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Ab stract: The C2 rad i cal in DC plasma and hot fil a ments as sisted cat a lytic chem i cal va por de po si tion
(DC HF CCVD) pro cess of car bon nanotubes growth has been stud ied by means of op ti cal emis sion

spec tros copy. The ro ta tional tem per a ture was eval u ated from the emis sion spec tra of the (0-0) C2(d3Õg)

- C2(a3Õu) tran si tion us ing nu mer i cal sim u la tion of the spec tra. The ro ta tional tem per a ture as a func tion
of the C2H2 con tent in a C2H2 + H2 mix ture was mea sured. The ro ta tional tem per a ture strongly de creases 
with the H2 con tent.

1. In tro duc tion

Dif fer ent types of DC plasma and hot fil a ments en hanced chem i cal va por de po si tion 
ap pa ra tus are suc cess fully used for di a mond, di a mond like car bon (DLC) or car bon
nanotubes growth [1,2]. Also mi cro wave plasma can be used for CVD growth pro cess of
car bon nanotubes [3]. Plasma con di tions for car bon nanotubes growth are prac ti cally the
same as for di a mond or DLC de po si tion, only the car bon pre cur sor is dif fer ent (C2H2 is
used in stead of CH4). The ab so lute den si ties of dif fer ent ac tive spe cies and the sub strate
and sur round ing gas tem per a ture are im por tant growth pa ram e ters. Op ti cal di ag nos tic
seems to be per ti nent to study C2 rad i cal den sity as it plays an im por tant role dur ing
nanotubes growth. Ab so lute den sity val ues can be ob tained by dif fer ent op ti cal meth ods
e.g. op ti cal emis sion spec tros copy in com bi na tion with actinometry [4] or by la ser in -
duced flu o res cence [5]. The aim of this con tri bu tion is the gas tem per a ture de ter mi na tion
us ing the emis sion spec tros copy.

2. Ex per i ment

In our ex per i ment we stud ied DC plasma and hot fil a ments as sisted cat a lytic chem i cal
va por de po si tion (DC HF CCVD) pro cess of car bon nanotubes growth. Plasma burnt be -
tween two grids, placed above the sub strate, and two pairs of per pen dic u larly ori ented
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tung sten wires were placed in-be tween the grids. Wires were heated up to 2450 K and the
sub strate at 973 K. The sub strate was heated sep a rately by an IR halo gen lamp placed di -
rectly in the vac uum cham ber. An other DC plasma burnt be tween the sub strate
(SiO2/Si(100)) and the cath ode. More ex per i men tal de tails about car bon nanotubes
growth pro cess are re ported in [6].

Plasma emis sion gives in for ma tion about pres ent rad i cals and their pop u la tion, from
which the ro ta tional tem per a ture can be de duced. Un for tu nately plasma emis sion is
shielded by the strong con tin u ous hot fil a ment emis sion. In or der to ob tain the emis sion
from plasma only, two spec tra of hot fil a ment pro cess with and with out DC plasma resp.
were mea sured at the same ex per i men tal con di tions. The op ti cal spec tra (rang ing from
300 nm to 700 nm) were taken 5 mm above the sub strate from the plasma as a func tion of
gas mix ture. Small Jobin Yvon grat ing spec trom e ter equipped with op ti cal fi ber and
photomultiplier as de tec tor was used to mea sure the spec tra. Emis sion spec trum from
plasma was ob tained af ter sub trac tion of the con tin uum spec tra of hot fil a ments (ex am ples 
of spec tra are pre sented in Fig. 1).

At the same time the mea sured hot fil a ments emis sion in com par i son with sim u lated
one was used to cal i brate spec tral re sponse. For the o ret i cal emis sion sim u la tion the fil a -
ments tem per a ture was mea sured (2450 K) and the tung sten car bide top layer emissivity
was used [7]. 

In the ex am ple of emis sion spec tra (Fig. 1) of DC plasma from the DC HF CCVD pro -
cess in pure C2H2 dom i nates 4 sys tems of the C2 (d-a) Swan bands from Dv = 2 to Dv = –1
at 437 nm, 469–473 nm,  509–516 nm and 546–563 nm,  0-0 CH (A-X) band at 430 nm
and the Hb line at 486 nm. In the case of hy dro gen ad di tion the in ten sity of C2 (d-a) Swan
bands de creases, H atomic line in ten sity in creases and some news bands ap pears; e.g. new
bands at 417 nm and  462 nm, which can be at trib uted to the 0-3 and 0-4 tran si tions of CH
(C-X) band [8]. The next 0-5 tran si tion of this sys tem ap pears at 515 nm and so par tially
over lap the C2 (d-a) Swan band at 516 nm.
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Fig. 1. Op ti cal emis sion spec trum of DC plasma and hot fil a ment as sisted cat a lytic CVD in pure C2H2
af ter sub trac tion of hot wires emis sion.



