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Surface Reactivity of OH Molecules during Deposition of SiQ from Siloxane-Based Plasmas
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The surface interactions of OH{K) radicals during Si@deposition from 1,3,5,7-tetramethylcyclotetrasiloxane
(TMCTS)/oxidant (Q or N,O) and dimethyldimethoxysilane (DMDMOS)/oxidant{@ N,O) plasmas have
been measured by using the imaging of radicals interacting with surfaces (IRIS) method. The reactivity of
OH at the surface of a growing Sidiim has been determined as a function of the applied rf plasma power
(P), the precursor-to-oxidant ratio, and the substrate temperafdreFHor both Si precursors, the surface
reactivity R) of OH during SiQ deposition on a 300 K Si substrate+9.60 and is unaffected by changing
precursor:oxidant ratio but does increase slightly vidtHn contrast, at higher substrate temperatuiigs>(

350 K), R decreases to 0.14 0.10 for 1:10 TMCTS/@plasma P = 100 W) and to 0.42+ 0.03 for 1:10
DMDMOS/O; plasma P = 100 W). The rotational@r) and translational®+) temperatures of the OH
radicals have also been determined. The formation and role of OH in d&ifosition are discussed and
compared with previous results for TEOS/@lasmas.

1. Introduction measured as 0.5F 0.05 when the substrate temperature (
was 300 K.R decreased to approximately zero (100% scatter)
atTs = 500 K. The decrease iR was attributed to the loss of
silanol surface coverage at higiy and to the decrease in the
activation energy for desorption relative to the activation energy
for reactiont’
We have previously investigated the source and role of OH

in a film deposition system, specifically PECVD of $j@sing
a 20:80 TEOS/@system!819 With the TEOS/Q system, the

urface reactivity of OH on a 300 K Si substrate was 041

.04 and was unaffected by changing the applied rf plasma
power @). Interestingly, R decreased significantly as the
substrate temperature was increased, reaching 0.5aB50
K. This was attributed to a decrease in reaction partners such
as the silanol group{SiOH) or H atoms on the surface at higher
Ts. Using isotopically labele¢fO, as the oxidant, we also found
that oxygen atoms in thevere the source of the oxygen atoms
in OH, not oxygen in the TEOS precursor.

In a separate study, we recently investigated PECVD 0§ SiO

films from 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS)- and
dimethyldimethoxysilane (DMDMOS)-based plasrag.M-

The imaging of radicals interacting with surfaces (IRIS) X .
techniqué>16 used in our laboratories characterizes gas-phase CTS and DMDMOS are relatively new precursors for deposition
of SiO,, and are of interest for the deposition of porous low

plasma species as well as their surface reactivity during plasma

processing of a substrate. The IRIS method combines plasmadieleCtriC constant films. High-quality SiOfilms can be

and molecular beam technologies with laser-induced fluores- deposited f“?’.“ these two precursors with_sufﬁcient_oxida@t ©
cence (LIF) to provide spatially resolved two-dimensional or N;O) addition. Moderate amounts 6fSiOH species were,

images of radical species during plasma processing. Buss anor'owever’ also present in the fllms. As W'th. mpst BtBposition
co-workers” applied the IRIS technique to study the gas-phase systems, we found that the silanol mojeties are reduced or
and surface reactivity of OH in aJ@ plasma system interacting e"”."“a‘?d at elevateds. Similar to the TEOS sy_stem, OH
with a SgN4 surface. Note that the J@ plasma only hydrates radlcgls in the plasma gas phase may b? responsllble for silanol
the SiN, substrate surface and it is a nondepositing and species formation and may also be involved in precursor

nonetching system. It is hypothesized that the OH radical was frr?gmetnta_\tlotr_] an(: c§|||-|m' dgpt%sltkllon. Wehpreseng hte;ﬁ'n the
involved in an exchange mechanism with silanol groups presentC aracterization o In bo € gas phase and at the gas

on the substrate surface. The surface reactiRlyof OH was surface interface in the TMCTS and DMDMOS plasma systems.
' Deposition parameters studied include applied rf power, precur-

