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Diamond has one of the most 
exciting combinations of prop
erties known. 1 It is the hardest 
material known, has extremely 
high thermal conductivity, wide 
opt ical t ransparency, and a 
durability that is unmatched by 
other sub-
s t a n c e s . 
The scarci
ty and 
high cost 
of natural 
d i a m o n d 
has pre 
cluded its 

use in many potential applications 
that would benefit from this 
unique combination of properties. 
Over the last two decades, the 
technique of chemical vapor depo
sition (CVD) of diamond at low 
pressure has been developed, pro
viding the technology to produce 
thin and thick film coatings on a 
variety of materials as well as free
standing films and plates of dia
mond. High optical clarity dia
mond plates grown by the CVD 
method are now available in diam
eters that exceed that of the largest 
na tura l d i amond ever found. 
Products spanning from diamond 
coated machine tooling to semi
conducting diamond-based elec
tronics have been developed using 
this technology. Recent estimates 
suggest that the global market for 
chemical vapor deposi ted dia
mond and diamond-like carbon 
films will reach $1 billion by 2000. 

Laser diagnostics of diamond 
film growth have played an impor
tant role in the development of 
diamond film technology. Raman 
spectroscopy is widely used to 
verify that diamond has in fact 
been produced by the process and 
to assess the quality of the films 
produced. 2 Various laser-based 
spectroscopies have been used to 
probe the environment of diamond growth reactors and 
to characterize the chemical and physical conditions 
that are necessary for diamond growth. 3 Through these 
studies a better understanding is being developed not 

Figure 1. A s imple hot f i lament C V D d iamond 
growth reactor base upon a quartz tube container. 
Here the substrate is indirectly heated by the carburized 
tungsten filament that also activates the gases. 

Raman Shift (cm - 1 ) 

Figure 2. A compar ison of Raman spectra recorded 
f rom a s ingle crystal (natural) d iamond and various 
C V D grown samples . The thick and thin f i lm C V D 
d iamond samples exhibit virtual ly no Raman scatter
ing intensity between 1500-1600 c m - 1 indicating very lit
tle graphitic contamination in these films. 

only of why certain conditions are necessary for growth 
but also of what the potential is for extending growth 
conditions to new regimes that will allow coatings to be 
applied to a wider range of materials. 

CVD of diamond can be achieved by a variety of 
methods including hot filament, microwave plasma, 
plasma torch, and oxyacetylene flame deposition.4 A key 

feature of all of these is that they 
produce reactive carbon-contain
ing species for growth and an 
ability to tune the conditions to 
produce a selectivity for diamond 
growth over the more thermody
namically stable form of carbon, 
graphite. Diamond and graphite 
are fundamentally different in 
the way that carbon atoms are 
bonded together in the two 
materials. In diamond, each car
bon atom is bonded using s p 3 

hybrid orbitals to four surround
ing carbons in a te t rahedra l 
a r r angemen t , forming an 
extremely strong three-dimen
sional network solid. Each car
bon atom is saturated in that it is 
involved in four single bonds, the 
maximum typically possible for 
carbon. In graphite, the carbons 
are unsaturated since each car
bon atom bonds via sp 2 hybrid 
orbitals to only three carbons to 
form planes of connected hexag
onal carbon rings. During CVD 
diamond film growth, a delicate 
balance needs to be s truck 
between maintaining saturated 
bonding at the surface to mini
mize formation of graphite and 
production of unsaturated active 
sites for carbon addition. Laser 
spectroscopic studies of diamond 
growth have provided insight 
into how that balance is achieved. 

A hot filament reactor is one 
of the simplest systems for grow
ing diamond films and for illus
trating some of the principles 
involved. Figure 1 shows a 
schematic of a hot filament reac
tor built around a quartz tube 

body. Typically a tungsten filament is resistively heated 
to a temperature between 2000-2800 K in around 40 
Torr of a dilute (~1%) gas mixture of CH 4 in H 2 . The 
filament is typically spaced 5-10 mm from the substrate 
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that can be indirect ly 
heated by the filament or, 
if the reactor is so 
equipped, directly heated 
by an independent sub
strate heater. The sub
strate is typically main
tained at a temperature of 
900-1200 K, though dia
mond growth at tempera
tures less than 210 °C has 
been r e p o r t e d . 5 The 
chemistry that takes place 
wi thin the reactor has 
been studied by numerous 
laser techniques . The 
results of these investiga
tions, combined with the 
efforts at model ing the 
chemical processes, have 
allowed some of the key 
chemical species typically 
present during diamond 
film growth to be identi
fied and their roles to be 
determined. 

