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Our imaging of radicals interacting with surfaces (IRIS) technique has been used to measure the velocity
distributions of SiF and SigEmolecules in an effusive Siplasma molecular beam as a function of applied

rf power. Modeling the kinetic data yields the corresponding translational temper&wré&se translational
temperatures of both SiF and SilRcrease with radio frequency (rf) power, from 51180 K at 80 W to

869 + 54 K at 200 W for SiF, and from 42# 65 K at 80 W to 557+ 31 K at 200 W for Sik. These
differences in®+ for SiF and Sik; indicate that the SiFplasma is not in full thermal equilibrium. Possible
mechanisms for the trend of increasi®g with rf power are discussed by correlating SiF and,S#locities

with relative gas-phase densities. In addition, the effect®pbn the surface scatter coefficients for each
molecule have also been addressed.

I. Introduction The roles of gas-phase radicals and-gasrface interactions

in these processes are important to an understanding of the
overall fluorosilane chemistry. In addition, the energetics of both
gas-phase and gasurface reactions are extremely important.
The imaging of radicals interacting with surfaces (IRIS)
techniqué®16provides a unique way to examine many of these
aspects of the overall plasma chemistry. IRIS combines plasma
molecular beam techniques with spatially resolved laser-induced
fluorescence (LIF) to study the state-specific reactivity of
pstas o SICI using SIECHr-Fi e SI-CH,pis. DT 0erelet spedes g s processing event e
mas? a-SiNy:F using Sik/NHs plasmas and F-SiO, using of SiF and Sik in SiF; and SiR/H, plasmas’~2° The effects

SiF,—0,112 and SiR—0;—H,—He plasmad?* Although ) e
extensive studies have been reported on these fluorinated SlOf radio frequency (i) power, ﬁ-ldlll_m_on, gas flow rate,_ and
n bombardment on surface reactivity were explored in those

materials, most have focused on the deposited materials, wherea® :

little work has been done to characterize the gas-phase reactionStUdies- In present work, we extend our research to the energy

and gas-surface interactions. Thus, the molecular-level details diSSiPation in Sik plasmas, specifically, the translational or

of deposition mechanisms in these systems are not fully Kinetic energies of SiF and Siffnolecules.

understood. Knowledge of energy partitioning between different species
is important to an overall understanding of the chemistry

*To whom correspondence should be addressed. E-mail: erfisher@ OCCUITNg in low-temperature plasmas. Kinetic energy distribu-
lamar.colostate.edu. tions of plasma species are, however, difficult to deterriine.
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Fluorosilane plasmas have been widely studied either as a
fluorine source for Si etching or as a silicon source for deposition
of Si-based materials. In 100% Siplasmas, etching of Si, SO
and SgN4 occurs readily, and F-atoms are consider the primary
etchant in these systertis® Addition of one or more source
gases to SiFplasmas leads to deposition of a wide range of
fluorinated Si materials, such as a-Si:F:H using,8i*> and
SiF,—SiH;—H, plasma$, a-Si,Ge:F:H using SiF-GeH,—H;
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IRIS not only allows us to obtain surface reactivity of radicals measurements, the laser was tuned to 221.530 nm (0.8 mJ/pulse)
interacting with surfaces but can also be used to measureby frequency doubling the output of the dye laser, corresponding
velocity distributions of radicals in the plasma molecular to the 2* vibronic band of the AB; — X!A; transitionl®
beant?-24 and of those scattered off of surfa¢eé$®The average To increase spatial and temporal resolution, the ICCD pixels
translational velocity of radicals is determined by taking LIF are not binned and a short gate width of 100 ns is used. The
images at different time delays after the laser excitation of the ICCD images are taken at four different time delays, typically
radicals and evaluating the spatial shift of the LIF images. This 160, 360, 560, and 760 ns after the laser pulse for SiF excitation,
velocity can then be converted to a translational or kinetic and 110, 510, 910, and 1310 ns after the laser pulse for SiF
temperature. We have reported that the translational temperatureexcitation. For high accuracy of the measurements, time delays
Or, of NH; radicals in NH plasmas increases linearly with  are preferentially taken as high as possible. However, this is
applied rf powerP.2225 At P = 45 W, ©1 ~520 K, whereas limited by the radiative lifetime of SiF~230 ng€") and Sik