*To whom correspondence should be addressed. E-mail: erfisher@ SOI-to-oxidant ratio, and substrate temperature. Comparison of
lamar.colostate.edu. the results for TMCTS- and DMDMOS-based plasma systems
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Organosilane precursors, such as tetraethoxysilane (TEOS)
are widely used to deposit Si@nd other silicon-based materials
in plasma-based processed An oxidant such as £or N,O is
commonly added to the precursors to deposit stoichiometric
SiO,. In plasma-enhanced chemical vapor deposition (PECVD)
processes, the role of the oxidant is to oxidatively remove
organic components from both the gas phase and the growing
film, resulting in the production of high-quality S34-12 In
the gas phase, oxygen oxidizes and enhances fragmentation o
precursor molecules. Moreover, oxidation of adsorbed precursor
fragments on the film-forming surface is important to form
hydrocarbon-free Si© However, a moderate concentration of
the undesirable silanoHSIOH) species is also incorporated?
In the reactions of oxygen with hydrocarbon species, OH is an
important oxidation product as well as a react&nt Thus,
studies of gas-phase OH molecules and their surface reactivity
during SiQ deposition provide insight into hydrocarbon removal
in both gas-phase and gasurface interactions, and reveal a
possible source of silanol groups in the film.
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with those for the TEOS/@and HO:SkN, systems expanded the Q branch of the OH At — XZ2I1(0,0) transition,
our knowledge of sources and roles of OH in Sif&@position respectively. Except for thel-state substrate temperature

plasmas. dependence study, all data were collected with the laser tuned
to 307.853 nm, corresponding to the @ = 1.5) state of OH.
2. Experimental Details The LIF signals were imaged onto the ICCD camera gated

. . . . at 100 ns after the excitation to avoid laser light interference.
_ The IRIS apparatus has been described in detail previously, o ;349 pand-pass filter was placed between the ICCD camera
!nclllédmg det?"s of th? plasma generation and chamber spemf-and the vacuum chamber to reduce spurious signals from
ics™ Briefly, in a typical IRIS experiment, feed gases entgr scattered laser light and plasma emission. A gate width of 1000
the rear of a tubular glass reactor, 13.56 MHz rf power is < \vas used (the OHZ&* radiative lifetime is 688t 7 ng9)
applled_, and an mductlvely_ couplec_i p'aS”_‘a IS produced._The and the pixels were 4 4 binned to increase the signal-to-
expansmnh of éhe ﬁlasmﬁ |nlto a r(}}llflferendtlally pulr‘pe‘?' h'glh' noise ratio. Each image consists of 6000 or 7200 laser pulses.
vacuum chamber through a 1-cm hole and two collimating slits Multiple sets of data were taken with the surface alternating in
creates a near-effusive molecular beam, which contains virtually and out of the molecular beam path. Background images were

all the spehmes] presentlm tlhe bbU|k %Iasma. A tuar;able Iasertaken with the laser tuned to a nonresonance wavelength and
intersects the plasma molecular beam downstream dtantfie g hiracted from each image. One-dimensional cross sections

?r:jd eﬁci;tles the specielz_sIFof interest. Spa;tlially (;eSF"P:’Ed IaSerere formed by averaging 15 pixel columns along the laser axis
induced fluorescence (LIF) images are collected with a gated 5y hjotting signal intensity as a function of distance along the
intensified charge-coupled device (ICCD) camera located laser path

perpendicular to both thg Ias_er beam and the plasma moleculgr A numerical simulation is used to quantify the spatially
beam. A substrate that is oriented parallel to the laser beam IS asolved LIE data to obtain the surface reaciivity of the OH

ir%tztzc; ::r?;h:inpggl]leocftézengs drinffirn;s::eecgtlaatl;vgzﬁnljlI?ri]r?laue':sradicals' The simulation program has been described in detail
9 g ’ g previously!® It is based on the known experimental geometry

(r:r?(l)lleeitligrvgggr;hii :tl:ﬁggg&elqoatwé guéc?éstk;iaﬂ?rg dogf;h[ﬁeand calculates the spatial distribution of the OH number density
P in the molecular beam at the interaction region as well as those

substrate surface. Comparisons between the spatial distributior\{or the molecules desorbing from the substrate surface. The

of scattered gn_d incident mol_ecules_, are used to determine the‘scattering coefficientS, defined as the ratio of the flux of
surface reactivity of the species of interest.

