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The lowest six vibrational hot bands of CF+ have been measured in a heIium/CsF, discharge by velocity moduiation laser 
spectroscopy. A total of 56 transitions has been fitted to Dunham expansion for v = O-7, yielding the parameters: 
we = 1792.6654(18) cm-*, Be = 1.7204176(75) cm-‘, r, = - 13.22968(54) cm-‘, and D,, = 62086(30) cm-‘. The rotational 
temperature of CFC in the plasma is near 650 K and the vibrational temperature is approximately 5200 K. 

Although fluoroc~bon plasmas are widely used 
for the processing of semiconductor materials [l] , 
many of the reactive species that exist in these en- 
vironments remain poorly characterized. Several neu- 
tral fluorocarbon and chlorocarbon radicals have now 
been studied in substantial detail by high-resolution 
spectroscopy [2,3 1, but their ionic counterparts have 
eluded experimentallsts until very recently. Because 
the ions generated in reactive plasmas are involved in 
semiconductor etching mechanisms, it is important to 
study their f~d~ental properties, as well as their 
spatial and energy distributions in the plasmas. 

The only ion to be observed s~ctros~opic~y in 
fluoro~rbon discharges is CF+. The f~d~ent~ vi- 
brational band of CF+ was measured by Kawagucbi 
and Hirota [4] using diode laser spectroscopy, and 
the rotational spectrum has recently been studied by 
mummer and co-workers [5] using microwave spec- 
troscopy. While this work has yielded a relatively pre- 
cise structure for CFf , the vibrational properties of 
the ion (harmonic frequency, anharmonicity, dissocia- 
tion energy) have been only crudely estimated [6,7], 
and no experimental deter~ation of the molecular 
potential exists. 

In this Letter we report the use of velocity modu- 
lation spectroscopy with diode lasers to measure vi- 

’ Berkeley Miller Research Professor 1985-86. 

bration-rotation spectra of highly ~bration~y ex- 
cited CF’ generated in a fIe/CzF6 plasma. Vibrations 
states up to u = 7 have been characterized and a very 
accurate structure, the dissociation energy and the 
molecular potential function have been determined 
for the ion. 

2. Experimental 

The radiation source is a Laser Analytics diode 
laser operating with four diodes in the range from 
1550-1850 cm-‘. Mode selection is performed with 
a 0.3 m monoc~omator. The beam is co~ated by a 
parabolic upturn mirror to a fmal diameter of 
about 6 mm. The laser control electronics have been 
modified for computer interfacing. 

CF+ is generated in a 1 cm bore discharge cell with 
a path length of 1 m using mixtures of 1.8 Torr He 
and 0.05 Torr C2 F6. 30th the discharge cell and the 
copper electrodes (4 cm diameter}, which are mount- 
ed in Pyrex towers at right angles to the discharge, are 
water cooled. The discharge is operated at 1 A peak 
to peak (800 W) and a frequency of 30 kHz by a 
Plasmaloc 2 ~~-f~quen~y power generator. Ion sig- 
nals are detected by their velocity-mod~ated frequen- 
cy shifts using a lock-in amplifier with a time constant 
of 125 ms and a 1 s ~tegration time over the lines. 

The frequencies of the vibration-rotation transi- 
tions are determined by comparing with accurately 
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Fig. 1. Computer reproduction of CF+ hot-band transitions observed in CzFb/He discharge. 

measured NH, f8] and H,O [9] lines. Reference 
lines are measured by frequency modulating the laser 
at 10 kHz and passing the beam through a 1 m cell 
filled to a static pressure of 1 Torr. A stabilized Ge 
etalon (FSR = 0.0163 cm-l) provides relative calibra- 
tion. The measurement ~~rta~ty is estimated to be 
+0.003 cm-‘. A PDP-11 mic~computer controls the 
functions of the diode laser. Data reduction software 
is used to automatically collect, average and calibrate 
all spectra, which are stored on magnetic disk. The 
computer also stores all characteristics of the diode 
laser modes and important parameters of the absorp- 
tion lines. 

3. Results and discussion 

The first feature to be assigned was a progression 
of lines between 1690 and 1720 cm-’ which coincid- 
ed with the mode spacing of the diode laser. It turned 
out to be part of the u = 1-f 2 band and yielded a 
value for ae.xe of 13.03 cm-‘. This prediction was 
used to find several more bands shifted to the red. 

