whole view. (b) Zoom-in view. eeesteeatateeteestetesasasestesesaseatestesesnnenernt 175

Flgl:ue 4-8: Sample SZ-2inch-1mm-45 with thickness of 75 micron is laid on a
piece of print paper. The transparency of the film is shown from the
print underneath. The average growth rate by weight gain was 1.57
pm/h. The substrate temperature was 971 °C at the beginning, then
gradually decreased to 952 °C at the end. .......cccoceeeeecrrccncnceeneencecrerenenee 176
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Figure 4-9: The Raman spectra of sample SZ-2inch-1mm-045 at points P1 through
P4 in comparing with a HPHT Single Crystal Diamond. (a) Whole view.
(b) Zoom-in view. 177

Figure 4-10: Sample SZ-2inch-1mm-53 (lower-right photo) with thickness of 125
micron is laid on a piece of print paper together with other previous
mentioned samples (SZ31, SZ43 and SZ45). The average growth rate by
weight gain was 2.60 pm/h. The substrate temperature was 977 °C at the
beginning, and then was gradually increased to 1017 °C at the end. Their
whiteness (or darkness) are significantly different and compared under
the same lighting condition. The percentage gray scale below the
photographs is a visual reference for the comparison of diamond
whiteness. However since the white paper in the photo looks like it
contains 25% gray, we should shift the scale down by 25% when
estimating the diamond film quality in the photo........c.ccccceeevereerrecevenennne 178

Figure 4-11: The Raman spectra of sample SZ-2inch-1lmm-053 at points P1 through
P4 in comparing with a HPHT single crystal diamond. (a) Whole view.
(D) ZOOM-IN VIEW.....cceeeuirriecririenenneeneeseenensssssessssesasssssesssssssessessossssonsssns 179

Figure 4-12: Raman spectrum for a low quality diamond sample. The sp2 carbon
peak at 1550 cm.1 is apparent. The FWHM value of the diamond film at
the same measured point is about 11.0 cm’, much broader than single

Fi grure 4-13: Raman spectra for the same four samples in Table 4-1. The graphite
peaks centering around 1560 cm'l are hardly seen for all samples............... 182

Figure 4-14: Sample SZ-25-3P (left) and a Sumitomo HPHT synthetic single seed
crystal diamond (right, yellow) supported on a glass microscope slide
above a printed white page. The vertical separation between the glass
slide that holds the samples and the underlying page is 15 mm.................... 183

F 1iguye 4-15: Optical transmission spectra for different materials measured with
Perkin Elmer Lambda 900............................. teereeesareeessneeesateeesanaesnnenaanens 184

Flgul'e 4-16: A plot of the growth rate versus reactor pressure for all samples
included in Table 4-3. Growth rates are taken from the value in the
parentheses, which are averaged from samples grown under the same
condition, if there are more than one samples were grown. The numbers
that are attached to the points are the average FWHM for Raman
diamond peak of the sample and the other numbers in parentheses are
the average grain size of that sample (same for the following figures).
Please note the sample thickness uniformity is very low for the data
marked with asterisk. ........cocevveeeiineniiicniecree e 190
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Figure 4-17: The diamond film thickness (in mm) distribution across the film
diameter. The number 1-11 and 12-21 indicates the location where the
thickness was measured as introduced in Figure 3-19. Above: SZ-2inch-

1mm-#65A. Below: SZ-2inch-1mm-#42. .....ccoueeiiiereiiriieeiriiereeesseesesssssens

Figure 4-18: A plot of the maximum growth rates versus reactor pressure for
samples included in Table 4-4. This plot trend indicates the growth rate

achievable under different reactor pressure and methane flow conditions. ..

Figure 4-19: Variation of the growth rate with change in methane concentration in
the feed gas at different reactor pressures. The hydrogen flow was fixed

at 400 sccm. The growth rates were taken from Table 4-4. .........................

Figure 4-20: Photographs selected to show diamond film optical quality changes
versus the methane concentration in the input gases for at pressure 140
Torr. The methane concentrations for samples #37, #45 and #62 were 4,

6 and 8 sccm, respectively..............

Figure 4-21: The acceptable quality line on the plot separates the region that the
good optical quality diamond grows. This line roughly defines the
maximum achievable growth rate for the acceptable film quality with the

required growth conditions..............ccecerveenee

Figure 4-22: The acceptable quality line that indicates the growth condition region
for which good optical quality diamond can grow on the plot of growth

rate vs. the CH4 concentration..

Figure 4-23: Diamond film linear growth rate relation with respect to the substrate
temperature at the reactor pressure of 140 Torr. Thickness is measured

by Solartron Linear Encoder (L. E.).

F1i gure 4-24: Diamond film linear growth rate relation with respect to the substrate
temperature at the reactor pressure of 160 Torr. -

.191
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Fi gure 4-25: Diamond film linear growth rate relation with respect to the substrate
temperature at the reactor pressure of 180 Torr.

202

Flgure 4-26: Diamond film linear growth rate relation with respect to the substrate

202

tEIMPETALUTE. ......cocoveniieeneniiiecenieessnreesseneesssaanenssssanensssns

Fi E=Zuare 4-27: The argon gas influence on the linear growth rate of the diamond film
at different reactor pressure. All diamond films are deposited on 2 inch
Si substrate with 1% (or 4 sccm) CH4 over 400 sccm Hj. Substrate
temperatures range are also shown in the plot. Other data can be found
in Table 4-5.......ooveeiiiiccnccccneee

206
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Figure 4-28: The argon gas influence on the linear growth rate of the diamond film
at different reactor pressure. The film thickness used to calculate the
growth rate is taken at the diamond film center using the linear encoder. ....206

Figure 4-29: The argon gas influence on the diamond crystal grain size of the film
at different reactor pressure. Data are from the same set of experiments
shown in Table 4-5. ........covreriirereereenrertrcceneerceeeseesesteeases 207

Figure 4-30: Samples that were used for growth rate study in last section, section
4.7.1 are laid on a piece of print paper for visual inspection of their grey
scale and transparency quality. The growth conditions are listed in Table
4-5. Please note that thicker films may look darker with the same

transparency.................. . reveeseesnaestesnesasesnresaesnaessassaasts 209
Figure 4-31: The Raman spectra of sample SZ-2inch-1mm-056 before the back

etching of silicon at points P1 through P4 in comparing with a HPHT
single crystal diamond (SCD). (a) Whole view. (b) Zoom-in view. ............. 210

Figure 4-32: The Raman spectra of sample SZ-2inch-1mm-059 before the back
etching of silicon at points P1 through P4 in comparing with a HPHT
single crystal diamond (SCD). (a) Whole view. (b) Zoom-in view. ............. 211

Figure 4-33: Diamond film with high concentration addition of argon causes the
secondary nucleation of diamond grains on larger grain surface, which is
often called as the twinning effect during the growth. ........ccccceveerevueveenennene. 214

Figure 4-34: Sample SZ-2inch-053 showing typical step bunching on diamond
crystal surfaces (upper right inset). The growth conditions list at
pressure 140 Torr, 400 sccm hydrogen, 4 sccm CHy4 with addition of 100
sccm argon. The substrate temperature is measured between 990 to 1015
°C at the center of the substrate. ............ccovueviiiricnnnninnnicenceccnennneenenns 215

Figure 4-35: Sample SZ-2inch-053 is darker than films grown under the same
condition except without argon (SZ-031 and SZ-043). It is even darker
than sample SZ-045, which is grown under higher CHy4 (6 sccm)
concentration. The substrate temperature is controlled at the same level. ....215

Figure 4-36; Sample SZ-2inch-1mm-056 was deposited with 100 sccm argon
" addition in the feed gas at average substrate temperature below 900 °C.
Other growth condition can be found in Table 4-5. ........cccoceeverveveervcnccnnncns 216

Figure 5-1: An example of plot of the temperature variations for both center and the
edge of the substrate when the sliding short is shifted from the position
of minimum reflected power. The shim thickness with this particular

holder set is at 0.315 inch and the correlated L; = 2.4946 inch and Lj =
2.445 inch are shown earlier in Figure 3-1..........ccccoovivininccnnnnnnnecccnnnnnns 222
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Figure 5-2: Result of the substrate temperature optimization. The temperature
difference between the center and the edge of the substrate is getting

smaller as L] — L) INCTEASES. ....c.ccceerrirerrinesnssncscsuessessesesseessssssssssssssssessesees 223

Figure 5-3: Insert type 1, a relatively small area at the center of the insert is in
contact with the holder below. Above: cross-section view. Bottom:
DOLOM VIEW. ...ttt ctssste s tsscsssssssesssesesasssesesssaesns 225

Figure 5-4: Insert type 2, a relatively large contact area is tapered from the center to
the edge of the insert. Above: cross-section view. Bottom: bottom view.....226

Figure 5-5: Insert type 3, a groove pattern is cut in the bottom of the insert. The
groove width is cut bigger towards the edge of the insert. Above: cross-
section view. Bottom: bottom VIEW.........ccceeverinernnnernnnccnninsennessennesesscsnenes 227

Figure 5-6: Insert type 4, a single large groove pattern is cut at the top of the insert.
Above: cross-section view. Bottom: top VIEW........c.ccceeueeereeerurenrccrsnercrennnane. 228

Figure 5-7: A photograph of the heated substrate without using any groove-
patterned inserts. Usually the center of the substrate is hotter than the

Figure 5-8: A photograph of the heated substrate with using type-4 groove-
patterned inserts shown in Figure 5-6. The center of the substrate looks

cooler than the edge. The holder set condition (L; and L) and the
plasma condition such as reactor pressure, gas composition and the
absorbed microwave power are the same as used in Figure 5-7. .................. 229

Figure 5-9: This figure shows how the silicon wafer is aligned with the orientation
of the cavity and how and where the temperature on the wafer is
measured. The underlined number from point-1 to point-11 are the
places where thickness are measured and point P1 to pomt P7 are the
temperature measurement locations. ......... reeveeresasaesesnerasanressenes 232

Figure 5-10: Microscopy photographs taken at seven selected points across the
diamond film from, (a) sample SZ-2inch-lmm-058B and (b) sample SZ-
2inch-1mm-059B, for the study of grains sizes and their size
distribution. The seven points P1 to P7 are the same seven points as
ShowNn in FIUIE 5-9.....c.ciimiiiiiiiitiinitsncinntencssscsesessctessesassssesssnnes 234

Figure 5-11: Calculated diamond grains sizes at the selected seven points from P1
to P7 using the method of the intercept and their size distributions of, (a)
sample SZ-2inch-1mm-058B and (b) sample SZ-2inch-1mm-059B. The
calculated standard deviation of the grains sizes for sample SZ-2inch-
1mm-058B is 2.14 um and for sample SZ-2inch-1mm-059B is 1.25 pm.....235
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Figure 5-12: The uniformity relation between substrate temperature and film
thickness of as grown diamond. The substrate temperature STD DEV
stands for its standard deviation and the thickness non-uniformity is
measured by its percentage deviation as defined in Eq. 3-12........................ 237

Figure 5-13: The relation between the average linear growth rate and the thickness
percentage deviation. The more uniform the diamond film deposited, the
higher the average growth rate. ..........c.coceeverrverrnncrcnrincsnsesscssesnnnenne ....238

Figure 5-14: Diamond film thickness radial distribution and uniformity for sample
SZ-3inch-1mm-22D.......c.ccocuiiiiiriiiiiisietisetesissssstsessssssssssssssssssssasssase 242

Figure 5-15: Diamond film thickness circumferential distribution and uniformity for
sample SZ-3inch-1mm-22D. .........cccoiiriniiicrrinnicncenincssaetsseessessae 242

Figure 5-16: Diamond film thickness radial distribution and uniformity for sample
SZ-2inch-1mm-053. ...t 244

Figure 5-17: Diamond film thickness circumferential distribution and uniformity for
sample SZ-2inch-1mm-053. .......cccoirvrniniiincnircncnsentscacsesseaeaees 245

Figure 5-18: (a) Microscopy photographs from taken at points P1 to P7 across the
diamond film of SZ-2inch-1mm-053. (b) Calculated diamond grains
sizes at points from P1 to P7 and their size distributions. The calculated

standard deviation of the grains sizes is 2.60 . ........ccccecverercrmrcresercrenaes 246

Figure 5-19: Diamond film thickness radial distribution and uniformity for sample
SZ-2inch-1MmM=-058A........coeererrrerenrenriresieenreeseesessaessseaeesesesssssesesessssasass 248

Figure 5-20: Diamond film thickness circumferential distribution and uniformity for
sample SZ-2inch-1mm-058A. ..o 249

Figure 5-21: (a) Microscopy photographs from taken at points P1 to P7 across the
diamond film of SZ-2inch-1mm-058A. (b) Calculated diamond grains
sizes at points from P1 to P7 and their size distributions. The calculated
standard deviation of the grains sizes is 0.50 pm. ........c.ccocevirrrcreirnccnnnes 250

Figure 5-22: Diamond film thickness radial distribution and uniformity for sample
SZ-2inCh-1mMm-045. ........coierrecrerrreeeereeeeensseesescsessssessssssscseseses 252

Figure 5-23: Diamond film thickness circumferential distribution and uniformity for
sample SZ-2inch-1mm-045. .........cocourervniiniiicrnteesecneessncsceseseessesenne 253

Figure 5-24; (a) Microscopy photographs from taken at points P1 to P7 across the
diamond film of SZ-2inch-1mm-045. (b) Calculated diamond grains
sizes at points from P1 to P7 and their size distributions. The calculated

standard deviation of the grains sizes is 1.57 pm. ......ccccceveereevrenrcvrrccenecanns 254
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Figure 6-1: Illustration of measuring the distance from the back side surface (the
top surface) of the silicon wafer to the top surface of the base. Please

note the diamond film is on the bottom side of the measured piece. ............ 261

Figure 6-2: A simple plot to show geometrical relationship between the curvature

data points and the distance from the center of the silicon wafer.................

Figure 6-3: The Matlab plot of the data points (small circles represented dots) and

the partial best geometric fit circle (the line).........cocceeerveeeemneeercecenrccneecnns

Figure 6-4: The relation of intrinsic stress versus the substrate temperature. All data

are included in this plot from Table 6-2. .........ccccoeorverrintrrenenrreesererenennenens

Figure 6-5: The relation of intrinsic stress vs. the substrate temperature. Reference
data from Table 6-2 under the same experimental condition are

classified as ONE PIOL.........cccecvrceiinuerirceisciiteecrccnsescresest s seaes

Figure 6-6: The X-ray diffraction spectrum of diamond film sample SZ-2inch-
1mm-36. The intensities of each type diffraction plane are indicated in

the figure.. teeteeeseeseestestessessessesstaeetestestatenseaaesaaeseeseestentenseneeraasaeanane

Figure 6-7: The X-ray diffraction spectrum of diamond film sample SZ-2inch-
1mm-37. The intensities of each type diffraction plane are indicated in

the figure..........cccoevevervenreverernennnne reeeenestereaetenssneeeneesesaeaneneaenasnasaane

Figure 6-8: The X-ray diffraction spectrum of diamond film sample SZ-2inch-
1mm-43. The intensities of each type diffraction plane are indicated in
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Chapter 1 Introduction

1.1 Motivation

It has become a common belief that high quality polycrystalline chemical vapor
deposition (CVD) freestanding diamond films can be synthesized only at low growth
rates. Low methane concentration, which is usually 1% or less of the hydrogen
concentration, is used to grow high quality diamond film at the deposition pressures of
less than 100 Torr. The growth rate in terms of the thickness gain per hour is less than 1
pm per hour. As indicated by many researchers, the diamond growth rate and quality are
affected by many interrelated parameters such as the pressure, substrate temperature,
power density absorbed by reactant gases, and finally composition of the reactant gases.
The increase of methane concentration in hydrogen during the CVD processing generally
allows the growth rate of diamond at higher rates. However, the film turns dark and the

quality is lower when the methane concentration is higher due to impurities of graphite,

2
SP or amorphous carbon. The high cost and the low productivity of the low growth rates

have been noticed and it does not satisfy the need for some cost-sensitive applications.
Higher Pressure, which is defined from 100 Torr up to 180 Torr, is considered in this
Study for providing higher diamond growth rates, as well as, better quality of the as
8rown films, This dissertation investigates the idea of high quality and high growth rate

Polycrystalline CVD freestanding diamond film deposition.
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This investigation looks to simultaneously achieve optical films and plates or
discs that are uniform, high quality, flat, and grown at a high rate. The uniformity at the
most basic level refers to the thickness of a film, discs or plates. The uniformity of the
diamond film also implies uniform quality across the film area, which also indicates that
uniform diamond grain size and film texture is desired across the film area. Depending on
the intended application of the diamond, this study includes a number of different
measurements of the film uniformity. There are many ways to describe the quality of the
diamond films and discs or plates. The optical quality usually means the clarity or the
transparency of the diamond, as well as the nature of the boundaries between the many
small grains of diamonds. The optical properties and Raman spectrum of the deposited
diamond will be used to quantify the diamond quality. Applications of diamond for
windows require the diamond to be lapped and polished into flat plates or discs. The
lapping is greatly simplified when the grown diamond is reasonable flat, which requires
control of the intrinsic stress of the deposited diamond. Therefore, the intrinsic stress of
the diamond film is another primary investigation of this study. This research is intended
to improve the diamond film uniformity, flatness and quality, as well as, increase the
deposition rate.

Successful demonstration of polycrystalline diamond deposition that is more
€conomical (at higher growth rate) with good uniformity, high quality, and controlled
intrinsic stress (good flatness) will allow the production of diamond plates and discs for a
Wider array of applications including high power laser windows, high power millimeter
Wave and microwave windows, and wide transparency diagnostic windows for

SPectroscopy. To achieve the goals for the deposition of polycrystalline diamond for
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these applications the approach to be pursued includes: (1) modification of the diamond
deposition reactor, (2) development of an experimental methodology to optimize the
deposition process, (3) identification of the relationships between growth rate, diamond
quality, film intrinsic stress, and film uniformity versus reactor operation conditions, and
(4) identification of process and reactor improvements that allow the deposition pressure
(growth rate) to be increased while maintaining uniformity, quality and flatness. To
accomplish the goals a number of research objectives are identified and listed in the next

section.

1.2 Research objectives

The goal of this research is to synthesize optical quality polycrystalline diamond
films at high deposition rates over 2-inch and 3-inch diameter silicon substrate areas. To
achieve this goal, several objectives have been identified. The first objective is to
understand the relationship of the growth rate versus the diamond quality for films
deposited by means of microwave plasma enhanced (or assisted) chemical vapor
deposition (MPCVD). The second objective is to develop a reactor design/operation that
synthesizes high quality fast growing polycrystalline diamond film uniformly over areas
up to 2 — 3 inches in diameter. The third objective is to understand and develop a suitable

mechanism of controlling the intrinsic stress in the as grown polycrystalline diamond

films.

13 My contributions

In the course of this investigation several specific contributions were made to the

und"fs'tanding and technology for deposition of polycrystalline diamond discs and plates.
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This investigation looked at extending the deposition pressure up to 180 Torr while
maintaining uniformity and other requirements. My contributions to the polycrystalline
CVD diamond films deposition subject area include:

1. Defining an optimum region of diamond growth that gives high quality versus
deposition pressure and methane flow in the feed gas.

2. Developing a procedure for characterizing the reactor operation for achieving
uniform substrate temperature.

3. Modifying the reactor design to achieve more uniform cooling of the fused
silica bell jar and modified the substrate design to achieve more uniform
substrate temperature.

4. Showing the impact of the argon addition on diamond film deposition at high
pressure including on the deposition uniformity and growth rate.

5. Extending earlier mechanical stress models to understand the diamond film
intrinsic stress. This extended stress model distinguishes the difference of
internal stress from the external stress of Stoney’s original model based on
treating the substrate/film as two welded rigid beams or plates. Extension of
the earlier stress models are made to suit the stress calculations in this work.

6. Determining an intrinsic stress level that can be used to predict when the

diamond film/substrate breaks during the chemical back etching.

14 Preview of chapters

Chapter 2 presents a review of high-pressure CVD diamond from its physical and
Chemical formation process, as well as the most recent key results from higher pressure

Tesearch studies. It covers the main reasons for high pressure deposition conditions of this
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study. This chapter also describes how diamond film quality is affected by a number of
factors such as the impurities, defects, grain sizes, and the intrinsic stresses. Chapter 3
introduces the MPCVD system used for this study and the modifications of this system
for high-pressure operation. This chapter also gives the general methodology of how
processes are operated, measurements are taken, calculations are carried out, and analyses
are done for (1) operation of the MPCVD system, (2) diamond film growth preparation,
(3) substrate temperature and thickness measurement, (4) film stress calculation, and (5)
film quality analysis. Chapter 4 describes the diamond film growth rate and quality
changes versus the reactor pressure, methane concentration, and substrate temperature.
This chapter also describes how argon gas addition affects the diamond film quality and
growrth rate. Raman spectroscopy and optical transmission are used for the diamond film
quality analysis. Chapter 5 discusses the control of the substrate temperature by designing
special substrate holders. The diamond film thickness uniformity results are presented
With respect to the temperature uniformity. This chapter also discusses the effect of argon
£as addition. Chapter 6 presents a few techniques for reducing the diamond film stresses.
Besides controlling of the substrate temperature, the intrinsic stresses can also be reduced
by Varying the methane concentration over time. Chapter 7 summarizes the major

ﬁndings and proposes suggestions for further work.
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Chapter 2 Review of High-Pressure Deposition of CVD Diamond
Films ]

Diamond grows in a specific physical and chemical environment. The carbon
element and the rigid and specific sp3 hybrid bonding structure require certain chemical

and physical conditions for the growth of diamond. Many current and previous diamond
deposition studies were carried out at low pressures, i.e. 100 Torr or less. The obvious
adwvantage is the ease to maintain relatively large and uniform plasmas with lower
pressures and input powers. The lower flux to the substrate at the lower pressures
eliminates the necessity of designing for substrate cooling. However, it has. been shown
that low-pressure (<100 Torr) diamond growth results in low growth rates that are seldom
OVver 1 um per hour. Some studies have indicated that higher pressures (100 Torr or
Ereater) and high temperatures can be used to increase the growth rate significantly in
Plasma-assisted CVD diamond deposition. This chapter first reviews the basics of the
diamond deposition process in order to understand the relationship of deposition pressure,
EXowth rate and diamond quality. This chapter will then cover the background of high
PTessure CVD diamond synthesis. More specifically this chapter first reviews the plasma
diSc-ha.rge properties for plasma-assisted CVD (PACVD) diamond at high pressure
COnditions. The low pressure condition will also be detailed in order to describe the

Similarities and the differences between films grown at different pressure conditions. The
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second aspect is to review the traditional mechanism of polycrystalline plasma CVD
diamond deposition and some past works that have been done both at low pressure and
high pressure. The third aspect intends to study the properties of polycrystalline diamond
films, mostly the intrinsic stress in deposited diamond films. The last section summarizes

in general the important parameters of diamond deposition at high pressure.

2.1 The simplified physical and chemical process of diamond formation

The synthesis of CVD polycrystalline diamond films is a complex chemical and
physical process that compromises several different but interrelated features, as
illustrated in Figure 2-1. To simplify the complexity of the physical and chemical
process, assume only two reactant gases, hydrogen and methane participate. This is a
typical and minimum gas composition required for a CVD diamond deposition process,
which also will be the composition used in most of studies in this investigation. The
process gasses first are mixed before flowing to the reaction chamber and diffused toward
the substrate surface. The reaction chamber is located inside a microwave reactor where
the gases are activated by the microwave energy and the gaseous molecules fragment into
reactive atoms, ions and radicals. The microwave power can be replaced by other energy
sources such as hot filament, RF and DC discharge, or laser ablation. At the same time all
of the gaseous species are heated up to a few thousand degrees Kelvin of temperature.
These reactive fragments continue to mix after the activation region. A complex set of
chemical reactions occurs among these fragments until they strike the substrate surface.
At this point the species either adsorb and react with the surface, desorb again back into
the gas phase, or diffuse around close to the surface until an appropriate reaction site is

opened from the surface. One possible process is when the carbon carrying species,
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mostly considered to be CHj radical, have reactions with the surface. If all the conditions

are suitable, diamond grows.

Gases in
1 Reactants
CHy H CHy4
Hp 2 Hy
Hy CHy CHy Hj
CHa Hj Hj
CHq

Microwave Energy
CH Activation

CH, CH CHy «+— Free radicals

.I.;.:.;.;.I.;.;.;.;I;.;.;.:.;I.;.;.;.;1.;.;.;.;.I.;.;.;.;.;I;.;.;.;.;I;.;.;.;.I; Diffusion layer

Substrate

Gases out Gases out

Figure 2-1: Schematic diagram of the physical and chemical processes during
diamond CVD.

2.2 Simplified diamond growth mechanism and surface chemistry

A relatively common view of the deposition process for CVD diamond has been

accepted by many researchers over the past couple decades. The first question is what are

the species involved in diamond growth among the fragments, C, C, CH, C,H, CH3,
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CoH,, CH3+, and diamondoids, such as adamantane. First, one of the facts is that many

researchers grow CVD diamond in hot-filament CVD reactors in which the system
contains very few ions. This suggests that neutrals are the primary participate reactants in

diamond growth. Among the possible neutrals, a number of studies [1, 2, 3, 4, 5, 6] have
indicated the irreplaceable importance of the CH3 species in the growth chemistry of the

diamond formation.

