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We have determined key kinetic parameters for the reaction of TEOS (tetraethylorthosilicate) on 

S i03  This was accomplished under conditions (20 to 50()mTon at l O K )  that pertain directly to 

TEOS-based CVD (chemical vapor deposition) processes. TEOS reactions were carried out using 

deuterated silanols (SiOD) on the initial Si02 surface. This allowed FTIR (Fourier transform 

infrared spectroscopy) measurements to distinguish the consumption of SiOD by TEOS from the 

concurrent formation of SiOH which results from TEOS decomposition at lo00 K. While SiOD 

consumption did exhibit a fist-order dependence on SiOD coverage, SiOH formation exhibited a 
zero-order dependence on the total coverage of hydroxyl groups. This suggests that reactions with 

hydroxyl groups alone can not account for all of the TEOS decomposition reactions at lo00 K. 

Since the low coverage of two-membered siloxane ((Si-0)~) rings was consumed during the initial 

TEOS exposure, siloxane (Si-0-Si) bridges in three-membered siloxane ((Si-Oh) rings may be 

the additional species responsible for the constant rate of TEOS decomposition. However, it is not 

conclusive that this type of site-specific mechanism controls the chemistry. The data may also be 

explained with a site-independent mechanism in which intramolecular decomposition of TEOS on 

the surface provides a common ratedetermining step for subsequent consumption of hydroxyls 

and siloxane bridges on Si02. Regardless of the specific mechanism, our results predict that 

deposition rates will be insensitive to the relative coverages of siloxane bridges and hydroxyls on 

Si02. Therefore, a precise knowledge of the coverages of these species on Si02 is not essential for 

r 

modeling thermal TEOS decomposition rates. 
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1 .  Introduction 

TEOS (tetraethyl orthosilicate) is used in numerous microelectronics processes for the 

deposition of conformal Si02 films [I]. Good conformality is achieved only if the Si02 deposition 

rate is uniform over the entire deposition surface. For this reason, a knowledge of the factors that 

influence the deposition rate is essential for improving TEOS processes and maintaining their 

reliability. Specifically needed to support the advancement of TEOS-based CVD technologies is a 

detailed kinetic model. This requires the identification of individual reaction pathways and the 

measurements of their rate expressions parameters [2]. Importantly, the results must pertain to the 

chemistry as it takes place under CVD conditions for the model to be relevant. 

There are many important aspects of TEOS CVD such as surface chemistry, gas-phase 

chemistry, and reactor geometry. In this paper, we focus on the surface chemistry of thermal 

TEOS decomposition. This has been the subject of numerous fundamental investigations [3,4,5,  

6, 7, 8, 91 as well as growth rate studies in research reactors [lo, 11, 12, 131 and production 

reactors [14]. These studies and others have improved our understanding of TEOS surface 

chemistry. It is particularly difficult, however, to bridge the gap between the results obtained in 

idealized environments necessary for fundamental studies and the results obtained in real-world 

CVD environments. Conspicuously absent is a rate expression that fully accounts for the reactive 

surface sites involved in TEOS reactions on Si02 at CVD temperatures and pressures. 

Our efforts attempt to improve the connection between the ideal and real environments by 

merging carefully controlled fundamental studies with conditions commonly used for TEOS-based 

Si02 CVD. To achieve this, we have used FTIR (Fourier transform infrared spectroscopy) in 

conjunction with isotopic labeling to examine how TEOS reaction rates are influenced by factors 

critical to the heterogeneous reaction. This includes evaluating functional groups on the surface as 

reaction sites for TEOS decomposition and establishing the decomposition rate dependence on 

reaction site coverages. 



2. Experimental 

Reactions were performed in a small cold-wall reactor which adjoined a UHV (ultra-high 

vacuum) FTIR cell equipped with BaF2 windows. This assembly was integrated directly into the 

standard sample compartment of a Mattson RS/1 FTIR spectrometer. The reactor was also 

connected via isolation seals to a UHV surface analysis instrument equipped with XPS (x-ray 

photoelectron spectroscopy) and mass spectroscopy. 

