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ABSTRACT 

Amorphous carbon is an elemental form of carbon with low hydrogen content, 
which may be deposited in thin films by the impact of high energy carbon atoms or ions. 
It is structurally distinct from the more well-known elemental forms of carbon, diamond 
and graphite. It is distinct in physical and chemical properties from the material known 
as diamond-like carbon, a form which is also amorphous but which has a higher 
hydrogen content, typically near 40 atomic percent. Amorphous carbon also has 
distinctive Raman spectra, whose patterns depend, through resonance enhancement 
effects, not only on deposition conditions but also on the wavelength selected for 
Raman excitation. This paper provides an overview of the Raman spectroscopy of 
amorphous carbon and describes how Raman spectral patterns correlate to film 
deposition conditions, physical properties and molecular level structure. 

INTRODUCTION 

The elemental forms of carbon include a range of structures whose end 
members are diamond and graphite. In diamond the carbon atoms are four-coordinated 
and connected by bonds with o-character (single bond order) in an sp3 (tetrahedral) 
configuration. Graphite is composed of stacked, planar sheets of six-membered rings of 
three-coordinated carbon. Graphitic carbon has conjugated single and double bonds in 
a (z-bonded) sp2 configuration. The stacking of planar sheets of six-membered rings is 
integral to the structure of graphite and affects both its properties and its spectroscopic 
signature. 

Carbon films deposited by the impact of high energy carbon atoms or ions, which 
are accelerated from a graphite target by pulsed laser ablation [I, 21 or a filtered arc [3], 
can form an amorphous matrix with a complex molecular structure. First principles 
theoretical simulations of this amorphous carbon film (also known as amorphous 
tetrahedral carbon [4-61) predict a rich variety of hybridized bonding which is not like 
that of diamond (sp3) or graphite (sp') but includes three-fold coordinated and four-fold 
coordinated carbon atoms. For depositions utilizing higher energy excitation conditions, 
the four-coordinated carbon atoms are in the majority. Estimates of four-coordinated 
carbon comprising up to 80% of the total species have been made (see, e.g., [7]). 

different forms. Figure 1 shows the Raman spectra of crystalline diamond, an 
amorphous carbon film, nanocrystalline graphite and graphite with microscale to 
macroscale crystalline domains. These spectra were obtained using excitation at visible 
wavelengths. Diamond has a single Raman band in this frequency region, peaking at 

Raman spectra of elemental carbon reflect the differences in bonding of the 
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1332 cm-’. Graphite has a Raman band due to a Brillouin-zone-center phonon at 
1578 cm-’ (the “G” band) and a Raman band peaking near 1350 cm-’ (the “D” band), 
which is due to a zone-edge phonon that becomes symmetry-allowed in the reduced- 
symmetry environment at the edges of graphite crystals [8]. The Raman bands of 
graphite are enhanced in intensity with visible excitation by the interaction of electronic 
(n+n*) transitions with vibrational transitions, such that Raman spectra of sub- 
micrometer thicknesses of graphite are easily obtained. Diamond Raman bands do not 
experience resonance enhancement with visible excitation, since vacuum ultraviolet 
wavelengths are required to access the (o+o*) electronic transitions of diamond. 

Graphite retains its structure of stacked planes of six-membered carbon rings 
even with domain sizes down to nanometer-scale dimensions, and the Raman spectra 
of ‘hanocrystalline” graphite show broadened bands and enhanced intensity in the ‘ID” 
band [9]. The double-banded structure shown in the Raman spectrum of Figure 1 is 
characteristic of graphite with nanoscale domains. 
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Figure 1. Raman spectra of forms of elemental carbon 

Vibrational bands from three-coordinated (n-bonded) carbon structures dominate 
the Raman spectra of amorphous carbon when visible wavelengths are used for 
excitation. As with graphite, these three-coordinated carbon structures experience 
resonance enhancement of their Raman band intensities. However, the characteristic, 
two-band Raman pattern of graphite is generally not present in the Raman spectra of 
amorphous carbon (see Figure 1). Rather there is a broad band of complex shape, 
peaking from 1500 to 1570 cm-‘, whose peak position and shape vary with deposition 
conditions. There appear to be a multiplicity of three-coordinated carbon structures 
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contributing to the Raman spectra, whose distribution varies in relation to the properties 
of the amorphous carbon films. 