Diamond grows best on diamond surfaces or diamond seeded surfaces. The initial

condition is that the diamond surface is nearly fully saturated with hydrogen in the

predominately Hj plasma. This statement may not be quite true before the surface is

placed in hydrogen and methane, the diamond growth environment. The surface-dangling
bonds can be terminated by other monovalent atoms such as nitrogen, or oxygen even
polyvalent species depending on the preconditions. However these species will be readily
replaced by monovalent hydrogen atoms in the hydrogen and low concentration methane

environment and become ideally “fully” saturated with hydrogen. The next step is
hydrogen atoms and hydrocarbon species in the discharge abstract a surface H to form Hp

leaving behind a reactive surface site. This is illustrated in Figure 2-2 and the typical
chemistry equation is stated in the caption. After the H atom is abstracted, most likely this

surface site reacts with another nearby H atom and returns the surface to its previous stable
situation. However, occasionally a gas phase CH3 radical can collide and react with the
surface site, eventually adding a carbon to the lattice. This part of the physical and

chemical process is illustrated in Figure 2-3 and the chemical reaction is stated in its

caption.
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Once again the CH3 radical that has reacted with the surface can break apart from

the surface due to the thermal desorption leading to an open site on the surface again. Or

one of the H atoms from CH3 abstracts a H-atom from a nearby CH3 forming a hydrogen

molecule and the two open sites left behind from both CH3 bind together and form C-C

bond locking them into the diamond lattice structure. This process is illustrated in Figure
2-4 with the chemical equation shown in the caption. As we know the process of H

abstraction and methyl addition may occur any time on any open site. Any attached
methyl, the CH3 fragment, may interact with another adjacent CH3 fragment on the

surface and form a portion of the diamond lattice until the full diamond lattice structure is

complete.

23 Growth zone and Bachmann C-H-O phase diagram

There have been many studies of the gas phase chemistry in the last 15 years
since 1991 aimed at obtaining a clear picture of the principles involved. The first clue
was obtained from the “Bachmann diagram” [7], which is a C-H-O composition diagram
based upon over 70 deposition experiments in different reactors and using different
process gases. Bachmann found that independent of the deposition system or gas mixture,
diamond would only grow when the gas composition was close to and just above the CO
tie line. The C-H-O diagram was updated in 1994 (Figure 2-5) by Bachmann’s group
based on more experiments [8]. One of the findings that enhanced this diagram was that

diamond growth doesn’t necessarily need the participation of oxygen.

10
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*
Figure 2-2: lllustrated chemical reaction: CdH + H <> C 4+ Hj. Cq4 denotes the
carbon atom on diamond surface and the symbol asterisk indicates that
atom is reactive. This figure is viewed as a 2D plane view, so atoms in the

diamond structure and the CH3 species are not in the same plane as they
appear in the figure. This same statement holds for the following figures.

*
Figure 2-3: Illustrated chemical reaction: C 4+ CH3 = C4qCH3,

11



Figure 2-4: Nllustrated chemical reaction: C4CH3 + H > C4CH3 + Hj.
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Figure 2-5: Bachmann C-H-O diagram (updated version: 1994) indicates where the
diamond growth zone located [7, 8].
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2.4 Plasma properties versus pressure in CVD diamond deposition

There are many ways to measure and determine the properties of plasmas. A
plasma is a collection of free charged particles moving in random directions as well as
affected by external fields. Several general quantities like pressure, microwave power
density and temperature are used to characterize plasmas. More specific quantities
include species density, mean velocity, energy density, neutral gas temperature, electron
temperature and densities. Typical plasma conditions for diamond deposition include a

gas mixture of hydrogen with less than 3 % of methane.

2.4.1 Neutral species concentrations and atomic hydrogen density and their spatial
distribution

Past studies in the literature have investigated at the species in the plasma

discharge using a number of techniques. In this section the results of these studies are

summarized. Figure 2-6 shows the concentrations of the three main studied species
including CHy, C2H», and CoHy4 in a microwave discharge region versus the percentage
methane in the feed gas [9, 10]. The operating pressure was at 30 Torr and no oxygen

was used in the feed gas. The experiment result shows that the CH4 and CoHj are found

under all condition while CoH4 was observed only when the CHy4 percentage in the

source gas becomes high [9].

The results in Figure 2-7 were measured using a molecular beam mass

spectrometer. The measured plasma discharge species were Hj, argon gas, CoHy, CHy, H

atom, and the methyl radical — CH3. The pressure condition in the plasma was 20 Torr

14
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and the input microwave power was 800 W. The experimental result indicated an
increase of the radical CH3 when the fraction of methane increases in the feed gas. Also,
the CoH; concentration also increased with CHj3 increases [9, 11].

Figure 2-8 shows the diamond deposition species with the addition of oxygen gas.
The addition of the oxygen reduces the concentration of CH4 and CyHj, but at the same
time increases the CO and H,O level. The addition of oxygen is one of the common

methods that can help reduce the graphitization, i.e., the dark film problem, which occurs
especially when higher concentrations of CH4 gas are used in the gas feed or a very high

substrate deposition temperature is used [9, 12].

2.0
® CH.%
= 1.5 .
s ' m A c,n,%
c
)
®
= 10¢
c
(]
e
°
S 0.5+ °
-..
1
0.0 AhA—t—— . A
0 2 4 6 8 10

CH4% in source gas

Figure 2-6: Concentration of CH4, CoHj, and CoHy4 in a microwave discharge region as

measured by FTIR absorption spectroscopy versus percent methane in the feed
gas at an operating pressure of 30 Torr with no oxygen in the feed gas [9, 10].
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One of the many species we are very interested in is the atomic hydrogen and its
density in the plasma. It is believed that atomic hydrogen is the most critical component
in the CVD diamond synthesis chemistry such that its concentration may determine

independently if the final product is diamond or graphite in a hydrocarbon gases mix
environment. First of all, the atomic H is known to favor the breaking down of spz-
hybridized carbon, such as CoHy, over removing the sp3-hydridized carbon from the
substrate surface. The macroscopic outcome is that the atomic H etches the graphite sp2

carbon about 100 times faster than diamond-like sp3 carbon [6, 13, 14, 15, 16].

1

10§
H
100——-—.----—3—-=w 2
=
o .1 x Ar
K 10 - S SRR B R AR 1
(TS = ‘
010 F T,=1073K '
s 3 , ]
b 20 Torr _I® 4’4f§ CH4 ]
| ¥ 1Y |
3 P H
10 s = o——-
) o -.-g’_g--@@ CHj
g-..g-- 0
10-4 3 : " — 2 — 1
10° 10° 10

FRACTION OF METHANE IN FEED GAS

Figure 2-7: Mole fraction of chemical species measured in a microwave plasma CVD
system versus variation in the methane fraction in the feed gas [9, 11].
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% COMPOSITION

1 scem C2H,

—

0.0 0.5 1.0 1.5 2.0 25 3.0
% OXYGEN

Figure 2-8: Diamond deposition reactor exhaust gas composition versus oxygen
percentage in the feed gas for input gas flows at 97 sccm hydrogen and (a) 2

sccm CHy, (b) 1 sccm CyHg, (c) 1 scem CoHy, and (d) 1 scem CoHj [9, 12].
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The net result is that the atomic hydrogen helps greatly to abstract the surface hydrogen

atom and leave a site for CH3 to adsorb on the surface and further to form diamond and at

the same time preventing the surface graphitization and the build-up of polymers or large

ring structures in the gas phase or on the substrate surface. Second, the excited H atoms

are also the other important source for stable CH3 radicals for the formation of the

diamonds, which may be formed from a neutral CH4 radical reacts with an H atom by

releasing a Hy molecule. As it has been described earlier, these neutral CH3 radicals carry

out the steps of forming diamond on the open sites of a diamond surface.

Since atomic H is so important to diamond synthesis, extensive attention has been
given to deposition conditions that increase the neutral H atom species. Figure 2-9 shows
the atomic hydrogen concentration and indicates that the atomic hydrogen density increases
with pressure [9, 17]. This measurement was done in a microwave powered plasma
discharge.

Figure 2-10 shows the atomic hydrogen concentration and how it is influenced by
the microwave power density and the percentage methane in the input gas [9, 18]. The
atomic hydrogen concentration changes little due to the percentage methane in the input
gas however, a large increase is seen in the atomic hydrogen mole fraction due to the
increase of the power density in the plasma. The primary factor that influences the power
density is that the power density increases strongly with pressure.

It is also very important to note that the atomic hydrogen distribution is not
uniform across the substrate for a typical free-expanding plasma sphere. The free-

expanding plasma sphere means the visible plasma ball is smaller in size than the space

18
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filled with the feeding working mixture of gases under the fused silica bell jar, such as
the one shown in Figure 3-1. A. Gicquel et al. [19] has indicated, though not directly
depicted, a symmetric radial distribution of the H-atoms as shown in Figure 2-11 where
the highest atomic hydrogen mole fraction is measured at the center of the plasma. Figure
2-11 uses actinometry for estimating the relative H-atom densities in a microwave plasma
enhanced CVD reactor similar to the one utilized in this study. A similar plot of the E-
field intensity radial distribution [20] for the microwave plasma-enhanced CVD reactor

used in this study is also shown later in Chapter 3.

10 : : : : 5.0

- 4.5

- 4.0

- 3.5

% of H
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H density (1021 ma)

- 2.5

20

Pressure (Torr)

Figure 2-9: Atomic hydrogen percentage and density versus pressure [9, 17].
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Figure 2-10: Atomic hydrogen mole fraction versus the microwave power density in
part (a) and versus methane concentration in part (b) [9, 18].

R. A. Akhmedzhanov et al. [21] also provided a similar graph (Figure 2-12) of the
radial distribution of the atomic hydrogen density based on their calculation. They
studied the pulsed operation regime of a microwave powered CVD plasma reactor, which
is similar to the reactor used for this study. The reason these studies are included in this
literature review is because this non-uniform radial distribution of the atomic hydrogen
density may be one of the most important factors that contributes to the nonuniform
microwave (or other power source) plasma-assisted diamond film deposition. Since the
atomic hydrogen plays a crucial role of the deposition process, efforts to increase its

radial uniformity are needed.
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Figure 2-11: Radial distribution of H-atom mole fraction concluded by two photon
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Abel inversion of the spectrum from the Optical Emission Spectroscopy (OES)
[19]. This graph is a reproduction and, not a duplicate of the original plot.

8x10'* — [H],cm™

2 ms
6x1015 | escsrsssssssene Sms
I vy mmm—— 8 ms
4x10"°
210 _
15 | s
0x10 ' I ' I ]
0 2 4 6

r,cm

Figure 2-12: Calculated density of hydrogen atoms [H] versus radius, 7, at a height above
the substrate of 0.6 cm (z = 0.4 cm) and a pressure of p = 40 Torr at time
moments 2, 5 and 8 ms from the pulse start. The pulse frequency is 50 Hz and
the pulse base duration is 10 ms [21].
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2.4.2 Neutral gas temperature

The neutral gas temperature is a measurement that determines the average kinetic
energy of the plasma gas discharge. There are a number of ways used to measure the gas
temperature include Doppler broadening of optical emission signals, Doppler broadening
of Laser Induced Fluorescence (LIF) signals, Coherent Anti-Stokes Raman Spectroscopy
(CARS) [22], and rotational temperature of optically emitting molecules [9]. Figure 2-13
to Figure 2-16 present results from a systematic study by Gicquel et al. [23, 24] that has
covered all four of the methods of measuring the neutral gas temperature versus power
density and methane concentration. Figure 2-17 presents a result of the neutral gas
temperature versus the pressure by Grotjohn et al. [25]. The neutral gas temperatures as
measured by all four techniques show temperature increases with increases of power
density and pressure. At the higher temperature (about 3000 K), the dissociation of the
hydrogen by a thermal process increases leading to more atomic hydrogen, which

associates with higher quality.
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Figure 2-13: Atomic hydrogen translation temperature versus microwave power density.

The temperature was measured using Doppler broadening of hydrogen OES
signals [23, 24].
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Figure 2-14: Gas temperature versus average microwave power density. Gas
temperatures measured include atomic hydrogen temperature by two-photon
LIF and hydrogen rotational temperature by CARS [23, 24].
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feed gas [23, 24]. Plasma conditions: 600 W, 2500 Pa, 9 W—cm'3, 300 sccm, Ts =
900 °C.
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Figure 2-16: Molecular hydrogen rotational temperature versus average microwave
power density. Temperature was measured using line-of-sight OES [23, 24].
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Figure 2-17: Molecular hydrogen rotational temperature versus pressure for a 5-cm-
diameter discharge system [9, 25]. The rotational temperature for hydrogen
discharge was determined by OES spectrum around 460 nm (453 — 465) using

the R branch of the Hy(G'Zg ) to Ho(B'Z, ) (0, 0) band.

2.4.3 Electron density and electron temperature

The electron density is the average number of electrons contained in a unit
volume and the electron temperature is the average kinetic energy of the electrons. For
measuring electron temperature, one electron volt is also equivalent to 11,606 Kelvin.

One result from Grotjohn and coworkers [9, 25] measured the electron density range as

1-5><10ll cm-3 for a pressure range from 10 — 60 Torr plasma discharge and a 2.45-GHz

microwave reactor (Figure 2-18). They used a millimeter wave Fabry-Perot resonator

operating at 30 GHz to measure the electron density.
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2.4.4 Microwave power density

Microwave power density is defined as the plasma absorbed power per unit
volume. The volume is estimated from the region of most intense visible light emission
by the discharge. Dr. Grotjohn and his group [9, 25] found that the power density
increases with an increase in the pressure of the plasma discharges, as shown in Figure

2-19.
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Figure 2-18: Electron density versus pressure for a microwave plasma-assisted
diamond deposition discharge [9, 25].
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Figure 2-19: Microwave power density versus pressure for 5-cm-diameter hydrogen
methane discharge used for diamond deposition [9, 25].
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2.5 Key results of higher pressure research studies

The previous section described the diamond deposition process and various
diagnostic measurements that are routinely employed to understand the plasma
properties. These diagnostic measurements have been made primarily in the low pressure
regime of less than 100 Torr. Several research groups have developed and demonstrated
diamond deposition at higher pressures of 100 to 200 Torr. However, systematic
measurements of the plasma discharge conditions are not readily found in the research
literature at the higher pressures.

Table 1 summarizes key results for higher pressure (above 100 Torr) diamond
deposition from eight CVD diamond research groups. The table indicates several
important parameters including the type of diamond grown, the growth method, the
growth rate, substrate temperature, the methane concentrations in hydrogen, and the

quality of the diamond, etc.
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Table 2-1 indicates some important trends and differences from lower pressure
diamond growth. A general observation is that with a pressure increase, the methane
concentration (percentage) in the input feed gas can be increased such that the growth
rate increases and good diamond deposition can still be achieved. A further general
statement is that the results from different groups have significant variability in terms of
function of power density, higher pressure and substrate temperature. This variability
suggests that further studies of high pressure diamond deposition versus several
parameters, including power density or pressure and substrate temperature, are needed in
order to understand high growth rate diamond deposition. The following section details

some of the studies that have been done in the high pressure regime.

2.5.1 Comparison of surface texture diamond content and growth rate at high
pressures

Chein [34] did a study of diamond deposition at a pressure of up to 150 Torr over
a range of methane volume concentrations in the feed gas that varied from 1 to 100 %
and substrate temperature that varied from 550 to 1600 °C. The diamond morphology and
Raman spectra for the films formed from the different methane concentrations are shown
Figure 2-20 [34]. The results indicate that high concentrations of methane up to 100 %
still grow diamond though a high fraction of graphite content appears in the films. This is
in contrast to low pressure deposition where a higher methane concentration produces

only graphite deposition with no diamond.
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Figure 2-20 (a): Texts with the italic font are added in addition to original graphs labeling
the diamond and graphite peaks and indicating the quality roughly defined by
Raman spectroscopy in this study. (to be continued on next page)
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Figure 2-20 (b): High power density MPCVD diamond at 900 °C and 150 Torr with

different CH4 concentrations. The figure on the right is the Raman spectra for the
corresponding film [34].
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The Figure 2-21 shows the diamond synthesis at different temperatures from
Chein’s study. The plasma was formed with 16 % methane in hydrogen and at pressures
of 100-150 Torr. Figure 2-21 shows that at least some diamond is synthesized when the
substrate temperature is 1500 °C or below. No diamond, but graphite was indicated in the
Raman spectra at the temperature of 1600 °C and up. This also means at the high power
density condition (high pressure), the MPCVD diamond can be synthesized at much
higher temperatures than with the lower power density plasmas (Figure 2-22).

At substrate temperatures of 1200 °C and above, graphite is usually deposited
instead of diamond in lower power density microwave plasmas. In Figure 2-22, a low
power density plasma was ﬁsed for curve (a) and a high power density plasma was used
for both curves (b) and (c). The only difference for (c) from (b) is the addition of 1.6%
oxygen gas in the feed gas. As shown in Figure 2-22, the growth rate increases up to
1200 °C and started to decrease above that temperature for low power density plasma.
However, the growth rate increased steadily versus temperature up to 1500 °C for the
high power density plasma. The addition of the oxygen lowered the growth rate for the
high power density condition. Chein [34] showed that for the high power density plasma
conditions, the diamond growth zone in the Bachman diagram was found to be expanded

as shown in Figure 2-23.
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Figure 2-21 (a): Texts with the italic font are added in addition to original graphs labeling
the diamond and graphite peaks and indicating the quality roughly defined by
Raman spectroscopy in this study. (to be continued on next page)
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2.6 Curvature of free standing diamond films and bowing stresses

Bowing stress and curvature of the freestanding polycrystalline diamond films are
very frequently observed in plasma-assisted CVD deposition. Figure 2-24 shows a
freestanding diamond thin film that bends itself upward after the substrate is removed.
Possible explanations for the bowing include structural defects in the polycrystalline
diamond film and impurities in the diamond film. The study of what causes the diamond
film bowing and how to measure the bowing stress become very important in many
applications, such as diamond optical windows, diamond coatings on different material
surfaces and doped diamond electrodes. Though many research studies have been done

so far, it is still an open issue.
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Figure 2-22: Growth rate versus substrate temperature in (a) 1 % and (b) 16 % CH4 in Hj

and (c) 16 % CH4+1.6 % O3 in Hj [34]. Though was not specified by the author
(s), the pressure is somewhere in between 100 to 150 Torr for High Power
Density (HPD) plasma and a few Torr to tens of Torr for Low Power Density
(LPD) plasma defined in the article.
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Figure 2-23: Locations for hydrocarbons near the enlarged hydrogen-rich corner in C-H-
O diagram [34].

Figure 2-24: A freestanding diamond thin film (SZ-2inch-1mm-08) that was bent upward
after the silicon substrate was chemically removed. The diamond film is 2 inches
in diameter, 46 pm thick, and is sitting on top of a flashlight.
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Stresses that lead to film bowing are generally of two types [35, 36, 37]. One is
the thermal stress between the diamond film and the substrate that supports the film. The
other is the internal stress within the diamond film, also called intrinsic stress. The
difference in thermal expansion of two materials (silicon and diamond, for example)
causes the bending towards the silicon substrate after both the diamond film and silicon
substrate cool down to room temperature. This is due to the silicon wafer having a larger
thermal expansion than the diamond film starting from room temperature up to about
1650 degree Kelvin [38, 39, 40]. This plot, as shown in Figure 2-25, shows the
comparison of linear thermal expansion for diamond and silicon material. Data used for
the plot were collected from Thermophysical Properties of Matter: Volume 13: Thermal
Expansion of Nonmetallic Solids. Below 1650 °K and with respect to the room
temperature, the larger linear thermal expansion (Figure 2-25) for silicon leads to a larger
shrinkage when both diamond film and silicon wafer are cooled down to room
temperature. Therefore, the diamond film will bend towards the silicon substrate upon
cool down. However, we usually do not see this bending because of the co-existence of
another stronger stress built up during the diamond film growth process itself. This stress
is usually called the intrinsic stress (internal stress of the film when detached from
substrate), which causes the bending or bowing towards the diamond film. For most of
our applications, the thermal stress can be removed from the diamond film by removing
the silicon substrate. The diamond film becomes freestanding and the intrinsic stress
inside the diamond film becomes our sole concern that leads to the discussion in the next

section.
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Please note the same set of data that is used to compare the linear thermal
expansion of diamond and silicon can also be used to compare the linear thermal

expansion coefficients of diamond and silicon as shown in Figure 2-26. By definition, the

linear thermal expansion coefficient is proportional to a%T , the derivative of the linear

thermal expansion versus temperature. Therefore, the linear thermal expansion
coefficients are associated directly with the slope of the curves in the plot of the linear
thermal expansion. It is easy to locate the point in Figure 2-25 (about 1000 °K) where the
slope of the diamond curve becomes bigger than the slope of the silicon curve. Figure
2-25 and Figure 2-26 are equivalent but one may be more convenient than the other
depending on the application. Foe example, some researchers [41, 42, 43, 44] used a plot
of linear thermal expansion coefficients of diamond and silicon materials similar to the
one in Figure 2-26 instead of Figure 2-25, for their own applications. The data shown in
Figure 2-25 and Figure 2-26 are the most recent for thermal expansion with respect to

room temperature and its corresponding coefficient at the given temperature.
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2.6.1 Intrinsic stress

Freestanding CVD diamond thin films are grown under very complex conditions.
Several parameters affect the growth including substrate temperature, pressure, and the
composition of the feed gases. Many attempts have been made to understand the cause(s)
of intrinsic stress within the diamond film. Some researchers proposed the stress is
caused by the coalescence of the diamond crystal boundaries [45]. Others noticed the
stress changed with the growth temperature and methane concentration [41]. Some
mentioned the crystallographic orientation might induce the intrinsic stress [46). In
general the intrinsic stress is believed to build up during the film growth, and is
associated with the non-diamond material at the region of grain boundaries and with

many structural defects including impurities, microtwins, and dislocations [47].

2.6.2 Grain size and disordered diamond crystals

The crystal size generally increases with the growth time and the film thickness.
Figure 2-27 displays four SEM micrographs that reveal the diamond film morphology
after growth for one hour, three hours, six and a half hours, and ten hours [47]. One may
clearly see that the diamond grain size gets bigger with time.

This increase in crystal size with growth time can also be seen in the cross section
SEM micrograph in Figure 2-28. Also in Figure 2-28, a layer of disordered diamond
crystals can be seen near the silicon surface. This is the layer where diamond nucleation
takes place. The thickness of this layer can be up to about 3 pm before the isolated grain
surfaces start to coalesce to form a continuous polycrystalline diamond film. The
columnar growth, which can be found in Figure 2-28, starts dominating the

polycrystalline diamond growing process once the diamond film covers the entire
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surface. The completion of this nucleation takes about 1 to 3 hours depending upon the

growth rate.

Figure 2-27: Top view scanning electron micrographs, in the same magnification, for four
diamond films grown for (a) 1, (b) 3, (c) 6.5 and (d) 10 h. The film thicknesses
were 3.0, 8.7, 21 and 42 pm, respectively. The surface morphology of all films
exhibited predominantly faceted pyramidal grains [47].

The coalescence of isolated grains pulls the surfaces together to form new grain
boundary segments due to the higher energy of free surfaces [45]. This is usually
considered a process that induces tensile stress in the adjacent islands and the additional
product of the coalescence is that the grain size of new crystals grow from the segments
tend to be bigger. Figure 2-29 indicates that the grain size increases linearly with respect
to the film thickness along the direction of film growth. The film thickness is the absolute

distance from the diamond-silicon interface to the growth surface.
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Figure 2-28: Cross-section SEM image of a diamond film on Si substrate [36].

One interesting finding in Figure 2-30 is that the grain size becomes smaller when
the methane concentration increases [41]. From Figure 2-31 we can see when the grain
size decreases, the intrinsic stress becomes more compressive. This is believed due to the
increased amount of graphite and sp2 carbon in films with smaller grain size. The smaller
grain sizes are typically on the nucleation side of the grown diamond film. Hence a
variation in the stress can occur in polycrystalline films with the nucleation side more

compressively stressed and the growth side more tensile stressed.
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Figure 2-30: Variation of the average grain size with the methane fraction in the
source gas. Grain sizes were calculated from X-ray diffraction data [41].
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Figure 2-31: Stress and grain size relation [45].

2.6.3 Defects
Diamond film structural defects include vacancies of sp3 hybridized carbon atoms

in the diamond lattice and the dislocation of these atoms. Such defects have been
observed under high resolution TEM or from Moire patterns using a Michelson
interferometer. The structural defects are one of the main causes of intrinsic stress. Wang
et al. has shown a misfit dislocation between the diamond lattice structure and the ‘c-BN’
structure in a high resolution TEM micrograph of a film deposited on a ‘c-BN’ substrate
[48].

Figure 2-32 is the Moire pattern that shows the position of grain boundary
dislocations more clearly. Also, the bending of the Moire lines in (b) indicates that there

are local strain variations near the grain boundary [45].
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Figure 2-32: (a) High resolution TEM image of grain boundary in material grown at

800 °C and CH4=1% (b) Moire image obtained from CH4=0.1% [45]. Arrows
in the figure roughly identify the grain boundary.