The substrate was Cab-0-Si1 M5 silica which has a surface area of 200m2/g. This was 

supported by pressing approximately 5 mg into a tungsten electroformed screen. The screen also 

served as a resistive heater. The surface was cleaned with oxygen at 900K until all traces of 

hydrocarbons were removed, as judged by FTIR and XPS. TEOS was obtained from Olin Hunt 

Corporation and was purified by evacuating the volatile decomposition products during freeze- 

thaw cycling with liquid nitrogen. Purity was judged with mass spectroscopy and FTIR. 

Reactions were carried out using a flow rate of zero. The reactor was evacuated after each 

step or “segment” of the TEOS reaction. Although the pressure was decreased to below 0.1 mTorr 

in less than 2s, the substrate temperature was reduced to 600K immediately at the end of the 

reaction segment to further ensure that the reaction was quenched rapidly. This temperature was 

maintained for 2min. during the final pump-down (P< lO-7Torr) to avoid condensing residual 

TEOS on the surface. The background spechxm used for the infrared absorption measurement was 

taken of the evacuated FTIR cell after each reaction segment. After this was acquired, the substrate 

was translated into the infrared beam and a spectrum of the surface was recorded at room 

temperature using the FTIR in a transmission mode. 

3 .  Results and Discussion 

’ Development of the heterogeneous TEOS rate expression requires the reaction rate 

dependence on the coverages of Si02 reactive sites to be determined at CVD temperatures and 

pressures. However, the reactive sites involved in the reaction under these conditions must first be 

identified. For this reason, the first sub-section describes the Si02 substrate and the functional 

groups present on its surface. In the sub-sections that follow, we then compare the reactivities of 
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these species with TEOS and determine the dependence of the reaction rate on their coverages from 

direct and indirect evidence obtained with FTIR. In the final sub-section, we draw upon these 

findings to consider the transition state for TEOS chemisorption. 

3.1 Cab-0-Si1 M5 Si02 Substrate 

CabO-Si1 M5 silica was used as the substrate for these ex@jments, because its high surface 

area allows extremely high signal-to-noise FTIR spectra of surface species to be acquired [3]. In 

addition, this Si02 surface is well-characterized [ 15, 161 which makes it suitable for conducting 

well-defined studies of TEOS reactivity. 

It is generally accepted that the functional groups identified on Cab-0-Si1 M5 silica are 

present on all Si02 surfaces [15]. These groups include hydrogen-bonded and isolated hydroxyl 

groups (silanols). At elevated temperatures, these decrease in coverage by reacting together to 

produce water and siloxane bridges (Si-03).  At temperatures above =WOK, this leads to low 

coverages of strained, highly reactive two-membered siloxane ((Si-0)2) rings of shared+ge Si04 

tetrahedra on the surface [17]. All of these species have been identified and studied extensively 

with FTIR. High coverages of less strained siloxane rings such as three-membered ((Si-O)3) 

species and larger are also formed on the surface [18]. These have been identified using Raman 

spectroscopy and NMR spectroscopy. Coverages for all of these surface species as a function of 

annealing temperature have been summarized 1161. 

3.2 TEOS reactions with two-membered siloxane ( (Si-0)2) rings 

The reactivity of (Si-0)2 rings with TEOS has been studied previously [3,8]. (Si-0)2 rings 

were shown to be nearly an order of magnitude more reactive than hydroxyls at CVD temperatures 

and pressures [3]. Because of their fast rate of reaction and their slow rate of formation, it was 

suggested that (Si-0)2 rings would make a negligible contribution during TEOS CVD 131. The 

greater reactivity of (Si-0)2 rings relative to that of hydroxyls also has significant implications for 

validating our use of Cab-0-Si1 Si02 substrates for kinetics studies. Specifically, when using 

porous substrates of this type, the apparent reaction rates are representative of chemical reactivities 
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only if the diffusion rate through the substrate is fast compared to the reaction rate. Since the 

(Si-0)2 ring surface species are distributed uniformly throughout the silica substrate [16], their 

depletion rate effectively establishes a lower bound on the rate of diffusion. Therefore, the fact that 

the (Si-0)2 ring depletion rate can be observed to be significantly greater than the hydroxyl 

depletion rate is clear evidence that TEOS can diffuse through the substrate at a rate that is much 

faster than the time-scale of the hydroxyl reaction. It follows that measurements of TEOS reaction 

kinetics that occur on time-scales similar to that of hydroxyl groups also are not limited by 

diffusion. 