. scattered molecules to that of the incident beam, is adjusted to
In the present study, plasmas were produced from mixtureS e fit the experimental data. The surface reactiviy,is
of silicon precursors [TMCTS (Gelest,95%) or DMDMOS defined as 1— S

(Gelest,>95%)] and oxidant gases §@General Air,>99.99%)
or NoO (General Air,>99%)]. The TMCTS and DMDMOS
vapors were delivered and controlled with a Nupro bellows-
sealed metering valve.@r N,O was introduced into the reactor
through an MKS mass flow controller and allowed to stabilize
prior to the addition of the silicon precursors. The total pressure
in the reactor was maintained at 301 mTorr. The flow rate velocity of the scattered molecules to the velocity of the
of O, or N0 varied from 10 to 22 sccm and the ratio of 000 beamFs = Vscaf V2122 With methods described
precursor to OXIda!’It Was.calculated from their partial pressures; o)) previously?324we have utilized the IRIS instrument
zgﬁnvl-'?(;lfg Ig%mwl 'gJgsié?e'gxgrgpngmop%wmer_\,:vase \/Sailrled to measure the velocities of OH in our plasma molecular beams.
(100) wafers with lthe polished side facing the molgc}L/JII)ar beam For velocity_qlistri_b utior_ls of scattered molecules, we assume
The wafer was mounted on a heatable substrate holdeTand ) therm_al equilibration with the sgrface has occurred. Thus, f[he
was varied from 295 to 573 K. The distance between the IaserveIOC|ty of scattered molecgleg is gssumed to be characterized
: -~~~ by a Maxwel-Boltzmann distribution afs.
beam and the substrate surface was 3 mm for all reactivity
experiments.

Tunable laser light ranging from 500 to 10Q0/pulse was
produced from a frequency-doubled excimer (XeCl, 170 mJ, 3.1. SpectroscopyLIF is a nonintrusive and highly selective
30 Hz) pumped dye laser system, using Rhodamine B dye. Fortechnique that allows for the identification and study of one
fluorescence excitation experiments, the plasma molecular beantype of species among many others in the plasma molecular
was collimated by a single 1.5-mm-wide slit. The laser was beam. Panels A and C in Figure 1 show the fluorescence
stepped from 307.6 to 309.0 nm in 0.001-nm increments and excitation spectrum for OH obtained from 1:10 TMCT 24hd
the LIF of the OH &= — X2IT (0,0) transition was collected = DMDMOS/O; plasmas aP = 100 W, respectively. Calculated
and plotted as a function of laser wavelength. At a given laser spectra for the OH At — X2[I (0,0) transition using the
power and given laser wavelength, the fluorescence signal ismolecular constants of Cox&hare shown in Figure 1, panels
proportional to the OH ground-state populatiéi? We have B and D. The excellent agreement in the line positions verifies
previously examined wider spectral ranges and find that the fluorescing species is indeed OH. A comparison of the
excitation data taken in this limited wavelength range are relative line intensities between the experimental spectrum with
representative of the OH populati&ht® For reactivity measure-  the spectra calculated at different rotational temperatures, using
ments, the plasma molecular beam was collimated by two slits, a linear least-squares method, yietdls = 325+ 20 K for OH
1.0 and 1.25 mm wide, with the second slit located 12 mm in the TMCTS plasma. With the same method, the OH rotational
downstream from the first slit. The first slit was mounted on a temperatures for plasmas of 1:20 TMCTSIN 1:10 DMD-
liquid N cold shield to minimize desorption of molecules from MOS/O,, and 1:20 DMDMOS/NO atP = 100 W are 365+
the slit surface. The laser was tuned to 307.853, 308.164, or25, 380+ 25, and 355+ 20 K, respectively. Thus®r(OH)
308.528 nm corresponding to tle= 1.5, 3.5, and 5.5 states of  values in these plasmas are approximately the same within

IRIS experiments measure the relative densities of molecules
in the incident molecular beam and scattered molecules from a
surface. If the velocity distributions of the two populations (i.e.,
the molecular beam molecules and the scattered molecules) are
significantly different, this can affect their densities in the Id8er.
This can be accounted for by scali®by the ratio of the

3. Results
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Figure 1. (A) Experimental fluorescence excitation spectrum of OH in a TMCESL10) (P = 100 W) plasma molecular beam. Peaks at
307.853, 308.164, and 308.528 nm correspond to thier@nch 1.5, 3.5, and 5.5state of the OH A=* — X2IT (0,0) transition, respectively. (B)
Calculated fluorescence excitation spectrum of OFLA— X211 (0,0) transition, using the molecular constant of Cékat ©r = 325 K. (C)
Experimental fluorescence excitation spectrum of OH in a DMDMQ$1@1.0) (P = 100 W) plasma molecular beam. (D) Calculated fluorescence
excitation spectrum of OH &+ — X2IT (0,0) transition, using the molecular constant of Cékat Or = 380 K.
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Figure 2. LIF intensity of OH as a function of precursor-to-oxidant
ratio atP = 100 W for plasmas of TMCTS:{Jsolid circles), TMCTS:
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Figure 3. LIF intensity of OH as a function oP for plasmas of
TMCTS:G; (1:10) (solid circles), TMCTS:pD (1:20) (open circles),
DMDMOS:0; (1:10) (solid triangles), and DMDMOS#® (1:20) (open