2.6.4 Impurities
Impurities include the nondiamond sps-bond carbon (DLC) and spz-bond carbon

species that are incorporated in the diamond film during growth. Also, non-carbon
species can come from the substrate, the deposition reactor walls and the feed gas. The
impurities are primarily incorporated into the diamond lattice structure during the CVD

growth. Figure 2-33 shows micro-Raman spectra of two diamond films of different

<1
thickness. Both spectra exhibit the diamond line at 1332 cm  plus a broad band centered

-1

at 1550 cm  [47]. This peak is attributed to spz-bond graphite-like carbon. Curve 2
shows much less graphite present in the diamond film, which indicates that the diamond
film shows less spz-bonded graphite when the film gets thicker and the growth time

becomes longer.
An intense band near 1.68 eV has been observed in the photoluminescence

spectrum and has been ascribed to substitutional and/or interstitial Si defects in diamond
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[49]. Luminescence spectra from gem-quality diamond and from CVD diamond films
deposited on W and Si substrates are shown in Figure 2-34. Luminescence from Si defect

centers in the Si is clear (Figure 2-34). The films were deposited on Si substrates.

Intensity (a.u.)

A A A [

1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

Figure 2-33: Micro-Raman spectra of two diamond films with thickness of 3.0 um (curve
1) and 21 pm (curve 2). Both spectra exhibit the diamond line at 1332 cm'l and a
broad band centered at around 1550 cm-l, which is attributed to the spz-bond

graphitic carbon phases [47].
2.6.5 The stress types and the defects and impurity contents

The data curves in Figure 2-35 are the peak width and peak-position extracted
from the Raman shift in a diamond film versus depth into the film [49]. The horizontal
axis is the distance from the nucleation interface. The stress-free position is determined

by the Raman peak position from a diamond powder sample. The band position is shifted

upward from the 1333.1 cm'l position, the stress-free position, the closer one gets to the

interface. This implies that the strain state at the interface is compressive, whereas at the

surface it is tensile. This result is consistent with the observation of the actual sample film
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bending. Another fact can be extracted from this plot is that the peak width, the Full
Width Half Maximum (FWHM) was found to decrease along the growth direction. This

indicates that the diamond quality is getting better along the growth direction.
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Figure 2-34: Luminescence spectra from gem-quality diamond and from CVD
diamond films deposited on W and Si substrates. Luminescence from Si
induced defect centers in the diamond film grown on Si is clearly shown [49].

50



132

—
(%)
el

-1
Pcak-position (cm )
&

5 :
e

—
L
',

—
W
1,0

Fgre 2-35: Shift
throug]
directi
10 guid

Figure 2-36
0S8 section of (he
hackgmund was .
ety or each

e DlSOrder Induc



1335.0 L v Ll l L] L] L] l ] L] L] l L] L} | § ' L] 1 J 1 4 - 17
s==mg== Peak width 16
1334.5
- = =@ Peak-position _—
g 15 "g
T 13340 3 )
© <3
5 ]
& 13335 Stress Free ] =
= Position 413 3
[} (3]
™ 13330 : =
| =1 12
1332.5 U TN BTN W U GAY PR N BRSNS S A : 11
0 1 2 3 4 5

Distance from the interface (um)

Figure 2-35: Shift of peak position and change of width of the Raman peak of diamond
through the film thickness. Quality of film improves along the growth
direction and strain changes from compressive to tensile. The lines are drawn

to guide the eye [49].

Figure 2-36 shows a series Raman spectra measured at various positions in the
cross section of the diamond film from the interface to the growth surface. A linear
background was subtracted and then the intensity was normalized with the maximum
intensity for each spectrum. There are three major features in the spectra. D band is called

the Disorder Induced Band. It comes from the graphite carbon and the wave number is at

~ 1350 cm-l. The G band is called the Raman Band. It also comes from the graphite
carbon but the wave number is at ~1580 cm-l. The last is the Raman peak from diamond
and its wave number is at ~1332 cm-l. Figure 2-36 shows that the diamond content

becomes less nearer the substrate surface, whereas the disordered sp2 carbon fraction
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increases. Clearly the interfacial layer that forms is disordered sp2 carbon under these
conditions. G band at 1580 cm'l is for the lattice phonon for graphite while D band at

1350 cm.l is disorder induced. Ratio of 1350/1580 bands is a measure of fraction of edge

planes exposed, i.e., microstructural disorder.

Diamond peak

Normalized Intensity (a.u.)

1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman Shift (cm )

Figure 2-36: Raman spectra measured with 514.5 nm laser from the cross section of the
film at intervals of 1 um from the interface to the surface. The spectra are
offset vertically for clarity [49].

2.7 The effect of argon gas addition on MPCVD diamond film growth

Argon and noble gas addition to the plasma discharge has been reported as a
method for increasing the diamond growth rate in the CVD process [50, 51, etc].

However, it has not been widely used most likely due to the noticeable changes of the
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film microstructure, texture and surface morphology [51], from the argon addition into

the plasma. Both Zhu et al. [50] and Zhou et al. [51] groups identified the drastic increase
of C; intensity in the CVD plasma with the increase of argon concentration in the feed
gas especially when argon concentration reaches 80% and beyond. Ramamurti et al. [52]
also witnessed the C; dimer intensity increase with an argon content increase in the feed
gas. Although Zhu et al., Zhou et al. and Ramamurti et al. only measured the increase of
C, intensity using the Co Swan band in optical emission spectra and the optical emission
intensity generally is not an accurate quantitative measurement for gas phase species

concentration. Goyette et al. obtained an absolute C, concentration using the white-light

absorption spectroscopy and confirmed that the C emission is linearly correlated with

quantitative absorption measurement [53]. Furthermore the atomic hydrogen level also
increases significantly with the increase of argon concentration from 5% to 10% in the
feed gas by Shogun et al. during their emission actinometric investigation of atomic
hydrogen of a typical plasma-enhanced CVD process [54]. A typical optical emission
spectrum for a plasma with no added argon gas is provided by Zhu et al. and is shown in

Figure 2-37. Two other OES spectra for plasmas with different percentages of added

argon are presented in Figure 2-38 [51]. The measured results for C; intensity are
consistent except that at the low argon addition the C, peak is absent in Zhou et al.’s

figure. It is probable that Zhou et al. used higher deposition pressure and lower CHg

concentration in the feed gas so that the carbon-containing species in plasma are likely

hydrocarbons instead of C,. This is usually the case of hydrogen rich plasma. High
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percentages of argon (>90%) are applicable for growing nanocrystalline or ultra-
nanocrystalline diamond films [55, 56, etc] and leads to a different category of diamond

film growth.
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Figure 2-37: The optical emission spectrum of a (4.4% CHy + 95.6% Hj) microwave
plasma [50].
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Figure 2-38: The optical emission spectra at different percentage addition of argon
gas [51].
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A summary of the key findings reported in the literature for the effects of argon

gas on the CVD diamond growth.

1)

2)

3)

4)

Argon strongly enhances the C; level in the plasma for all concentrations of

argon used and moderately the atomic hydrogen level in plasma for lower
percentage concentrations of argon [50, 51]. This opens a way for potentially
faster CVD process of polycrystalline and nanocrystalline diamond films
deposition.

Other noble gases have similar effect, but argon gas appeared to be the most
favorable one [50]. It is also the least expensive noble gas normally used in

the lab.

C, is a high energy molecule that can directly insert itself into carbon-carbon
and carbon-hydrogen bond without the intervention of atomic hydrogen [52].
This gives opportunity for the fast deposition process. This also gives
opportunity for the secondary nucleation [51, 52]. When secondary

nucleation rate is high enough, nanocrystallites are produced and they don’t

have the chance to grow larger. That is why many researchers have

suggested that the C, dimer seems to be the growth species for

nanocrystalline diamond films [51, 52, 57, 58, 59]. Too much C, dimer may

cause excessive non-diamond phase grow [51, 58] and therefore low quality
diamond film deposition.
Lower concentration (less than 60% of total) addition of argon may enhance

polycrystalline diamond film grow without turning the film into
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5.

nanocrystalline film due to the high level of atomic hydrogen excited in the
plasma. The low concentration addition of argon may be the key to the faster
and better optical quality microcrystalline size diamond film growth [50, 51].
Spatial distribution of excited radicals may also change due to the argon
addition. The plasma size may be larger due to the addition of the argon gas
[60]. Therefore the film thickness uniformity with argon addition is also

under investigation of this study.
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Chapter 3 Experimental Setups and Procedures

The aim for the research is to synthesize high quality large area, uniform, and
thick (usually 300 pm and above) fast growing diamond films. The primary approach is
to increase the operating pressure of the microwave CVD system to achieve this purpose.
The higher pressure leads to a smaller plasma at a fixed input power and therefore results
in nonuniform plasma coverage especially at the boundary of the plasma when the edge
of the substrate is at or exceeds the boundary of the plasma. To maintain the plasma over
the substrate the input microwave power is typically increased, as the pressure increases.
This increases the heat load to the substrate which requires substrate cooling at the higher
pressure. The plasma tends to heat the center of the substrate more than the edge. Also
the nature of the plasma discharge explicitly gives a reactive species density that is higher
in the center than at the boundary. The result of the temperature and plasma radicals
distribution is that diamond often grows faster at the center of the substrate than at the
édge. Likewise the quality of the diamond at the center of the substrate is also higher than
that at the edge. For many of these reasons the experimental diamond deposition reactor
requires special design consideration to adjust the radical temperature va;iation, as well
as compensate the said uneven distribution of diamond quality and growth rate. This

chapter describes the deposition reactor and related experimental procedures.
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3.1 MPCVD diamond system

The MPCVD diamond system consists of six major components and each of
these components carries out a specific task that ensures the desired final products. These
components are: 1.) Microwave plasma CVD reactor and processing chamber; 2.)
Microwave power supply and transmission structure; 3.) Feed gas flow control system;
4.) Vacuum pumping and pressure control; 5.) Computer semi-automated control; 6.)
Cooling. The microwave plasma-assisted CVD reactor used was designed at Michigan
State University (MSU) and it has been used and modified throughout the years [27, 55,
61, 62, 63, 64, 65, 66, 67]. The cross section view [9] is shown in Figure 3-1. The overall
system setup is shown in Figure 3-2. The microwave power is a 2.45 GHz, 6kW Cober
microwave power supply. The power is transmitted through a rectangular waveguide and
fed into the microwave cavity plasma reactor (MCPR) [9] by a MSU self-designed
coaxial structure. The process chamber is located at the bottom of the brass cavity. Sealed
by a dome shaped fused silica bell jar, the vacuum is maintained inside the bell jar from
below where the process chamber becomes a part of the bigger vacuum chamber. The
bell jar exterior is cooled by flowing air.

The working gases are supplied from cylinder tanks. There are a total of five
channels with five mass flow controllers (MFC) connected to the gas cylinder by % inch
diameter stainless steel or plastic tubes (argon gas only) based on if the gas is flammable
and if the connection structure is permanent. On each channel there is a high-purity high-
pressure diaphragm-sealed valve installed at the input to the MFC. The gases are mixed
before going into the processing chamber. There is another high-purity high-pressure

diaphragm-sealed valve installed before the processing chamber.
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Figure 3-1: Schematic drawing of the microwave plasma CVD reactor for diamond film
deposition [9]. Lg is the Short length, Lp is the Probe length, L is the substrate
holder height, L; is the depth from bottom of the cavity to base of the cooling

stage, and Rcay is the cavity radius.
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The pumping system consists of the components of pumping, venting, and the
exhaust. The vacuum pump is a mechanical roughing pump and it is located under the
process chamber. A throttle valve and a roughing valve are installed between the chamber
and the roughing pump. Nitrogen is used for venting purposes and a high-purity high-
pressure diaphragm-sealed valve is also installed between the process chamber and the
nitrogen cylinder. The exhaust is nitrogen purged to dilute the hydrogen exhaust to non-
flammable concentration.

The automated control is implemented both directly and through the control
computer. The first priority is the system security and these include the monitoring of the
system pressure and cooling wafer.ﬂow. The system will go to the emergency shut down
mode if the operating pressure goes beyond a set value and if the water flow is below a
set rate. The emergency shut down mode includes turning off the microwave power
supply and all the gas flows. The other automated controls for processing purposes
include the pressure adjustment, the gas flow rate adjustment, and process run time
adjustment during a process. The system is also capable of running some general
automated tasks such as auto read and record the incident and reflected microwave
power, the operating pressure, the gases flow rate, and the time. Other conditions and
operations are usually handled manually.

Some air cooling is needed in the reactor. The microwave power supply is cooled
by connecting the power supply to the building water. The magnetron inside the power
supply is given additional cooling from an air blower installed inside the power supply by
the manufacturer. The microwave power transmission waveguide is cooled by this air

blower inside the power supply and by fans set around the system. The cavity short, the
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baseplate and the cooling stage, which is used to cool the substrate, is water cooled by a
Neslab CFT-300 recirculating chiller. The fused silica bell jar is cooled by an air blower
that is pipe-connected to the cavity. The cavity is cooled also by three fans set around
blowing on the external surface of the cavity. The overall system setups are also
described in detail using flow charts and pictures by a few former MSU students of the
electrical and computer department in their thesis and dissertations [27, 68, 69].

Inside the processing chamber, the substrate and substrate holders are sitting on
the cooling stage and the height of the substrate is adjusted near the bottom of the cavity
using a set of shims as shown in Figure 3-1. The gases are mixed in the feed gas line and
fed up along the sidewall of the bell jar, then pumped out (guided by a fused silica tube
around the cooling stage) of the processing chamber into the chamber below the
baseplate and the cooling stage. The plasma is formed above the substrate. The baseplate
and the top sliding structure above the fused silica bell jar are also cooled by water. The
sliding structure is an internal microwave circuit tuning structure called a sliding short
where a microwave short circuit is realized by pushing a set of finger stock that is
mounted around on the top closing brass plate of the cavity against the inner wall of the

cavity. The tuning mechanism is provided by moving this plate up and down varying the

short length — Ls. The probe is also tunable as indicated by the length Lj, and the

electromagnetic mode is intended to be fixed at TMg; 3.

3.1.1 2.45 GHz cylindrical cavity mode calculation

The cylindrical cavity resonator can be formed by placing conducting walls at

both ends of a cylindrical (or called circular) waveguide. Because of this, the
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electromagnetic wave in cylindrical cavity resonator behaves the same as in the
cylindrical waveguide except having the end boundary conditions. That is to say they
have the same Bessel’s differential wave equation and the same general solution — Bessel
functions. Since the TEM wave doesn’t exist in cylindrical waveguide, neither does it in
the cylindrical cavity, the TM or the TE waves are included in Eq. 3-1 and Eq. 3-2 [70]
by classifying those waves in varieties of modes. It is important to know what mode the

cavity resonator is operating. Here are the mode calculation equations,

2
(NHIM =— L (X )2+ (i Eq. 3-1
npq  27b[u.e, \\ 7P L '

2
+ -"-’Q] Eq.3-2

1 Y.
g = () (L

s
where X np are the zeros of the Bessel function of the first kind J n (x) and the X 'np are
the zeros of the derivatives of the Bessel function of the first kind J 'n (x). Table 3-1 and
Table 3-2 [71, 72, 73] has listed roots of X np and X 'np respectively for the

convenience of calculations. Other parameters such as b is the radius of the cavity, L is

the length (or height) of the cavity (it is also called Short length in this paper). The

parameter € and L are the permittivity and the permeability in air (same in vacuum). As

we are already familiar with the mode that is mostly used in this research, the TMgp3

mode, the position of the cavity length (or the sliding Short) can be easily calculated for

the radius of the cavity and the operating frequency of the microwave power supply.
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Table 3-1: Roots Xy, (When nand p = 1, 2, 3, 4, 5) of the Bessel function of the first
kind - J,(x).

PR R R
1 24048 38317 51356 63802 7.5883 8.7715

5.5201 - 7.0156 | 8.4172 9.7610 '11.0647 - 12.3386
- 8.6537 10 1735 1 6198 13. 0152 14.3725 : 15.7002l

11.7915 13.3237  14.7960 16.2235 17 6160 18 9801 |

oA W N

14.9309 ' 16.4706 ' 17.9598 19.4094 20 8269 22 2178 |

Table 3-2: Roots X'y, (whennand p =1, 2, 3, 4, 5) of the derivatives of the Bessel
function of the first kind — J’,(x).

P W@ K R B Lo o

1 33.83171 18412 30542 42012 53175  6.4156

| 7.0156 | 53314 6.7061 - 8.0152 ? 9.2824 .10.51993

| 10.1735 185363 ' 9.9605 11.3459 126819 13.9872
133237 | 11.7060  13.1704 14.5858 15.0641 17.3128

16 4706 14 8636 16 3475 17 7887 19 1960 20 5755

—

1
Mathematica defined the first zero of J’((x) to be approximately 3.8317 rather than zero.
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For the TMp13 (n =0, p = 1, g = 3) mode as an example, with the radius of the

cavity being 8.89 cm and the frequency of the microwave power supply being 2.45 GHz,
Xpj is 2.4048 from Table 3-1 and L; is calculated from Eq. 3-1 to be 21.61 cm. This is
also called the theoretical value of the Short length.

To help visualize the fields of the cavity in Figure 3-3 and Figure 3-4, the guide-
wavelength (Ag) instead of the wavelength in air Ag from the 2.45 GHz microwave power
supply is shown. The guide-wavelength is the wave propagating wavelength inside the
boundary of the cylindrical waveguide, and it is also the guide-wavelength of the
cylindrical cavity resonator. This guide-wavelength is defined in equation (10-39) from

reference [73] and restated in Eq. 3-3,

Y — Eq.3-3

where £ is the cut-off frequency of the cylindrical cavity resonator, and

A= Eq. 3-4

ad
f
and u is equal to the light speed in free space and fis equal to the microwave frequency
of the power supply, which is 2.45 GHz.

To calculate the cut-off frequency of this cylindrical cavity for EM wave

propagation, the appropriate equations are (equation 10-226, [73])
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J (x)| =J (hb)l -0 Eq. 3-5
n = n
x=X np X np
TE:
J (x)l =J (h'b)| =0 Eq. 3-6
n =X n '
=X, X,

where b is the radius of the cylindrical cavity and A is defined by the propagation constant
yand the wavenumber & as shown in Eq. 3-7:
=y +k® Eq. 3-7

Therefore, h and A’ can be solved from the above two equations, Eq. 3-5 and Eq. 3-6.
Then the cut-off frequency in free space (or in air) can be restated as (equation 10-35,
(73D,

h

=— .3-8
€ 2yt .
S Eq. 3-9
€ 27\,

As an example, again use TMg13 wave as an example, X, is 2.4048, b is 8.89

cm, then A is calculated as 0.2705 cm-l; the cut-off frequency is then equals to 1.29 GHz

and the guide-wavelength is equals to 14.41 cm, longer than the free space wavelength

12.25 cm. A quick check to see if these calculated values are right is to check if the cavity

length for TM(;3 mode (21.61 cm) is g=3 times of the half of the guide-wavelength

(7.205 cm). The result is 21.61/7.205 = 3.
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3.1.2 The experimental process and the details of reactor tuning

The tuning and optimizing process is quite straight forward as long as we
understand the microwave excitation of the discharge in the cavity. This cavity is
designed to operate with a 2.45 GHz microwave power source exciting the plasma using
the TMp;3 electromagnetic resonant mode (mostly) where the plasma is situated at the
bottom of the cavity. The electric and magnetic field distribution for an ideal cylindrical
cavity is sketched in Figure 3-3 and Figure 3-4 with the electric field intensity both along
the cavity wall and along cavity center axis depicted versus the cavity height. It is the
electric energy in the EM field that dissipates energy into the loads and does the heating.
So normally we would like to place the load in or near the strongest region of the electric
field, whereas the fused silica bell jar (especially the top wall) is placed in the weakest
region of the electric field. The region of high electric field strength used is in the bottom

of the cavity at the center axis (Figure 3-4). Along the center axis, the weakest two points

of the electric field can be at A4/4, which is 3.60 cm above the bottom of the cavity or at
3Ag/4, which is 10.80 cm above the bottom of the cavity. However, if the top wall of the

fused silica bell jar is placed at 3A.¢/4 above the bottom of the cavity, there are two strong

regions of electric fields included inside the silica bell jar, i.e. one is at the bottom of the

cavity and the other is at Ao/2 above the cavity bottom. The severe disadvantage of tall

fused silica bell jar design is that the secondary plasma forming inside the bell jar nears

the top surface. Therefore if placing the top surface of the bell jar in the weakest E-field

70



resion is the Of

above the bott

The act
famge of the fi
beight is the su
height of the fu
feld is 3.60 cm
for the momen
placing the top
substrate set at
5510 go beyon
the 1op wal] of ¢

e G@vity botto,

Imeasureg by in
2] valye of th
feending op ¢
harge Size, ]
Snot iy close .
tlete fielq w;
o M0stly for

Toaljg,,

8 the bonOm \

d]f Sampfe Subs |




region is the only requirement, the best and the only choice is at A5/4, which is 3.60 cm

above the bottom of the cavity.

The actual height of the fused silica bell jar should include the height where the
flange of the fused silica bell jar is latched in the baseplate. Refer to Figure 3-6, this
height is the sum of 1.4 inch and 0.1 inch, which is 3.80 cm. Therefore, the ideal total
height of the fused silica bell jar that placing the top wall in the region of the weakest E-
field is 3.60 cm + 3.80 cm = 7.40 cm. Even though the bell jar height looks determined
for the moment, the real plasma discharge size is much larger than the space giving by
placing the top wall of the bell jar at the height of 3.60 cm above the cavity bottom while
substrate set at the level at the cavity bottom. There are many choices now if the top wall
has to go beyond the 3.60 cm above the cavity bottom. However, the limit is obvious that

the top wall of the bell jar should not go beyond the second strongest E-field region from

the cavity bottom, which is A¢/2 above the cavity bottom. The limit of the total height

(measured by inner wall) of the fused silica bell jar is 3.80 cm + 7.20 cm = 11.00 cm. The
ideal value of this hefght should be somewhere in between 7.40 cm to 11.00 cm
depending on the designer’s choice for reactor pressure, the input power and the plasma
discharge size. This height ensures the fused silica bell jar to have a plasma discharge that
is not in close contact with the silica walls and further to contain only one region of high
electric field with a single plasma discharge at high pressures. The actual dome height
used mostly for this study is 9.50 cm, which is 5.7 cm above the cavity bottom.

To allow the sample to be loaded into the cavity, the cavity needs to be cut open
at the bottom. Molybdenum holders and the stainless steel cooling stage are used to hold

the sample substrates. By attaching the cooling stage to the bottom of the cavity, a
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coaxial structure is formed to the end of the microwave cavity resonator as shown in

Figure 3-5. The typical TEM mode for this coax structure resonance formed by the
substrate cooling stage is a TEM((; mode with the center conductor height set at A¢/2 (or

multiple half of the wavelength in air for microwave frequency at 2.45 GHz). Therefore

this microwave plasma reactor is actually a hybrid microwave cavity plasma source [74].

Figure 3-5: This figure shows an attached coax structure and its ideal height (can be

multiple of this value) with resonant mode TEMqq1 [74]. Aq is the wavelength of
this frequency (2.45 GHz) in the air.

For such a hybrid cavity the simplest design is to have the top surface of the
molybdenum substrate holder line-up flush with the bottom of the cavity to form two
nearly perfect joint cavity and coaxial structures. However in real life situation, there are
other criteria and specifications such as to leave space for mounting the fused silica bell

jar and to have the capability of adding or subtracting inserts onto or from the cooling
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stage for substrate temperature control, that’ influence the shape of the coaxial structure
and exact positioning of the cooling stage and substrate holders. These issues become
part of the baseplate design. Hence an adjustment of the substrate height is done by

shimming of the cooling stage. The cavity Short also needs to be tuned accordingly. This
is why the actual cavity length L tuned during the experiment is always off by a fraction

of millimeter up to a few millimeters from the theoretical value 21.61 cm for cavity mode

TMy 3. Figure 3-6 shows the space in the baseplate for the fused silica bell jar and the

shimming mechanism of the cooling stage with all actual dimensions (not to scale) of this
microwave plasma-assisted CVD reactor and its processing chamber.

Figure 3-7 shows the equivalent microwave circuit of Figure 3-6. Three
components are characterized as cylindrical cavity circuit, a coaxial circuit with diameter
of inner conductor equals to 3.25 inch and diameter of outer conductor equals to 5.54
inch, another coaxial circuit with diameter of inner conductor equals to 3.25 inch and
diameter of outer conductor equals to 4.685 inch. All three components are in series in

reactor microwave circuit as shown in Figure 3-7.

3.2 Modifications of the MPCVD reactor for high-pressure operation

The result of increasing the reactor’s pressure is not only an increase in the
substrate temperature so that active substrate cooling becomes critical but also a decrease
in the plasma ball size at a fixed input microwave power. The challenge of higher
pressures (100-180 Torr) are that, first, higher microwave power is required to maintain
the plasma size, and second, the radial gradient of the temperature, the radial plasma

density and the radial profile of the active ions and radicals may also be intensified even
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Figure 3-6: The cross section view of the brass cavity with tuning Short, the stainless
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excluded from this figure (compare to Figure 3-1) for the purpose of showing the
components of the actual microwave circuit of this reactor design (include the
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Figure 3-7: The equivalent microwave circuit of Figure 3-6.
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when the same plasma discharge size (diameter) is maintained. This is a difficult problem
to deal with since all of these may drastically affect the growth rate, the diamond crystal
size, and the intrinsic stress in the film. It is believed that maintaining good uniformity of
the temperature of the substrate and its surrounding, such as the substrate holder, may
greatly help to improve and sometimes even compensate the non-uniform growth of the
diamond film from the edge to the center. Two reactor modifications are investigated for

the deposition system including improved fused silica dome cooling and an improved

substrate holder configuration. Additionally, the reactor tuning (i.e., cavity height Lg,
probe length Ly, substrate holder height L1, and the depth from bottom of the cavity to

base of the cooling stage L,) need to be adjusted to optimize the uniformity.