the rotational temperatur®g of NH, was estimated to be  (variable lifetime from 60 ns to severad®®). In our experiment,
somewhat lower@r ~340 K. In tetraethoxysilaneAplasmas,  the SiFk, LIF signals decreased to a very low value at time delays

we observed tha®r was nearly twice as large &3 for OH longer than 2us. We have measured the decrease in SIF
radicals and tha®r increased slightly with rf powe® Most intensity as a function of time delay. Fitting the data using an
recently, we measured botBr and ©g for SiH in SiH, and exponential function yields a time decay constant@50 ns.

Si;He plasmas and foun®g was also significantly lower than  This value should be considered as a lower limit of the,SiF
©7.227241n the SiH study, however, botBr and®r were found fluorescence lifetime since SIEEIF signals can be detected at

to be independent d? from 10 to 85 W. Such studies have about twice the time delays used for SiF, which has a
allowed us to discern between different mechanisms for energyfluorescence lifetime of~230 ns?’ LIF signals of 8 to 12
partitioning and for dissociation of feed gases. In the present accumulations of 60,000 laser shots were taken at each time

work, we have measure@r for SiF and Sik, with P = 80— delay. Background images obtained with an off-resonance laser

200 W. These measurements for SiF and,$éflicals in Sig wavelength were subtracted from the data images. One-

plasmas complement our previous studies of surface reactivity dimensional cross section plots were made by averaging over

for these two species. 100 rows (8.96 mm) of pixels perpendicular to the laser beam
and plotting signal intensity as a function of distance away from

Il. Experiment and Data Analysis the laser beam path. Because the laser intersects the molecular

. . ) . beam at a 45angle, a conversion factor of 1.414 is used to
The IRIS apparatus has been described in detail previébisly. give the final plot of LIF intensity as a function of distance

A brief description of the instrument with respect to these along the molecular beam. This leads to “snapshots” of the
experiments is given here. Feed gases enter at the rear of a glasgyatial position of the LIF intensity at four different time delays.

reactor tube, 13.56 .MHZ r_f power is applied through a matching Because only relatively short time delays could be used in
nenNorK, and an inductively coupled .plasma IS prgducgd. these systems, the spatial movement at different time delays is
_Expansmn of th? p'as”?a through a Series of collimating slits not obvious. Therefore, to accurately determine the positions
into a double dlffe_rennally pumped high vacuum che_lmber of LIF intensity peak position, a symmetrical laser spatial profile

generates an effusive molecular beam consisting of virtually .o << imed and the plot is fitted by a Gaussian function. As

all specigs present in the plasma. The velocities of radicalls. n discussed in detail previousty,the peak positions are then
the effusive molecular beam approximate the random velocities plotted as a function of time delay and fit with a linear

in the bulk plasm&? A tunable excimer-pumped (XeCl, 100 - - B :
. ’ regression. The slope of this linear fit gives the average velocity
mJ/puise, 100 Hz) dye laser system with Coumarin 120 of SiF or Sik along the center axis of the molecular beam.

intersects the plasma molecular beam at E."thér (4'590.3 This is considered a lower limit to the velocity because radicals
downstream from the plasma source and excites the radicals of

int ¢ Both i dq h molecul th are also moving in radial directions. To account for this, a Monte
INterest. Soth geometries were used for €ach molecule, With N0 o544 simylation prograf2%is used to simulate the spatial LIF
significant difference in the resulting velocity values. In the

present work, the experimental geometry for the reported dataimenSity of SiF and SiFalong the molecular beam'’s central
was 45 for the SiF data and 90for the SiF data. Spatially axis. This model assumes a Gaussian laser beam profile and a