3 . 3  TEOS reactions with silanols 

Previously, labeling hydroxyls with deuterium on Si02 has been used successfully with 

FTIR to distinguish hydroxyl (SiOD) consumption from hydroxyl (SiOH) formation during TEOS 

reactions at high temperatures [3]. These events are associated with initial TEOS chemisorption and 

subsequent ethoxy decomposition, respectively [3,5]. We used this same approach to study the 

hydroxyl reaction rate dependence on hydroxyl coverage at 1000 K. To prepare the surface, the 

substrate was first exposed to h0 and then annealed in vacuum at 1OOOK. This produced an initial 

total silanol coverage of 1.3 hydroxyls/100@, less than 10% of which are hydrogen-bonded [l5, 

161. This coverage has been well-established for silica annealed at 1OOOK and was used to 

calibrate the FTIR measurements. The substrate was then given a series of 10s exposures to 

20mTorr TEOS at 1000K. FTIR spectra of the surface were measured between each reaction 

segment. The integrated peaks for the SiO-H (3748cm-1) and SiO-D (2764cm-1) stretching modes 

were then converted to coverages. As shown in fig. 1, the surface began with coverages of 

0.87 SiOD/lOOA2 and 0.43 SiOH/lOOi%2. These decreased with respect to SiOD and increased with 

respect to SiOH as the reaction proceeded. However, the total SiOD + SiOH coverage remained 

essentially constant throughout the reaction. A maximum of 1.4 hydroxyls/100812 was produced 

after extended TEOS exposures at 500 mTorr. 

The TEOS reaction dependence on silanol coverage was studied by using a series of 

substrates having systematically lower SiOD coverages. The reactions were performed in the same 
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manner described above with the exception that the substrates were annealed in vacuum at 1150K 

and 1400K after the D20 treatments. These temperatures lowered the initial silanol coverages to 

0.85 hydroxyls/100A2 and 0.2 hydroxyls/100A2, respectively [16]. In both of these experiments, 

approximately three-quarters of the hydroxyls were labeled with deuterium (SiOD) prior to 

reaction. After a series of five 10 s 20mTorr reaction segments each, the total hydroxyl coverages 

on the 1150 K and 1400 K substrates were increased from 0.85 to 1.2 hydroxyls/lOA2 and from 

0.2 to 0.7 hydroxyls/lOoA2, respectively. 

The initial and final hydroxyl coverages for the three reaction series are summarized in 

Table 1. Although the highest total coverage of hydroxyls on the 1400K substrate was only 0.7 

. hydroxyls/lOoA2 after the five reaction segments, further TEOS reactions at lOOOK did produce 

1.4 hydroxyls/lOOA2. Coverages of at most 10% greater than this could be achieved with 

significantly longer reaction times or higher TEOS pressures (500 mTorr). However, brief 

annealing (<30s) at lOOOK reduced the coverage to that common for Si02 heated at this 

temperature in vacuum (1.3 hydroxyls/100di2). These results show that whether an Si02 surface 

has a low coverage (1400 K anneal) or a high coverage (1000 K anneal) of hydroxyls initially, 

nearly identical final hydroxyl coverages are achieyed. Since these coverages remain essentially 

constant during sustained TEOS reactions and annealing, our results demonstrate that the steady- 

state coverage of hydroxyls during TEOS reactions is determined by the deposition temperature, 

even at high pressures of 500mTorr. 

Table 1. Summary of hydroxyl and siloxane ring coverages for TEOS reactions at 1OOOK. 