3.2.1 Fused silica dome cooling

The fused silica dome (also called bell jar) is cooled by air blowing into the cavity
from a 70 CFM flow rate Dayton air blower. In the original design, a 2-inch diameter
window on the cavity drilled with 3mm size holes and a brass tube soldered onto the
window introduces the cooling air from the blower onto the top portion and along the
center line of the dome (Figure 3-8). A modification was implemented where instead of
blowing the air along the center line of the cavity as in the old design, the 2-inch diameter
air inlet tube is introduced along the side of the cavity wall so that the air is blowing
along the inner wall of the cavity creating a swirling motion inside the cavity (Figure 3-9,
a). This air inlet window is also intended to be located above the fused silica dome so that
the air doesn’t blow directly on the dome, which can create an asymmetry in the cooling.

Three outlet windows are opened near the bottom of the cavity. Each outlet window is
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120°-angle in @ direction from each other. It is also at a position near the base of the

fused silica dome (Figure 3-9, b).

Figure 3-8: Original fused silica dome cooling design: a. Top view and b. side view
of the cavity.
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Figure 3-9: Modified fused silica dome cooling illustration: a. Top view and b. side
view of the cavity.
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3.2.2 Substrate, substrate holder and insert configuration

When the plasma discharge environment is extended to the high-pressure
condition, the substrate is heated to a high temperature often over 1000 °C. This is when
active cooling of the substrate is needed to get proper conditions for diamond deposition.
The cooling of the substrate is provided by sitting the substrate holder(s) on top of a
cooling stage. The cooling stage is a stainless steel cylinder with a flat top and cold water
flow inside the cylinder to carry out the task of cooling. The substrate is cooled
conductively via contact with the top surface of the cooling stage (Figure 3-10). In the
MSU design of Figure 3-1, a main substrate holder base is designed to separate the
plasma from the cooling stage and also to guide the gas flow in the process chamber.
Subsequent substrate holder pieces, which usually sit in between the main holder and the
substrate, can also be designed for the purpose of raising the substrate temperature. These
subsequent substrate holders are called ‘inserts’ in this dissertation. More inserts can be
used if a higher temperature is needed for the substrate.

Another important design purpose for these inserts is to improve the temperature
uniformity across the substrate during diamond deposition thereby improving the
uniformity of the deposition rate and diamond quality. In fact, the main consideration for
the substrate holder/holders design is the nonuniformity in heating along the radial

direction. The 7-inch diameter cylindrical microwave-heating reactor is designed to form

a plasma near the bottom of the cavity using a TM 3 electromagnetic field mode at the

operating frequency of 2.45 GHz. The electric field distribution produced in this cavity,

assuming an ideal TM(13 mode, is the strongest at the center and gradually gets weaker
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along the direction of the radius up to the wall of the cavity as shown in Figure 3-3 and
Figure 3-4. The excited plasma discharge ball, which sits right on the substrate, may
experience a similar E-field distribution and therefore may have a similar energy
distribution. The center of the substrate usually is then heated hotter than the edge of the
substrate. In addition, the edge of the plasma is cooled by the walls of the silica bell jar,
which is air cooled from a blower in order to prevent the silica bell jar from getting over
heated. Though it is inevitable, this may add a few degrees of temperature gradient from
the center to the edge of the plasma. The idea is that the substrate holder/holders or
inserts should have the substrate center ( = 0) cooled more than the edge in order to
achieve temperature uniformity across the substrate. This idea may be carried further for
the purpose of compensating the slower growth of the diamond films that is usually the

case on the substrate edge. The main control is the temperature.

Stainless steel
cylinder

AL,

Water flow

Figure 3-10: The cooling stage structure.
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The actual design is carried out using the simple conductive cooling method. The

insert is in good contact with the main holder in the center portion of the insert with a

number of grooves cut on the bottom surface of the insert at the larger “7”” location. The

groove width is narrower near the center and is gradually widened as it is getting to the

edge of the insert. The gap between the insert and the main holder can be used as a break

in the heat flow at radiuses some distance from the center. A few actual design samples

are discussed in Chapter 5.

Figure 3-11 shows an example of how substrate, inserts and the main holder are

stacking on the cooling stage. The quartz tube is acting as a guide to the gas flow. The

replacement insert shows the idea of cooling the center of the substrate more than the

edge.

Replacement
Insert

Substlrate

==
Main holder

7727,

\
Gas flow Gas flow

Water flow

Figure 3-11: An example of substrate, inserts and the main holder are stacking on
the cooling stage. The fused silica tube is acting as a guide to the gas
flow.

79



32

il

w

ar

&



3.2.3 High pressure high power operation safety

In general, there are three kinds of risk the operators or lab personnel may
encounter during the operation of the microwave plasma-assisted CVD system. The first
is the high power microwave radiation that could possibly leak from the system.
Therefore, a microwave leak detector is required to be equipped with the system and it
should be used to periodically check for leaks during the experiment, especially at the
start of the experiment. If microwave leak is detected the microwave power supply
should be shutdown immediately either by operator or automatically by the controller.
The second risk is the UV radiation from the plasma discharge. The plasma can radiate
significant UV light, especially for some feedgas such as argon. If the UV is bright it can
be harmful to human eyes. Blockage of the UV light should be done when an argon
plasma or a plasma containing a high percentage of argon in the feed gas is present. The
third risk is the thermal run away of the plasma heated substrate or direct overheat of the
fused silica bell jar causing possible melting of the fused silica bell jar. An explosion
could possibly happen when flammable gases, such as the hydrogen and methane, mix
with oxygen in the air. If the fused silica dome or substrate gets too hot the feedgas flow
and microwave energy should be shut off immediately.

High pressure and high power microwave plasmas are more susceptible to
overheating of the substrate and the fused silica bell jar if cooling is not properly installed
or the reactor is not properly tuned. The diamond deposition system should be installed
with safety interlocks that shut they system down quickly and safely if unsafe operating

conditions are detected. In general, the MPCVD system should be closely watched during
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high pressure, high power operation, especially in parameter regimes that the system has

not previously been operated.

3.3 Measurement of substrate temperature

Substrate temperature measurement requires a non-contact measuring device. The
optical emission spectroscopy based thermometer is on the top of the list with which the
substrate temperature can be easily measured through the view window. Two kinds of
optical thermometers currently used in the lab include a handheld portable infrared
pyrometer with one fix wavelength (one color) at 0.96 um. The range of the temperature
measurement is from 600°C to 3000°C with the emissivity being adjustable from 0.0 to
1.0. The ideal black body radiation is assumed when the emissivity is set at 1.0. This
pyrometer gives good measurements and is convenient only when the emissivity of the
measured object is known and no blockage except air is in between the pyrometer and the
object. Materials, even if they are transparent to the eye, may affect the measurement
since they may absorb and reflect the infrared light emitted.

The other infrared thermometer detects two colors within the infrared waveléngth
at A1 =0.85 - 1.05 um and A = 1.05 um. The advantage over the one-color infrared

thermometer is that no emissivity needs to be input by the user [75]. The measurable
temperature range for the unit used in this investigation is also from 600°C to 3000°C.
From experience for the diamond deposition process in the reactor used in this study, the
measured temperature from the two-color pyrometer is higher (up to 120°C) than the one-
color pyrometer with the emissivity set to 0.6 when the measured substrate temperature is

from 800°C to 1200°C. Another issue is the temperature measurement across the
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substrate appears to be problematic. The pyrometer, no matter the one-color or the two-
color unit, needs to be focused on the substrate in order to give an accurate measurement.
It is desired that the pyrometer can focus on a few points across the substrate and be able
to repeat the measurement at exactly the same points. A stable pyrometer mounting is

needed to get repeatable temperature measurements.

3.4 Reactor tuning for uniform temperature on substrate
The reactor tuning consists of adjusting four parameters to get uniform

temperature distribution across the substrate. The four parameters are cavity height L,
probe depth Ly, substrate holder height L}, and the depth from bottom of the cavity to

base of the cooling stage L. The substrate holder height L, is defined as the height from

the top surface of the molybdenum substrate holders including the thickness of all the

inserts to the top surface of the base of the cooling stage. L; is measured from the upper

surface of the brass piece bottom of the cavity to the top surface of the base of the cooling
stage (Figure 3-1).

After the substrate holder set is chosen, it is important to optimize it to be at the
best position for the most uniform temperature of the substrate inside the plasma-assisted
CVD diamond deposition reactor. Because the different shapes and heights of the
substrate holders they can vary the microwave field distribution, the system operation, in
particular the plasma absorbed power, may be significantly different from one holder set
to another. So obtaining a good plasma discharge for diamond deposition may need
adjustments of the vertical position of the substrate holder along with the cooling stage in

addition to the sliding Short plate adjustments. A useful indicator of a “good” plasma
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discharge is that the reflected microwave power is at or near its minimum as the vertical
position of the sliding Short is adjusted [76, 77, 78].

The reason for tuning to the minimum reflected power is that the plasma size in
the fused silica bell jar is directly related to the reactor pressure and the absorbed
microwave power for a given composition of gasses. When the incident microwave
power and reactor pressure is fixed, the plasma size can be adjusted only by tuning the
reflected microwave power, i.e. by tuning the substrate holder position, the sliding short
position and/or the probe position. Tuning the reflected microwave power to the
minimum ensures that the system has the largest size of the plasma ball for a given
setting, therefore to have the possibility of the most uniform temperature distribution on
the substrate.

Also it is desirable to have the discharge position in contact with the substrate as
shown in Figure 3-12. The plasma is like a soft ball sitting on the substrate with the lower
half of the sphere in contact with the substrate. It is obvious that one should push the
substrate higher in order for it to be fully covered by the plasma. The temperature
uniformity should also be expected to be better. However, the plasma ball also changes
its shape (smaller and may be flatter, and sometimes even donut shape) accordingly and it
is difficult for the substrate to be actually at the center of the plasma sphere before the
fused silica bell jar gets too hot. The rule of thumb for this tuning and optimizing process
is always tune the system to minimum reflected power while trying to push the substrate
more into the plasma sphere. A consistent observation is that the reflected microwave
power gradually becomes smaller during the system reactor pressure-increasing period at

the beginning of each experiment. This means that the reflected microwave power gets
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smaller when the plasma ball size gets smaller and vice versa. As we know the plasma
size becomes smaller when the reactor pressure is higher. So pushing up the substrate and
its holder set is a physically “squeezing” of the plasma ball in between the substrate and
the quartz bell jar, and it tends to reduce the system reflected microwave power.

For the current system this substrate position is adjusted by adding or reducing the
shims where they are inserted in between the bottom plate of the cooling stage and the
baseplate that sustains the cavity. So the vertical position of the substrate and holder set is
lowered if shims are added and lifted if shims are reduced (see Figure 3-1).

Fused silica
bell jar l Plasma ball

Substrate

Substrate holder

Figure 3-12: Relative position of the fused silica bell jar, the plasma ball and the
substrate.

The second variable that may be used to determine the optimal position of the
substrate and the holder set is the radial temperature uniformity of the substrate. The
initial and also the necessity condition for uniform temperature across the entire wafer is
that the plasma fully covers the substrate. The bigger the ratio of the plasma size over the
substrate size, the more uniform of the substrate temperature will be. This means a certain
minimum microwave power output is desired from the microwave power supply or the

temperature uniformity will be impossible. The radial temperature distribution should be
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systematically measured over the changes of the thickness of the shims while tuning the
sliding short and the probe to the position where the reflected microwave power is the
minimum. The best result should be used for the formal diamond growth run.

The temperature uniformity can be well presented in the operational field/road
map as shown in Figure 3-13. The operational road map defines the substrate temperature
range for a range of chamber processing pressures and the absorbed microwave powers
by plasma. This road map is usually used to characterize the working range (condition) of
a microwave plasma cavity reactor for a particular substrate loading configuration
(cooled or floating substrate holder configuration, holders and inserts configuration,
shims configuration) and reactor tuning and cooling configurations. For example, in the
parallelogram enclosed working region of the diamond deposition, the left line of the
parallelogram draws the line where the plasma is big enough to cover the substrate and
the right line of the parallelogram shows the line where the plasma may be too large such
that it touches the inner wall of the silica bell jar as indicated in the picture. The upper
and lower line of the parallelogram indicates the substrate temperature limits for

deposition of good quality diamond.
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Figure 3-13: Illustration of the operational field/road map and parameters the map
describes.
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Finally, the temperature error bars in Figure 3-13 can be used to describe the
spatial temperature variations across the substrate. The temperature error bar is defined as
the maximum-minimum temperature of the substrate and usually the maximum (highest)
temperature is at the center of the substrate and the minimum (lowest) temperature is at
the edge of the substrate. The temperature uniformity is represented by the temperature
error bar. The smaller the error bar, the more uniform the substrate temperature. Usually
the most uniform temperature is obtained at the lowest processing pressure and the worst
temperature uniformity is obtained at the highest processing pressure. The road map is
meaningful and helpful only when the substrate loading configuration is or near optimal
along with the reactor tuning and cooling.

The third variable is a limitation that the substrate position and other tuning
position should not push the discharge too high that it touches the fused silica bell jar.

The top wall of the fused silica bell jar is designed to be near the zero electric field

interaction position at A.o/4 from the cavity bottom in Figure 3-4. The purpose of this

design is to avoid the electric field directly heating the discharge near the fused silica bell
jar or directly heating the bell jar which may occur due to some unwanted deposition on
the inner wall during long experiments. The other reason for this top wall of the fused
silica bell jar to be at the current position instead of being made higher is to avoid the
secondary plasma forming inside the bell jar. The fused silica bell jar acts as a separator
that holds down the excited plasma onto the substrate instead of floating to the other parts
of the cavity. So during this optimization, the surface position of the substrate must not
be pushed up so high that the induced microwave plasma gets too close to the quartz bell

jar and directly heats the bell jar. This is a risky situation that should be avoided.
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3.5 Nucleation, selection of substrate and its pretreatment

This research project has an objective to grow polycrystalline CVD diamond
films on silicon substrates and then remove the thick diamond films from these
substrates. Silicon wafers are chosen as the substrate not only because of the tremendous
success using it as the substrate by many researchers in the past, but also to extend and
advance the research of Dr. Kuo-Ping Kuo who was a former MSU student [27].
Technically, diamond does not usually nucleate directly on a non-diamond substrate
surface under the typical CVD conditions, except when the composite gases are given
additional degrees of ionization and extra energies, such as when a negative substrate
potential is applied in bias enhanced nucleation [79]. This treatment is generally called
bias enhanced nucleation (BEN) and the heteroepitaxially oriented diamond grains which
exhibit a defined orientation relationship to the substrate lattice were found directly on
the clean silicon surface by Jia et al. using a high-resolution electron microscope
(HREM) [80, 81]. This means that diamonds can be formed directly onto the silicon
crystal despite a large lattice mismatch. However, more often an intermediate carbide
layer is formed before the subsequent diamond growth. Evidence indicates that the
intermediate carbide layer formation may strongly affect the subsequent diamond film
growth for various substrate materials including silicon [6, 82]. Though limited
quantitative data is available for the carbide layer formation under the working conditions
of diamond nucleation, diamond films have been successfully deposited directly on B-SiC
via microwave plasma assisted chemical vapor deposition by B.R. Stoner et al. [83]. In

this dissertation work the diamond is nucleated using a wafer polishing/scratching
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technique that uses diamond powder. The diamond crystal orientation is random using
this polishing/scratching technique.

The current microwave plasma-assisted CVD reactor for diamond film deposition
was originally designed for 3-inch and 4-inch substrates at low reactor pressures. Under
higher pressure conditions the substrate is usually selected to be 2 inch in diameter [26,
27]. In this project the substrate size for deposition at higher pressures are 2 and 3 inch
diameters. The thickness of the silicon substrate that has proven to be most useful is Imm
when growing relatively thick diamond films. This thickness has proven to be rigid
without allowing too much bending of the silicon wafer with the diamond film but
flexible enough to avoid the diamond film pealing off from the silicon wafer due to the
residual stresses formation during the diamond film growth. The silicon wafers used are
standard single crystal wafers with orientation at <100>, either P-type or N-type doped.

Other considerations for substrate selection are factors such as (1) the melting
point of the substrate needs to be higher than the temperature range required for diamond
deposition and, (2) little or no carbon solubility or reaction. All the above reasons ensure
silicon remains one of the few popular and widely used substrate materials for the
deposition of diamond films.

Substrates need some kind of seeding with diamond in order to achieve diamond
nucleation at the beginning stage of the diamond formation on the substrate. The seeding
procedure varies depending on the diamond film specifications. One of the important
specifications is the diamond crystal size that determines the seed size which may be used
for seeding process. The other very important specification is the thickness of the

diamond film that needs to be produced. Thinner films usually require denser seeding
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with smaller size of seeds such as nanocrystalline films. They usually require better
uniformity of seeding in order to cover the entire substrate with uniform sized diamond
crystals and minimal pin holes.

On the other hand, microcrystalline films are often grown for thicker films. They
can be initiated with lower nucleation rate and uniformity in contrast to nanocrystalline
films. A continuous layer of microcrystalline diamond film can be formed within the first
couple of hours of the CVD process by using the right chemistry and usually the
moderately dense and uniform seeding. For this reason, the silicon substrate can simply
be seeded by polishing the polished surface of the wafer using 0 to 0.25-micrometer size
natural diamond powder for about 5 to 15 minutes. Then the silicon surface is gently
wiped after the diamond polishing to eliminate some clusters of diamond powders off the
silicon wafer. Very often it is worthwhile to check the seeded surface under the optical
microscope for the seeding density and uniformity. For reference, the seeding density
used in this research is from a minimum of 25,000 seeds per square centimeter (Figure
3-14) to a moderately high seeding density of 741,000 seeds per square centimeter
(Figure 3-15). The two numbers obtained above are approximated based on visually
counting the dots in the figures. The pictures are taken by a camera that is attached to the
top of an optical microscope. The magnifications of the ocular and objective lenses used
is 10 x 10. It needs to be noted that many fine diamond particles are too small on the
picture to be viewed so that they are not counted. The scratches on the silicon surface
also serve as seeds for the diamond nucleation. So they should also be included as

seeding. These two seeded surfaces are two typical examples selected from among the
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samples that show the near minimum and maximum seeding densities used that give

satisfactory growth results.

Figure 3-14: About 32 seeds within 345 um x 367 pm silicon surface.

100 pm

Figure 3-15: About 660 seeds within 331 pm x 269 pm silicon surface.
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The detailed nucleation procedure consists of 4 steps:
1. Place the silicon wafer face down and rub the seeding side on a piece 8 diameter
polishing microcloth for a couple of minutes. Flip it over when it is finished;
2. Scoop a small amount of 0 to 0.25 micrometer size natural diamond powder
(about 30 mg for a 2-inch diameter substrate, 60 mg for a 3-inch diameter

substrate) onto the wafer surface, then wrap the index finger with the delicate
professional task wipers — Kimwipes® EX-L and rub the diamond powder on the

seeding surface, usually the polished side of the wafer. Use more powder and

repeat this step if not all area of the wafer is fully polished;

3. Gently wipe the excessive diamond powder off the seed area using a clean part of
the Kimwipes. Clean off the obvious clustered spots. Use one’s eyes for the best
judgment of the uniformity. Don’t wipe too hard. Clean the edge and the backside
of the wafer;

4. Check the result under the optical microscope.

For more strict requirements, the original seeding process that was developed in
our lab and used for some years is suggested. Though the procedure can be found in the
thesis from the former graduate student [68], it is repeated here as a reference. As a
matter of fact the previous simplified procedure above is modified from this procedure.

1. Place the silicon wafer on the wafer holder and connect the holder to a small

vacuum pump. Take a small amount of diamond powder and put them on the
wafer (1/8 tea-spoon). Use a delicate professional task wiper — Kimwipes® EX-L

to rub the wafer surface (with the diamond powder) for 5 to 7 minutes;
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. Place wafer polished side face down in a watch glass dish and set the dish in a

bigger cylindrical glass container filled with methanol just about enough to cover

the wafer and the watch glass;

. Fill de-ionized (DI) water in an ultrasound cleaner;

. Place the glass container in the ultrasound cleaner and run ultrasound for 30

minutes;

. Take out the wafer and rinse it in acetone. Rub with the Q-tips if necessary. Rinse

the wafer in methanol;

. Rinse wafer in DI water for 5 minutes;

. Blow dry with nitrogen gun.

This procedure was developed as the standard procedure for nanocrystalline

diamond film seeding by Dr. Wen-Shin Huang who was a former MSU student and it is

presented in her dissertation [68].

3.6 General procedure of starting up and shutdown a experiment

The detailed procedure of start up and shutdown is described below. There may

be a few differences with the details from former students who used the system based on

the changes of the system or personal preference, but overall the whole process should be

the same in general.

1.

Load the seeded silicon substrate with a selected set of substrate holders and pump
down the chamber till about 4 mTorr. This value usually indicates that the system
doesn’t have a vacuum leak and good enough to start a deposition process. However,
the pump down can take up to several hours depends on the power of the roughing

pump, the chamber size and the humidity in the air when the system was loaded with
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a substrate. Flushing with 3 to 5-sccm argon gas during pump-down can significantly
shorten the pumping time to about 30 to 40 minutes.

. Tum on all the cooling water systems including the microwave power supply, the
baseplate and reactor cavity, and the cooling stage; Turn on all the cooling air
including the bell jar, microwave coax feeding structure air and all the blowers and
fans; Open the exhaust purging nitrogen valve; Then switch on the microwave power
supply to be warmed up.

. Preset the sliding short and the probe position to the position for electromagnetic

(EM) wave mode TM();3 with the calibrated offset (if any). For the current cavity

sliding-short, the short is set to 21.6 cm with calibration of — 1.14 cm, and the probe
is set to 3.5 cm. The position of the previous experiment is also a good reference
position.

. On the computer, open a new process (if it does not exist), select the gases and flow
rate, set the system reactor pressure and run time for each step. The process usually
should include a final step for the hydrogen termination of the diamond surface (see
shutdown procedure). The on screen instructions are self-explanatory. Finally, start
this process in auto mode. The grade for hydrogen and argon gases is Grade 5.5,
research grade gases with 99.9995% purity. The grade for methane is Grade 5.0,
ultrahigh grade gas with 99.999% purity. The hydrogen has less than 1 part per
million (ppm) of oxygen, water and nitrogen impurities and less than 0.5 ppm of
hydrocarbons and carbon dioxide. Argon has less than 0.5 ppm oxygen and

hydrocarbons and less than 1.5 ppm water. The 99.999% purity methane has less than
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5 ppm ethane and nitrogen, less than 2 ppm oxygen, other hydrocarbons and water,
and total impurities are less than 10 ppm.

The plasma should be started when the system reactor pressure is around 5 to 10 Torr.
If 5Torr is preset in the computer process, the microwave power indicator on the
computer screen is on when the reactor pressure reaches 5 Torr. The microwave
power should be enabled by pushing the red button on the power supply panel. Tumn
the power knob up slowly until the plasma starts.

Gradually increase the microwave power as the reactor pressure increases so that the
plasma ball is big enough to cover the substrate since the plasma ball is getting
smaller as the reactor pressure is getting higher. After the system reaches the
designated pressure, 120 Torr for example, carefully tune the sliding short and the
probe till the reflected microwave power is minimum. It is very important to check
the substrate temperature is not too high or thermal run away may occur. Adjust the
plasma size properly by adjusting the microwave power from the knob on the power
supply panel.

The shutdown procedure can also be partly automated, controlled by the computer

except the microwave power adjustment. The detailed steps include,

1.

2.

Automatically close the methane and argon channel if argon is used.

While the hydrogen plasma is still on, gradually decrease the pressure every two
minutes for each decrement of 20 Torr pressure. If it is necessary, turn down the
microwave power to avoid the plasma ball getting too big.

The microwave power and plasma shuts off after 2 minutes duration at the last step of

20 Torr.
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4. Turn off the water flow for the cooling stage after the microwave power is off for
about 5 minutes to avoid the silicon-diamond wafer being over cooled. Other steps

are omitted here.

3.7 Profile the substrate for growth uniformity and diamond film thickness
measurements

3.7.1 Measurement of diamond film thickness

Diamond film thickness uniformity involves taking a series of measurements of
the thickness of the diamond film at a series of points. The diamond film thickness is
measured a number of ways in this study. The most common and easiest way is by the

weight gain. The detailed calculation equation is stated in Eq. 3-10,

FilmThickness = Weightgain

Eq. 3-10
DensityofMass x Area

where the density of mass for diamond is 3.51 g/cm3 and the area depends on the

substrate used. This method however only gives the average thickness of the film and
also we need to know the exact surface area of the substrate. Many industrial silicon
wafers are cut with flats to indicate the wafer orientation. The surface area is usually
approximated as a perfect circle without the flat. Sometimes the diamond film over grows
on the edge of the substrate. This is also a source of error for the calculation.