- - Maxwell—Boltzmann distribution of molecular velocities in the
and temporarily resolved LIF signals are collected by an

electronically gated, intensified charge coupled device (ICCD) molecular beam. The peak positions of the simulated data are

. lotted again as a function of time delay and the slope is
located perpendlcular to t.)Oth the. molec_ular Peam and t,r,]e IZ’I‘C’er]f:,ompared with the experimentally obtained value. The procedure
beam, directly above the interaction region. “Snapshots” of the

. . i t til tfiti tai , yielding th locit
LIF images of the expanding molecular beam are taken at 's repeated until a best fit is obtained, yielding the velocity and

. o " temperature of SiF and Sikh the plasma. This method is ver
different camera gate delays after laser excitation. The velocity P S P y

£ 1h dical b tv be deduced f h i Isensitive to small spatial shifts of the LIF peak position and
of the radicals can subsequenty be deduced from the spalialy, s s jgeal for velocity measurement of radicals with relatively
shift in maximum intensity of the fluorescence between the

. short radiative lifetimes. Indeed, we have successfully demon-
different delays.

] o e strated the procedure in the measurement of the translational
_ In the present work, Sif(Matheson, 99.9%] is introduced  yg|ocity of SiH radical (radiative lifetime of 534 # in SiH,
into the plasma chamber at a flow rate of 30 sccm. The applied 5, SiHs plasmag4

rf powerP is varied from 80 to 200 W. The operating pressure
in the plasma chamber varies from110 mTorr for 80 W
plasmas to~150 mTorr for 200 W plasmas. The molecular
beam was collimated by two slitsy1.2 and~1.4 mm wide, A representative velocity measurement is shown in Figures
with the second slit 12 mm downstream from the first one. For 1 and 2 for SiF in a 100% SiFplasma atP = 200 W, using

SiF velocity measurements, the laser was tuned to 437.348 nmfour different time delays and a 4§eometry between the laser
(~10mJ/pulse), corresponding to the 5.5 J-state of the (0,0) bandand the molecular beam. Figure 1 shows the ICCD images, and
of the SiF &>+ — X2I1 electronic transitiod® For SiF, velocity Figure 2 shows the corresponding cross-sectional LIF signals.

Ill. Results
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Figure 1. ICCD images of LIF signals for SiF radicals in a 100% Sifasma molecular beanf? (= 200 W) at four different time delays: (A)
160 ns, (B) 360 ns, (C) 560 ns, and (D) 760 ns after laser excitation. The experimental geometry for these d&tdetasedb the laser and the
molecular beam. Dashed lines indicate the locations of the molecular beam and the laser beam.

(©)

25000 TABLE 1: Translational Temperatures (K) of SiF and SiF,
— Radicals®

rf power
80w 100 W 130 W 170 W 200 W

SiF  571+180 598+85 802+88 831+120 869+ 54
SiF, 427+65 445+1  457+67 511+18 557+ 31