A total of 56 lines of CF+ covering all vibrational 
transitions from u = 0 + 1 to u = 6 + 7 has been ob- 
served (fig. 1). The velo~ty-m~ulated ion signals 

could easily be dist~~j~ed from residual neutral sig- 
nals due to their first derivative lineshape (fig. 2). The 
large signal to noise ratio (up to 300) combined with 
neutral rejection greatly facilitated the detection of 
the hot bands. Addition of hydrogen or argon as the 
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Fig. 2. CF+absorption lines originating from three different vi- 
brational state exhibiting velocity modulation lineshapes. 
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Table 1 
Fitted molecular constants and uncertainties: (all units in cm-‘) 

28 March 1986 

Be = 1.7204176(75) 
we = 1792.6654(18) 

Correlation matrix 

111 = -2.90001(39) Q4 = 9.87(21) 
Q2 = 5.3862(27) Q3 = -14.93(87) 
113 = -7.754(15) Q6 = 30.15(126) 

Be 

O.lOOE+Ol 
0.528E+OO 

-0.628E+OO 
0.637E+OO 
0.372E+OO 

-0.486E+OO 
0.517E+OO 

-0.239E+OO 

We QI Q2 Q3 Q4 QS Q6 

O.lOOE+Ol 
-0.897E+00 O.lOOENll 

0.864E+OO -0.997E+OO O.lOOEKU 
0.886E+OO -0.835E+OO 0.810E+00 O.lOOE+01 

-0.899ENO 0.932E+OO -0.920E+OO -0.973E+00 O.lOOENIl 
0.874E+OO -0.960E+OO 0.957E+OO 0.929E+OO -0.988E+00 O.lOOE+Ol 

-0.153EJJl 0.316E+OO -0.363EtiO O.l51E+OO 0.522E-01 -0.201E+OO O.lOOE+Ol 
- 

carrier gases led to a decrease in intensity. The of the fit. The standard deviation of the fit was 
Doppler linewidth (hwhm) was measured to be 0.008 

-’ 
0.0018 cm-’ . Using our value for Be, we have de- 

cm and showed no state dependence for the condi- termined the equilibrium interatomic bond length to 
tions employed here. be r, = 1.1542551(25) A. 

The spectrum was fitted to the standard Dunham 
expansion with the total and potential energies given 

by WI 

E= c Y (B o,,a,)J(J+ 1)4(u+ l/2)? 
PA VI e' 

U=@O [tr -re)lre I2 

x (1 +a+r,)/r, t a2 [(r-re)/re]2 + . ..I (1) 

and yielded values for we, Be and six potential con- 

stants a,, . The results are displayed in table 1. These 
equilibrium parameters have been used to calculate 
the Dunham coefficients shown in table 2. The fre- 
quencies of all observed CF+ lines are shown in table 
3, along with their assignments and the residual errors 

Table 2 
Dunham coefficients for CF+ (all units in cm-’ ) 

yIo =1792.6718(12) y31 = 4.9(11) x 10-7 

y20 = -13.22968(54) Yo2 = -6.338082(81) X lo* 

y30 = 0.045279(96) y12 = 5.47(75) x10-9 
Y40 = -0.000115(60) y22 = 5.82(37) X lo-” 

YOl = 1.7204186(76) Yo3 = 2.3348(91) X IO-l2 

Yll = -0.0188228(39) y13 = 6.9225(42)X lo-l2 

y21 = 0.0000407(12) 

Assuming a Morse potential of the form 

U = D( 1 - e-Qx)2 (2) 

the potential constants al through 06 can be expressed 
in terms of a. A fit of Be, o,, and the Morse constant 
a to the data yielded a standard deviation of 0.37 
cm -’ . The dissociation energy, Do, derived from this 
fit is 62086(30) cm-‘, corresponding to 70 bound 
states. However, the Morse potential alone is clearly 
inadequate for fitting the data within experimental 
uncertainty. This is also revealed in the scaling of al 
and a2, which scale as a2 = 0.583aT for the Morse po- 
tential but were found to scale as a2 = 0.6&f in the 
complete fit. The fairly low correlations of all the de- 
termined potential parameters (table 1) indicate the 
necessity of a more flexible model than the Morse po- 
tential. The vibrational excitation observed here is 
not high enough to determine a numerical RKR po- 
tential or to determine the dissociation energy by 
some related methods [ 111, but our sixth-order 

Dunham potential is expected to give a very accurate 
analytical representation of the bottom half of the 
potential well. 