The second method uses Scanning Electron Microscope (SEM) cross section
profiling to get very high precision measurements. This requires cutting laser or scribing
to create the cross section. Figure 3-16 shows how the thickness of the diamond film for a

3-inch sample is determined from the cross section of its SEM photo. Due to the nature of
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the SEM photo, the precision is usually very high. However, the SEM sample is limited
in size so large films need to be cut into smaller pieces in order to fit to the SEM sample
stage. The sample also needs to be prepared by gold sputtering. In addition to that, the
measurement takes experienced personnel to identify the clear edge of the diamond from
the silicon even though the silicon-diamond wafer is under the high resolution SEM. It is
a time consuming and expensive process.

The third method uses a 50 nm precision linear scanning tip encoder. By
measuring the substrate thickness before deposition and the substrate + film thickness
after deposition, the films thickness is determined. Two measurements at one point are
performed, before and after the diamond growth.

The linear encoder is a very simple, but high in precision, device that measures
the linear depth in vertical direction as shown in Figure 3-17 and Figure 3-18. Ithas a
built-in smooth and flat stage, which is good for objects with a flat bottom surface. As
known, due to the residual stress (the thermal and the intrinsic) the silicon-diamond film
bends significantly and the wafer is no longer flat. Therefore the linear encoder becomes
useless with the flat stage when the diamond film thickness is only about a fgw microns
or even tens of microns. The point-stage shown in Figure 3-17 is made from a metal rod
about the same diameter as the vertical probe on the linear encoder. The top end of the
rod is made like a small spherical tip, i.e. the same as the probe on the linear encoder.
Finally the rod is attached to a heavy metal base, so it can not be moved easily on the flat
stage by small disturbances. The wafer is purposely drew tilted to emphasize that this
point-stage can keep the deviation to the minimal even when the wafer is laid slightly

tilted due to the curvature of the wafer, however the wafer should be laid as flat as
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Figure 3-16: SEM photo shows how the diamond film sample (SZ-3inch-1mm-#06)
thickness is measured at its cross section. Both local minimum and maximum
values are taken to show measurements from the valley and from the tip of
the diamond grain to the silicon surface.
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possible at the contact point.

Two additional point-stages of the same height but without the heavy base are
also made for the purpose of keeping the wafer in a level position as shown in Figure
3-18. The height is adjustable in case whenever it is needed. It is important to align the
tip of the point-stage with the tip of the probe before starting the measurement.

In practice, the linear encoder with the point-stage can measure any point of the
wafer. For the film thickness uniformity, both the radial and circumferential uniformities
are measured. Figure 3-19 shows the radial uniformity is measured on two lines that are
perpendicular to each other on the wafer and pass through the center point. The marked
points on 2-inch wafer are a little bit different from the 3-inch wafer. This is because the
3-inch wafer was used first when this method was created and all points on the same line
of the 3-inch wafer are 9 mm apart except a few points that are on a 2.5-inch diameter
circle (from 18 to 29) for the circumferential thickness uniformity analysis. The diamond
film thickness uniformity on 3-inch wafer is evaluated only from 2.5 inch diameter
instead of 3 inch. All points on the 2-inch wafer at the same line are 5 mm apart and other
points used to evaluate the circumferential uniformity of the thickness are on the edge of
the wafer. The circumferential uniformity points are 30° angles from each other. Of
course, more points and more lines can be chosen if one prefers a description of the

uniformity in more detail.
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Figure 3-17: With curved tip of the point-stage and probe, the deviation due
to slight tilt wafer is kept to minimal.

Figure 3-18: Solartron linear encoder and measurement demo with the point-
stages.



Figure 3-20 plots out the thickness measurements using both the SEM photos and
the measurements using the Solartron linear encoder (SLE). Diamond-shaped and square-
shaped symbols represent the SEM local maximum values (upper) and the SEM
minimum values (lower) of the diamond film thickness. The triangle-shaped symbol
represents the thickness measurements obtained from the Solartron linear encoder. As it
has been indicated before, measurements from the tip of the diamond crystal are the local
maximum values of the thickness and are labeled as SEM-Max. The measurements from
the valley of the surface nearby are the local minimum values of the thickness, are
labeled as SEM-Min. The SLE data results appear to match the SEM-Max line.

Another piece of evidence provided to support the Solartron linear encoder
method is shown as in Table 3-3. A prime grade new 3 inch in diameter and 1 mm thick
silicon wafer is used for the thickness measurement by SLE method. Prime grade, single
crystal silicon wafers are believed to have very high uniformity of thickness. The
measurements are taken at a point near the center. The point is marked with a small ink
dot, however, during measurements this point is avoided to be landed on by the tip since
the hardened ink may have a few hundred nanometer in thickness. The probing tip is
zeroed on the heavy point stage first, and then the silicon wafer is set on all three point
stages without disturbing or moving the first stage. All three stages should be as close as
possible in order to minimize the error caused by the curved wafers. After the
measurement, the probing tip is to be zeroed on the heavy point-stage again. The

measurements are repeated for twelve times. Then the standard deviation is calculated.

From Table 3-3, the calculated standard deviation is 3.26 x 10'5 mm or 32.6 nm.
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Figure 3-19: Substrate and diamond film thickness measurement positions using the
Solartron linear encoder. Measured points are labeled in (a) the 2-inch
substrate and (b) the 3-inch substrate, viewing from facing the polishing
side. Units are in inches or specified.
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3.7.2 Calculation of diamond film growth rate

The growth rate can be measured either by the weight gain per unit hour or by the
thickness increased per unit hour. By measuring the weight before the growth of the
diamond and then after the growth of film, the weight gain is the difference of the two.
Then the growth rate is presented by g(rams)/h(our) or mg/h. In comparison, the diamond
film thickness is given in Eq. 3-10. The obtained growth rate becomes um/h, as stated in

Eq. 3-11:

GrowthRate = LimThickness Eq. 3-11

RunTime

where the runtime is usually in hours. The diamond film thickness can also be obtained
by the Solartron linear encoder with a set of special designed point stage as we have
stated before in section 3.7.1. The results from the Solartron linear encoder are usually
higher. This is because the linear encoder mostly scans on the tips of the diamond crystals
that grow on the silicon substrate. The tip of the probe is obviously larger than the size of

the diamond crystal. Both methods are used in this research for comparison.

3.7.3 Evaluation of diamond film thickness uniformity

The diamond film thickness uniformity is evaluated by its thickness percent
deviation. The more the film thickness is uniform, the less of its percent deviation. The

diamond film thickness percent deviation is defined as:

+

t .
-max __Min |, 100% Eq. 3-12
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where 2 is the thickness of the film at a point i and N is the total number of points

measured along one of the two perpendicular lines shown in Figure 3-19. Across the film
diameter, eleven points are along one line for the measurements of both the 2-inch and 3-
inch wafers. In determining the uniformity, two sets of points along two diameters that
are perpendicular to each other are measured. The circumferential uniformity is also
evaluated by the additional points along the circumference on the substrate. Figure 3-19

shows the details about how these points are labeled for the measurements.
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Figure 3-20: Comparison of the results of SEM measurements and the measurements
using Solartron linear encoder for the thickness across the sample diameter
for sample 3-inch-1mm-#06 after 48 hours diamond deposition.
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Table 3-3: Standard deviation calculation of SLE method.

Repetition Standard
T s 1st 2nd 3rd 4th 5th 6th Deviation (mm)
Measuring
Resutt (mm)| 1:00555 [ 100550 | 1.00555 | 1.00550 f 1.00550 | 1.00545 3.2567E-05
Repetition | o, 8th oth | 10th | 11th | 12th Standard
Times Deviation (nm)
Measuring |, g0ccc14.00550 | 1.00550 | 1.00555 | 1.00555 | 1.00550 32.6
Result (mm)

3.8 X-ray diffraction technique, pole figure, film texture, and surface morphology

As part of the polycrystalline diamond film properties, film texture and surface
morphology are included in this study. Most of the diamond films deposited at higher
pressures have CVD polycrystalline diamond grain sizes that are much larger than
Nanocrystalline Diamond (NCD) grains. Generally the film surface morphology can be
readily observed under optical microscope observation and may not require the assistance
of SEM technology. The X-ray diffraction measurements in Bragg-Brentano geometry
(28 scans) are frequently used as a quick check for preferential crystal orientation [84,
85]. Furthermore the film texture and the film microstructure influence the growth rate
and the optical quality by allowing different levels of impurities or even vacancies into
the film during the deposition process. This study examined the relationships the film
texture and surface morphology have to the diamond growth conditions, such as the

growth rate, gas composition, substrate temperature, or even intrinsic film stresses.

3.8.1 The Bragg’s law and interpretation of powder X-ray diffraction data

One of the techniques used in this research is the X-ray diffraction technology.

The technique was used to extract the statistical data of micro size diamond crystal
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orientation in the polycrystalline diamond film from the X-ray diffraction pattern. The
investigation of the crystal orientation in a bulk film is usually termed as the film texture
study. However, a complete description of a film texture should be investigated using the
pole figure technique, of which some basic concepts will be introduced in section 3.8.2.
The X-ray diffraction pole figure is a complex task, though simple in concept, the data
taking and processing is laborious. A simple one-time large range in angle X-ray
diffraction scan that is usually used for unknown powdered sample material studies is
proposed for this purpose. The intensities of each crystal orientation shown in the
diffraction pattern relate to X-ray diffraction peaks are taken as the measurement of the
statistical quantity of the local crystals oriented in that direction between the scanning
angle from beginning to the end of the scan.

The fundamental principle of X-ray diffraction is based on Bragg’s law [86, 87].
Bragg’s law describes a beam of X-rays incident onto a crystal grating and then describes
the reflected X-ray by the crystal (Figure 3-21). The crystal grating is like a set parallel
mirrors, of which the reflecting surface — the diffraction plane turns out to be the atomic
planes or the lattice planes that have the same interplanar distance or spacing from one to
the next in the crystal. This distance or spacing that is marked as d in Figure 3-21 is
usually called the d-spacing. If the incident X-ray wavelength is 4, the incident angle is 8
versus the lattice plane and 7 is the order of the reflection, then the “reflected”

(diffracted) beams are governed by following relation,
nA =2dsiné (n is an integer) Eq. 3-13

Eq. 3-13 is the Bragg’s law or Bragg’s equation.
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Figure 3-21: Geometry of the Bragg “reflection” analogy and Bragg’s law. The direction
n indicates the surface normal of the atomic plane or lattice plane of the

crystal grating.

There are many X-ray reflection (diffraction) planes in a single crystal. Take the
diamond crystal, i.e. a face center cubic lattice crystal as an example (Figure 3-22, [88]),
there are a total of five reflection planes with different values of d—spaging. These d-
spacings usually can be theoretically expressed in terms of the Miller indices and the
lattice constant of that given lattice. Formulas of the expression for various lattice
systems can also be found in textbooks [89]. For the convenience of the studies for
diamond crystals, the formula of the d-spacing for cubic lattice is restated as the

following,

a

d(hkl) =
NPT

where letter a is the lattice constant, which is 3.56670 A [90, 91, 92] for diamond and

Eq. 3-14

(hkI) are the Miller indices.

107



Though with multiple lattice planes in the crystal lattice, diffraction peak can only
be observed while X-ray entering onto the lattice plane with the particular angle based on
the Bragg’s equation, or no diffraction peaks will be observed. This problem can be
overcome by (1) using a range of X-ray wavelength (called white radiation) for the single
crystal sample, or (2) rotating the single crystal sample or (3) using a power sample. The
angles that satisfy the Bragg’s equation with the maximum intensities are called the
Bragg’s angle. In considering the X-ray source is used for this study, the X-ray
wavelength is 2 = 1.540562 A. The five Bragg’s angles with the first-order diffraction
fringes for cubic lattice system can also be calculated using the Bragg’s equation (Eq.
3-13) by letting n = 1. Table 3-4 contains a set of values of d-spacing and diffraction

angles using diamond as the example.

« WTp

d3

d

ds

7

Figure 3-22: 2D illustration of the X-ray reflection (diffraction) planes (i.e. {10}, {11},
{21} {31}, and {41}) and their corresponding d-spacing in a “cubic” lattice
such as diamond lattice for example [88].
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Table 3-4: The theoretical values of the d-spacings, diffraction angles and for diamond
crystal materials. All values are based on diamond lattice constant a = 3.5667 A
and X-ray wavelength of 4 =1.540562 A

Lattice Plane | (111) (220) (311) (400) (331)
&s)pa"mg 2.0592 1.2610 1.0754 0.8917 0.8183
Diffraction o o o o
angle (26) 43.9° 75.3 91.5 119.5 140.6
Multiplicity | o 12 24 6 24
factor  [93]

Based on the results in Table 3-4, it is expected that the diffraction fringes can be

seen at the diffraction angles (conventionally it is the angle between the reflected beam

and the undeviated incident beam) of 43.9°, 75.3° 91.5°, 119.5°, and 140.6° in X-ray

diffraction pattern on the camera film for diamond crystal (Figure 3-23). The fringes

(marked with oval dots) and angles (not to scale in the figure) on bottom half of the circle

are symmetric with those on top half of the circle but are not shown in the figure. Figure

3-23 is assuming a monochromatic X-ray source is used so that the single crystal

diamond sample is rotated in order to observe all five diffraction peaks in the diffraction

pattern. Usually the large diffraction angle is expected, a strip of camera film is

technically placed to surround the sample in a circle and sample is placed at the center of

that circle.

2
The multiplicity factor will be introduced later in this section.
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Figure 3-23: The location of the Bragg's angle on camera film for single crystal
diamond sample.

The powder sample contains millions of micro size single crystals and these
crystals usually randomly aligns themselves, so the X-ray diffraction pattern may contain
all the diffraction peaks for a particular crystal with a monochromatic X-ray source and
an arbitrary incident angle. Because of this, millions of these tiny little reflections form a
solid line circle that is symmetrical to the incident beam for each Bragg’s angle, so that
the overall diffraction pattern looks like a series of cones from three dimensions. Figure
3-24 (a) shows the cone shape of the diffraction pattern. Figure 3-24 (b) shows how a
strip of camera film is placed for collection of the X-ray pattern. Figure 3-24 (c) shows

the actual powder X-ray pattern on a negative camera film.
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Figure 3-24: The X-ray diffraction pattern of a powder crystal sample. (a) The cone shape
of the diffraction pattern. (b) A strip of camera film setup for collection of the
X-ray pattern. (c) The powder X-ray pattern on a negative camera film [88].
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The absolute intensity data of X-ray diffraction is extremely desirable, but usually
difficult to obtain. There are many factors that influence the absolute intensity data, to
make it brief, they are the polarization factor, the Lorentz and “velocity” factor, the
temperature factor, the atomic scattering factor, the structure factor, the multiplicity
factor, and the absorption factor [94]. The polarization factor states the change of the
intensity of the X-ray beam after it is diffracted. The Lorentz and *“velocity” factor
explains the intensity loss if a polychromatic X-ray source is used to produce primary
beam or the primary beam produced is not strictly parallel but more or less divergent. The
temperature factor describes the diffraction intensity decrease due to the atomic
vibrations that associated with the sample temperature. The Atomic scattering factor is
about the influence of the diffraction intensity from the finite physical size of the atom or
the electrons that cause the phase shift of the diffracted X-ray beam. The structure factor
indicates the variations of the X-ray diffraction intensity due to that the crystal has more
than one kind of atoms in the crystal. Since diamond only has carbon atoms in the crystal,
we may leave this factor out from this study. The multiplicity factor discovers that one
plane may reflect multiple times for a particular diffraction angle (Bragg’s angle). The
diffraction intensity becomes multiple times stronger than the intensity reflected by a
single plane in one crystal or grain. The multiplicity is determined by the lattice planes
structure from the type of crystal lattice for single crystal therefore the multiplicity is
different for each different type of plane [95]. The multiplicity is usually only applied to
oscillating or rotating crystal method. Since the sample is also rotated for the powder
method, the multiplicity should also apply. The values of multiplicity of each plane for

diamond crystal are extracted from Table 3-1 in the reference book by Klug et al. [96]
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and included in Table 3-4. The absorption factor is to say that the diffraction is less
intense due to the partial absorption of the incident and diffracted X-ray beam. All factors
are indistinguishable to influence the diffraction intensity for all the different diffraction
planes in the crystal with the different d-spacing except the multiplicity factor. The
conclusion of this discussion is that the multiplicity factor should be taken into account
for the value of the relative intensity of each diffraction plane (with different d-spacing)
that is to be extracted from the X-ray diffraction pattern.

In real powder method X-ray diffraction measurement, the geometrical relation of
the X-ray beams and angles shown Figure 3-23 can be converted into a 2D plot when
diffraction intensity of the diffracted (reflected) beams can also be measured. This is also
the X-ray diffraction pattern, or sometimes called X-ray diffraction spectrum. Figure 3-25
is the typical plot of the X-ray diffraction pattern that shows all the diamond peaks in
Table 3-4. Though the diamond sample is not a single crystal, the geometrical locations
of the Bragg’s angles are the same as the single crystal with the reflection intensities

varying from peak to peak.
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Figure 3-25: X-ray diffraction pattern with intensities of each reflection measured as
counts per second during the rotation of the MPCVD polycrystalline
diamond film sample (SZ-2inch-1mm-035) for the diffraction angle
started from 30° to 150°.

X-ray diffraction powder technique is used to study polycrystalline diamond film
due to the closeness of the polycrystalline diamond sample to the powder sample. It has
been discussed that the powder sample contains millions of micro size single crystals.
The randomly packed powder crystal samples would exhibit a diffraction pattern with the
same intensity for each Bragg’s angle because the distribution of diffraction planes in
space are statistically the same (with in considering multiplicity). This can also be
understood as there are statistically equal numbers of diffraction planes (with different d-

spacing and from different crystal grain) being detected in the sample. Polycrystalline

diamond film grown under the MPCVD condition may also contain some degrees of
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randomness of its diffraction planes orientations from one sample to another, however,
may usually prefer growth at one direction to others and the film form some sort of
texture. Based on previous discussion, the relative intensity data from the diffraction
pattern (such as the one in Figure 3-25) gives us the statistical information of how many
diffraction planes (or grains) the sample may have in certain orientation relatively. This
discussion will be used for stress evaluation from Raman spectroscopy in section 3.11.3.
Please note Figure 3-25 shows a highly aligned polycrystalline diamond film in the
direction of <400>. Though Figure 3-25 itself does not indicate the diamond film surface
normal is also <400>, the angle between the (400) oriented planes (grains) and film
surface normal should not be greater than 90°. Since the diffraction angle is set starting at
30° and stopping at 150°, the incident angle of the X-ray beam is then from 15° to 75°.
Therefore the detected angle between the (400) oriented planes (grains) and film surface

normal should be smaller than 45°.

3.8.2 X-ray diffraction pole figure

A pole figure is a graphical representation of the orientation of objects in space
[97]. 1t is a map of statistical distribution of the normals to given {hk/} planes of a
polycrystalline sample and provides a very complete picture of the texture of a metal or a
polymer, the polycrystalline materials [98]. As it has been mentioned before, the X-ray
diffraction pole figure is a complex task, the data taking and processing is rather a tedious
and heavy labor work and will not be used for this research. However some fundamental
basics are mentioned at several places in this study therefore is introduced. More

information about this technology can usually be found from textbooks, such as one of
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the references heavily quoted for this technology in this research by Klug et al. [98], and
the Internet.

The pole figure is a stereographic description (projection) of plane normals of a
crystal and derived from another widely used stereographic description and analysis in
geometrical crystallography, called spherical projection. Figure 3-26 only shows the
spherical projection of a crystal of plane (100), (i 00), (010), (0 iO) to illustrate the idea.

The full projection can be found from the references [99]. The crystal plane normals

Figure 3-26: The spherical projection of a crystal of plane (100), (100), (010), (010). The
original full projection can be found from E. Dana, a Textbook of
Mineralogy, 1932, Wiley or reference [99].

that intersect (project) with the spherical surface are known as the poles of the plane

surface. The spherical projection is a fine stereographic description of crystal planes
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except with one problem, which is the difficulty to put down on 2D viewing media, as
humans are used to without overlapping. Though various kinds of schemes for mapping
the spherical projection have been developed, one most important of these is the

stereographic project — the pole figure.

3.8.3 Film texture

Three types of textures are usually distinguished for polycrystalline films
including random texture, fiber texture and epitaxial aligned texture (or in-plane texture)
on single-crystal substrates. The random texture has diamond grains with no preferred
alignment orientation. Feng et al. [100] have studied such a randomization in CVD
polycrystalline diamond film grown at the temperature range of 850 — 1050 °C. Fiber
texture has one crystallographic axis of the film that is parallel to the substrate normal,
while there is a rotational freedom around the fiber axis. This is also frequently observed
in CVD polycrystalline diamond films. The third texture is usually for single-crystal
diamond growth where an in-plane alignment fixes all three axes of the grain with respect
to the substrate. A forth texture type was reported by C. Detavernier et al. in 2003 from
IBM T. J. Watson Research Center in New York and it is claimed to be a dominant type
of texture for CVD polycrystalline films that grow on the single crystalline material
substrate such as the silicon [101]. Though there might be some possibility that our as
grown polycrystalline diamond films being like the forth texture, two reasons kept us
from classifying our samples to be the forth texture. One reason is that the diamond
powder is used as the seeding, i.e. the nucleation layer for the diamond crystal growth. So
diamond crystals can not be considered as grown on the silicon substrate directly. The

second reason is that most of our diamond film samples are grown very thick to tens of
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microns or hundreds of microns thickness. The film texture may change due to some
planes overgrow others (the columnar growth) and most likely no longer the same as the
texture nearby the interface between the diamond film and silicon substrate. In addition,
the detailed pole figure analysis is required in order to fully characterize the texture of a
polycrystalline material [85]. Since the X-ray pole figure technique is not included in this
study, we can not verify if this assumption is right. Therefore all diamond samples
textures in this study are considered as the fiber texture and the orientation is primary

determined by the XRD 28 scan in Bragg-Brentano geometry.

3.8.4 Surface morphology

Most polycrystalline diamond samples are photographed with a microscope to
show their surface morphology and may be assisted by X-ray diffraction spectroscopy
without the pole figure. Samples can be viewed clearly under the optical microscope with
high resolution because of the large diamond crystals that were grown in the film, but a
few samples are photographed with SEM if it is necessary. It is believed that the surface
morphology shows in part how the diamond grains are orient at the diamond film surface.
However since many of the crystal grains are not with one plane strictly aligned parallel
to the film surface normal, the surface morphology can not strictly define the grain
orientation by current definition. A few particular shapes of grain surface though are
commonly used to describe the plane of a grain that shows on the film surface. As it is
known, a triangular shape of facet shows the {111} plane surface of the grain [102, 103]
and the square or rectangular shape of facet show the {100} plane surfaces of the grain

[103, 104, 105] in the deposited film.
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Figure 3-27 is the photograph of the surface of sample SZ-2inch-1mm-035 where
the square shaped facets dominant over others. The pyramid or wedge shaped grains may
show two or three joint planes that are not strictly parallel to the film surface normal.
Normally, a diamond crystallite is only bordered by stable {100} and {111} surfaces
[106, 107]. The 3D shape can be any of these shown in Figure 3-28. Figure 3-28 also
shows how the shapes of diamond crystallites change due to the uneven growth rates of
plane surfaces between {100} and {111} during the deposition depend on different
growth conditions. Therefore, the pyramid or wedge shaped diamond grains may be a
combination of any of these two family planes. The photograph in Figure 3-27 shows

square and rectangular facets dominate over any other facets on the film surface.

Squares
Wedges
Pyramids
Triangle Squares

Figure 3-27: The surface morphology of diamond film sample SZ-2inch-1lmm-035. Most
crystal surface shows a square shape of facet with a few grains show part of
the grain tips look like pyramids or wedges.
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Figure 3-28: All possible shapes of cubic diamond crystallites. Two stable surfaces {100}
and {111} that normally border diamond crystal are shaded with dots and
lines respectively [106, 107].

3.9 Diamond film grain size measurement, the method of linear intercepts

The grain size of polycrystalline diamond films is measured using the method of

)

on under the ion of

linear intercepts. This method was developed by M

contiguous grown kaidecahedral (truncated octahedral) grains on the film with a log-

normal distribution, given by Eq. 3-15, of the grains sizes throughout the film surface

[108).

2
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where D is the median value of the grain size and ¢ is the width of the distribution. A

simple expression is derived between the average grain size, D, to the average intercept
length,z , differing by a factor called the proportionality constant, C: D=CL.The
parameter C was taken to be 1.56, as determined by Mendelson for contiguous
polyhedral grains with approximately equiaxial dimensions in general [108, 109]. This
model is considered suitable for diamond poly-microcrystal films grown under the
conditions of this research [60].

In terms of measuring the length of intercepts, first the sample is photographed
under an optical microscope. The viewed image of the sample is measured using software
for the microscope which uses a fixed size at (249.6 pm) x (187.1 pm) when the ocular
lens is 10x magnification and objective lens is 50x magnification. Three horizontal and
four vertical straight lines are drawn equally spaced on the photograph as shown in
Figure 3-29. The number of intercepts of the diamond grain boundaries with the straight
lines is counted along the line (i.e. the line with the length of 249.6 pum is used). The
intercept length of this line is the total length of the line (i.e. 249.6 um) divided by the
number of the intercepts. A final average of the intercept length is taken for all seven
lines. Figure 3-29 shows how the grid lines are drawn on the microscope photograph and
length of the lines are used for the calculation.