N.O (open triangles). Based on reproducibility, estimated errors in these triangles). Based on reproducibility, estimated errors in these values

values aret10%.

are +10%.

experimental error, with the greatest disparity occurring between increase dramatically when the ratio exceeds 1:2 fpoQL:8

the TMCTS/Q system and the DMDMOS/Osystem. The

for N,O. The OH LIF intensities reach maxima at ratios of 1:6

values derived in these systems are, however, significantly lowerfor O, and 1:20 or 1:30 for BD. These results demonstrate

than that measured for OH in the 20:80 TEOgflasma aP
= 80 W, which yielded®r = 440+ 50 K18 These differences
are discussed further below.

Figure 2 shows the OH LIF intensities as a function of the
precursor-to-oxidant ratio for TMCTSKOTMCTS/NO, DM-
DMOS/O;,, and DMDMOS/NO plasmas with? = 100 W. Note

that production of OH is directly related to the oxidant
concentration in the plasma. Figure 3 shows the OH LIF
intensities as a function d® for plasmas of 1:10 TMCTS/§)
1:20 TMCTS/NO, 1:10 DMDMOS/Q, and 1:20 DMDMOS/
N2O. In all of the plasma systems, OH LIF intensities increase
with P. Note that film quality under these high oxidant

that no OH LIF signals were detected for plasmas comprising conditions is quite good, with little to no carbon incorporation

100% precursor, similar to results in the TEOS&9stem. OH

observed. At loweP values, however, we observe significant

LIF intensities become measurable with addition of oxidant and contributions from silanol species in the films.
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Figure 4. Two-dimensional ICCD images of OH LIF signals in (A) a TMCT$:Q:10) P = 100 W) plasma molecular beam and (B) with an
Si substrate rotated into the path of the molecular beam at alageace distance of 3 mm. Image C is the difference between images A and B
and shows only OH molecules scattered from the surface. Dashed lines indicate the locations of the molecular beam and the laser beam.

TABLE 1. O+ for OH as a Function of P

40000 01 (K)
plasma conditions 50 W 100 W 150 W
30000 TMCTS:0; (1:10) 308 508t 64 708+ 110
TMCTS:N;O (1:20) 383 573t 55 763+ 41
DMDMOS:0O; (1:10) 498 670k 78 842+ 77

DMDMOS:N;O (1:20) 541 725t 78 909+ 94

a As signal levels were extremely low at 50 W, these values were
estimated to a first-order approximation assuming a linear relationship
between®r andP.

20000

LIF Intensity (a.u.)

10000

velocity of OH radicals in our molecular beams using methods
described previousl§?24 Values for®+ are listed in Table 1.
These values have been used to calculate correction factors for
our scattering coefficients, which are listed in Table 2, along
25 20 415 -10 5 0 5 10 15 20 25 with the correcteds values. For comparison, results from the
Distance Along Laser (mm) TEOS/Q system are also given in Table 2.

The effects ofP and the precursor-to-oxidant ratio on the

surface reactivity of OH have also been examined and the

Figure 5. Cross sections (solid curves) of OH LIF images A and C in

Figure 4. Dashed curves represent the simulation resultsRwit!0.38. resultingR values are listed in Tables 3 and 4, respectively.
These values have also been corrected based on the differences
3.2. Surface Reactivity.Surface reactivity in IRIS experi-  in velocity distributions. For both silicon precursors, and for

