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Evolution of sp? bonding with deposition temperature in tetrahedral
amorphous carbon studied by Raman spectroscopy
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Two transitions in the bonding are found in tetrahedral amorphous catbhe@)( films as a function

of deposition temperature. The totgh® fraction shows a sharp decrease at a transition temperature
of order 250 °C. In contrast, visible Raman finds thatgjpé sites show a gradual ordering into the
graphitic clusters through the sharp bonding transition. The optical gap and resistivity show a
similar, gradual transition. This indicates that #y cluster size determines the optical gap, even
when thesp? content does not change. The Ranh@d)/1 (G) peak ratio is found to vary inversely

with the square of the gap. @000 American Institute of Physid$S0003-695(00)02311-1

Tetrahedral amorphous carbota{C) is characterized substrates taken from the original study. ®# fraction of
by high percentage(85% of “diamond-like” sp® the films was measured via electron energy loss spectroscopy
bonding!~* ta-C films can be deposited from carbon ions (EELS). The band gap was measured using an UV-VIS spec-
with energies ranging from 30 to 600 eV. The variation oftrophotometer. The Young’s modulus of the films was mea-
the sp® fraction as a function of the ion energy and substratesured using laser induced surface acoustic WaiSAW).'?
temperature has been studied and can be described by thBe Raman spectra were acquired using the 514 nm line of
subplantation modét® ta-C also contains a small fraction an Arion laser and with a Jobin—Yvon micro-Raman double
of sp? bonding. It has been shown that thg® fraction con- ~ Spectrometer with a spectral resolution-e4—6 cm L. Care
trols the mechanical properties tf-C, while sp? sites pri- Was taken to avoid any sample damage.
marily control the optical and electrical propertfes. Figure 1 shows the variation of optical band gap’

We previously studied the variation of tisg® fraction, ~ fraction, and resistivity with deposition temperature. It can
optical, and electronic properties t-C films as a function D€ seen that thep® fraction remains approximately 80%
of deposition temperatufeThe sp® fraction remains con-
stant up to a transition temperature of about 250 °C, above o 1 ]
which it decreases sharply to near zero. This transition has e (a)

also been seen by other grodpdn contrast, the optical gap, < 18] ° .

refractive index, and conductivity decrease gradually from 2 .

above room temperature without an abrupt transition. Simi- § 1.51

larly, it was recently found that the optical gap tef-C de- 9 4ol *

posited at room temperature decreases strongly at an anneal- = .

ing temperature of about 700 °C, while tis@® fraction is 0.9b .

stable up to 1000—1100 *¥.These results suggest that the ' ' ' ' =

total sp® fraction and optical gap are not directly linked. On 09 4ae o (b) 1900 o]

the other hand, the optical gap of a wide range of as- .. = . E

deposited amorphous carbons correlates well with their total & 0.6f . 1600 5

sp? content'! Thus the precise relationship between band g 'g

gap andsp? bonding is not clear. o 03| 1300 ©
This letter shows how the band gap and resistivity can ¢ sp’ fraction . §’

vary even when the number ef? sites is essentially fixed. 00 = Modulus . . . N

To do this, we report further on the influence of deposition
temperature on the rearrangement of $p& sites well be-

i~
"

fore the relaxation of thep® phase. We use Raman spec- g 10 .
troscopy to explore the evolution of thep? bonding and [
explain how the gap and totap? content can vary indepen- = 10 .
dently. % 5 * .
The 50-nm-thickta-C films were deposited using a fil- 2 107 o
tered cathodic vacuum af&CVA) system as a function of - o ¢

the substrate temperature. The experimental details of this 0 100 200 300 400 500
are exactly the same as those described in the original fvork.
Raman and Young’'s modulus measurements were performed

onta-C samples deposited at 90 eV ion energy(001) Si FIG. 1. (a) Optical band gayb) sp® fraction and Young’s modulus ar(d)
resistivity vs the deposition temperature. The band gap and resistivity fall
gradually while thesp? fraction and Young’s modulus show a sharp transi-
3E|ectronic mail: mc209@eng.cam.ac.uk tion.

deposition temperature (°C)
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+5% for films deposited below room temperature up to 2000 T T
~200 °C, above which there is a sharp transition from 80%

to ~0% sp’ bonding at~250 °C. Note that the transition
temperature of~250 °C for loss ofsp® phase during depo-
sition is significantly less than the thermal stability dfeaC

film deposited at room temperatu(BT), and subsequently
annealed ~1100 °Q.2%13%|n contrast to thesp® fraction,

the optical band gap and resistivity are observed to decrease
gradually just above room temperatufég. 1).