X-ray diffraction line broadening can also be used to estimate the diamond grain
size in the film. However it is more suitable for nanosize bulk crystallites or films
contains very small sizes of crystals less than 100 nm as defined by Klug and Alexander
[110], and Jiang et al. [111], or less than 150 nm as defined by Keijser et al. [112]. As it

was mentioned before, diamond crystallite sizes grown under the higher pressure
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condition are usually tens of microns and hence are bigger than the upper limit of the X-
ray diffraction technique. This may produce significant errors. This is also to say that the
line broadening caused by large grain sizes in the X-ray diffraction is very small and can

be ignored in the case of this study.

I 249.6 pm 44

187.1 pm

Figure 3-29: A grid of lines are drawn over the photograph taken by the camera attached
to the microscope, then the intercepts between the boundary of diamond
grains and the line are counted along each line.

3.10 Diamond film quality measurement

3.10.1 Visual inspection
The optical quality of the diamond film can be roughly estimated by visual
inspection with the human eye. Since the impurities and defects in the films cause film

discoloration and most of the time the impurities and the defects are the major issue, the
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optical transparency, which is how well the film lets through the visible light, can be
determined qualitatively by the human eye. Basically the optical quality is indicated by
its whiteness when a film is not polished. The whiter the film is, the better the quality.
The visual estimation is a time-saving and reliable qualitative method of estimating the
film quality. As described in the following section, other more quantitative methods are

also employed.

3.10.2 Raman spectroscopy for quality evaluation

Raman spectroscopy is a well-known method to investigate the diamond film
quality. Good quality diamond shows a sharp, narrow and high intensity peak at 1332 cm'l
in the Raman scan with a very small Full Width Half Maximum (FWHM) value.
Additionally all other signals from materials such as graphite are absent or small. The
FWHM value reflects the crystalline quality of the diamond grain and a smaller FWHM
value indicates a higher crystalline order in the diamond lattice of a bulk diamond grains

[113, 114]. It is also known that the FWHM value gets larger for polycrystalline diamond

with smaller grain sizes [115]. A typical FWHM value of a nature single crystal diamond

is less than or equal to 2.0 cm-l. A sample Sumitomo HPHT single crystal diamond that is
used for the calibration of the Raman system in the lab has a FWHM value measured

around 1.9 cm'l. Most of the high quality polycrystalline diamond film samples reported

should have a FWHM value less than or equal to 5.0 cm-l. Raman spectroscopy is a very

reliable quantitative measurement for diamond film quality used by many researchers,
however, only the local diamond crystals quality information is revealed when a small

laser spot size is used. A number of scans (more or less depend on the level of evaluation
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one needs) at different location on the diamond film are needed if the overall diamond film
quality is to be measured.

For high quality diamond films, the Raman peak shift is as small as a fraction of

-1 . . ..
onecm wavenumber. The Raman system used requires high accuracy and resolution in

order to obtain the peak location during the scan. The Raman system used for this research

is equipped with a 514.5 nm Ar ion laser with a spot size of 20 — 30 pm and resolution of

0.2 cm'l between each acquired data. The end to end length of the Spex 1250 spectrograph

assembly is 1.25 meters and is attached to an Olympus BH-2 microscope with the
magnification usually set to 10 x 80. To achieve this high precision goal, a high resolution
holographic grating of 1800 grooves/mm is used with a snapshot window fixed from 1134
em™ 101508 cm ™. A spectrometer slit width of 50 pm is chosen to achieve a relatively
high signal to noise ratio and to sufficiently reduce the laser light that passes through the
slit. To increase the signal/noise ratio, an integration time is chosen to obtain a diamond
peak intensity around 8000 — 10,000 counts. Other techniques to increase the signal/noise
ratio and precision were also done including decreasing the CCD image binning from 5 to
1 and decreasing the data acquisition step to the minimum, which is 1 before starting the
scan and, using baseline correction and software tools to fit peaks to the
Gaussian/Lorentzian curve for locating the peak position and evaluating the FWHM.

Raman spectroscopy can also be used to show graphite and amorphous carbon, i.e.,

the sp2 contents in the diamond film, as part of the diamond film quality measurement.

The sp2 content is typically the primary impurity in the film for samples grown under the

typical condition as in this research. From the information collected from the literature
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research, the sp2 content consists of the disorder induced carbon band (D-band) with
bandwidth range from 1330 cm™ t0 1392 cm™ and the graphite band (G-band) with
bandwidth range from 1500 cm™. to 1605 cm™ . The D-band is typically absent and the G-
band observed ranges from 1500 cm'l to 1600 cm-1 from the samples obtained in this

study. The ratio of intensities for the diamond peak compared to the sp2 peak can be
obtained and can be used to evaluate the diamond film quality.
It is important that the Raman spectrum include the sp2 band in the scanning range.

In order to do so with the system used in this study, the software tool is used to configure

the scanning range for multiple scans since one single scan only covers a frequency

window from 1134 cm'l to 1508 cm‘1 as mentioned above. For this study, the scanning

range is chosen to be from 1100 cm'l to 1700 cm'l, just enough to cover the diamond peak
and graphite band. The Raman system will properly shift the gratings to scan the sample
across the frequency range from 1100 cm™ t0 1400 cm™! and from 1400 cm™ to 1700 cm”
l. The software then combines the two scanning results into one. Because of this, an error
is introduced to the Raman spectrum at the juncture where two spectra from two separate
scans are joined, which spreads about 140 cm'1 wide start from 1400 cm'l. This error can
be easily identified as a valley in the spectrum at the place of 1400 — 1540 cm-l. Despite

the limitation by the Raman system in general, the diamond films have good Raman
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signals (with very small FWHM value and a minimal sp2 band) indicating high quality

diamond is being deposited.

3.10.3 Post processing and optical transmission measurement

The optical transmission of the CVD polycrystalline diamond films grown for this
research is measured using the Perkin Elmer Lambda 900 UV/Vis/NIR
spectrophotometer. The spectrophotometer result directly gives the percentage of the
light transmission for a range of wavelengths chosen by the user, which in our case is
almost the full range of the machine from UV light to Infrared — 180 nm to 3 pm is
usually the range used. Though the optical transmission scanning process is simple, the
diamond films require a series of post processing steps before they can be scanned by the
spectrophotometer due to the surface roughness and sometimes the curvature of the film.
These main post processing steps include (1) the laser cutting, lapping and polishing of
the growth side of the diamond, (2) removal of the silicon substrate, and (3) plasma
etching to remove a thin layer on the nucleation side of the diamond film. Laser cutting is
performed with a pulsed Nd-YAG laser operating with the third harmonic and removal of
the silicon substrate is accomplished with wet etching using a combination of

hydrofluoric and nitric acid. Plasma etching of the nucleation surface is performed using

an electron-cyclotron-resonant plasma with O, Ar, and SFg gases mixture as reported by
R. N. Chakraborty [116, 117], a former MSU student. Lapping and polishing is
performed with a Logitech LP 50 system (Figure 3-30) using procedures recommended

by the system provider [118]. Then the surface roughness is measured with the surface

profilometer Dektak D6M.
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Figure 3-30: Logitech LP 50 lapping and polishing system.

The initial lapping step utilizes a 50-zm diamond slurry and the second lapping
step utilizes a 12-pm to 17-pum diamond slurry. In both cases, the sample is placed
against a rotating metal plate. After lapping, the samples are polished. For the polishing
step, the sample is placed against a rotating felt surface wetted with solutions of the type
provided by the industry for chemical mechanical polishing of silicon and other
semiconductors. Although the precise compositions of such commercial solutions are
proprietary, their generic description is that of an alkaline slurry of colloidal silica. The

surface R, roughness values (the arithmetic average deviation of the surface valleys and

peaks) are reduced from hundreds of nm for as-grown films, to several tens of nm after
lapping, to a few nm after polishing [60].

Surface roughness causes loss in transmission, even if all scattered light is
collected. This is because of phase cancellation of light rays leaving or entering an

uneven surface. For a Gaussian distribution of surface roughness with a standard
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deviation of R, the light transmission into diamond from air is reduced by a factor of Sg

as shown in Eq. 3-16,

22R_(n ) 1) 2
ZaD Eq. 3-16

SR=ex —[ 7

where np is the wavelength dependent refractive index of diamond and A is the free-

space wavelength of light [119]. The refractive index may be calculated using Sellmeir’s
equation using reported parameters for diamond [120]. Accounting for reflection from the

front and back surfaces, the expected transmission may be calculated as in Eq. 3-17,

2
: (1-R)
T=[—1——;4—]SRPSRN Eq.3-17

where the term in the square bracket is the average power transmission considering the
series of front and back surface reflections [121]. Sgp and Sgy refer to the scattering term
for the polished surface and the surface of nucleation side respectively. R is the Fresnel
reflective coefficient and can be calculated from the refractive index of diamond np, as

shown in Eq. 3-18:

2
np -1
R={ 1] Eq. 3-18
nD+

The transmission rate can be predicted for the sample from the given roughness using Eq.

3-17.
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It is worthwhile to mention that the light path in the Lambda 900 is not adjustable,
and is such that there are several tens of centimeters between the light source and sample,
and between the sample and photomultiplier detector. There may be some significant
light loss through the path.

Figure 3-31 shows a typical optical transmission spectrum obtained from the
Perkin Elmer Lambda 900 UV/Vis/NIR spectrophotometer for a sample deposited and
post-processed in the lab. More optical transmission spectra and detailed discussion are

given in Chapter 4 when optical quality of diamond film is discussed.
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Figure 3-31: An example of optical transmission spectrum. It is expected that the
percentage of the transmission is approaching to near 70% when wavelength
increases beyond 800 nm up to 3 pm.
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3.11 Diamond film stress measurement

This section establishes the way to calculate or measure polycrystalline diamond
film stresses based on the most recent literature on polycrystalline diamond film and on
composite beams/films/plates mechanical property studies. There are a number of ways
to calculate or measure diamond film stresses in the CVD polycrystalline diamond film
research community. Due to the complex nature of this task, it is difficult to say that one
technique is better than the other, though each may have its own advantages or
disadvantages. However, the results from different techniques are converging over time
as some researchers have pointed out [47].

Among these most popular methods, one is a traditional method using Stoney’s
equation [122] from which the curvature of the investigated film and substrate is
converted to the stress. It is often referred to as the substrate curvature technique and
modifications of the original Stoney’s equation have been made by many researchers
based on different assumptions [123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133,
134]. However in general, the stresses calculated from the Stoney’s equation or other
similar theory are the overall average in-plane stress between the film and the substrate or
the in-plane stress field along the normal axis to the film (or multiple beams) and the
substrate. Another method is based on the empirical relation between the film stress and

the diamond Raman spectroscopy peak shift from the unstressed diamond peak location

at 1332 cm-l. The amount of shifting in wave numbers is then calculated as the amount

of the film stress present at the measurement location. Though the calculated stress is a
local stress and hence will vary at different spots on the film, a relatively large number of

scans at different spots on the film and a numerical approach of averaging may be used to
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evaluate the overall stress of the film [47]. The third popular method of evaluating the
polycrystalline diamond film is the Sin*¥ technique with the X-ray Diffraction scan,
often abbreviated as XRD. Though similar in principle to Raman, the X-ray Diffraction
technique allows determination of the residual stress averaged over a larger sample area
in addition to the transparency of diamond to the X-ray through the whole film depth
[47). X-ray Diffraction can be applied to polycrystals stress estimation [46, 135] while
Raman is considered more suitable for single crystals or point to point stress studies [46,
136]. Other variations of film stress measurements are not included in the discussion in

this paper.

3.11.1 Substrate curvature technique and Stoney’s equation

This section discusses Stoney’s equation and the stress-curvature relationship so
as to determine the formulas or equations to be used to calculate the stresses in
polycrystalline diamond films deposited on silicon wafer substrates. Stoney’s equation
has been around for almost a century since it was first derived in 1909. This equation has
been widely used in the area of thin film deposition to calculate the stresses of films
grown on a substrate due to its simplicity and reasonable accuracy based on the
assumption for ultrathin film deposited on a thick substrate. However since then, many
questions have been raised and attempts of improving this equation were made. The
reasons for these attempts are simple. First a major error source of Stoney’s equation is
that the ultrathin film grown on the thick substrate assumption is a rather extreme case in
considering the film bending and the stress calculation [122]. Many modifications were
developed trying to extend the Stoney’s equation to the case of thick films grown on a

comparable thickness substrates.
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There are four major variations of the development of the stress-curvature relation
with pros and cons for each variation described below. In chronological order, 1)
Timoshenko published the analytical classic solution from pure mechanics methodology
for a two-layer strip model problem with various end conditions in 1925, however the
final formula limits its applications only to the bending situation due to the thermal
expansion [123]; Blech et al. [137] and Zhang et al. [138] modified Timoshenko’s
approach to treat round substrates; 2) Brenner and Senderoff extended the Stoney’s
equation to the case for thick films with various boundary conditions in 1949 [124];
Brenner-Senderoff’s approximation of Stoney’s equation to thick films was adopted by
many researchers in polycrystalline diamond film area [40, 139, 140, 141], this formula
also received criticism for rather large errors compare to some other methods [142, 143];
3) Townsend developed a general theory for the elastic interactions in a composite plate
of layers with different relaxed planar dimensions in 1987 [130]; The initial model of the
multilayer plates is more complicated than needed for our work and, in addition to that,
the proposed solution is difficult to apply in the practical use in this study; However,
Klein’s modification of Townsend’s equations not only relaxed the rigidity of the original
solution for multilayered plates [144], but also simplified it to suit the bi-layer that is
similar to Stoney’s situation with a correction factor [142]; 4) Chu discovered the
existence of dual neutral axes in the situation of bending due to the internal stresses, such
as the lattice mismatch or thermal expansion differential in 1998 [132] and verified by
Chuang et al. [133]; His bi-layer internal stress model extended Stoney’s equation to
thick films and is quite suitable to be used in this study for the polycrystalline diamond

film deposited on the silicon wafer; However, the reactive bending strains was incorrectly
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included in the interfacial strain expression in Chu’s paper [133]; Chuang et al. corrected
this error and therefore Chuang’s equation is finally used in this research. It is worth
noting that others have followed this scheme and established stress relation with the
curvature for more general solutions on the multilayered or composite beams [134, 143].
However, they are beyond the scope of this research.

Another major error source of the Stoney’s equation is that the internal bending
stresses caused by the lattice mismatch or thermal expansion differentials are omitted
[133]. This means fof this study, that the diamond thin film would be assumed to have no
bending stress acting on the silicon substrate in the model of Stoney’s equation.
Substantial error is expected when the curvature of the film-substrate or the thickness
ratio of the film/substrate gets bigger.

When a beam or shaft or the like is bended by external moments, a neutral axis is
defined in the cross section of the beam or shaft along which there are no longitudinal
stresses/strains. If the section is symmetric and is not curved before the bend occurs then
the neutral axis is at the geometric centroid [145] as shown in Figure 3-32. All fibers on
one side of the neutral axis are in a state of tension, while those on the opposite side are
in compression. However, a single neutral axis does not exist when a beam or shaft or the
like is bended by internal stresses [132], such as the stresses caused by different linear
thermal expansion between two different materials, lattice or structure mismatch for two
different materials that adhear or grow together or for the same material that adhear or
grow together. The bending stresses casued by CVD diamond film grown on silicon
substrate and the subsequent growth of diamond film on diamond is example of the later

kind. Since it is very important to construct the neutral axis for the analysis of the stress
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field and further more to understand why a single neutral axis does not exist when a beam

is bended by internal stresses, Chu’s ideas of analysis is provided in this section [132].

Figure 3-32: A beam with length L showing the neutral axis - X when an external
moment F-L is applied to the beam [145].

Consider the case of a composite beam bent by an external moment M at the end
of the beam as shown in Figure 3-33. The neutral axis of this composite beam can be
constructed by following a three-step operation starting from the two equal length,

seperate beams before they are bent by external force and welded together.
Beam 2

O

Figure 3-33: Schematic diagram showing bending by an external moment M.
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Step 1: The positions of neutral axes

indicated by the dotted lines is located at the Step 1

geometric centroid of the beams with

—
' A\
respected to the final radius of the curvature

——

when pure external bending moments M and My & <
M) are applied to the two separated beams;

Step 2: Compressing beam 1 and stretching
beam 2 by external forces -F and F to match
the interface, the neutral axes are shifted; the

directions of shifting are indicated by the

arrow; M1 is the moment acting as the weld
condition;

Step 3: Beam 1 and beam 2 is welded back at
the interface; the total external moment is the Step 3
sum of the moments Mj, M, and My; the

neutral axes from two beams are merged into

one as the dash line indicated; the location of

the neutral axis is associated with the Young’s

M=My+M;+My

moduli and the thickness of both beams;

Figure 3-34: Schematic diagrams of a three-step operation for illustrating the movement
of the composite two beam neutral axes from an external moment M.
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To prove that the two neutral axes of beam 1 and beam 2 are merged into one, a
expression of the distance between two neutral axes is derived. The scenario is if the
distance of seperation between these two neutral axes is zero, they are actually merged

into one.

Assume the thermoelastic properties are E1, vi, aj and E», v3, ap for beam 1 and

beam 2 respectively, where E is Young’s modulus, v the Poisson’s ratio, and a the

thermal expansion coefficient. The beam geometry such as the length and width are set to

be /=w =1 for both beam 1 and beam 2, and the thickness to be ¢} and #,. The total

thickness is ¢ and ¢ is equal to the sum of #; and 7). Both beams are flat before the moment

M is applied to beams, the radius of curvature are turned into R after the moment M is
applied to beams and both beams bends and becomes curved. Please note this bending (or
curvature) is a two-dimensional bending and the radius of bending (curvature) is a simple
single number measurement and the curvature itself of the bending can also be simply
expressed as 1/R.

Strictly speaking for beam 1 and beam 2 to fit perfectly in one composite beam

the radius of beam 2 should be larger than beam 1. We assume that Ry = Ry =R due to

the radius of curvature R is much bigger than thickness of the beams ¢. The stress fields in

each beam can be expressed for beam 1:

1 2
O xx = -& Eq. 3-19
xx R q
and for beam 2:

136



bH
62y =E|—2 1., Eq. 3-20
pod 2 R .

where the first term on the right is due to pure bending strain (8; or &;) and the second
term is due to uniaxial compression with a strain of -¢; for beam 1 and uniaxial tension

with a strain of &) for beam 2 based on a general 1D expression (right hand side of both
Eq. 3-19 and Eq. 3-20) between the stress and the strain:
Stress = Stiffness x Strain (or o = E -¢) Eq. 3-21

The stiffness is usually defined by Young’s modulus and the strain is defined as
the relative displacement with respect to the original length (if in one dimension) by Eq.

3-22:

e=ﬂ=1_10
1

l
o o

Eq. 3-22

where [, is the original length of the material and / is the current length of the material.

The positive direction is the direction of the measurement. All parameters associated with

above equations are labeled in Figure 3-35.

The shifting of the neutral axes J; for beam 1 and & for beam 2 can be found
from Eq. 3-19 and Eq. 3-20 by setting both 0'1 xc and 0'2,“ to be zero:
J,=¢,R and 52 =32R Eq. 3-23

1 71

We obtain the expression for the distance between the two neutral axes:
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Eq. 3-24

Figure 3-35: The corresponding stress distributions and the shifting of the neutral axes &;
and &) from the central axes of the beams by the applied uniaxial tensile and
compressive stresses to the two beams [132].

From the strain matching condition at the interface (considered as the boundary

condition),

elxx(tl) - 52,“(:2) | Eq. 3-25

Eq. 3-26 is obtained:

g 2 Eq. 3-26
g =——2 1t .3-
2R 17742 4

Substituting Eq. 3-26 into Eq. 3-24, the distance between the two neutral axes is proved

to be zero under the external applied bending moment:

s=0 Eq. 3-27
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Now consider the case of a composite beam is bent by an internal moment M,

that is the same value as the external example given previously to create the same effect
of bending as shown in Figure 3-36. This internal moment can be created as coupled
internal reactive forces by applying coupled external forces in two opposite directions on

two beams as showing for Step 1 in Figure 3-37, then glue them as one composite beam.

Please note that the moment M; is from the reactive force F; from inside the material, the

movement of the neutral axes is opposite to when the same external force is applied. The
location of the neutral axes of this composite beam can also be readly illustrated
qualitatively by following the two-step operation shown in Figure 3-37. We leave out the

derivations of the equations for the stress field from Chu’s work.

Beam 2
M, M,
Beam 1

Figure 3-36: Schematic diagram showing bending by an internal moment M;.
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Step 1: Stretching and compressing of

beam 1 and beam 2 respectively to match ~ Step 1:

their lengths before welding; =F -F

1 1
Step 2: Weld beam 1 and beam 2; due to et g e

1 1
1 1
the expansion of beam 2 and contraction of ' '

ary>a

beam 1 upon removal of the external forces

-F and F, the composite beam bend
downwards; since Fy and —F are the

reactive forces of the external forces -F and

F from inside the beam, the neutral axis of

beam 2 moves upwards and the axis of

beam 1 moves downwards;

Figure 3-37: Schematic diagrams of a two-step operation for illustrating the movement of
a composite two beam neutral axes from an internal moment M;.

From the above illustration, there are two neutral axes that exist in the composite
beam if it is subject to the internal stress. However, because of this omission from the
Stoney’s equation, the single neutral axis based on zero bending moment causes the error
and does not exist in a two-layer system bent by the internal stresses [132].

A hybrid analytical method for the general case of bi-layer composite beam or
plate curving problem with the stress field subjected to a strain differential (the difference

of the strain) was developed by Chuang and Lee [133]. Their solution and a partial
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derivation are restated here with a slight modification to fit into the applications in this
study. In order to include internal stresses as we discussed previously in Figure 3-37, the
same two-step operation is followed in order to construct the stress field and then solve
for the stresses.

In the situation of diamond films deposited on silicon wafers, the strain
differential is the linear difference of the length between the film and substrate when both
the film and the substrate are thought of as not welded together, i.e. completely relaxed.
So they are two separate flat pieces of plates in this situation. Based on the fact from all
the samples collected in this study, the diamond film is always bend away from the
position of the silicon substrate, therefore the diamond film can be assumed to be shorter
at the reference state. This can also be understood as the lattice spacing of diamond is
smaller than that of silicon. This strain differential is defined as A¢ in Figure 3-38 (1).
Then the diamond film is stretched and the silicon substrate is compressed by external
forces F and —F to match the length of the interface of these two separate beams. This
completes step 1. The film and the substrate are then welded together. Upon the removal
of the external forces the film contracts and the substrate expands causing both the film
and the substrate bent towards the film. Step 2 is completed and the final state is shown in

Figure 3-38 (2).
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Figure 3-38: Redraw of the schematic sketches of the analysis procedure for a composite
beam subjected to a differential strain Ae: (1) beam geometry at reference
state. (2) The final resultant beam configuration with no external moments
applied [133].
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Follow Chuang’s procedure, two scalar parameters  and S were defined. The
a is the ratio of the Young’s moduli of the elastic film and the substrate and the £ is the

ratio of the thickness of the film and the substrate:

E
a=—L Eq. 3-28
E
S
‘s
= t=t, .+t Eq. 3-29
B=- (e=tp+10) q

There are various sources of the strain differential in real situations. In Figure 3-38, Ae is

simply stated as the length differential:
Ag = Ies|+ £ 1% (€S is negative) Eq. 3-30

Also the strain differential can be caused by the lattice mismatch:

af—as
a
S

Ae= Eq. 3-31

where ag and a f are the lattice spacing parameters of the substrate and the film, or by
the linear thermal expansion:
Ae =Aa-AT (Aa = |a - a D Eq. 3-32

where Aa is the difference of the linear thermal expansion coefficient between the
diamond film and the silicon substrate. AT is the temperature difference between the

processing temperature and the temperature of the final state that the silicon wafer-
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diamond film is cooled to after the wafer-film is taken out of the processing chamber,
which is the room temperature.

In the general case for a strain differential Ae presented as the linear length
differential as expressed in Eq. 3-30 and plotted in Figure 3-38-(1), the relation between

the radius of curvature due to the bending shown in Figure 3-38-(2) and the strain

differential can be expressed as:
L F@p) -{6 : A"’] Eq. 3-33°
R :
S
where
Fa,p)= a1+ p) Eq. 3-34°

(1 +aB3)(1+aBf) +3af(1+ f)>

This means if the radius of curvature R is measured, the strain differential can be
calculated from the above two equations. Then the stress field in the film and the
substrate can also be calculated from the calculated strain differential A&. The equations
are provided by Chuang and Lee and shown as Eq. 3-35 and Eq. 3-36.