Substrate Initial 115, 161 Initial Initial Final Initial [ 171 Initial [18] 

Temperature SiOD SiOD 
Annealing SiOH+ SiOD SOH SOH+ (Si-0)2 (Si-Ok 

1000 K 1.3 a 0.87 0.43 1.4 <o. 1 2.0 

1150 K 0.85 0.63 0.22 1.2 0.1 2.2 

1400 IS 0.20 0.145 0.055 0.7 (1.4b) 0.15 2.3 

a Less than 10% of these hydroxyls are hydrogen-bonded 161. 
After a TEOS saturation reaction but prior to final annealing as described in the text. 
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Decomposition of ethoxy groups from TEOS reactions on Si02 results in the formation of 

hydroxyl groups and siloxane bridges [3,5]. Nevertheless, ethoxy groups do have a significant 

lifetime on the Si02 surface that is strongly dependent on temperature [4]. A constant coverage of 

ethoxy groups was achieved by the end of the first TEOS exposure in each set of experiments. 

This was determined by measuring the intensities of the C-H stretching vibrations with FI'IR. The 

intensities were calibrated according to the ethoxy signal resulting from ethanol reactions with a 

known coverage of (Si-0)2 rings. Based on this, we estimate a constant coverage of -0.1 ethoxy 

groups/ 1OOA2 were on the surface during the TEOS reactions. 

3.4 Rate law for SiOD depletion 

SiOD consumption during the three sets of reactions is compared in fig. 2. The log of the 

SiOD coverage as a function of reaction time shows that each set of data can be fit to the integrated 

form of a first-order rate law with excellent correlation. This shows that the rate of the 

SiOD-TEOS reaction is directly proportional to SiOD coverage according to the relation, 

d[SiOD]/dt=-kl[SiOD] at lOOOK and 20 mTorr TEOS. Furthermore, the similarity of the slopes 

suggests that a single rate constant applies equally from 1.3 hydroxyls/l00A2 (the maximum 

hydroxyl coverage at lOOOK) to 0.2 hydroxyls/lOO@. The average rate constant, derived from the 

slopes in fig. 2, is k1=5.7x10-3/s. 

The proposed first-order rate expression is consistent with the suggestion that the loss of 

SiOD groups is the direct result of TEOS reaction with the surface. However, this does not 

necessarily mean that the reaction between a TEOS molecule and a surface hydroxyl is one-to-one 

on a mechanistic level. Special conditions have the potential to introduce apparent first-order 

behavior. (A numerical example of the explanation that follows is provided in AppendixI.) If the 

concentration of reactive sites (SiOH+ SiOD) remains constant throughout a reaction, the depletion 

rate of a unique set of reactive sites (SiOD) will always be directly proportional to the population of 

that unique set (SiOD). This is applicable only if the available reactive sites (SiOH and SiOD) have 

equivalent reactivities. This would apply to SiOH and SiOD groups, since previous experiments 
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have shown that TEOS reactions with silanols are not dependent on isotopic substitution at elevated 

temperatures [3]. The apparent first-order behavior would hold true regardless of the true 

relationship between the reactant and the reactive sites. For example, if the true relationship were 

one-to-two (one TEOS-to-two hydroxyls), a second-order dependence with respect to the hydroxyl 

coverage would be applicable. But, because the overall probability for reaction with a pair of 

hydroxyls would remain the same if the coverage was constant, the depletion rate of uniquely 

labeled hydroxyls (SiOD) would be determined by their availability. This means that the depletion 

rate would be directly proportional to their partial coverage and a first-order dependence would be 

observed. Therefore, the SiOD depletion rate on the substrate annealed at lOOOK should be 

expected to have a first-order dependence on the partial SiOD coverage, since the total hydroxyl 

concentration remains constant during the reaction. 