ments is measured by comparison of ICCD images obtained O, and NO, OH reactivity on the Si@film forming surface is
with the substrate surface in and out of the path of the plasmaessentially the sameR = 0.59+ 0.05 under all conditions at
molecular beam. Figure 4 shows a typical set of 2-dimensional P = 100 W. However, OH reactivity increases frdr= 0.50
ICCD images of LIF signals for OH in a 1:10 TMCTS/O + 0.06 atP =50 W toR = 0.64 + 0.04 atP = 150 W. For
plasma atP = 100 W. Signals from OH in the incident comparison, results from the TEOS/Gystem are also listed
molecular beam are shown in Figure 4A. In Figure 4B, the in Tables 3 and 4.
substrate is placed in the path of the molecular beam and the Substrate temperature is another important deposition pa-
LIF signal includes both OH in the incident molecular beam rameter in SiQ PECVD processes, specifically with respect to
and any OH scattered from the substrate surface. Figure 4C isthe incorporation of SiOH groups. Thus, the surface reactivity
the difference between panels B and A in Figure 4, showing of OH molecules as a function dfs can provide additional
only the signal resulting from OH desorbing from the surface. insight into deposition mechanisms. Measurement ofltk&te
By averaging several columns of pixels along the laser beam dependence ddon Ts can also be used to determine thg of
axis, 1-D cross sections of the LIF images shown in Figure 4A,C OH.17:1821.22.26Ag noted aboveSis defined as the ratio of the
can be created (Figure 5). The simulation results, shown asflux of scattered molecules to that of the incident beam. If OH
dashed curves in Figure 5, yield a scattering coeffici€nt radicals in the incident molecular beam adsorb on the surface,
0.62 £ 0.05, which results in a surface reactivity Rf= 0.38 thermally equilibrate, and desorb, then the desorbed OH will
=+ 0.05. Averaging three sets of data givRs- 0.40+ 0.03 for have the temperature characterized y If ®r = T, the
OH from 1:10 TMCTS/Q plasma aP = 100 W at the surface  population of a specifid state in the incident molecular beam
of a depositing SiQfilm. will be different from that in the scattered molecules from the
As noted in Section 2, changes in translational temperature surface. There will, therefore, be an apparent change in the
upon interaction with the substrate can significantly affect the observedSvalues for different] states. The observefivalues
observed scatter coefficient. Here, we have measured theof differentJ states will be the same only whéx = T.. Figure
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TABLE 2: OH Translational Temperatures, Correction Factors, S, and R Values atP = 100 W
correction factdt

plasma conditions 07 (K) (Vscal Vimb) S R Sor Reor
TMCTS:0; (1:10) 508+ 64 0.77 0.6Qt 0.03 0.40 0.46 0.54
TMCTS:N,O (1:20) 573+ 55 0.72 0.5 0.05 0.43 0.41 0.59
DMDMOS:0; (1:10) 670+ 78 0.67 0.59+ 0.05 0.41 0.40 0.60
DMDMOS:N,O (1:20) 725+ 78 0.64 0.6A0.12 0.33 0.43 0.57
TEOS:Q (1:4P 912+ 20 0.57 0.59+ 0.04 0.41 0.34 0.66

2 These values assume a Maxwefloltzmann distribution offs = 300 K for scattered OH? Values for the TEOS/@system were measured at
P=285wW!®

TABLE 3: R Values for OH as a Function of Applied rf Power

reactivity coefficientsR

plasma conditions

50 W

100 W

150 W

TMCTS:O, (1:10)
TMCTS:N,O (1:20)

0.40 (0.41) 0.11
0.46 (0.52} 0.04

0.40 (0.54) 0.03
0.43 (0.59} 0.05

0.33 (0.57)+ 0.03
0.46 (0.66}: 0.04

DMDMOS:0; (1:10)
DMDMOS:N,0 (1:20) 0.33 (0.57): 0.12
TEOS:Q (L:4P 0.41 (0.66)+ 0.04

aNumbers in parentheses are values corrected for the different velocity distributions of the incident and scattéiéal@id.for the TEOS/®
system were measured Rt= 85 W18

0.42 (0.55)+ 0.06
0.34 (0.513£ 0.17

0.41 (0.60}: 0.05 0.41 (0.65)- 0.04

0.40 (0.663 0.10

TABLE 4: R Values for OH as a Function of Precursor-to-oxidant Ratio atP = 100 W&
reactivity coefficientsR

plasma conditions

1:4

1:10

1:20

1:30

TMCTS:O, 0.40 (0.54)+ 0.04 0.40 (0.54) 0.03 0.40 (0.54} 0.03 0.39 (0.53) 0.04
TMCTS:N,O - 0.48 (0.63)+ 0.05 0.43 (0.59} 0.05 0.50 (0.64} 0.04
DMDMOS:0, 0.35 (0.56)+ 0.15 0.41 (0.60} 0.05 0.40 (0.603: 0.06 0.37 (0.58 0.07
DMDMOS:N,0 0.39 (0.61)+ 0.17 0.33 (0.57} 0.12 0.37 (0.60} 0.11
TEOS:QP 0.41 (0.66)t 0.04

aNumbers in parentheses are values corrected for the different velocity distributions of the incident and scatténal@d .for the TEOS/®
system were measured Rt= 85 W18