There is less resonance enhancement of the three-coordinated carbon 
structures with ultraviolet excitation. Raman spectra of amorphous carbon films show 
enhanced intensity in a broad band peaking at 1100 to 1200 cm-‘, which has been 
interpreted as being due to four-coordinated carbon structures [7, IO] .  Apparently, the 
reduction in intensity of the Raman bands due to three-coordinated carbon structures 
permits the observation of Raman bands due to four-coordinated carbon structures. 
Thus, Raman with ultraviolet excitation is useful for detecting differences in the ratio of 
four-coordinated to three-coordinated carbon structures in amorphous carbon. 

EXPERIMENT 

The carbon films whose spectra are displayed in this paper were deposited on 
silicon wafer substrates by pulsed (248 nm) laser ablation off a graphite target in 
vacuum [2]. Raman spectra were obtained using an argon ion laser for excitation 
(visible and near ultraviolet wavelengths). A triple spectrograph and charge-coupled- 
device detector were used to record the Raman spectra. 

RAMAN WITH VISIBLE EXCITATION 

Figure 2 shows Raman spectra, excited with 514-nm laser light, of a series of 
amorphous carbon films, all approximately 100 nm thick, which were deposited with 
laser ablation energies from 5 to 125 J/cmZ. Higher deposition energies are believed to 
favor the formation of four-coordinated carbon [I I]. In addition to a broad carbon 
Raman band peaking between 1500 and 1600 em-’, there is a flat-topped Raman 
feature between 900 and 1000 cm-’, which is a second-order phonon band from the 
silicon substrate. The silicon Raman band increases in intensity with increasing 
deposition energy. The increase in silicon Raman band intensity implies that the films 
become more transparent as the deposition energy increases. The reason for this 
increase in transparency is believed to be a decrease in three-coordinated carbon 
structures with increasing deposition energy, resulting in less absorption of visible light 
by x-m* electronic transitions. The carbon Raman band, which is due to structures 
incorporating three-coordinated carbon atoms, shifts to higher frequency and becomes 
narrower and more symmetric with increasing deposition energy. Its integrated intensity 
decreases as the proportion of three-coordinated carbon atoms decreases. Increasing 
deposition energy appears not only to reduce the overall proportion of three- 
coordinated carbon atoms but also to narrow the distribution of structures in which they 
reside, resulting in a smaller spread of vibrational energies. 

carbon. In Figure 3 we show spectra of two films, both deposited at 44 J/cm2, one of 
which was grown to a thickness of 7 nm and the other to a thickness of 200 nm. The 
spectrum of the thicker film has the appearance of the films in Figure 2 grown at 
moderate-to-high deposition energies. The carbon Raman band is relatively narrow and 
symmetric and peaks at a relatively high frequency (about 1545 cm-I). Films deposited 
at 44 J/cm2 and thicker than 50 nm give spectra like that of the 200-nm thick film. But 

Film thickness also affects the appearance of Raman spectra of amorphous 
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Figure 2. Raman spectra of amorphous carbon films deposited with laser energies as 
snown on the figure. The Raman excitation wavelength was 514 nm. 

the carbon Raman band of the thin (7 nm) film peaks at a significantly lower frequency 
(1 405 cm-’) and is broadened asymmetrically to lower frequency, much like those 
carbon Raman bands deposited at lower energies (Figure 2). Clearly the 7-nm film is 
dominated by an interfacial layer which is different from the bulk of thicker films. The 
composition of the layer is not known for sure, but it may have a relatively high 
proportion of three-coordinated carbon atoms, as if it were deposited at a lower 
deposition energy. Alternately, the incorporation of silicon atoms could explain the 
downward shift in frequency of the carbon Raman band. Silicon atoms are more 
massive than carbon, and Si-C bonds are less strong than C-C bonds. Both higher 
mass and lower bond strength result in a lower vibrational frequency. 

their Raman spectra reflect changes not only in their structures (Figure 2) but also in 
Although three-coordinated structures tend to be in the minority in carbon films, 
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Figure 3. Raman spectra of amorphous carbon films deposited, at 44 J/cm2, to 
thicknesses of 7 nm and 200 nm. The Raman excitation wavelength was 514 nm. 
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Figure 4. Density of carbon films predicted by Raman spectra versus measured by x- 
ray diffraction. The prediction was done by multivariate partial least squares analysis. 
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the physical properties of the film. In Figure 4 we plot densities of carbon films, as 
predicted by their Raman spectra, versus densities obtained by fitting glancing angle x- 
ray reflectivity curves. The carbon films were all about 100 nm thick. The densities of 
the films range from 2.2 to 3.0 g/cm3, generally increasing with deposition energy. The 
density is believed to increase as the proportion of four-coordinated carbon in the films 
increases. 