The relative intensities of several lines in the various 
bands have been determined in order to estimate the 
temperatures of the various degrees of freedom. With- 
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Table 3 
Observed CF transitions and assignments (ail frequencies in cm-‘) 

Transition Obs. - talc. up uu Jg Ju Transition Obs. -c&c. ug uu fn J, 

1597.5090 -0.0010 5 6 12 11 1712.1950 -0.0007 1 2 8 7 
1604.7300 -0.0022 5 6 10 9 1715.8370 -0.0001 1 2 7 6 
1611.8130 5.0012 5 6 8 7 1716.2110 0.0005 4 5 17 18 
1615.3030 0.0007 5 6 7 6 1719.4410 -0.0013 1 2 6 5 
1618.7570 0.0022 5 6 6 5 1722.8630 -0.0018 0 1 12 11 
1619.9540 0.0008 3 4 19 18 1722.9260 -0.0024 3 4 10 11 
1620.0940 0.0008 2 3 25 24 1723.0110 -0.0001 1 2 5 4 
1620.2530 -0.0013 6 7 1 2 1723.7400 5.0001 4 5 20 21 
1625.7310 0.0001 4 5 11 10 1724.3330 0.0000 2 3 2 3 
1639.3570 0.0022 3 4 14 13 1726.5410 -0.0023 1 2 4 3 
1643.1290 -0.0023 3 4 13 12 1726.6880 -0.0011 0 1 11 10 
1649.4840 0.0008 6 7 11 12 1727.5300 -0.0008 2 3 3 4 
1665.0510 0.0001 3 4 7 6 1728.5660 0.0048 4 5 22 23 
1689.5960 0.0013 1 2 14 13 1728.6070 0.0036 3 4 12 13 
1693.4530 0.0026 1 2 13 12 1731.3820 -0.0006 3 4 13 14 
1693.8820 0.0023 2 3 6 5 1744.1640 -0.0029 4 5 29 30 
1694.4100 0.0012 4 5 9 10 1751.7400 -0.0021 2 3 11 12 
1697.2700 -0.0007 1 2 12 11 1752.1990 -0.0007 3 4 21 22 
1697.4090 -0.0013 2 3 5 4 1752.4480 0.0004 0 1 4 3 
1701.8570 -0.0013 3 4 3 4 1754.5930 -0.0019 2 3 12 13 
1703.2100 5.0023 0 1 17 16 1754.6200 5.0027 3 4 22 23 
1704.8070 0.0022 1 2 10 9 1782.9060 0.0022 0 1 4 5 
1704.9820 -0.0002 3 4 4 5 1783.3630 -0.0029 2 3 23 24 
1705.6200 -0.0002 4 5 13 14 1792.0120 0.0022 1 2 16 17 
1708.0670 -0.0013 3 4 5 6 1812.4060 0.0029 1 2 24 25 
1708.3300 0.0036 4 5 14 15 1815.9110 -0.0002 0 1 15 16 
1708.5210 0.0028 1 2 9 6 1826.7280 -0.0001 0 1 19 20 

in experimental uncertainty all distributions are of 
the Boltzmann type. The rotational temperature is 
found to be 650 K f 20% while the vibrational tem- 
perature is near 5200 K 4 20%, assuming that the cur- 
vature of the dipole moment function of CF+ is not 

exceptionally large. This is an exceptionally high vi- 
brational excitation for an ion in a positive column 
discharge. 

Table 4 compares the CF+ molecular constants 
with those of neutral CF and ab initio results. The 

Table 4 
Comparison of molecular constants 

Constant a) 

We (cm-l ) 

w&e (cm-’ 1 
Se (cm-r) 
a, (cm-r) 

Te (cm-’ ) 
re (A> 

This work 

CF+ 

1792.6654(18) 
13.22968(54) 

1.7204176(75) 
0.0188228(39) 
0.000~07(12) 
1.1542551(25) d) 

Ref. [4] Ref. [12] 

CF+ CF+ ab initio 

1388 
13.05 

1.720366(81) 1.764 
0.018947(96} 0.017 
O.OOOll(~xed) - 
1.154272(35) 1.135 

CF Ref. [12] 
CF+ ab initio 

I308.1(l)b) 1388 
11.10(5)b) 10.59 

1.416704(37) C) 1.433 
0.01~19(50) c) 0.017 
0.00~11(2) c) - 
1.271977(17) c) 1.259 

a) Conventional notation is used, although our values are Dunham coefficients. 
b, Ref. [12]. cf Ref. [13]. 
d, A conversion factor of I (A amu) = 16.8576306/B cm-r has been used. 
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values of re for CF+ and CF differ considerably, even 
though the c~c are quite similar for the two molecules. 
The agreement of oc and tiege with ab initio calcula- 
tions is s~~s~~y good for both molecules [ 141, al- 
though we is consistently overestimated. The experi- 
mental bond lengths and vibrational frequencies of 
the two molecules show the trend expected for an ad- 
ditional II* electron in CF radical. 
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