Figure 3. Schemat ic of an apparatus where gases in a d iamond 
growth reactor are sampled through an orifice in the substrate 
and their chemical compos i t ion analyzed using laser ionization 
m a s s spectrometry . 

Raman spectroscopy of diamond films 
The Raman spectrum of diamond is dominated by the 
first order phonon band that appears as a strong sharp 
line at 1332 cm - 1 . This contrasts with single crystal 
graphite, where the first order phonon band appears in 
the Raman spectrum as a sharp intense line at 1580 
cm - 1 . Polycrystalline graphite and other forms of non
crystalline carbon also exhibit peaks in the 1550-1590 
cm - 1 region and an additional band around 1340-1360 
cm - 1 . The linewidth and intensity ratio of these two fea
tures vary with the type of carbon, and the linewidths 
become very wide for highly disordered carbons such as 
coke and charcoal. 2 The observation of a sharp peak 
near 1332 cm - 1 in the Raman spectrum is thus a good 
diagnostic for whether diamond is present in a CVD 
film. The intensity of this peak can be used as a measure 
of film thickness, and the linewidth and shifts of the 
peak relative to single crystal diamond can be used as a 
measure of the disorder and stress in the film. 6 The 
ratio of the intensity of the diamond peak to the inten
sity in the 1500-1600 cm - 1 region is also useful as a sen
sitive measure of the relative amounts of sp 3 (diamond) 
to sp 2 (graphitic) carbon in the film.7 The Raman spec
trum is a particularly sensitive indicator of graphitic 
contaminants since the cross section for Raman scatter
ing is about 50 times that of diamond. CVD diamond 
films can now be grown where, in spite of the increased 
sensitivity for detection of graphitic carbon, the Raman 
spectrum exhibits a single sharp peak near 1332 c m - 1 

and a flat baseline across the sp 2 carbon region. The use 
of a Raman spectrometer with a microscope attachment 
can allow spatial resolution to be combined with the 
spectral selectivity afforded by the Raman technique. 

Modern micro-Raman sys
tems frequently employ con-
focal imaging that can pro
vide vertical and lateral spa
tial resolutions of down to 1 
µm. This resolu t ion 
approaches that needed to 
observe the microstructural 
detail to CVD d i amond 
films that is evident in scan
ning electron micrograph 
images. 

Figure 2 compares the 
Raman spectrum of natural 
single crystal diamond with 
spectra of CVD d iamond 
films and glassy carbon 
grown on silicon substrates. 
The square shaped peak 
around 1000 cm - 1 is the sec
ond order phonon band of 
silicon, which is observed in 
the spectra of very thin (<10 
µm) films. These spectra 
were obtained at 514.5 nm 
excitation using a micro-

Raman spectrometer with the 
confocal aperture set to yield about 8 µm spatial resolu
tion. As the film thickness starts to exceed this, signal 
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2 + 1 REMPI of Atomic Hydrogen from the silicon substrate 
disappears when the laser is 
focused at the surface of the 
film. The broad feature that 
is evident in the spectrum 
labeled as having a higher 
non-diamond content is part 
of a more extensive photolu¬ 
minescence background that 
grows with increased incor
pora t ion of n o n d i a m o n d 
defects in the f i lm. 7 

Photoluminescence can also 
appear as well-resolved albeit 
broad peaks in the Raman 
spectrum. Photo-lumines
cence peaks are easily distin
guished as dis t inct from 
vibra t iona l Raman lines 
since the Raman shift for 
photoluminescence changes 
with excitation wavelength. 
Many of the diamond lumi
nescence peaks have been identified with specific defects 
in the crystal. 8 For example, a luminescence peak at 
2.156 eV is believed to involve a nitrogen atom in asso
ciation with a vacancy and the observation of this lumi
nescence peak can be an indication of an air leak in the 
growth reactor. 

Raman spectroscopy is such a good analysis tool for 
diamond film growth that it has frequently been sug
gested as an in situ diagnostic for process control. This is 
a more demanding application because of interferences 
from photons generated by thermal or plasma emission. 
In situ Raman spectroscopy of diamond film growth has 
now been demonstrated for a variety of growth reactors 
by use of pulsed lasers and gated detection to reduce the 
effects of this in terference. 9 , 1 0 While initially these 
involved the 532 nm and 355 nm harmonics of a 
Nd:YAG laser, improvements in sensitivity should be 
possible by operating further in the ultraviolet. 1 1 