Based on the arguments in the preceding paragraph, an apparent rate-order more 

representative of the interaction between a reactant and a reactive site may be more easily observed 

on a surface that does not maintain a constant concentration of hydroxyls. The experiments on the 

substrates annealed at 1150 and 1400 K were designed for this purpose. Reduction of the hydroxyl 

concentrations on these substrates prior to reactionincreased the hydroxyl spacings by as much as 

a factor of three. If the order with respect to the hydroxyls was greater than one, this added 

constraint would result in a non-hear relationship between the SiOD depletion rate and the SiOD 

concentration. Therefore, when considered alone, our observation of a direct proportionality 

between SiOD depletion and SiOD concentration while varying the coverage in  this manner would 

be strong evidence that a one-to-one interaction between TEOS and a hydroxyl is sufficient to 

achieve chemisorption. However, if reactive sites in addition to hydroxyls were available, as 

implied in the sub-sections that follow, the total effective concentration of all reactive sites would 

also be constant during the reactions on the 1150 and 1400K substrates. If so, then the rate 

expression would still appear as first-order for the identical reasons stated in the previous 

paragraph. This would be applicable if the effective rate constants for the hydroxyl and the other 

reactive site were the same, or if concerted reactions involving both reactive sites occurred, or even 

if the consumption of the SiOD groups was incidental to the TEOS reaction (a secondary reaction). 
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Therefore, the determination that SiOD depletion has a fiirst-order dependence on SiOD coverage 

provides little unambiguous mechanistic information. Certainly, the first-order dependence does 

not guarantee that TEOS reactions are site-specific. However, the first-order rate expression does 

provide a direct method of calculating the number of SiOH groups that are consumed along with 

the SiOD groups during the TEOS reactions. The importance of this capability is demonstrated in 

AppendixII where corrections used in the next sub-section are derived. 

3.5 Rate law for SiOH formation 

If we take the appearance of SiOH to be directIy proportional to TEOS decomposition 

(d[TEOS]decornp/dt=rr~~~d[SiOHItotal/dt), then SiOH formation rates must also correspond to 

TEOS reactions with &l reactive sites on the surface. Therefore, examination of SiOH formation 

should provide information about the reactivities of surface sites in addition to the reactivity of 

hydroxyl groups. Implicit in this is the assumption that all decomposition reactions result in the 

same number of SiOH groups per TEOS reaction. 

SiOH coverages as a function of reaction time for each of the substrates annealed at 1O00, 

1150, and 1400K are shown in fig. 3. The points in.the figure enclosed in parentheses are raw data 

for the 1150 and 1400 K experiments, respectively. The data sets are offset from these points by 

the formation of additional SiOH groups from TEOS reactions with (Si-0)2 rings. This conclusion 

is consistent with previous findings [3]. It is also supported by the disappearance of the (Si-0)2 

ring vibrational signature at 888 and 908 cm-1 [16] observed after the first 10s 20mTorr TEOS 

reaction. Corrections are plotted above (U ) and ( 0 ) according to extrapolations from their data 

sets. The corrections correspond to 0.8 and 1.2 SiOH/lOoA2 for the 1150 and 1400 K substrates. 

These values are lower than the (Si-O)2 ring coverages given in Table. 1 for the respective 1150 

and 1400 K surfaces. However, the ratio of our SiOH correction (0.8:O. 12) and the ratio of the 

(Si-0)2 rings in Table. 1 (0.1:0.15) are in good agreement. Therefore, TEOS either reacts to give 

less than one hydroxyl per (Si-0)2 ring or values reported in the literature may be slightly higher 

than the coverages we were able to obtain by annealing. 
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Each of the plots in fig.3 have constant slopes consistent with a zero-order rate expression: 

d[SiOH]/dt=ko at lOOOK and 20 mTorr TEOS. However, to derive the true rate constant (ko), 

each slope (kapp) must be corrected for TEOS reacting with the SiOH groups coadsorbed with 

SiOD groups. The basis for the correction and the numerical derivation are given in AppendixII. 

The average of the corrected values yields, k0=8.7~10-3SiOH/100~2s. Since we postulate that the 

SiOH formation rate is directly proportional to the TEOS decomposition rate, we conclude that the 

TEOS decomposition rate is always constant at 20mTon, regardless of the number of silanols on 

the surface. This suggests that surface sites in addition to silanols are involved in TEOS reactions 

at 1000K. The mechanistic implications of this are considered in the next sub-section. 