For stress field in the film (ts <z<t):

aEs~Aa 6aEs-Aa tf ¢ E 3355
o O=Tiam T 7 2 P | Y

s

For stress field in the substrate (0 < z < ts ):

3
Equation (Eq. 3-33) is from reference [133]. The derivation is omitted.
4
Equation (Eq. 3-34) is from reference [133]. The derivation is omitted.
Equation (Eq. 3-35) is from reference [133]. The derivation is omitted.
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E af-Ac 6E -Ac af -t t 6
= ) . | z=-= -
og(2)= 1+af +F(“’ﬂ)( 2 }[2(l+aﬂ) (z 2]} Bq. 3-36

where t = ts +1 £ is the total thickness of the substrate and the film. The stress at the

interface between the diamond film and the silicon substrate when z = t should be
taken as the total stress the substrate exerts on the film. In this study, the stress in the

diamond film is of interest. Therefore Eq. 3-35 is used. From Eq. 3-33, the strain A¢ can

be expressed as:

t
Ae=—35 Eq. 3-37
6R-F(a, f)

Substitute the A¢ in Eq. 3-35 by Eq. 3-37 and the variable z by ¢, Eq. 3-35 becomes:

E -t 2
N [ s . 1 af” 1 )
7=t = it ap) [6F(a,ﬂ)+ 2 2} Eq.3-38

This is the total residual stress include the thermal stress induced by the different
thermal expansion between diamond film and silicon wafer after their temperatures are

cooled down from the operating temperature (i.e. from 800 °C to 1200 °C) to the room
temperature. In real implementation, the initial curvature (defined by %) of the substrate

without the stress can not be ignored because the film-substrate curvature under the stress
is also usually small. It has been measured that a new freestanding silicon wafers has

some curvature with the radius between 50 to 80 meters. Though this curvature is small

6
Equation (Eq. 3-36) is from reference [133]. The derivation is omitted.
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with -11? value from 0.0125 to 0.02 m'], it is not negligible to the total film and substrate

curvature. Therefore Eq. 3-38 becomes,

E .-t 2
Oy =0 2=t )= S S-[ 1 % -l][-l--l] Eq. 3-39

(1+apf) |6F@p) 2 2

where Ry is the initial radius of curvature of the silicon substrate without any diamond

deposited and R is the final radius of curvature of the composite diamond/silicon plate.

3.11.2 The thermal stress calculation

The thermal stress field can also be calculated using the same set of equations Eq.
3-35 and Eq. 3-36 but with the strain differential A¢ replaced by Eq. 3-32. However, the
high optical quality diamond films are deposited at high temperatures over 1000 °C and
the linear thermal expansion coefficients of both diamond film and silicon wafer as the

substrate vary significantly versus temperature. As Figure 2-26 indicated, the linear
thermal expansion coefficient of diamond varies from 1.0x10'6 "K'1 to 5.4x10'6 "K'l
when the temperature changes from room temperature (293 °K or 20 °C) to 1400 °K (or

1127 °C) while of silicon varies from 2.6 ><10'6 °K-l to 4.6 ><10'6 °K'l. Therefore the

strain differential A¢ expressed by Eq. 3-32 becomes complicated to calculate due to the
fact that both linear thermal expansion coefficient of diamond and silicon are a function

of the temperature. However if we assume that these two functions can be expressed as

a f (T) and @, (T) for diamond and silicon respectively, then graphically the area under
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these two curves from temperature point T to point T for silicon wafer can be expressed

as,

A =[T2a (T)-dT Eq. 3-40
s Tl s ’

and the diamond as the film growing on the substrate can be expressed as,

T,
Af =jT12af(T)-dT Eq. 341

respectively. Then the difference of these two areas for the same temperature interval

from point T; to point T is:
A=A -4 =J‘T2[a (T)]-dT-sz a (T)|-dT Eq. 342
s f NUs ) f

The right hand side of Eq. 3-42 is the definite integral form of Eq. 3-32. This means if we
can graphically calculate the difference of the area between the two curves of the linear
thermal expansion coefficient of diamond and silicon, the value of the strain differential
A¢ is obtained.

The next question is how to find the mathematical expression of the two curves of
the linear thermal expansion coefficient of diamond and silicon from Figure 2-26? The
numerical curve fitting method is used to determine the function that will be used for the
calculation. First the temperature range is defined from room temperature 293 °K (or 20
°C) to 1400 °K (or 1127 °C). Only part of the curve within this range in Figure 2-26 needs
to be fitted during the process. This can help us by narrowing down the focus to only the

current diamond growth temperature condition (instead of the whole curve) and it will be
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easier then to find a math function that best fits to the curve. Figure 3-39 shows the final
result of the best-fit of the linear thermal expansion coefficient of silicon (above) and
diamond (below) for temperature range from 293 °K (or 20 °C) to 1400 °K (or 1127 °C).
The best-fit function for silicon is a logarithm function with the base equal to 2.4 and a

down shift constant of minus 3.4:
a D)= logz. 4 (T-93)-34 Eq. 3-43

and the best-fit function for diamond is a partial circle with its radius equals to 253660.

a (T)= \/2536602 —(T-1860)2 —253654.15  Eq. 3-44
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Figure 3-39: Best-Fit functions to the curves in Figure 2-26 for linear thermal
expansion coefficient of silicon (above) and diamond (below) for temperature
range from 293 °K (or 20 °C) to 1400 °K (or 1127 °C).
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Table 3-5 gives an idea of how precise the values are of the best-fit functions to
its original data. The precision is quite acceptable for the fit function. The next step is to
use these two functions to calculate the difference of the areas under the two different

curves and therefore to obtain the strain differentials from the given set of temperatures

(T1, T7). The temperature T is the lower limit of the integral, which is always the room

temperature to which the substrate and film cool down. For this calculation, T =20 °C

(or 293 °K) is always the value used for room temperature. The temperature 7> is the

upper limit of the integral and it is the substrate temperature at which the diamond film is
deposited. In considering that the substrate temperature is usually difficult to control plus
the deposition temperature varies radially across the substrate diameter and temporally, it
is reasonable to divide the deposition temperature into 50 °K interval from 1050 °K to
1400 °K (equivalent to temperature interval from 777 °C to 1127 °C, between which most
deposition temperatures fall). There are seven intervals between 1050 °K to 1400 °K,
therefore the deposition temperature can be chosen from any of these seven intervals.
Figure 3-40 is an example how these best-fit curves of linear thermal expansion
coefficient and their areas under the curves look like assuming that the deposition

temperature equals to 1400 °K.
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Table 3-5: Comparison of the linear thermal expansion coefficients between the best-fit

value and original data.
Silicon Diamond
Temperature, T, ) Best-fit, | Temperature, T, ) Best-fit,
(K) a, (10-6 K l) logantbm (K) a, (10-6 K l) circle
293 2.6 2.7 293 1.00 1.01
400 3.2 3.1 350 1.50 1.36
500 35 35 400 1.80 1.65
600 3.7 3.7 500 2.30 2.20
700 39 39 600 2.80 2.72
800 4.1 4.1 700 3.20 3.20
900 43 42 800 3.70 3.64
1000 44 44 900 4.00 4.03
1200 4.6 4.6 1000 4.40 4.39
1300 4.6 4.7 1100 4.70 4.71
1400 4.6 4.8 1200 5.00 4.99
1300 5.20 5.23
1400 5.40 5.43
6.0 1 (1400, 5.43)
€
K .
(2] 4 :
£ se4 . ,
S Si:y = Log 4(x - 93) - 3.4 “°7 (1400, 4.80)
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Figure 3-40: How the difference of the area is calculated graphically (so is the strain
differential) using the best-fit curves of the linear thermal expansion coefficient.
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From Eq. 3-42, the strain differential can be expressed as:
T. T.
Ac=Ad= jle [as (n]- dT - jTl2 [a s (T)] -dT Eq. 3-45

where a, (T) and a f (T) are given by Eq. 3-43 and Eq. 3-44. After using the technique

of integration by parts, the final result of the integrals of Eq. 3-43 or the area under the

thermal expansion coefficient curve of silicon — A, can be expressed as:

1
A =|{(T-93)-1 T -93 Kz- +3.4|-[T],2 Eq. 3-46
i [r-93) 0g, 4(T—93) : (m2.4 )[];:1 q

and the integral of the function in Eq. 3-44 can also be found readily from the integral

table. Therefore the area under the thermal expansion coefficient curve of diamond, 4y,

can be expressed as:

T

2 2

_|T=a) [,2 2 , R . _1fT-a , 2

Af_ __2__.JR -(T-a) +=sin = +b [T—a];:l Eq. 3-47
n

where (a, b) is the center of the arc curve coordinates on the temperature-coefficient
plane and the “R” is the radius of this arc curve. Their values are stated in Eq. 3-48.
a =1860

b =-253654.15 Eq. 3-48
R = 253660

Finally the value of the thermal stress due to the strain differential A¢, which is

caused by the difference of the linear thermal expansion between the two different
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materials silicon and diamond can be solved by using Eq. 3-35 letting z = . However,

the sign of the thermal stresses need to be discussed and determined.

From the process of calculating the strain differentials between silicon and
diamond previously, the overall linear thermal expansion of silicon is larger than
diamond for the given range of the temperature variation. This means the silicon wafer
expands more than diamond when temperature increases and also shrinks more than
diamond when temperature decreases. If we assume the diamond growth direction as the
positive direction, then when the temperature drops from the deposition temperature to
the lower room temperature the stress direction is opposite to the diamond growth
direction since the silicon wafer is under the diamond film. On the other hand, ﬁe
intrinsic stress direction is the same as the diamond growth direction based on previous
observation on freestanding diamond films. The freestanding diamond films are always
seen bent towards the diamond growth direction. Therefore the thermal stress is negative
to the overall diamond film stress direction, the intrinsic stress direction.

Observations are also consistent with the above analysis. The diamond-silicon
wafers all bend toward the diamond growth direction due to the residual stress formed
after the diamond film is deposited. All diamond film samples are found to bend more
toward the growth direction after the silicon wafer is back etched from the diamond
films. That means that the silicon wafer is actually holding back the diamond film from
bending more. Therefore the thermal stresses of the silicon wafer that act on the diamond
film should be negative to its bending direction, which is already defined as the positive

direction.
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3.11.3 Raman spectroscopy for stress evaluation

The most popular equation for quantitative measurement of residual stress in
CVD grown polycrystalline diamond films by Raman spectroscopy is J. W. Ager’s
formula published in 1993 [136]. This formula uses a biaxial stress model, which is a
more realistic thin-film stress model than the uniaxial stress model of previous studies.
The final set of equations is actually quite simple and they are restated as follow.

For the singlet phonon [146]:
r=—1.08017 v -v) Eq. 3-49
cm_l s o
For the doublet phonon [146]:

r=—0.384017 1y -v) Eq. 3-50
cm

where 7 is the in-plane residual stress at the point on the film where the Raman is taken,

Vo is the wavenumber when film is at zero stress, which is 1332.0 cm'l for diamond

material (this value may vary a few number in the first decimal place in real measurement
when system calibrates with a reference single crystal diamond), and v, the observed
wavenumber in the spectrum from the sample. The negative result indicates the stress in
the film is compressive and the positive indicates the film stress is tensile. It should be
noted that, Eq. 3-49 and Eq. 3-50 are an averaged result obtained from a more
complicated set of equations based on crystal orientation. The crystal orientation of each
individual crystal must be known for polycrystalline film stress investigation [147]. It
should further be noted that the (100) doublet value is not used for the averaging since

Raman scattering from the phonon is forbidden in backscattering [136].
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For the more complicated case, four possible orientations were listed for the CVD

diamond crystals in the film as a cubic crystal material by Ager et al. and they are in

(100), (111), (110), and (11 5) directions. The residual stresses in the film for these four

different oriented crystals are expressed as follow.

Biaxial stress in the (100) plane,

; . = GPa -
Singlet: 7=-0.610 A m-l(Vs Vo)

- o — GPa -
Doublet: 7 =-0.422 Am"l(v S-v)

Biaxial stress in the (111) plane,

Singlet: r=—1.4901y v_-v)
cm_l s o
- = GPa -
Doublet: 7 =-0.350 Am_l(v V)

Biaxial stress in the (110) plane,

Singlet: r=-1.11017 v -v)
cm_l s o

= GPa -
Doublet: 7 =—0.444 Am—l(v 1Y)

Biaxial stress in the (11 2) plane,

Singlet: r=—l.llG}y v -v)
cm—l s o

Doublet: r=—0.357617 v
cm

Eq. 3-51

Eq. 3-52

Eq. 3-53

Eq. 3-54

Eq. 3-55

Eq. 3-56

Eq. 3-57

Eq. 3-58

where the doublets in above equations are averaged from the split doublet values of the

spectrum [136].
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The average that Ager et al. took is based on assuming that diamond crystals in
the diamond film are equally orientated in above four directions, which is considered
untrue and impossible in almost all cases. Figure 3-41 provides a typical X-ray diffraction
spectrum for a CVD polycrystalline diamond film. The different intensities of different
direction oriented diamond crystals that XRD spectrum has shown indicate different

amounts of diamond crystals detected at different orientations.
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Figure 3-41: XRD spectrum from one of the lab grown freestanding diamond film
samples (SZ-2inch-043) that shows highly oriented diamond crystals in the
direction (111). Diamond is a typical cubic crystal material that consists of five
possible lattice planes: (111), (220), (311), (400), and (331). However the (400)
plane is missing in the XRD plot. That means no grain that oriented in [400] (26=
119.5°) direction was found within the 45° angle with the surface normal in this
diamond film sample.
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Theoretically, the possible planes that exhibit Bragg diffraction and can be
detected by XRD for a cubic material, such as CVD polycrystalline diamond film are

(111), (220), (311), (400), and (331) directions. Even though (220) is a repeat of (110) in

the extended lattice space and (400) is a repeat of (100), the plane (11 5) is never found
in our diamond samples. Therefore, it is suggested that the residual stress measurement
and calculation of the CVD polycrystalline diamond film should be based on the plane
information provided by the X-ray diffraction and statistically average the stresses base
on the relative intensities of each plane direction. Fang et al. provided another four sets of
equations in 2002 in replacing Ager’s four sets of equations based on this idea [148].

Biaxial stress in the (111) plane [136, 148],

: - = GPa - -
Singlet: r(lll) 1.49 A l("s vo) Eq. 3-59

.o” - GPa - -
Doublet: r(l 1) 0.350 A 1 (v ! Vo) Eq. 3-60

Biaxial stress in the (220) plane [148],

nolet: ' =-1.09GP - Eq. 3-
Singlet: T(220) 1.09 % -1 v,-v,) q. 3-61

- = GPa - Eq. 3-
Doublet: T(220) = -0.370 Am'l v,;-v,) q. 3-62

Biaxial stress in the (311) plane [148],

. - = GP - -
Singlet: 1(31 1= 1.02 % 1 (vs vo) Eq. 3-63

. - GPa - -
Doublet: t(3l 1)~ -0.410 i 1 (v ] Vo) Eq. 3-64

Biaxial stress in the (400) plane [148],

: .ot = GPa - -
Singlet: ~ 7() =~0.610 Am_l(vs v.) Eq. 3-65
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.oo” - GPa - -
Doublet: 77, =~0.420 Am‘l(v 1Y) Eq. 3-66

However the equations for biaxial stress in the (331) plane is not given. By using the
technique similar to what Ager et al. provided in the appendix of the publication [136],
this set of equations can also be derived. Please note that the signal strength of (331)
plane in XRD spectrum appeared to be always very small. So one option is to assume that
the (331) plane oriented diamond crystals are statistically zero in all as grown diamond
films for this study without having to derive the last set of equation.

Then equation Eq. 3-59 to Eq. 3-65 (excluding the (400) doublet value since
Raman scattering from the phonon is forbidden in backscattering) can be statistically

averaged by their respective contents provided in XRD spectrum. If it is assumed that the

strongest peak intensity in the XRD is 1 and 7; is the biaxial stress in plane-i, the total

averaged residual stress can be expressed as [148]:

=1 T (For the singlet phonon) Eq. 3-67
i

"= Zl vi r"i (For the doublet phonon) Eq. 3-68
i

where [,; is the normalized relative intensity of the XRD pattern in plane-i.

As it has been detailed discussed in section 3.8.1, the multiplicity factor j should
be taken into consideration when using the relative intensity of the XRD pattern

“reflected” from a particular plane. The multiplicity factors of five different planes for

diamond material are included in Table 3-4. If j; is the multiplicity factor for plane-i and
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I .
I,; is the original intensity value from the XRD pattern for plane-i, then —2-- should be

Ji

the value taken to normalize. The relative intensity should also be calculated from the

modified intensities. That means /,; is still the same normalized relative intensity of the

XRD pattern in plane-i but includes the multiplicity factor j; in value.

According to Fang et al., the stresses average calculated by the individual contents
of different oriented grains using Eq. 3-67 for singlet phonon converge with the result
from using Eq. 3-68 for doublet phonon. This means that these two equations work out
for calculating residual stress independently and they should come to the same answer
ideally. Since the singlet or the doublet spectrum peak(s) are not always shown in Raman
spectrum, a better result should be the average of these two if both singlet and doublet
peaks are shown in Raman spectrum. Otherwise either Eq. 3-67 or Eq. 3-68 should be
enough to determine the stress calculation depending on the peaks shown in the spectrum.
Therefore the total residual stress for polycrystalline diamond film by the Raman
spectroscopy is

’ n

=217 Eq. 3-69

3.11.4 The intrinsic stress calculation

For situation of a diamond film deposited on a silicon wafer, the total net stresses
at the interface in between the silicon wafer and the diamond film is the sum of the
thermal stress between these two materials and the intrinsic stresses exerted from the

diamond film. It is also a net stress averaged at the diamond-silicon interface between
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two planes, the diamond film and the silicon wafer. This relationship among these
stresses can be expressed as the following mathematical form:
Residual or net total stress = Intrinsic stress + Thermal stress

or

(o} =0

ot = %nt % thermal Eq. 3-70

Since the net total residual stresses and the thermal stresses are solved previously by
using Eq. 3-39 and Eq. 3-35 respectively, the intrinsic stresses can also be easily found

and expressed as:

o =0

Int = %tot ~ Cthermal Eq. 3-71
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Chapter 4 Diamond Film Quality and Growth Rate

The diamond film quality and growth rate can be evaluated in many different
ways. They are so tightly related that one should not measure the growth rate without
determining or at least estimating the quality. However, it was found that many research
papers view the diamond film growth rate without simultaneously and explicitly
considering its quality. This may mislead other researcher’s attention and focus, and lose
its significance for comparing research results. Our concern at the current overall
research stage is no longer high growth rate low quality (or high impurity and high
defect) dark diamond films. Rather, our intention is to synthesize high growth rate and
high quality white polycrystalline diamond film. This requires us to measure both the
growth rate and the quality. This chapter presents the relationship of the growth rate
versus the diamond quality for films deposited by means of microwave plasma-enhanced
chemical vapor deposition. To be more specific, the quality of the diamond films that are
used for our data analysis is visually the same (they are white) or they will be specified

otherwise.

4.1 Input and reactor parameters

To understand the growth rate and quality relationship the research methodology
involves establishing the relationship between the input or reactor parameters and the

result of the deposition process. Since the number of input and reactor parameters is
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numerous, an important part of the research methodology is the intelligent selection of
the key or critical input/reactor parameters. Another part of the methodology is to
introduce new reactor improvements and process techniques to meet the objectives.

For the first objective of this study the growth rate and quality of the diamond
films are measured versus the input variables such as the reactant gas pressure, the
absorbed microwave power, the substrate temperature, the total gas flow, and the
methane concentration. All these variables are traditionally considered as the key
parameters that can significantly change the growth rate and the quality of the diamond
film. For this objective, three variables are selected as the key input parameters
including pressure, methane concentration and substrate temperature.

The reduction of the many input variables to a limited number (three variables) is
based on the understanding of the diamond deposition process as described in Chapter 2
and on previous work at MSU [27, 68, 55]. In this work the pressure, absorbed
microwave power and microwave power density is reduced to one variable under the
constraint that the plasma size is held constant. To understand this reduction it is useful to

examine the relationship of these three variables.

4.1.1 Pressure and absorbed microwave power density

The pair of variables consisting of the gas pressure inside the reactor and the
absorbed microwave power density of the plasma in general maintains a linear
relationship [149] if the absorbed microwave power is held constant and the plasma
discharge is boundless. Here “boundless” means the plasma discharge doesn’t reach the
physical boundary of the plasma container and it can expand and shrink freely without

having to “touch” the plasma chamber wall. For an example, if the reactor pressure is
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doubled, the absorbed microwave power density is also scaled up by a constant numerical
factor plus or minus another constant. They may be expressed as an equation such as

y=ax+b,where x and y are the pressure and the power density, and a, b are the

constants. This relationship holds assuming that the plasma has the same feed gas
composition. There should be a similar relationship at different absorbed microwave
power, but the relationship may have different constants.

It is observed that the plasma ball size naturally decreases when the reactor
pressure increases when the input microwave power remains the same. By definition the
power density also naturally increases due to the volume of the plasma shrinking and vice
versa when the reactor pressure decreases. In the past, studies have been done for
microwave plasma CVD diamond deposition looking at the diamond growth related
parameters versus either the pressure changes [25, 26, 29, etc] or the absorbed plasma
power density changes [34, 150]. However, the pressure and the absorbed microwave
power density can be treated as interrelated and equivalent variables for this study. The
plasma properties may remain the same as long as the pressure or the power density
remains the same for the same reactor and the same feed gas composition. Furthermore,
the suggestion to increase the diamond film growth rate by increasing the absorbed
microwave power density mentioned in a few past MPCVD diamond film deposition
papers [34] is equivalent to the idea of increasing the reactor pressure in this study. There
is no need to deal with the absorbed power density separately as an independent variable
for the diamond growth except for the purpose of the qualitative or conceptual

description of plasma properties.
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4.1.2 Plasma size and absorbed microwave power

The second pair of the interrelated variables is the plasma discharge size and
absorbed microwave power. The linear relationship between these two quantities is also
easy to see when the reactor pressure remains constant. Specifically, increasing the
microwave power makes the plasma discharge bigger and decreasing the power makes
the plasma discharge get smaller. Under the same pressure, the additional energy
absorbed by the plasma goes into the surrounding neutral gases molecules outside the
visible plasma and excites them into plasma. The absorbed power density remains
approximately the same.

In this study, the plasma size needs to be maintained large enough to fully cover
the substrate and be consistent for all experiments. For an example, when hydrogen and
methane plasma pressure changes from 100 Torr to 140 Torr, the plasma size may
become too small to cover a 2-inch diameter silicon wafer when the absorbed microwave
power is smaller than 2.0 kW. When this happens, the diamond film may not fully cover
the silicon wafer. This uncovered area can even easily be seen by the naked eye. The
absorbed power needs to be increased to above 2.5 kW in order to deposit a fully coated
2-inch diameter silicon wafer. In this situation the plasma size can be maintained as a
constant over the 2-inch diameter silicon wafer while the absorbed microwave power
varies. If the volume of the plasma is held constant, the pressure change becomes a sole
variable among the starting variables of pressure, absorbed power density and absorbed

power.
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4.2 Output variables

The output variables for objective 1 include the growth rate and diamond quality.
One measure of the diamond quality for this study is the film quality for optical
transmission. It is measured by the percentage of light transmitted through the diamond
film for a range of different wavelengths in the UV/visible/IR regions of the spectrum.
The optical transmission of the diamond grown is compared to the ideal transmission
versus wavelength for high purity (ideal) diamond. High quality single crystal diamond
transmits 70% of the incident light due to the change in the index of refraction between
the air and the diamond. This light transmission occurs in the wavelengths that extend
into the UV until the photon energy exceeds the band gap energy of the diamond.
Because of (1) scattering on the diamond surface or within the films, (2) roughness of the
surface and (3) wavelength dependent light absorption in the diamond film,
polycrystalline diamond films are expected to have similar transmission behavior as ideal
diamond but with a slightly lower percentage of transmission. A measure of the diamond
quality is the optical absorption coefficient.

SEM, Raman spectroscopy and X-ray diffraction can be used to assess the

diamond film quality.

4.3 General operational field map and performance region

The “field map” shown in Figure 4-1 is used to illustrate the operating conditions
of the CVD reactor. The field map gives the substrate temperature as a function of the
absorbed microwave power and pressure. The temperature is highly dependent on the
cooling stage design and the substrate holder configuration. The field map of a stable

substrate holder set usually can be confined in a parallelogram box. The temperature
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linearly increases as the absorbed power increases for a fixed reactor pressure. The data
lines for different pressures are typically parallel or near parallel. Otherwise, the substrate
holders may have contact problem and may need to be resurfaced to improve the thermal
conductivity in between the holders (or inserts) and with the substrate. The top and
bottom line of the parallelogram usually shows the temperature increases per unit
absorbed microwave power. The left side dashed line of the parallelogram indicates the
minimum microwave power that forms a plasma discharge large enough to cover the
substrate. The right side dash line of the parallelogram indicates the maximum
microwave power permitted so that the edge of plasma discharge does not get too close to
the fused silica bell jar wall. The field map is how the CVD reactor runs. All points on
the field map are not necessarily conditions to produce good diamond.

Note that the left dash line may actually be shifted to the right slightly when
pressures become higher than 100 Torr. Though the line is not shown in Figure 4-1, the
reader can form this line by connecting the left end of the three shorter lines at pressures
of 120 Torr, 140 Torr, and 160 Torr. This shows that higher absorbed power is required
in order to have the plasma fully cover the substrate surface due to the decrease of the
plasma size when the pressure is increased as described previously. The vertical error
bars represent the variation of minimum/maximum temperature for the same pressure
across the substrate. As Figure 4-1 indicates, the average minimum/maximum
temperature variation at 140 Torr is about -70/+70 °C, which is 140 °C difference
between the lowest and the highest temperature on the substrate, and the variation of
minimum/maximum temperature gets larger on this 3-inch diameter silicon substrate

when the pressure gets higher. For such a large temperature variation the quality and the
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uniform growth of the diamond film on this substrate becomes problematic. One solution
is that a smaller substrate is needed at higher pressure in order to obtain a certain quality
and uniformity of the diamond film.

