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1. Introduction 
Various chemical vapor deposition (CVD) processes have 

been developed over the last 20 years and several have become 
established as fundamental film-deposition techniques for ULSI 
applications. The ongoing need to enlarge wafer size and shrink 
device size continues to stimulate the demand for accurate CVD 
simulation at both the micro-device-feature level and at the 
reactor-scale level in order to determine the process conditions 
for uniform deposition without having to conduct trial-and-er- 
ror experiments. Several approaches for feature-scale simula- 
tion have been developed to predict the step-coverage charac- 
teristics of low-pressure CVD, in which the molecular flow 
must be solved simultaneously with complicated chemical re- 
actions [ 1-41. Among these approaches, the Monte Carlo scheme 
and the ballistic transport and reaction model (BTRM) scheme, 
in which the deposition reaction is commonly characterized by 
a single parameter (the reactive sticking coefficient) have 
achieved reasonable success in profile prediction. The reactive 
sticking coefficient, O, is defined as the ratio of the number of 
molecules of species i that become part of film Ri per area per 
unit of time to the total number of impinging molecules, qi , 
per area per unit of time: 

From this definition of the reactive sticking coefficient, it fol- 
lows that the larger the sticking coefficient, the lower the flux 
leaving the surface and the lower the expected step coverage 
[5]. Several simulation results have been reported in which 
the film conformality improved as the sticking coefficient of 
the reactant gas was reduced from unity to small decimal amount 
[4,6]. The idea of the reactive sticking coefficient is so sophis- 
ticated that it enabled complicated deposition chemistry to be 
finely modeled and extended beyond first-order reaction ki- 
netics. However, whether the reactive sticking coefficient can 
be generally used as a determinant descriptor for the step-cov- 
erage characteristics of CVD has not been clarified. 

In this paper we will show that although the reactive 
sticking coefficient can be used to simulate the deposition pro- 
file, it is inadequate for evaluating the step-coverage charac- 
teristics. We do this by simulating the profiles of seven CVD 
processes. We use the BTRM approach developed by Cale et 
al. because any deposition mechanism can be modeled by us- 
ing the general reactive sticking coefficient defined in Eq. (1). 

2. Feature-scale Deposition Simulator 
We have extended two-dimensional deposition simula- 

tor with a micrometer-feature-scale originally developed by 
Cale et al. to include a scheme to inhibit and/or accelerate the 
deposition reactions stemming from the product gases [4]. We 
also improved the algorithm used to attain a self-consistent gas 
flux distribution over the micro feature shape at each step in 
the simulation. To clarify these points, we briefly describe our 
deposition simulator and flux-distribution algorithm below. 

The originally proposed governing equation for flux dis- 
tribution q: on a feature shape is given by Eq. (2), where film 
b is assumed to be formed from the reaction of source gas a. 
The subscripts i , j, and v mean line segment i, j on the feature 
shape and source volume, respectively. 

where Sa! is the position-dependent reactive sticking prob- 
ability defined in Eq. (1) and qij is the transmission probabil- 
ity reflecting the geometrical relation between segments i and j 
( Fig. 1 ). The detailed formulation of this equation and the 
assumptions are described in the original paper [4]. The first 
term on the right-hand side of Eq. (2) is the gas flux impinging 
on element i from the source volume, and the second term is 
the flux ejected from all other line segments to segment i. Equa- 
tion (2) thus describes the flux balance at each segment on the 
feature shape. Unfortunately, it is difficult to describe the ef- 
fect of the product gas, i.e., the acceleration and/or inhibition 
of the film-forming reaction, with this equation. This problem 
can be solved straightforwardly by introducing another term 
to account for the reactions caused by the product gas: 

added term = C j-i C SCa 7 '. (na/nc) lj , (3) J J  - 
where Scl is the reactive sticking coefficient of product gas c 