6 shows the measuresivalues as a function ofs for J states
of 1.5, 3.5, and 5.5, as well as the numerical simulationS of
(solid lines) that account for the relativkstate population

essential to the deposition of high-quality Sifims, through
oxidative removal of hydrocarbon substituents from the precur-
sor in both the gas phase and through-gasface reactiong*11

changes with substrate temperature. These values have beeGiven that OH is a well-known and important product in
corrected based on the differences in velocity distributions. For hydrocarbon oxidation reactioA%142studies of gas-phase OH
OH, in a 1:10 TMCTS/Q plasma aP = 100 W (Figure 6A), and its surface interactions during film formation are important
the best fit to the experimental results yielfls= 0.84+ 0.10 to understanding of the overall Si@eposition processes.

for all J states and for sub§tratg temperatures 350 K (S= In the TMCTS/Q(N,0) or DMDMOS/Oy(N,0) plasmas, the
0.40 for Ts = 295 K), which givesR = 0.16 + 0.10. The precursor molecules and,®r N,O molecules are dissociated,
intersection of the simulated lines for a!l thréstates gives an resulting in precursor fragments and O atoms. OH is formed in
estimation 0f®r = 345+ 30 K. For OHina 1:10 DMDMOS/" {h¢ reactions between O atoms and the hydrocarbon species of
O plasma at = 100 W (Figure 6B), the simulation results  yne precursor fragments. In TEOS/@lasmas, isotopically
yield S=0.58+ 0.03 R = 0.42+ 0.03) forTs > 350 Kand |p6jeqta0, studies effectively identified the oxygen source for
Or = 360 + 30_ K. In bo_th sy_stems, the OH _rotatlonal OH as the @ gas, not the oxygen in the TEOS precurkoin
temperatures estimated W'th this method are in exgelle_nt the plasma systems studied here, we believe the oxygen source
agreement wnh Fhose obtained from the fluorescence excitationg ) +b 5H is also the oxidants s@nd NO. This is supported
Zpectrg. In adfd|t|orr]1, the data a_ls_o suggest that there Jsstate by the observation that no OH LIF signals were detected for
ependence for the OH reactivity. 100% precursor plasmas and that the OH LIF intensities are
directly correlated with oxidant addition (Figure 2). Hydrocarbon
oxidation studies have determined that ground-stat®)toms

The deposition mechanism for PECVD of Si@ith orga- typically react V\_/ith small alkanes in the gas phase through
nosilanes or organosiloxanes with, @ N,O is commonly H-atom abstrac.tlon to form OF?.EIgctromcally excited Op)
proposed to consist of several steps: (1) precursor fragmentatiorftoms react with alkanes by either H-atom abstraction or
and oxidation in the plasma; (2) adsorption of the precursor INsertion into the €&H bond?*2In general, all of these OH-
fragments onto the surface followed by surface diffusion; (3) _formlng_ reactions between O atoms and alkan_es _|n_volve strong
gas-surface oxidation to further remove hydrocarbon species interactions only between the O atom and individuatC
and to form inorganic film precursors; and (4) final Si@twork bonds, rather than with the entire hydrocarbon mole€ti®.
formation through condensation of these inorganic precufsors. Similarly, hydrogen abstraction to form OH is a major
Data from our complementary study of SI®@ECVD from reactive pathway for reactions of O atoms with hydrocarbon
TMCTS- and DMDMOS-based plasnidsalso support the moieties in precursors such as TMCTS, DMDMOS, TEOS, and
above deposition mechanism. The addition of an oxidant is their fragmentd8 As noted in Section 3.1 and listed in Table