Laser spectroscopy of diamond reactor growth 
environments 
Laser spectroscopy can be extremely useful for the study 
of diamond reactor growth environments as a result of 
the chemical specificity and spatial selectivity that it can 
provide. It can be used to directly probe concentrations 
of not only stable species but the reactive free radicals 
such as H and C H 3 that are key for d iamond film 
growth. It is useful to separate the discussion of the 
chemistry that is involved in diamond growth into two 
categories, processes that have oxygen as part of the feed 
gases and those that do not. In normal operation of a 
hot filament reactor, a gas mixture of around 1% CH 4 

in H 2 is used. The filament effectively dissociates hydro
gen molecules in to hydrogen a toms, in i t ia t ing a 
sequence of radical abstraction and condensation reac
tions. Under typical growth conditions, hydrogen atoms 
are present at the largest concentration next to molecu
lar hydrogen. Hydrogen atoms play many roles in the 
growth process, 1 2 including: 

Figure 4. An energy level schematic showing the resonance 
enhanced multiphoton ionization scheme used to detect atomic hydro
gen and a block diagaram of the laser system that generates the 243 
nm light for this process. 

• as initiator of hydrogen 
abstraction reactions with 
methane and its products to 
p roduce active carbon 
growth species in the gas 
phase; 
• as surface terminator that 
stabilizes the diamond sur
face and prevents conversion 
to graphite; 
• as a hydrogen abstraction 
reactant at the surface to pro
duce active sites for addition; 
and 
• as an etchant that reactants 
to volatilize graphitic carbon 
from the substrate surface. 

They also play similar roles 
at the filament surface where 
the hydrogen helps clean the 
filament (typically tungsten) 
and prevent it from becom
ing poisoned by carbon. 

Laser spectroscopic detection of ground state hydro
gen atoms typically involves some sort of multiphoton 
excitation as a result of the large energy separation 
between its ground and excited electronic states. Two-
photon laser-induced fluorescence detection of hydro
gen atoms can be achieved using two 205 nm photons 
to excite the n = l - - 3 transition with detection of sub
sequent fluorescence to the n = 2 state at 656 nm. 1 3 The 
1s --2p excitation can be achieved using three equal 
364.7 nm photons simultaneously. Absorption of an 
additional 364.7 nm photon ionizes the atom in a (3+1) 
multiphoton ionization (MPI) process to form H + and 
an electron, either of which can be detected by a suitably 
biased electrode. 1 4 The laser intensities that are used to 
produce three photon excitation are also sufficient to 
produce third harmonic generation (THG), where the 
three excitation photons are combined to form a VUV 
photon at a third their wavelength. 1 5 The phase match
ing condition for THG requires that the excitation occur 
in a region of negative dispersion in the frequency 
dependence of the index of refraction; this occurs to the 
short wavelength side of the resonant absorption. Third 
harmonic light can be generated over a range of wave
lengths up to Lyman-α (the ls:2p transition)and, conve
niently, the shift in the peak energy of the THG distrib
ution relative to the L y m a n - α transition frequency is 
directly proportional to the hydrogen atom concentra
tion. Measurements of THG using focused lasers can 
therefore provide a spatially resolved determination of 
the hydrogen atom concentration within a reactor. 1 5 

A great deal has been learned about the hydrogen 
atom chemistry that takes place within a hot filament 
reactor from these 1 5 and related studies. It has been 
determined that atomic hydrogen is generated at the hot 
filament to about 60% of the concentration predicted 
for equilibrium dissociation of H 2 at that filament tem
perature. Below 100 Torr operating pressure, the hydro
gen atom concentration (i.e., [H]) decays away from the 
filament in a diffusion-controlled manner. Direct 
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recombination of atomic hydrogen to molecular 
hydrogen in the gas phase does not significantly 
affect the [H] at these pressures. However, recom
bination of hydrogen at the film surface is an 
important process both for generating active sites 
for carbon addition and as a source of heat trans
port to the substrate. Interrogating the surface 
and near surface concentrations presents one of 
the more difficult challenges for laser spec
troscopy. THG and laser-induced fluorescence 
have been used to measure the [H] to within 
about 0.25 mm from the surface before it begins 
to interfere with the beams. Orifice sampling (see 
Fig. 3, page 25) provides an alternative method 
for interrogating the gases even closer to the sur
face. 1 6 In orifice sampling a small aperture is 
inserted into the substrate allowing reactor gases 
from near the surface to flow through the orifice 
into a differentially pumped mass spectrometer. 
In this manner a sampling depth approximately 
equal to the orifice diameter is achieved. The 
spectral selectivity of laser spectroscopy can be 
added to this technique by use of resonance-
enhanced multiphoton ionization (REMPI) to 
ionize the gases for mass analysis. A schematic 
apparatus for ultraviolet generation and an ener
gy level diagram for hydrogen atom (2+1) REMPI 
are shown in Figure 4. Using a 200-µm orifice and 
243.1 nm light to produce (2+1) REMPI through 
the 2s state of hydrogen, this system has been 
used to study the substrate temperature depen
dence of the [H] over a range of temperatures 
spanning where diamond growth occurs. 1 7 The 
[H] is seen to decrease significantly with higher 
temperatures, corresponding to an increase in the 
rate of hydrogen recombination at the surface. It 
is well known that the substrate temperature 
strongly affects growth rate and film quality, and 
here laser spectroscopy has implicated hydrogen 
with these changes. 