The prediction of the densities was performed by multivariate partial least 
squares (PLS) analysis, which decomposes the Raman spectra into a set of 
components (like partial spectra) that are common to all the spectra and that correlate 
to the density. These components are used to reconstruct each Raman spectrum by 
summing the components with different scaling factors. The com bination of spectral 
components and scaling factors forms a calibration file. The prediction also used cross 
validation. In cross validation one spectrum is excluded from the set of samples, and a 
calibration is constructed using the remaining spectra in the set and the measured 
densities. This “partial” calibration is then used to predict the density of the excluded 
sample from its Raman spectrum. The process is repeated for all the samples, resulting 
in a predicted density for each sample. If we plot predicted versus measured densities 
for each sample in the set (Figure 4), the result is ideally a line with a slope of 1, 
passing through the zero intercept, and with all the data points on the line. The 
correlation coefficient (R2, which should be close to 1 .OO) measures how much the 
points deviate from the ideal line. The R2=0.93 for the data in Figure 4 indicates a high 
correlation between density and the Raman spectra of three-coordinated carbons. A 
higher correlation (R2=0.98) was obtained between Raman spectra of the three- 
coordinated carbon and the as-deposited stress in the film. Stress increases with 
deposition energy and is believed to also be related to proportion of four-coordinated 
carbon [ I  I ] .  Less error is expected in the measurement of the stress than in the density 
measurement. 

Raman spectra obtained with visible excitation wavelengths show changes in the 
transparency of the film and the distribution of structures incorporating three- 
coordinated carbon atoms as function of deposition energy. The carbon Raman band 
patterns from structures incorporating three-coordinated carbon atoms correlate to the 
density and the stress in the films. Thus, the distribution of structures incorporating 
three-coordinated carbon atoms reflects, at least to some extent, the overall structure 
and properties of the carbon film, and their Raman spectra is a useful characterization 
tool. 

RAMAN WITH ULTRAVIOLET EXCITATION 

Shifting the Raman excitation wavelength to ultraviolet wavelengths reduces the 
resonant enhancement associated with 71;+71;* electronic transitions and decreases the 
extent to which structures incorporating three-coordinated carbon atoms dominate the 
Raman spectra. Raman experiments utilizing deep ultraviolet (244 nm) excitation have 
shown the appearance, in the Raman spectra, of a broad band, peaking at 1100 to 
1200 cm-’, whose intensity correlates with the proportion of four-coordinated carbon 
atoms in the films [7, IO]. It is believed that the reduction in the intensity of the 
resonantly enhanced Raman bands from structures incorporating three-coordinated 
carbon atoms permits the observation of Raman bands due to four-coordinated carbon 
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atoms. It is not yet clear whether the (J+* electronic transitions of the four-coordinated 
carbon atoms extend far enough out of the vacuum ultraviolet to result in significant 
resonance enhancement with wavelengths above 200 nm. 

We have recently developed a capability for ultraviolet Raman and have 
obtained a Raman spectrum of a carbon film using near ultraviolet (364 nm) excitation 
(see Figure 5). Compared to a Raman spectrum of the same film obtained with visible 
(51 4 nm) excitation, the near-ultraviolet-excited spectrum shows an additional, broad 
Raman band extending from 900 - 1400 cm-’. Also, there is a shift, with ultraviolet 
excitation, of the three-coordinated carbon band peaking near 1600 cm-’ to higher 
frequency. Such shifts have been previously reported [7]. These preliminary results 
suggest that even at this (near ) ultraviolet wavelength, suppression of resonance 
enhancement of the Raman bands from structures incorporating three-coordinated 
carbon atoms is sufficient to permit observation of a Raman band from four-coordinated 
carbon atoms. 

Raman Shift (cm-1) 

Figure 5. Raman spectra of a carbon film deposited at 5J/cm2, with Raman excitation at 
364 nm and 514 nm as indicated in the figure. Intensities have been scaled. 