The most dis persed C2 (d-a) Swan bands are for Dv = –1 at 540–560 nm, but the in ten -
sity is low and dis ap pears af ter di lu tion with hy dro gen. Sys tems for Dv = 1 and Dv = 2 are
not enough dis persed for the de ter mi na tion of ro ta tional tem per a ture. Sys tem for Dv = 0 at
500–516 nm is not over lapped for high C2H2 con tent. For the low est C2H2 con tent (10%)
very small band at trib uted to the 0-5 CH (C-X) tran si tion over laps the tail of the 0-0 tran si -
tion of Swan band, how ever the over lap ping band can be iso lated and sub tracted. So fi -
nally the 0-0 tran si tion of C2 (d-a) Swan bands was cho sen for an eval u a tion of the
ro ta tional tem per a ture. 

3. C2(d3Õg-a3Õu) Swan band spec trum sim u la tion
    and de ter min ing the ro ta tional tem per a ture 

The ro ta tional tem per a ture de ter mi na tion was based on the com par i son of mea sured
and sim u lated rotationally non re solved spec tra of the Swan band. The 0-0 tran si tion at
516 nm wave length was cho sen as a good com pro mise be tween in ten sity, iso la tion from
other sys tems and spec tral dis per sion. Sim i larly as in our pre vi ous pa per [9], the spec tra
sim u la tion was based on the fol low ing steps:

(I) Sim pli fi ca tion to the 1Õ-1Õ tran si tion. 
(ii) Cal cu la tion of line wave lengths us ing a known ro ta tional con stant (Table 1)

up to J = 60 for 3 branches P, Q, R [10].

Parameter C2(d
3Õg) C2(a

3Õu)

Te [cm–1] 20022.50 714.24

we [cm–1] 1788.22 1641.35

we xe [cm–1] 16.440 11.67

Be [cm–1] 1.7527 1.6324

ae [cm–1] 0.01608 0.01661

(iii) Cal cu la tion of C2(d
3Õg, v = 0, J) state rel a tive den sity and in ten sity of in di vid -

ual spec tral lines as sum ing that the pop u la tion obeys the Boltzmann law:

I S F kTj j j j j r¢ ¢¢

-

¢ ¢¢ ¢
× × -~ exp( / )l 4

where l is the wave length of a spec tral line, S j j¢ ¢¢
 the Höln–Lon don fac tor, F j ¢

 the ro ta tional
en ergy of mol e cules in up per state at tem per a ture Tr .

(iv) Con vo lu tion of the non-broad en ing lines with the in stru men tal func tion of
the spec trom e ter ap prox i mated by the asym met ric trap e zoidal shape with 1.25 nm width
(FWHM) – pre sented in the Fig. 2.
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Ta ble 1: Pa ram e ters of C2(d3Õg) - C2(a3Õu) [10].



The in stru men tal func tion was de ter mined from the broad en ing of Ha line at 656.3 nm. 
The Hb line cen tered at 486.2 nm could not be used, be cause it was slightly over lapped by
the 0-1 CH(A-X) band at 488.2 nm. As we are only in ter ested in low res o lu tion of the
spec trom e ter, ex act knowl edge of the line pro files is not nec es sary. In Fig. 3, cal cu lated
spec tra for dif fer ent ro ta tional tem per a ture rang ing from 600 K to 2200 K are shown. 

3. Re sults and Dis cus sion 

The ro ta tional tem per a ture was de ter mined by the com par i son of ex per i men tal and
sim u lated spec tra us ing least square method in two re gions (re gion of band tail and band
head re spec tively). The sum of these two con tri bu tions with the same sta tis ti cal weight
was min i mized.

Ex am ples for pure C2H2 and for the low est con tent of C2H2 in H2 (10 %) are pre sented
in Fig. 4 and Fig. 5 re spec tively. Ro ta tional tem per a ture evo lu tion as a func tion C2H2 con -
tent in the mix ture is pre sented in Fig. 6. The tem per a ture de creases with in creas ing H2
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Fig. 2. The spec trom e ter�s in stru ment func tion de ter mi na tion from the Ha line at 656.3 nm.
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Fig. 3. Sim u lated emis sion spec tra of the (0-0) C2d3Õg - C2a3Õu tran si tion as a func tion of tem per a ture.



GAS TEM PER A TURE DE TER MI NA TION                             99

(0-0) C2 Swan band in DC plasma assisted HF CVD
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(0-0) C2 Swan band in DC plasma assisted HF CVD
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Fig. 4. Mea sured and sim u lated emis sion spec trum of the (0-0) C2d3Õg - C2a3Õu tran si tion in pure C2H2.
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Fig. 6. Ro ta tional tem per a ture of (0-0) C2 Swan band as a func tion of C2H2 con tent in mix ture with hy -
dro gen.

Fig. 5. Mea sured and sim u lated emis sion spec trum of the (0-0) C2d3Õg - C2a3Õu tran si tion in the mix -
ture of H2 with 10% C2H2.



con tent. But the tem per a ture eval u a tion seems to be less pre cise in more com pli cated mix -
ture with low C2H2 con tent due to the over lap ping bands. In fu ture, ro ta tional tem per a ture
de ter mi na tion in more com plex gas mix tures of car bon nanotubes growth pro cess will be
nec es sary to ver ify method by the use of other bands.
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