As mentioned in the discussion of fig.3, (Si-0)2 rings are fully consumed during the first 

TEOS reaction segments. Therefore, reactions with the siloxane bridges of this species can not 

account for TEOS decomposition rates being independent of hydroxyl coverage. In contrast, the 

coverages of three-membered siloxane ((Si-O)3) rings are relatively high (see Table. 1). The 

reactivity of siloxane bridges in these IR-inactive species with TEOS, unfortunately, has yet to be 

studied with Raman spectroscopy. Although we have no direct evidence for their reaction with 

TEOS, the overwhelming presence of (Si-0)s rings on the surface lead us to consider that the 

siloxane bridges in these species may be the additional reactive sites responsible for the formation 

of additional SiOH groups at 1000K. To 'a lesser extent, four-membered and five-membered 

siloxane rings are also present on the annealed Si@ surface [18]. We do not exclude the possibility 

that the siloxane bridges in these species may also be involved in TEOS chemisorption. However, 

the additional strain energy of 19kcal/mole for (Si-O)3 rings [18] makes them attractive sites for 

TEOS reactions. 

We can estimate the reactive sticking probability for TEOS-to-Si02 decomposition to be 

6x10-7 at lOOOK by dividing the SiOH production rate (8.7x10-3SiOH/ 1OOk!2s) by the TEOS flux 

at 20mTorr (1.5x104collisions/ 100A2s). This assumes d[TEOS]decomddt=~~~~d[SiOH]total/dt, 

where ~ E O S  is set equal to lTEOS/SiOH as an example. Reasonable values for ~ E O S  are 

estimated to be between 0.5 and 10. [19] Our proposal that the formation of SiOH is a close 

estimate of the TEOS-to-Si02 decomposition reaction is supported by the similarity of our TEOS- 
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to-Si02 decomposition probability and those of others such as 2x10-7 (973K) [ 113 and 1.3x10-6 

(calculated from growth-rate data at lOOOK and 0.4 Torr published in the reference) [12]. This 

comparison with reactions at pressures higher than the 20mTorr used in our work is valid since 

TEOS reactions have a fxst-order dependence on TEOS pressure in cold-wall reactors [4,12] 

3.6 The chemisorption transition state 

Generally, the data we have presented can be viewed from two perspectives. (1) Site-specific: 

The rate of SiOD depletion having a fust-order dependence on SiOD coverage is a clear indication 

that silanols are consumed during TEOS reactions. This suggests that TEOS reactions could be 

site-specific. However, for the TEOS decomposition rate to remain constant, the loss of SiOD 

groups would have to be matched, exactly, by additional reactive sites such as siloxane bridges in 

(Si-O)3 rings. Reaction rates at one type of site would always be compensated by the other. This 

would require silanols and siloxane bridges in (Si-O)3 rings to have equivalent "effective" rate 

constants. (2) Site-independent: Conversely, the zero-order rate expression for SiOH formation 

demonstrates that the rate of TEOS decomposition on Si% is independent of hydroxyl coverage at 

1OOOK. This implies TEOS reactions on Si02 at 1OOOK could be site-independent. In this case, 

SiOD consumption would be incidental to chemisorption at elevated temperatures, as allowed by 

the analysis of apparent first-order behavior h Appendix I. 