Using ultraviolet excitation it is possible to record a Raman feature (the band 
peaking at 1 100 to 1200 cm-I) which is associated with four coordinated atoms in 
amorphous carbon films. In the spectra reported thus far, this feature does not appear 
to shift in peak frequency or change in shape to the same extent as the Raman bands 
from to three-coordinated carbon structures. However, this Raman band provides a 
means, through its intensity changes, of directly monitoring changes in the proportion of 
four-coordinated carbon atoms. 
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IMPLICATIONS OF RAMAN SPECTRA FOR CARBON FILM STRUCTURE 

Four-Coordinated Carbon 

Ultraviolet-excited Raman spectra include a broad band peaking at 1 100 to 1200 
cm-’, which has been associated with four-coordinated carbon. No definitive experiment 
has been performed to date to define the structure of the matrix component composed 
of four-coordinated carbon, but enough is known to suggest its molecular structure. 
First of all, it is not a crystalline (or nanocrystalline) form of diamond. Raman spectra of 
“cluster diamond”, a form of crystalline diamond produced by explosive detonation and 
with a crystal size of about five nanometers, have been reported [12]. The spectra show 
a diamond band peaking near 1322 cm-’ and about 30 cm-’ in bandwidth, not a very 
broad band peaking near 1200 cm-’ which has a bandwidth of several hundred inverse 
centimeters. 

an amorphous form of diamond. Here there is an analogy to the silicon system. The 
Raman band of crystalline silicon peaks near 520 cm-I with a narrow (4 cm-I) 
linewidth, but its amorphous analog peaks at 465 - 480 cm-’ with a linewidth of 60 to 
100 cm-’ [ I  31. A Raman spectrum of an amorphous silicon film on a crystalline silicon 
substrate is shown in Figure 6. 

A more likely possibility is that the four-coordinated carbon has the structure of 
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Figure 6. Raman spectrum of a film of amorphous silicon over a crystalline silicon 
substrate (51 4 nm excitation) 

The Raman peak in silicon shifts downward from near 520 cm-‘ to the vicinity of 
480 cm-’ with a transition from a crystalline to an amorphous matrix. The decrease in 
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frequency is due to an increase in bond lengths in the amorphous state. A proportional 
shift from the crystalline diamond peak (1 332 cm-‘) would result in an amorphous 
diamond band peaking near 1230 cm-’. Thus, the Raman band which is observed in 
ultraviolet-excited Raman spectra of amorphous carbon films and which increases in 
intensity with the amount of four-coordinated carbon is consistent with the Raman 
feature which would be expected from amorphous diamond. 

Three-Coordinated Carbon 

The complex changes in the Raman spectra of amorphous carbon films as a 
function of deposition conditions (see Figure 2) when the spectra are excited by visible 
wavelengths suggest that the structures incorporating three-coordinated carbon atoms 
may be large and complex. One possibility is that the three-coordinated carbon atoms 
are assembled into chains which have conjugated n;-bonding. This possibility is 
supported by theoretical simulation [4,6] and measurements of electronic transport [ I  41, 
which suggest an average chain length of 13 atoms. Polyvinyl chloride (PVC) is a 
polymer which spontaneously generates conjugated polyene chains when it degrades 
by evolution of hydrogen chloride: 

(CH2-CHCI), + (CH=CH), + HCI 

Raman spectra of degraded PVC show resonance enhancement, with green 
excitation wavelengths, of bands from the conjugated chains when the chains reach 
about 17 polyene units in length (n=17, or 34 carbon atoms [15]). Two relatively narrow 
(about 30 cm-’ linewidth), approximately equal intensity, Raman bands appear 
resonantly enhanced in the spectra of degraded PVC. These bands peak about 1100 
and 1500 cm-’. The Raman band pattern of PVC, with relatively narrow bands of equal 
intensity peaking near 1 100 cm-’ and 1500 cm-’, cannot account for the Raman spectra 
of Figure 2, whose broad features peak from 1535 cm-’ to 1570 cm-’. We recognize that 
the Raman spectra in the PVC polyene units may be affected by the presence of 
hydrogen. However, even the Raman spectra of hydrogen-rich diamond-like 
(amorphous) carbon more closely resembles the Raman spectra of the low-deposition- 
energy films of Figure 2 than that of degraded PVC. It is probable that polyene-like 
chains exist in amorphous carbon films, but they don’t appear to be the primary source 
of the amorphous carbon Raman bands. 