4. Discussion
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3.0 of the precursor species. This is significant as these precursor
A. TMCTS:0, = 1:10 fragments are considered the active deposition precursors in
251 alkoxysilane deposition systera$:68 Thus, the deposition of
o 0] high-quality SiQ is directly affected by formation of OH
2 - radicals.
Tt 15l The OH surface reactivity 0f0.60 on a 300 K Si@film-
.g forming surface (Tables -24) indicates that~60% of the
£ 101 incident OH molecules react with the surface and 40% scatter
2 or desorb from the surface. As the IRIS experiment does not
O 05 track individual molecules, the reactivity value could be the
g: result of a combination of gasurface interactions that consume
£ 00 ’ ’ ‘ ‘ ’ ‘ ‘ and generate OH. Gasurface interactions can be reactive and
3“:’ B. DMDMOS:0, = 1:10 nonreactive and can be described in terms of two limiting cases,
3 2.0 1 thermal and nonthermal. In a thermal, or Langmtiinshel-
N wood (LH), reaction, a gas-phase reactant species becomes
T 15 fJ =55 trapped on the surface and reacts with another surface sp&cies.
e The product then desorbs from the surface at energies dictated
2 101 §J=3 5 by a Maxwell-Boltzmann distribution at the surface temper-
8 : ature. In a nonthermal, or EleyRideal (ER), reaction, the
0.5 | 3 J=15 incident species reacts with another species at the surface on a
time scale too short for thermal equilibrium to be established,
00 and the product leaves the surface with nonthermal erérlfy.

Analogous nonreactive processes are adsorption/desorption

(thermal) and direct inelastic scattering (IS) (nonthermal). When
Substrate Temperature (K) OH is incident on the surface, it may directly scatter away from

Figure 6. Substrate temperature dependence of the observed scatterinn€ Surface (Process 1a) or adsorb on the surface, thermally

coefficient,S, for OH rotational states of = 1.5 (closed circles), 3.5 equilibrate, and subsequently desorb (Process 1b).

(open circles), and 5.5 (closed triangles) for plasmas of (A) TMCTS:

0, (1:10) and (B) DMDMOS:Q(1:10) atP = 100 W. Solid lines are OH (a), IS /

the results from simulations, assumiRg= 0.16+ 0.10 (A) and 0.42 \ R — OH

+ 0.03 (B) forTs > 350 K. The intersection of the simulation lines T T

yields the rotational temperatures ® = 345+ 30 (A) and 360+ ’ ’

30 K (B). \ M
. . . b), ad b), d

1, the rotational and translational temperatures of OH in TEOS/ (b). ads OH /( )r des

O, plasmas are significantly higher than those in TMCTS- and

DMDMOS-based plasmas under similar conditions. The dif-

OH temperatures. Specifically, the exothermicities of H-atom _gjoH (Process 3). These are reactions that consume OH at
abstraction by GP) are—9.6, —29.3, and—43.1 kJ/mol for the surface of the growing Sidilm.

primary, secondary, and tertiary H atofi¥he TEOS molecule
has both primary and secondary H atoms, whereas DMDMOS OH

250 300 350 400 450 500 550 600 650

7

and TMCTS contain only primary H atoms. Thus, the differ- \H H,0 H(/; )
ences in rotational and translational temperatures may be linked 2
to the significantly higher exothermicity for H-abstraction from 7 7 T
TEOS than from TMCTS or DMDMOS. OH

As noted above, the OH concentration in the gas phase is .. )
directly correlated to the concentration of O atoms and precursor Si —  SiOH 3
molecules. As shown in Figure 2, it takes substantially more WW’///M Z

N2O than Q to form the same amount of OH. Increasing the ) ]
oxidant concentration increases O atom concentrdtamdoes Gas—surface reactions that could produce OH include surface

increasing the applied rf power in the plasma (Figure 3). Both H atom abstraction by gas-phase and/or surface-bound O atoms
of these actions lead to a concomitant increase in OH concentra{Processes 4).
tion. The decrease in OH LIF intensities observed at precursor:

oxidant ratios above 1:8 for Osystems, and above 1:20 for N\ (a), ER Vd
N2O plasmas, Figure 2, is likely the result of decreasing H —_— OH
concentration of precursor molecules in the plasma. OH is anWWm Vi

initial reaction product of O atoms with hydrocarbons and may \
abstract another H atom to produceQ+314 These reactions  (b), ads

also produce more reactive radical species susceptible to further OH
O atom attacks, which may eventually lead to production of Wm mﬁ

CO and CQ.31320ur optical emission spectroscopy (OES) and

mass spectrometry (MS) studies have confirmed the presenceAlternatively, gas-phase O atoms can undergo multiple H-atom
of these species in the gas ph&&as-phase reactions that abstractions from hydrocarbon moieties on a surface, forming
produce OH are important because they enhance fragmentatiorOH and then HO.13.14.3536Qther gas-surface processes that