Both perspectives are consistent with TEOS consuming silanols and siloxane bridges via a 

common rate-determining step. This would have to involve a reaction intermediate that can 

consume a hydroxyl group but that does not require a hydroxyl group for the surface reaction to 

take place. This is consistent with the implications of other studies. For example, we have 

demonstrated that boranols (hydroxyl groups bonded to boron) are immeasurably more reactive 

than silanols at 300K [20]. However, boranols are only a factor of two more reactive than silanols 

at lOOOK [20]. This trend suggests that in spite of the greater reactivity of boranols, TEOS 

decomposition becomes more insensitive to the difference in boranol and silanol reactivities, and 

the necessity of reacting with a hydroxyl, as the temperature is increased. In addition, it has been 

shown that TEOS reacts with SiOH and SiOD groups at the same rate at 765K [3]. Based on this, 
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it was concluded that proton transfer, and perhaps direct reaction with hydroxyls, is not critical to 

the rate-determining step at elevated temperatures. Collectively, these observations suggest that a 

more facile route for TEOS reaction may become available at higher temperatures that is 

independent of surface hydroxyls. 

The availability of a reactive intermediate for TEOS decomposition at l O K  may allow a 

new reaction step to be rate-determining for reactions with the siloxane bridges of (Si-O)3 rings as 

well as with hydroxyls. The reactive species may be either an activated TEOS complex or the result 

of the intramolecular decomposition of an ethoxy group in TEOS. However, it is unlikely that the 

formation of the intermediate is the result of interacting with a specific surface site, since the 

decomposition rates are controlled by a common ratedetermining step. Nevertheless, it is probable 

that the critical step is heterogeneous in nature since the cold-wall reactor used in our experiments 

was expected to keep gas-phase reactions to a minimum. For instance, the TEOS reactive sticking 

probability of 6x10-7 we measured is far too low to be the result of the gas-phase intermediate 

proposed by others [ll]. This species has an extremely high reactive sticking probability of =1. 

However, once TEOS is activated on the surface, it might then be highly reactive and react with 

hydroxyls or (Si-O)3 rings on the surface indiscriminately. As a result, the transition states for 

TEOS chemisorption and the "effective" rate constants for Si02 deposition would be identical for 

both sites. 
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4. Summary 

Our studies have provided direct and indirect measures of the reactivity of TEOS with all of 

the major functional groups on Si02 under conditions commonly used in CVD. This includes 

hydroxyl groups as well as the siloxane bridges present in both (Si-0)2 and (Si-O)3 rings. (Si-0)2 

rings are concluded to have a minor role in TEOS-based Si02 CVD, due to their slow rate of 

formation. The role of hydroxyls and (Si-O)3 rings is less conclusive at 1OOOK since TEOS 

decomposition rates can be interpreted either as (1) site-specific with the total coverage of reactive 

sites remaining constant or as (2) site-independent. Nevertheless, both interpretations imply that 

TEOS reactions consume silanols and siloxane bridges via a common rate-determining step. It 

must be emphasized that our speculation about reactions with siloxane bridges in (Si-O)3 rings is 

based on indirect evidence. 

On a practical level, the common rate-determining step suggested by our results may render 

the consideration of hydroxyls and siloxane bridges and their coverages on Si02 inconsequential 

for TEOS reactions at 1000K. This is particularly significant for predicting Si02 growth rates in a 

CVD environment. Although our work shows that TEOS reactions will produce and then maintain 

hydroxyl coverages defined by the reaction temperature, coverages of (Si-O)3 and higher-order 

siloxane rings under CVD conditions have yet to be established. Importantly, the zero-order rate 

law reveals that a precise knowledge of the-coverages of Si02 functional groups is not essential for 

modeling TEOS surface reaction rates. From the standpoint of deposition uniformity and 

conformality, our results predict that deposition rates will be insensitive to the relative coverages of 

siloxane bridges and hydroxyls on the Si02 surface. 
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Appendix I 

Origin of apparent first-order dependence 

We propose that within a population of reac ive si 2s (OH and OD), the depletion rate of 

unique sub-set of reactive sites (OD) will be directly proportional to the population of that unique 

sub-set (OD) regardless of the true reaction order (n, in m]"), 

d[OD]/dt = f([OD]) (for all n) 

This will be true given the following conditions: 

(1) The total concentration of reactive sites (OH+OD) remains constant (C) throughout a reaction, 

[OH] + [OD] = C 

(2) The reactive sites (OH and OD) have equivalent reactivities, 

JQH = ~ O D  
For example, if the reaction of TEOS were bimolecular with respect to hydroxyls, and some of the 

silanols were labeled with deuterium, the following rate expression would be applicable, 

d p E O S ] m d d t  = kT ([OH] + [OD]);! 