Another possible set of structures incorporating three-coordinated carbon atoms 
include sheets made up of n;-bonded rings composed of five, six or seven carbon 
atoms. Fullerenes and nanotubes [I61 include these types of rings, with the six- 
membered components forming flat sheets and the five- and seven-membered 
components providing curvature. These complex structures may include tens to 
hundreds of carbon atoms in sheets or ribbons, which may be too large to model with 
simulation protocols that use 100 - 300 atoms per unit cell [4-6]. While no experimental 
confirmation of the presence of n;-bonded rings exists, theoretical calculations [ I  71 have 
predicted the Raman frequencies of five - to seven-membered, n;-bonded carbon rings. 
Using a vibrational mode of E,, symmetry peaking at 1569 cm” to represent six- 
membered rings, plus modes of A,. symmetry at 1444 cm-‘ (five-membered rings) and 
1303 cm-’ (seven-membered rings) and a small contribution from an E,, mode at 1100 
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cm-I (five-mem bered rings), it is possible to reconstruct amorphous carbon Raman 
spectra over the range of deposition energies shown in Figure 2. Our fitting procedure 
used as adjustable parameters the intensities of the vibrational modes, with linewidths 
of 200 to 400 cm-'. Normalized integrated intensities of the calculated bands, fitted to 
spectra of amorphous carbon films deposited with energies from 5 J/cm2 to 125 J/cm2 
(see Figure 2), are plotted in Figure 7. 
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Figure 7. Normalized integrated intensities of the calculated vibrational modes fitted to 
Raman spectra of amorphous carbon films deposited at 5 - 125 J/cm2. Squares - six- 

membered rings (1569 cm-'); diamonds - five-membered rings (1 100 cm-' and 
1444 cm-I); and triangles - seven-membered rings (1303 cm-I). 

The results of the fitting procedure, as shown in Figure 7, indicate that, as the 
deposition energy increases, so does the proportion of six-membered rings at the 
expense of five- and seven-membered rings. Since the overall proportion of structures 
incorporating three-coordinated carbon atoms also decreases with increasing 
deposition energy, it appears that flat sheets of six-membered carbon rings are favored 
when the overall proportion of three-coordinated carbon atoms is low, and the three- 
coordinated carbon structures are likely to be smaller and more isolated. At low 
deposition energies and, consequently, a higher proportion of three-coordinated 
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carbon, the larger and more densely packed three-coordinated carbon structures tend 
to incorporate more five- and seven-mem bered rings, which impart curvature to their 
surfaces. One can rationalize this behavior by considering the alternative to an increase 
in the proportion of five- and seven-mem bered rings with increasing three-coordinated 
carbon. Sheets of (flat) six-membered carbon rings, present in high density, can be 
expected to stack, forming graphite-like structures with a distinctive Raman band 
pattern (Figure I), which has not been observed in these amorphous carbon films. 

CONCLUSION 

Because of resonance enhancement effects, the Raman band pattern obtained 
from amorphous carbon films depends on the laser excitation wavelength. Visible 
excitation wavelengths resonantly enhance structures incorporating .n-bonded, three- 
coordinated carbon atoms, because their n-m* transitions occur at visible wavelengths. 
Four-coordinated carbon structures have electronic transitions (CWG*) in the far 
(vacuum) ultraviolet, and their Raman bands do not experience resonance 
enhancement with visible excitation. Bands from three-coordinated carbon structures 
dominate the Raman spectra with visible excitation. With ultraviolet excitation the 
enhancement of Raman bands from three-coordinated structures is not as pronounced, 
and a broad band peaking at 1 100 to 1200 cm-’, which is due to four-coordinated 
carbon, becomes observable. The peak position and breadth of this band are 
consistent with an amorphous analog of diamond, and this Raman band is useful in 
following the relative proportion of four-coordinated versus three-coordinated carbon. 
The Raman bands of three-coordinated carbon structures, as obtained with visible 
excitation, have broad and complex patterns, which vary with deposition conditions. 
This variation in the Raman band patterns correlates to physical properties of the 
carbon film, such as density and internal stress, and it is apparently related to changes 
in the distribution of three-coordinated carbon structures. Calculated Raman spectra of 
small, n-bonded carbon rings reproduce the experimental data well, but conjugated 
chain structures may also be contributing to the observed Raman features. 

do not yet know how to interpret. Definitive experiments which will completely 
characterize the structure of amorphous carbon have yet to be carried out. 

Raman spectra of amorphous carbon are rich in information, much of which we 
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