The 2-inch diameter silicon substrate “field map” is similar but the reactor
pressure can be pushed higher due to the smaller plasma coverage required. This allows
the reactor pressure to be increased higher than for the 3-inch diameter silicon substrate.
The temperature variation across the substrate is also more uniform than for the 3-inch
diameter silicon substrate. Figure 4-2 shows the field map of a 2-inch diameter silicon
wafer as the substrate for its normal operating region and the temperature range of the
minimum/maximum variation at its respective operating pressure. Typically the highest
temperature ‘is obtained at the center of the substrate. From Figure 4-2, the average
temperature variations for 140 Torr are about 80 °C (instead of 140 °C) acrdss the 2-inch
diameter silicon substrate. Please note the substrate holder(s) set used for the 2-inch
substrate is not necessary the same as the one used for the 3-inch substrate. However, the

holder(s) set configurations are the optimal choice for each size of the substrates.
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Figure 4-1: Operation condition field map of the microwave plasma CVD system for a 3-
inch diameter silicon wafer as the substrate. The feed gas composition used for

this measurement is 400 sccm H) and 4 sccm CHy.
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Figure 4-2: Operation condition field map of the microwave plasma CVD system for a 2-
inch diameter silicon wafer as the substrate. The gases composition used for this
measurement is 400 sccm hydrogen and 4 sccm methane.
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Argon gas affects the microwave plasma and the diamond deposition conditions.
Argon gas was added to the plasma discharge for the purpose of increasing the plasma
size and radial substrate temperature uniformity. Since argon is an additive gas used in
this research, a field map is plotted to indicate the shifts of the deposition temperature
conditions due to the argon gas. Using a 3-inch silicon wafer as the substrate and the
same holder set configuration as Figure 4-1 as an example, the field map with the argon
addition is shown in Figure 4-3. With the same substrate holder set, the operational
region is shifted towards the upper left. This means that less microwave power is required
to maintain the same substrate temperature or the substrate temperature increases at the
same given microwave power and pressure. The temperature variations across the
substrate are smaller than those without using the argon gas as the additive gas. More
uniform temperature is obtained across the silicon wafer. From Figure 4-3, the
temperature variations with argon are only about + 50 °C (or 100 °C difference between
minimum and maximum temperature), which is a 40 °C less than (compare to 140 °C) on
this 3-inch diameter silicon substrate with no argon at a pressure of 140 Torr with the
same substrate holder set. Another feature that is.not shown but worth mentioning, is the
temperature across the substrate is more uniform when the absorbed microwave power
increases at the same pressure. This can be seen from the field maps that the
minimum/maximum temperature error bars become smaller as the absorbed power
increases for substrate (center) temperatures at the same pressure. This can be explained
by higher power producing a bigger plasma, and this is one of the approaches to get more
uniform temperature across the substrate. There will be more discussion about this field

map in Chapter 5 where diamond film uniformity is investigated.
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Figure 4-3: Operation condition field map of the microwave plasma CVD system for a 3-
inch diameter silicon wafer as the substrate. The gases composition used for
this measurement is 400 sccm hydrogen, 200 sccm argon, and 4 sccm
methane.
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44 Diamond film quality, the Raman spectroscopy analysis

In the following figures, photographs of a few as-grown diamond samples are
presented along with their Raman spectra. For comparison, the Raman spectrum of a
HPHT synthetic single crystal diamond was also presented. The growth conditions of
these samples and the FWHM value of each sample from the Raman spectrum indicates
the quality of the sample in Table 4-1. The qualities of these as grown diamond films
range from near HPHT single crystal quality (by FWHM value) to close to acceptable (by
visual inspection). The acceptable optical quality usually shows the visible transparency
after the silicon wafer is back-etched and before it is polished. One should be able to see
words through, not necessary clearly enough to read them, lying underneath the
freestanding diamond film such as the sample SZ-2inch-1mm-053 shown in Figure 4-10.
Some of the diamond films may show that the quality at the edge differs from the center
with different FWHM value and different level of discoloration. This is an example of
non-uniform quality diamond film deposition. All photographs here are taken with
freestanding diamond film, that means after the silicon wafers are dissolved away (back

etched) in order to show the whiteness or the darkness of the diamond film.
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Figure 4-4: Sample SZ-2inch-1mm-31 with thickness of 75 micron is laid on a piece of
white paper. Silicon is back etched without any polishing. Label is written on a
piece of paper underneath of the diamond film. High degree of transparency
clearly can be seen from this sample. From this photograph and the Raman
spectra of this sample on next page, high quality polycrystalline diamond film is
uniformly deposited. The average growth rate by weight gain was 0.79 pm/h. The
substrate temperature was 1083 °C at the beginning, then gradually decreased to
955 °C at the end.
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Figure 4-5: The Raman spectra for a HPHT single crystal diamond and sample SZ-2inch-
1mm-031. The spectra were recorded at four different spots where P1 is about 1
mm to the film edge and P4 is near the center of this 2-inch diameter film. Points
P2 and P3 divide the line P1-P4 into three equal distance. (a) Whole view of
scanned region. (b) Zoom-in view at the peak wavenumber.
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Zinch #43

(Pt ] P2 ] P P

Figure 4-6: Sample SZ-2inch-1mm-43 with thickness of 19 micron is laid on a piece of
print paper. The transparency of the film is shown from the print underneath.
The average growth rate by weight gain was 0.53 pm/h. The substrate
temperature was 992 °C at the beginning, then gradually decreased to 954 °C
at the end.
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Figure 4-7: The Raman spectra of sample SZ-2inch-1mm-043 at points P1 through P4 in
comparing with a HPHT Single Crystal Diamond (SCD). (a) Whole view. (b)

Zoom-in view.
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Figure 4-8: Sample SZ-2inch-1mm-45 with thickness of 75 micron is laid on a piece of
print paper. The transparency of the film is shown from the print underneath. The
average growth rate by weight gain was 1.57 pm/h. The substrate temperature was
971 °C at the beginning, then gradually decreased to 952 °C at the end.
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Figure 4-9: The Raman spectra of sample SZ-2inch-1mm-045 at points P1 through P4 in

comparing with a HPHT Single Crystal Diamond. (a) Whole view. (b) Zoom-in
view.
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Figure 4-10: Sample SZ-2inch-1mm-53 (lower-right photo) with thickness of 125 micron
is laid on a piece of print paper together with other previous mentioned samples
(SZ31, SZ43 and SZ45). The average growth rate by weight gain was 2.60 um/h.
The substrate temperature was 977 °C at the beginning, and then was gradually
increased to 1017 °C at the end. Their whiteness (or darkness) are significantly
different and compared under the same lighting condition. The percentage gray
scale below the photographs is a visual reference for the comparison of diamond
whiteness. However since the white paper in the photo looks like it contains 25%
gray, we should shift the scale down by 25% when estimating the diamond film
quality in the photo.
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Figure 4-11: The Raman spectra of sample SZ-2inch-1mm-053 at points P1 through P4 in

comparing with a HPHT single crystal diamond. (a) Whole view. (b) Zoom-in
view.
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. . . 2 . . .
As mentioned in section 3.10.2, the sp carbon content, if there is sufficient

quantity present in the film, can be observed from the Raman spectrum. An example of

Raman spectrum showing a visible sp2 graphite peak can be seen in Figure 4-12. To

include the graphite peak, the scanning range of this Raman spectrum is from 1100 cm'l

t0 1700 cm™. The valley on the plot around 1470 em’”! is caused by combining multiple

scans carried out by the software and the baseline drawn for the baseline correction is
also shown in the figure. A relatively low quality sample with higher sp2 carbon impurity

is used for the purpose of showing the graphite peak. The FWHM value of this sample

calculated from 1332 cm'l, the diamond peak at the same measured point is about 11.0

-1
cm .

The Raman spectra for the range from 1100 cm™ to 1700 cm”™ for the four

samples SZ-2"-31, SZ-2"-43, SZ-2"-45, and SZ-2"-53, and all for a the point by the edge
of the sample — P1, are shown in Figure 4-13. The spectra are shown from the top, the
smallest FWHM value to largest FWHM value at the bottom and shifted apart from each
other for the purpose of easy to compare those spectra. Therefore the vertical axis value
shown in Figure 4-13 includes a different amount of intensities shifted for different

spectrum. From the spectra provided in Figure 4-13, the graphite peaks can hardly be

seen for all samples. This indicates very low sp2 carbon impurities are deposited in the

diamond film.
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Figure 4-12: Raman spectrum for a low quality diamond sample. The sp2 carbon peak at
1550 cm-l is apparent. The FWHM value of the diamond film at the same
measured point is about 11.0 cm'l, much broader than single crystal.

20000 -
FWHM: 3.59 cm | $Z31-P1
. 15000 1 FWHM: 4.1Scm = SZ43-P1
=]
8
2 10000 -
(]
c
2 -1
£ 5000 - FWHM: 4.92 cm $245-P1
‘\ FWHM: 7.26 cm | $253-P1
o i R T T - 1+

1070 1170 1270 1370 1470 1570 1670

Wavenumber (cm'1)

Figure 4-13: Raman spectra for thei same four samples in Table 4-1. The graphite peaks
centering around 1560 cm ™ are hardly seen for all samples.
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4.5 Diamond film quality, the optical transmission analysis’

As we have explained in section 3.10.3, the diamond films required a series of
post-processing steps before an optical transmission measurement can be made. Sample
SZ-25-3P is first laser cut from sample SZ-2"-25 (Table 4-1) with a 35mm diameter
circle then lapped for 16.3 hours. After that the sample is polished for 3.5 hours then a
9mm diameter circle is laser cut from that 35mm diameter circle. Finally the sample is
back etched to remove the silicon from the 9mm diameter piece to form sample SZ-25-3P
and it is visually transparent as shown in Figure 4-14. The optical transmission result for
sample SZ-25-3P is plotted in Figure 4-15. Please note its thickness is measured to be

13.8 um by the weight after the polishing and etching. The polished surface had an

average roughness of R, = 6.2 nm.

—

20%. 50%

i | 40%

D

1% 0%
1% 40%

Figure 4-14: Sample SZ-25-3P (left) and a Sumitomo HPHT synthetic single seed crystal
diamond (right, yellow) supported on a glass microscope slide above a printed
white page. The vertical separation between the glass slide that holds the samples
and the underlying page is 15 mm.

z Dr. D. Reinhard is thanked for providing the backetching silicon wafer, lapping and polishing the
diamond samples including the technical details and the optical transmission measurement results and
analysis of sample SZ-25-3P used here as setting the standard guidelines of the overall diamond films post
processing in the lab. Mr. Michael Becker is thanked for providing laser cutting of samples.
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Figure 4-15: Optical transmission spectra for different materials measured with Perkin
Elmer Lambda 900.

Figure 4-15 also shows scans of the air, glass, and a Sumitomo single crystal

diamond. The results of the optical transmission spectra measurements are listed below:

Air: 100% transmission, as expected.

Glass microscope slide: 92% transmission, as expected for a refractive index of
approximately 1.5. Transmission continues until the onset of ultraviolet
absorption.

Sumitomo single crystal diamond: 67.7% transmission in the red portion of the
spectra. There is a cut-off between 400 and 500 nm as expected from reports

for yellow, high pressure, high temperature nitrogen doped diamond.
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Sample SZ-25-3P: 62.2% transmission in the red portion of the spectra. The onset
of strong absorption near 225 nm is consistent with band gap absorption in

undoped diamond.

4.6 Growth rate and quality versus reactor pressure, methane concentration and
substrate temperature

The selection of experiments that need to be done to complete objective 1 requires
careful thought and planning. First the range of input variables to be studied is defined.
For example, two variables could be selected and the values of each of these variables
could consist of five levels. If all possible experiments are done for the possible values of
the two variables, the number of experiments is already 25. With three or four variables
this approach quickly becomes unmanageable given that each experiment may take days.
To reduce the number of experiments, the values of the input variables are limited by first
determining regions where the output variables meet a predetermined range of values. So
the approach is to establish a range of possible input/reactor variables to study and
establish a range of acceptable output variables, then to do experiments such that the
output data obtained is used as a feedback to limit the number of input variables and
hence experiments performed.

The proposed progression of experiments is detailed below. In order to understand
how reactor pressure influences the growth rate, a series of pressures are selected as a
sole variable while other conditions remaining as constants. The range of defined high
pressures start at 100 Torr, then the pressure is raised 20 Torr each experiment till the
upper limit pressure is reached for the current and improved reactor. The highest reactor

pressure is set to 180 Torr. The conditions that remain as the constants are the feed gas
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composition, the substrate temperature and the plasma size. The feed gas concentration is
represented by the flow rate in terms of standard cubic centimeter per minute (sccm) of
the reactant gases. Typically the hydrogen gas flows at 400 sccm and the methane gas
flows at 4 sccm for the referenced lowest methane concentration point. The substrate
temperature is controlled by the design of the substrate holder to be 900°C for the
referenced lowest temperature point and not more than 1100°C for the highest
temperature. When a single temperature is reported it usually refers to the temperature at
the center of the substrate except when the temperature uniformity of the substrate is
involved in the discussion. The temperature is measured by an Ircon one-color handheld
pyrometer and the emissivity is set to 0.6 in order to approximate the substrate emissivity
and the optical emission transmission and reflection losses of the substrate and the dome.
The absorbed power is usually 2.6 kW for the lower microwave power limit such that the
plasma covers the 2-inch diameter substrate. The highest absorbed microwave power
used was over 3.6 kW for sample SZ-2"-42 when reactor pressure was as high as 180
Torr for this system. Though the plasma size appeared to be small on this substrate, the
upper power limit is usually set by the plasma discharge approaching the dome size.

The methane concentration is the second independent parameter that varies the
diamond growth rate significantly. Because it is independent of the changes of reactor
pressure, the plasma size and the absorbed microwave power, it may be observed and
measured together with other variables. Typical numerical values of the methane flow
rate may be 4 sccm, 6 sccm, 8 sccm, 10 sccm, 12 scem, and 14 sccm or higher depend on
the targeted diamond film quality. Table 4-2 includes all conditions of pressure variations

and methane concentrations of these experiments. At set of 25 experiments is too
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exhaustive to be performed due to both expense and time. The set of experiments is
reduced by removing regions of the experimental plan, which produces diamond of low
quality or diamond at low deposition rates. Specifically, this project is looking for growth
rates of greater than one micron per hour and diamond quality that is sufficient for
window material. Table 4-2 is used only as a visual guideline for the experiments. Table
4-3 gives a set of diamond film samples that are actually grown and cover a range of
typical experimental conditions include near good quality and acceptable growth rate.

At the end of each experiment, the growth rate of the diamond film is determined.
The growth rate mostly refers to the linear growth rate of the thickness in micron per
hour. However, the growth rate of the mass gain was also measured and recorded. The

optical quality for transmission of the diamond film was measured as detailed earlier.

Table 4-2: Growth rate and quality versus reactor pressure and methane concentration.

Pressure (Torr)

100 | 120 | 140 | 160 [ 180
8 2 1. 25 possible experiments are needed,
& 1 4 2. Hydrogen is always set at 400 sccm;
§ g p 3. For 2 inch diameter substrate, plasma discharge size is
E 9 maintained to fully cover the substrate at all pressure;
g 1 8 4. Constant substrate temperature is maintained
&) 10 dependent on the substrate holder design.
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Table 4-3: A set of samples that cover a range of typical experimental conditions without
Ar addition. Substrate temperature is ending temperature if range is not given.
The growth rates in parentheses are an average over multiple experiments at the
same condition or an adjustment as indicated in the footnotes.

Gases

Pressure Absorbed Process Ave. Growth rate FWHM
Sample (To:)ne power . CHy duration ]; S Center (hickness (Ave.) range
aw) 2 trs) €O (um) (wh)  (m)

(sccm) (sccm)

2755 100 26 400 4 24  g83867° 14  0.59(0.59) 3.21-4.99
3706 100 28 400 6 48 940" 52 1.08(092) 3.47-105
2712 120 30 400 4 72 900 40 055055 3.42-

3708 120 30 400 6 48 940 55 115(1.13) 4.67-9.83
3713 120 33 400 8 48 921 91  189(1.77) 6.90-7.79
2"37 140 3. 400 4 48 1028955 29  0.60(0.60) 2.81-3.77
2"45 140 3. 400 6 48 1027947 75  157(1.65) 2.63-8.70
2762 140 3. 400 8 24 10651028 70  2.93(293) 5.77-8.97
2703 160 28 400 4 83 840 504  0.61(0.61) 2.66-3.08
2"27 160 35 400 6 155  1205-1108 266  1.72(2.02) 3.51-

2765A 160 32 400 8 24 9561021 78  327(327) 4.21-12.8
2758B 180 3.1 400 4 24 11401132 256 107'%0.77) 2.53-6.41
2"39 180 3.5 400 6 48 102898 39  osg1!' 262479
2742 180 36 400 8 48 10931026 122  254'%(3.33)2.30-12.1

8

Value given is from a few hours after experiment was started to 1 hour before it was terminated.
9

Temperature is the final substrate temperature, usually one hour before experiment is terminated.

”-58B is grown on 2”-58 A to avoid substrate overheat resulting in higher growth rate than when

include the nucleation growth period; 2”-58B is also not uniform. The adjustment took a thickness value
in the middle between the center and edge of the substrate based on the thickness distribution plot.

1
Large scale non-uniform diamond deposition occurred and the growth rate is not used for plots.

12
Thickness is adjusted for non-uniform sample by its thickness distribution plot.
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The substrate temperature increases as the reactor gas pressure increases while the
current substrate cooling stage doesn’t give enough flexibility for precise temperature
adjustment. The control of the substrate temperature is a tricky task due to the restriction
of the devices working inside the microwave field region and the simplicity of the
cooling stage design. However, the ideal temperature range should be set in between

900°C to 1100°C.

4.6.1 Growth rate and quality versus reactor pressure
This section discusses how growth rate changes with respect to reactor pressure

inside the processing chamber. It was found that the higher the reactor pressure, the less

the fraction of sp2 carbon impurity in the film. Besides the visual inspection of the

diamond film, it is also measured with Raman spectroscopy using its FWHM value.

Considering the variations of the FWHM value from the film center to the edge, the film

quality is considered to be excellent if the average FWHM value is around 5.0 cm-] or

less from film center to the edge. The sp2 peaks in Raman spectra of these films are not

noticeable as similarly seen for Raman examples given in Figure 4-13. 1t is also
understood that substrate temperature is a non-negligible parameter and it is an issue
controlling it, i.e. the substrate temperature is intended to be kept near 1000 °C as
measured by the one-color pyrometer.

Figure 4-16 shows a set of experimental data that indicates the growth rate
increases at higher reactor processing pressures while maintaining the same quality of the
diamond film (measured by Raman FWHM value). One may immediately notice that the

trend of the plot for 8 sccm doesn’t quite share the same trend with the plot for 4 sccm
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and 6 sccm and increase minimal versus pressure at pressures of 160 Torr and 180 Torr.

The measured growth rate is lower than one would expect for sample SZ-2inch-1mm-

#65A at 160 Torr reactor pressure and 8 sccm CH4 concentration and for sample SZ-

2inch-1mm-#42 at 180 Torr reactor pressure and 8 sccm CHy4 concentration. As it is

showing in Figure 4-17, the uniformity of these diamond films was poor at higher reactor

pressures for large area substrates. The lost growth rate came from shrinking plasma size.

Linear Growth Rate (um/hour)

3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

- . >
A, -1
. é4sccm  (18.m) A 62cm 55cm
m 6 sccm 6.8 cm
_ A8 sccm -5 cm
. | 35 ﬁ:m-l
(22 pm) )
A
) 73em’ ® 27 ".l;n)
-1 43 cm
72em g (19 pm)
1 6pm) g 7.0 cm” oS3 pm)
(6 pm) (10 pm) -1
L I
i 3.8 ¢ -1 36 cm li‘m 35cm
80 100 120 140 160 180 200

Pressure (Torr)

Figure 4-16: A plot of the growth rate versus reactor pressure for all samples included in
Table 4-3. Growth rates are taken from the value in the parentheses, which are
averaged from samples grown under the same condition, if there are more than
one samples were grown. The numbers that are attached to the points are the
average FWHM for Raman diamond peak of the sample and the other numbers in
parentheses are the average grain size of that sample (same for the following
figures). Please note the sample thickness uniformity is very low for the data
marked with asterisk.
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Figure 4-17: The diamond film thickness (in mm) distribution across the film diameter.
The number 1-11 and 12-21 indicates the location where the thickness was
measured as introduced in Figure 3-19. Above: SZ-2inch-1lmm-#65A. Below: SZ-
2inch-1mm-#42.

The film thickness was measured at the different locations across a film and the
maximum thickness was plotted. The maximum film thickness occurs is seen at the
center of all the samples. It is extracted from the thickness distribution plot, such as the
one shown in Figure 4-17. The maximum growth rate and the average growth rate for a
given growth condition are shown in Table 4-4 and the relationship of the diamond film
growth rate versus the reactor pressure and methane concentration is depicted in Figure
4-18. The maximum value of growth rate is selected at the substrate temperature that is

optimum for diamond film growth. All average growth rates calculated by weight gain
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and the average of the average growth rates by weight gain over a number of samples that

are grown under the same growth condition are also restated in Table 4-4 for comparison.

4.6.2 Growth rate and quality versus methane concentration

The relationship between growth rate, quality and methane concentration with
respect to input gases can be described in two different ways. The first way is to look at
the growth rate change versus methane concentrations in the input gases while keeping
all other deposition conditions the same including the reactor pressure and the substrate
temperature. From the literature and past experiences, the growth rate becomes higher
when methane concentration increases in the feed gas. However, it is usually expected

that the diamond film optical quality becomes lower due to the excessive carbon species

in the plasma such that not all carbon atoms are deposited in the sp3 diamond structure

but some in the form of graphite and amorphous carbon. Also, more defects are prone to
occur in the forming process of polycrystalline diamonds on the substrate. So this way of
description misses one important parameter, the diamond film quality, and sometimes can
be misleading if deposition conditions are not specified. By pointing this out
nevertheless, a plot of growth rate versus methane concentration is still worthwhile to be
presented. Similar to Figure 4-18, a set of data is extracted from Table 4-4 and plotted in

Figure 4-19 that shows the maximum linear growth rates versus methane flow.
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Table 4-4: Comparison of the average growth rate by weight gain and the maximum
growth rate by linear encoder (LE*). Please note the average of the rows to the
left is an average growth rate over a number of samples that were grown under the
same growth condition.

Ave. of the
Max growth

Process Ave. Ave. G. rate

Pressure Ave. of the Max growth
Sample . ooowr® CH4 guration thickness >~

rows to the rate by LE*

@O0 (soom) sy un) (B left ) ) e T

27-55 100 4 24 14 0.59 0.59 1.05 1.05

”-12 120 4 72 40 0.55 0.55 NA NA
2729 140 4 48 24 0.50 0.60 NA NA
27-30A 140 4 48 24 0.50 NA NA
27-30B 140 4 65 38 0.59 NA NA
2731 140 4 96 75 0.79 NA NA
2732 140 4 70 48 0.69 NA NA
2"-37 140 4 48 29 0.60 1.01
2743 140 4 36 19 0.53 1.09
27-60 140 4 17.5 11 0.60 0.83 0.98
2703 160 4 83 50 0.61 0.61 NA NA

”-58B 180 4 24 26 0.77) 0.77 1.83 1.83
303 100 6 48 40 0.83 0.92 1.51(SEM) 1.38
3705 100 6 5 4 0.84 NA
306 100 6 48 52 1.08 1.25
3708 120 6 48 55 1.15 1.13 1.59 1.53
37.28 120 6 48 53 1.11 1.48
2724 140 6 46 63 1.36 1.65 NA NA
2"-26 140 6 31 39 1.25 NA NA
2"45 140 6 48 75 1.57 2.08 232
27-50 140 6 12 26 2.15 2.33

».52A 140 6 48 91 1.89 2.59
27-54A 140 6 37 63 1.70 2.29
2727 160 6 155 266 1.72 2.02 NA NA
27-54B 160 6 60 140 2.33 2.95 2.95
2239 180 6 48 39 0381
37-10 120 8 48 80 1.68 1.77 248 2.71
3”13 120 8 48 91 1.89 2.83
3"-26 120 8 48 83 1.73 2.80
2762 140 8 24 70 2.93 2.93 4.18 418
2”-65A 160 8 24 78 3.27 3.27 5.65 5.65
2742 180 8 48 122 (3.33) 3.33 NA NA
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Figure 4-18: A plot of the maximum growth rates versus reactor pressure for samples
included in Table 4-4. This plot trend indicates the growth rate achievable
under different reactor pressure and methane flow conditions.

This plot confirms that the growth rate increases with respect to increases of the methane
concentration in the feed gas at all reactor pressures included in the experiments. A set of
photographs that shows the film optical quality (the darkness of the film) changes versus

the methane concentration in the input gases is shown in Figure 4-20 for illustration. The

pressure at which these samples are deposited is 140 Torr. All other growth conditions

are listed in Table 4-3.
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Figure 4-19: Variation of the growth rate with change in methane concentration in the
feed gas at different reactor pressures. The hydrogen flow was fixed at 400
scem. The growth rates were taken from Table 4-4.
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Figure 4-20: Photographs selected to show diamond film optical quality changes
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