The gradual change in the optical gap and resistivity
even when thesp? fraction remains constant can be recon-
ciled by understanding of the behavior of thg? sites. Vis-
ible Raman spectroscopy using a 514 nm Ar laser allows the
direct probe of thesp? phase inta-C because this photon
energy preferentially excites thestates associated witp?
sites. The higher sensitivity of Raman at 514 nnwtstates
is reflected in the higher cross section of graphite than bulk 0 T T T
diamond*® 800 1000 1200 1400 1600 1800

The Raman spectra di-C films deposited at various . -1
different temperatures are plotted in Fig. 2. The spectra con- Raman shift (cm")
sist of aG peak at~1560 cm ! and aD peak at about 1350 FIG. 2. Raman spectra fa-C films deposited from 30 to 400 °C.
cm L. The G peak was fitted using a Breit—Wigner—Fano
(BWF) function'® and theG band position was taken as the o Raman spectrum. The appearance of Bheeak well
maximum of BWF rather than its centjé’relpromlner?t S€C- pelow the transition temperature clearly indicates that the
ond order Si substrate peak &960 cm ™ occurs in the g2 sites begin to form aromatic clusters well before a sig-
RT-depositeda-C as this film is highly transparent. An ad- nificant decrease in thep® fraction occurs. Thé(D)/1(G)
ditional LorentziarD peak is required to describe the Raman qyig is not a measure of the fraction of thp? phase but of
spectra of films deposited above 50 °C. The existenceldf a the ordering of thesp? phase.
peak indicates the presence of aromatic rings. Glpeak for The above results can be put on a quantitative basis us-
carbon materials arises from vibrations ofsif sites and in ing the recently developed model of Ferrari and Robeffson
both chain or ring configurations. The intensity obapeak  of the Raman spectra of disordered carbons. These authors
however arises only from clusters ep? sites in six fold  showed how the visible Raman spectra depend primarily on
aromatic rings.*®The D peak increases with the deposition the ordering ok p? sites and not on the fraction ef? sites.
temperature. The shape of the Raman spectra for the filmthey showed how thé(D)/1(G) ratio varies with thesp?
deposited at 400 °C is indicative of a nanocrystalline graphgluster size. Ina-C, where the disorder is high and cluster
ite. Indeed, small crystallites of graphite are present undegize is under 1-2 nm, thgD)/1(G) ratio is found to be
transmission electron microscoyEM) observations for an  proportional to the number of aromatic rinysin the cluster,

a-C film deposited at 400 °C by FCVA. or I(D)/I(G)xM. It was previously shown that the band

Figure 3 shows the rati®(D)/I(G) of the D and G gap (E,) of aromatic clusters varies with the cluster size
peaks,G peak full width half maximum{FWHM) and theG  according toE = 1/M°* for undistorted clusterSlt was later
peak position as a function of the deposition temperatureshown that this relationship overestimates the degree of aro-
We see that all values vary gradually with the depositionmatic ordering of thesp? phase in as-deposited diamond-like
temperature without any abrupt change at 250 °C, consistetarbons’® but it is valid when a Ramab peak is prominent,
with the optical gap and resistivity, and in contrast tosi®8  as this indicates the presence of aromatic rings. Therefore it
fraction and Young’'s modulus. Note thgtD)/1 (G) begins  follows that|(D)/|(G)o<E§2_ A plot of the I (D)/I(G) vs
to increase above 50 °C, well below the transition temperag_? is shown in Fig. 4. The solid line indicates a linear fit
ture. and represents the experimental data well. Note that this re-

Considering only those films deposited below the transifationship is followed over the entire temperature range, im-
tion temperature of 250 °C, it can be seen that although thglying a smooth development of thsp? clusters with the
sp® fraction measured using EELS remains nearly constanideposition temperature, even around the sudden drop in the
the optical and electrical properties and the Raman charagp® fraction at 250 °C.
teristics associated with thep? sites gradually decrease. The ability of thesp? sites to condense into larger clus-
This can be described as follows. For films deposited at RTers while thesp® fraction remains fixed indicates that the
or below, the material is highlgp® bonded with only short sp? sites act like defects in thep® matrix and can diffuse
olefinic sp? chains dispersed within thisp® matrix!® For  within it. It also means that thep? sites diffuse at a lower
these films, the small number ef? sites limits the forma- energy than that required to convep?® sites intosp? sites.
tion of clusters so that the band gap and resistivity remaiThis accounts for the lower annealing temperatures pf
high. As the deposition temperature increases above RT, thich a-C than ofsp® rich ta-C.1%%! Another consequence is
sp? sites begin to diffuse and condense into clusters of inthat above the transition temperature, the newly converted

creasing size. Aromatic rings form and produc @eak in  sp? sites will also condense into clusters to the same degree
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L 180t _ In conclusion, we have shown that the Young’s modulus
E . of ta-C is primarily dependent on thep® phase while the
150 . . . . optical and electrical properties are strongly influenced by
1590f (c) e the quality of thesp? phase. We have monitored tlsg?
* phase using visible Raman spectroscopy. The Raman char-
— 1580} . acteristics such as th&D)/1(G), G peak position and
i= FWHM were found to change gradually with the deposition
O 1570t . temperature, consistent with the optical and electrical prop-
O] . . erties of the films. In addition, the(D)/1(G) was found to
£ 1560 o 1 vary quadratically with the inverse of the band gap. These
5 . results show how moderate annealing can be used to modify
1550+ ] the sp? nanostructure almost independently of #® phase
0 100 200 300 400 and can reconcile different electronic and optical properties

. . _ . 3
deposition temperature (°C) reported in the literature faa-C with the samesp® content.

FIG. 3. () 1(D)/1(G) ratio, (b) FWHM of the G peak, andc) shift in th M.C. acknowledges the financial and collaborative sup-
. 0. (g ratio, (0] e G peak, andc) shift in the i .
G peak position of Raman spectra vs the deposition temperature. Note thE{Ort from Multi-Arc Inc. A.C.F. acknowledges an EU Marie

all values vary gradually. The solid curve (8) represents a quadratic fit. ~Curie fellowship.
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