=kT[oH]2+2kl-[OH][OD] + k ~ [ o D ] ~  

However, the depletion of OD would be associated with only the [OD] terms scaled by the 

appropriate stoichiometric coefficients, 

d[OD]/dt =- ~~T[OH][OD] - 2 k ~ [ o D ] ~  

d[OD]/dt = - 2k~[ODl ([OH] + [OD] ) 

Since the total concentration of reactive sites (OH + OD) is constant, OD depletion would have an 

apparent first-order dependence on [OD], 

d[OD]/dt = - ~ ~ T [ O D ]  C 

This can be proven in a similar manner for all values of n. Of course, this example also applies to 

chemically dissimilar species, as long as conditions (1) and (2) defined above are met. 



Appendix I1 

Necessity of the zero-order rate constant correction 

The approximate number of SiOH groups that resurrs from TE S reactions can be obtain0 

from the plots in fig.3. However, TEOS reacts with SiOH groups in addition to SiOD groups. 

This results in apparent SiOH formation ([OHJapp) that is lower than the actual number of SiOH 

groups produced ([OHIactual) . This is best understood by recalling that each of the substrates 

began with SiOH groups coadsorbed with SiOD groups, as summarized in Table 1. As a result, 

reactions that led to SiOH formation also consumed some of the initial SiOH groups. However, the 

FTIR signal responds to only net changes in the SiOH coverage. Therefore, it is insensitive to 

some of the SiOH produced ([OHIreplae) since they effectively "replace" the fraction of the SiOH 

consumed ([OH],,u,e). Of course, this effect pertains to every segment of each reaction series. 

Fortunately, the first-order rate expression derived for SiOD consumption in sub-section 3.4 can 

also be applied to SiOH consumption. Since a kinetic isotope effect does not exist for TEOS- 

silanol reactions at elevated temperatures [3], the SiOH consumption for each reaction series, and 

therefore [OH]rephd, can be calculated using the first-order rate expression without adjustment. 

Derivation of the zero-order rate constant correction 

Based on the discussion and definitions above, the rate of hydroxyls observed is, 

dCOHlapp/dt = d[OHlactm~kit - d[OHlrep~addt 
By definition for zero-order, 

Since the first-order dependence reported in this work applies to SiOH as well as SiOD, 

dCOHlmnsumddt = -kl[OHlapp 

d[OHJactuaddt = ko 

and, d[OHlrqladdt = -d~OHlc,,umddt 

Therefore, d[OHlapp/dt = ko - kl [OHlapp 

Upon integration, ko - klEOHlapp = (ko - kl[OHlapp~) exp(-klt) 
For small values oft, this simplifies to, 

The slope of each set of data in fig3 yields an apparent rate constant, kapp. 

Therefore, each kapp is corrected according to, 

[OHlapp = COHIappo + (ko - k1lOHIapp0)t 

ko = kapp + kl[OH10 

- 15- 
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Fig. 1 SiOH and SiOD coverages for 10 s segments of a 20mTorr TEOS reaction at 1OOOK. The 

substrate was annealed at 1OOOK prior to the reaction. Coverages were derived from 

integrated FTR absorbances. 
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Fig.2 SiOD coverages for 20mTorr TEOS reactions at 1OOOK on substrates annealed at the 
temperatures given. The average of the slopes provides the fist-order rate constant for 

SiOD depletion, kl=5.7~10-3/s. 
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Fig. 3 SiOH coverages for 20mTorr TEOS reactions at 1000 K on substrates annealed at the 

temperatures given. (u) and ( 0 ) are raw data points above which corrections for (Si-0)2 

ring reactions are plotted. The kapp from each slope is corrected according to the equation in 

Appendix II. The average of the corrected values yields the zero-order rate constant for 

SiOH formation, ko=8.7xlO-%iOH] lOO@s. 
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