(C))
(b), LH / (b), des
’ OH
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could involve OH radicals include ion-mediated reactidssich and is effectively zero als = 500 K17 In SiO, deposition
as Process 5, which would produce OH at the surface, andsystems, reactions of OH with surface Si atoms produce
Process 6, OH surface recombination to produg®,38 which undesirable—SiOH species. Increasint; leads to a decrease
would consume OH at the surface. in the surface reactivity of OH, thus a decrease of the probability
of forming surface-SiOH. This is consistent with the observa-
® tion that increasingl’s decreases or eliminates silanol species
N\ / in SiO, films.1112 It should be noted, however, that one

OH - OH 5) additional cause of the decreased OH reactivity at elevaied
WWM WWW is that the relative adsorption-to-desorption ratio of OH from
the surface is different at differef values. This, however,
assumes that the OH is not reacting at the surface, but is merely
participating in adsorptiondesorption processes. The relative
importance of these two mechanisms cannot, however, be
directly explored with IRIS experiments.

Processes such as 4 and 5 that produce OH should be
enhanced by increasing either oxidant additiorPoBoth of 5. Summary
these actions increase the gas-phase O-atom concentration,
whereas increasing also increases ion flux and enerby¥he
apparent OH surface reactivity would thereby decrease with
increasing oxidant addition d?. The measure® values are,
however, unaffected by changes in oxidant addition and slightly
increased withP (Tables 2-4). This suggests that the overall

2 OH(s) = Hy04(s) (6)

We have investigated the relative gas-phase concentration and
surface reactivity of OH in the Si{lepositing plasma systems

of TMCTS/O,(N2O) and DMDMOS/Q(N20). In all systems,

OH is formed by O-atom abstraction of hydrogen atoms from
hydrocarbon moieties in precursor molecules or fragments. Our

OH surface reactivity is primarily governed by the chemistry 9@s-Phase data show that the relative OH concentration is
of OH and that O-atom reactions with the surface to produce dlrec_tly correlated to gas-phase_- concentrations of precursor
OH as well as ion-mediated surface processes are not significantP€¢!€S ar_ld (f?l atoms. The reac_t|V|ty of OH atihe surfac_:e ofa
compared to the overall interactions of OH with the depositing 9"°Wing SIQ film is ~0.60 atTs = 300 K andP = 100 W in

SiO; film. Note that the internal and translational energy of OH all four plasma systems, and is independent of changes in the
increases wittP, which may also increase the reactivity of OH. precursor-to-oxidant ratio. However, the OH surface reactivity

Past IRIS studies in our laboratories have shown significant SigNtly incréases with> andR decreases significantly to 0.16
differences when altering the plasma chemistry, plasma param-i 0.10 for the TMCTS/Q system and to 0.42- 0.03 for t.he
eters, or substrate materidfs8 Thus, the OH surface reactivity DMDM_OS/ O, system at elevatel (350 to 573 K). 'Co.mpanson
could be dramatically different for different systems due to © Prévious results for TEOS/plasma systems indicates that

differences in the surfaces with which OH is reacting. Lunsford OH nparticipates in Si@film deposition and _contrlbutes to
and co-worker® have investigated the reactions of OH on TiO hydrocarbon .removal, precursor fragmentation, and surface
(anatase and rutile), Syp(fused quartz),a-Al,O3, and Au silanol formation.

surfaces and observed different OH surface reactivity on each
of these surfaces. They reported the OH reactivity of 20-3

on the SiQ (fused quartz) surface, which was quite different
from our results using a TEOSf(lasmaté19 and from the
results presented here for TMCTS and DMDSO-based plasmas.
This difference was attributed to variations in the different SiO (1) Lieberman, M. A.; Lichtenberg, A. JPrinciples of Plasma
surfaces when comparing their fused quartz surface with our Discharges and Matgrial_Proce.ssingViley and Sons: New York, 1994.
TEOS/Q PECVD SiQ. The reactivity of OH during Sifilm gg (P:Qiancg, gMF;[{eTalérsénﬁ'Ypii;glhéé]é]ﬁpgl' Phys199Q 67, 2119.
formation in the plasma systems of TMCT$(®,0) and (4) Deshmukh, S. C.; Aydil, E. SAppl. Phys. Lett1994 65, 3185.
DMDMOS/O,(N20) is very similar to that measured in the (5) Deshmukh, S. C.; Aydil, E. Sl. Vac. Sci. Technol. A995 13,
TEOS/Q plasma systertfi.e.,R= 0.60. This is not surprising ~ 2355. _ _

as these systems are all depositing systems with similar 38(6) Deshmukh, S. C.; Aydil, E. Sl Vac. Sci. Technol. B996 14,
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