Methyl radical has also been studied by various 
laser spectroscopies. It was first detected during 
filament-assisted growth of diamond by infrared 
diode laser absorption spectroscopy of the v 2 

vibrational band . 1 8 The (2+1) REMPI band at 
333.5 nm provided better S/N and allowed the 
dependence of the [CH 3] on the distance from 
the filament and on filament and substrate tem
perature to be studied. 1 9 More recently, cavity 
ring down spectroscopy at 213.9 nm has been 
used 2 0 to measure the radial distribution of the 
[CH 3]away from the filament. These measure
ments show that the [CH 3] initially grows with 
increasing distance from the filament, reaches a 
maximum, and then drops off at further distance. 
This is inconsistent with catalytic formation of 
CH 3 at the filament surface, adding support to 
the theory that C H 3 is formed by hydrogen 
abstraction from methane in the gas phase. 
Evidence cont inues to m o u n t for assigning 
methyl radical as a key diamond growth species, 
though C 2 H 2 may also contribute to growth. 
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Laser spectroscopy has shown that other carbon species 
such as C, CH, and C 2 are also present to a varying 
degree, depending the reactor type and conditions. 
Reactors like the plasma torch that can produce signifi
cantly higher gas temperatures may involve these as 
growth species to a higher degree. 

Oxygen is frequently added to the gas mixture in 
microwave plasma depositions to improve the growth 
rates and film quality, and to allow depositions to be 
performed at lower substrate temperature. Similar 
effects have been shown recently in filament-assisted 
CVD of diamond using lower oxygen concentrations, 
with the added benefit that low filament temperatures 
can also be used. 2 1 There have been various proposi
tions for how oxygen modifies the chemistry of dia
mond growth to achieve these benefits. The hydroxyl 
radical is formed at high temperatures and the spatial 
dependance and temperature of this species has been 
studied using laser-induced fluorescence. The possibility 
that OH is important for growth continues to be debat
ed. At lower temperatures, equilibrium calculations pre
dict OH to be too low to be significant and indicate that 
the major oxygen containing species are CO and H 2 O. It 
has been suggested that water may play an important 
role in diamond film growth at low temperatures. 2 2 

Laser spectroscopy studies are again expected to yield 
important data on whether this most common of sub
stances may be key for low temperature growth. 

The future of laser diagnostics in diamond growth 
While much has been learned of the relat ionship 
between growth conditions, growth chemistry, and dia
mond film quality, aspects of the mechanism for dia
mond film growth require further clarification. It 
appears now that just as there are different types of 
growth reactors, there is more than one regime for 
growth parameters. Low temperature growth would 
appear to be influenced by different chemistry than con
ventional growth, and high temperature and high flux 
growth may involve new species as well. Laser spec
troscopy can provide the spatial and chemical selectivity 
to help clarify these differences. Because growth addi
tives, either as enhancements or as dopants, present new 
perturbations on the chemistry, laser spectroscopy will 
again be crucial in sorting out the details. As the new 
diamond technology moves inevitably forward from the 
discovery phase that has dominated the past 20 years to 
development of the myriad products that have already 
begun to emerge, the future would appear to be in 
process control. Methods like THG, laser-induced fluo
rescence, and coherent anti-Stokes Raman spectroscopy 
(CARS) hold potential as in situ non-intrusive probes of 
the chemistry taking place in the diamond growth reac
tor. Ideally, one would want to monitor the surface 
directly, but laser surface spectroscopies of diamond 
have been the slowest to develop and the surface chem
istry involved in diamond growth continues to be one of 
the least understood aspects of the process. Surface sum 
frequency generation has successfully been performed 
on single crystal diamond, 2 3 but the laser technology 
needed to perform these experiments is very demand
ing. It is expected as the laser technology develops fur

ther, it will open up the new frontier of laser surface 
spectroscopy of diamond film growth. 
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