aErrors are determined from the linear regression analysis for the
plots of LIF peak position as a function of time delay. These encompass
four data sets for measurements made at the higher applied rf powers
and 8-12 data sets for measurements made at the lower rf powers.
bData at 200W includes data taken at two different experimental
; A | geometries, 45and 90. Errors for these values were calculated using
[ [ B R weighted averages.
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taken with a 99 geometry. The corresponding cross-sectional
Figure 2. Cross sectional data for the SiF LIF images shown in Figure IA_fIFglgnaIS _along \:CVIEE the Slmglatlo? rlezultts aredsfgt?wn n Fllg?re
1 (solid lines) at four different time delays: (A) 160 ns, (B) 360 ns, ™ omparison of the experimental data an e simulation
(C) 560 ns, and (D) 760 ns after laser excitation. Simulated results "eSults gives an average Silelocity of 425+ 14 m/s,
with an SiF translational temperature of 855 K are also shown (dashed corresponding t@®+ = 5654 37 K. This is significantly lower
lines). In the inset, the spatial positions of the maxima of the LIF signals than that found for SiF under the same plasma conditions.
are plotted as a function of time delay. The slope (617 m/s) of the  Figyre 5 show the average translational temperatures of SiF
linear regression corresponds to the velocity of the SiF radicals in the and Sik radicals in Sik plasmas as a function of applied rf
direction of the central axis of the molecular beam, which is a lower Th | d limit Iso listed in Table 1
limit to the SiF velocity in the molecular beam. power. These values and error imits are also fisted in table 1.
As noted in the Experimental Section, we have measured the
. . ) . ) velocities of SiF and SiFfor P = 200 W at experimental
As the time delay increases, the intensity of the LIF signal goqmetries of both 45and 90, yielding identical results within
decreases and the cross sectional LIF signal shifts along theexperimental error. In Figure 5 and Table 1, the value$fer
direction of the molecular beam. The shift is more clearly seen 555 \w are the weighted average of thesé two experimental
In the _|nset of Flgu_re 2, "_Vh'Ch shows the pe_ak po_smon of LIF geometries. For S the average translational temperatures
intensity as a function of time delay. The LIF intensity decreases ,-rease linearly with rf power, with a slope of 0.946. For SiF
with increasing time delay as a result of the radiative decay of O also increases with rf poWer but does so with a shar]o
the excited SiF AZ* state after the laser excitation pulse. As increase in©®; betweenP = 10(') W andP = 130 W.
noted above, larger steps in time delay are preferred for more i restingly, this rapid increase is concomitant with a transition
accurate measurement, but this is limited here by the relatively ;¢ 1o Sik plasma from low-density regime to high-density
low signal-to-noise ratio at longer time delays. The time delay regime. This transition is characterized by a strong increase in
steps (200 ns) are nearly as long as the radiative lifetime of S'Flight emission and electron density. Although some of the
(230 ns)_. ) - observed increase in kinetic temperature of the, Sipecies
The simulation results are also.plotted in Flgur_e 2.The good .4 d be attributed to the increase in pressure at higher
agreement between the experimental and simulated CrosSygegs not account for the significant differencesdn for the
sections indicates the SiF radicals in the effusive molecular beamy,, species, the nonlinear behavior of the SiF data in Figure 5
follow a Maxwell-Boltzmann distribution. The simulation . e increased dissociation and ionization in the plasma.
yields an average velocity, of 621+ 22 m/s, corresponding
to ®1 = 855+ 60 K under these plasma condition®+(=
amv?/8k, wheremis the mass of the radical akds Boltzmann
constant). In two parallel studies of surface reactivity of SiF and SiF
Figure 3 shows the ICCD images of the velocity measurement in SiF, and Sik/H, plasmas81®we observed that the density
for SiF; in a 100% Sik plasma molecular beam Bt= 200 W, of SiF, increased linearly withP, while the density of SiF

IV. Discussion
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Figure 3. ICCD images of LIF signals for Spradicals in a 100% Sifplasma molecular bean (= 200 W) at four different time delays: (A)
110 ns, (B) 510 ns, (C) 910 ns, and (D) 1310 ns after laser excitation. The experimental geometry for these dataeras®0 the laser and the
molecular beam. Dashed lines indicate the locations of the molecular beam and the laser beam.

20000 in SiF; plasmas using resonance enhanced multiphoton ioniza-
tion combined with time-of-flight mass spectrometry (REMPI-
TOFMS)3° The observation that both velocities and densities
of SiF and Sik increase with increasing power dependence
indicates that the rf power contributes to the dissociation of SiF
and that at least part of the increased power is partitioned into
translational heating of the SiF and gifadicals. Furthermore,

the similarity in the power dependencies of the velocities and
densities suggests that the translational heating of SiF and SiF
radicals is related to the number densities of these two species

In SiF4 plasmas, SiF(x = 0, 3) radicals or ions are produced
by electron-induced dissociation of SiF he loss of F atoms
could be either stepwise or nearly simultaneous, in a concerted
fashion. The products can be either ground state or excited state,
neutral or ionic. Bruno et & observed that excited SiF(x =
Figure 4. Cross sectional data for the SIHF images shown in Figure 1-3) species are mainly generated by a direct electron impact
3 (solid lines) at four different time delays: (A) 110 ns, (B) 510 ns, gaxcitation process of the same species, i.ex SIE~ — SiF.

(C) 910 ns, and (D) 1310 ns after laser excitation. Simulated results o e :
with an SiFk, translational temperature of 565 K are also shown (dashed When rf power is increased, the number densities of SiF and

lines). In the inset, the spatial positions of the maxima of the LIF signals S'Fz radicals and electrons_ density |_ncrea_ses, V_Vh*'Ch a_lsc_) leads
are plotted as a function of time delay. The slope (423 m/s) of the t0 increased number density of excited 'Sifid Sik". This is
linear regression corresponds to the velocity of the &Bicals in the consistent with the fast increase of light emission during the
direction of the central axis of the molecular beam, which is a lower |ow-density to high-density transition in our system when the

15000

10000

800 1200 1600
Delay Time (ns)

5000

SiF, LIF Intensity (a.u.)

=20 -10 0 10 20 30

Distance Along the Molecular Beam (mm)

limit to the SiF; velocity in the molecular beam. rf power is increased from 100 to 130 W. The processes that
1000 create the excited SiFand SiR" species could also contribute
L to translational heating of SiF and SiRolecules. This can
900 |- happen in two ways. Collisional relaxation of the excited,SiF
g r species could result in ground-state ,3ikat have higher kinetic
g 8007 energy. Alternatively, the SiF species could transfer their
*3 700 excess energy in a collision with other gifolecules, convert-
5 ing this energy to translational energy of the products (i.e., SiF
E- 600 or SiR).3 This heating is likely responsible for the similarity
S in the power dependence of SiF and SiElocities and number
500 density, as well as for the rapid increase@j of SiF during
400 - the low-density to high-density transition.
5 Other translational heating processes, such as collisions with
300 SO ' S energetic ions, are also related to the radical density and electron
60 80 100 120 140 160 180 200 220 density of the plasma. Increasing the rf power increases the ion
Applied rf Power (W) density, energy, and collision frequency of ions and radi&als.

Figure 5. The average translational temperatures of SiF (circles) and !f the same ionic or neutral species collides with SiF and,SiF
SiF, (squares) radicals in SjBlasmas as a function of applied rf power.  the SiF will have higher translational velocity than the SiF
The straight line for Sif-data represents a linear regression fit to the because of the difference in mass. This may account for the
data with a slope of 0.946 and afivalue of 0.976. observation that SiF has a higher translational temperature than

SiF, at all rf powers. The difference i@t of SiF and Sik
increased slowly with rf power up to100 W and then increased  radicals, however, could be the result of the dynamical history
rapidly above 100 W. This same dependence of SiF density onof the dissociation processes of il which lighter fragments
applied rf power was also observed in our study of SiF radicals carry away more energy.
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Knowledge of energy partitioning between different species rf power, which indicates that the Sifplasma is not in full
is important to developing a complete understanding of the thermal equilibrium. Possible effects of translational temperature
chemistry of low-temperature plasmas. The translational energy changes on scatter coefficients have also been addressed in terms
distributions of SiF and SiFradicals in Sik plasma as a  of simple scattering probability. These are more fully discussed
function of rf power also provide insights into the interactions in our studies of the surface interactions of SiF and, $iF0°
of these two species with surfaces. In two parallel studies, we

have explored the surface reactivity of SiF and,Sif SiF, Acknowledgment. This work is supported by the National
and Sik/H, plasmas and the effects of rf power; Hilution, Science Foundation (Grants NSF 9812332 and NSF 0137664)
gas flow rate, ion bombardment, and substrate temper&tiife. and the Dreyfus foundation. We also thank Prof. Elliot Bernstein
In these studies, we have measured scattering coefficsdtiis for helpful discussions.
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