source volume v I isatcyg; flux I 

Fig. 1 The definition of flux ?l , segment i, and transmission probabil- 
ity q ij on a feature shape. 
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to form source gas a, and na and nc are the stoichiometric coef- 
ficients for the corresponding reactions of the product gas. 
Adding Eq. (3) to Eq. (2) produces a simultaneous linear equa- 
tion with respect to flux distribution qai that can be readily 
solved by using the normal program libraries. The deposition 
simulation algorithm is shown in Fig. 2. The simulator has 
three primary routines. The first is a feature-shape discretization 
routine, the second is a flux- solving routine, and the third is a 
profile-evolution routine. The main routine solves the flux dis- 
tribution on feature shape by using the governing equation given 
by Eqs. (2) and (3). Because this equation contains reactive 
sticking coefficients S abj, which depend on the local flux dis- 
tribution on the feature shape, a self-consistent solution is 
needed. This point in not explicitly considered in the literature. 
Solving steps 5 to 8 is an iteration routine that produce a self- 
consistent solution. To avoid both divergence and oscillation 
problems, a mixing procedure for successive solutions is used. 
The mixing ratio was empirically optimized with respect to 
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Fig. 2 Flow chart for the film-deposition simulation algorithm based 
on ballistic transport and reaction model. To attain a self-consistent 
solution, a flux convergence loop, step 5 to 8, was added to the origi- 
nal alogorithm. 

the total number of iterations. We extensively applied this 
profile simulator to seven kinds of CVD processes for ULSI 
usage in order to clarify the step coverage behavior of these 
processes systematically. 

3. Analysis 
The seven CVD processes examined included, W metal, 

polysilicon, silicon dioxide, and silicon nitride (Table I). We 
used molecular orbital theory to clarify the deposition scheme 
in those cases that lacked a clear reaction mechanism. One of 
the two W-CVD processes, WF6 + SiF4, is described sepa- 
rately because for this process atomistic simulation was help- 
ful in clarifying the step coverage characteristics. 
W-CVD from WF6 and SiH4 

Tungsten (W) can be deposited from WF6 and SiH4 
through the chemical reaction WF6 + 2SiH4 -> W + 2SiHF3 
+ 3H2 [7]. The deposition conditions for good step coverage in 
filling contact holes and trenches have been difficult to attain 
for this CVD process [8]. As a result, step coverage is poor. 
Two process models have been proposed lo explain this poor 
coverage. One model assumes that a reverse reaction occurs in 
the feature [9]. Good agreement between simulated and ex- 
perimental profiles has been reported when the reverse reac- 
tion rate is proportional to the product gas concentration [9]. 
The other model assumes that the product gas causes surface- 
site blocking [8]. This model is based on the experimental re- 
sult that adding the product gas SiHF3 reduces the film growth 
rate. Although both reaction models can explain phenomeno- 
logically the poor step coverage characteristic, a more convinc- 
ing reaction model, especially of the inhibition mechanism, is 
needed to carry out accurate profile simulations. For this pur- 
pose, we previously examined the dissociative adsorption 
mechanism of product gas SiHF3 and its energetics by using 
the ab initio molecular orbital program HONDO7 at the Hartree- 
Fock calculation level [lo]. Details of our calculations were 
previously reported [ 111 . 

The initial dissociative reaction step on an active-site (*) 
of a W-growth surface can take two forms: 

SiHF3 + * ---> SiF3-* + H  AE= - 4.8 kcal/mol or (4) 
SiHF3 + * ->SiHF2 -* + F AE= - 2.8 kcal/mol . (5) 

Both dissociation reactions are exothermic ones. For reaction 
(4), its succeeding dissociation reaction is calculated to be 
highly endothermic and does thus not readily occur. Reaction 
(5) can yield another dissociated species, SiHF; exothermi- 
cally AE= - 12.4 kcal/mol. Because SiHF3 is thought to take 
dissociative path (4) preferentially over path (9, overall disso- 
ciation of SiHF3 ends at its initial stage; there is no multiple 
dissociation. With this dissociation and active-site-blocking of 
the W surface, the deposition-rate expression for W-CVD can 
be readily derived, 
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and SiHF3, respectively. To estimate kinetic parameters K1 and 
K2, we used experimental data [8]. Using this rate expression, 
we simulated the step coverage characteristic at 637 K, PSiHg 
= 25 mTorr, and P w 6  = 45 mTorr. Comparison of the experi- 
mental and simulated deposition profiles for a trench with an 
aspect ratio of 1.3 is shown in Fig. 3. The experimentally ob- 
served poor step coverage is well reproduced with this deposi- 
tion model. This poor step coverage is not caused by depletion 
of the source gases in the trench, as shown in Fig. 4 which 
shows the flux distribution of the constituent gases. From the 
top to the bottom of the trench wall, the decrease in the source 
gas flux was very small. This indicates there was no depletion 
of the source gases associated with a deposition reaction and 
also there was no shadowing effect caused by the trench shape. 
On the other hand, a larger flux change along the trench side 
wall was observed for both product gases, almost one and half 
times larger at the bottom than at the top. This stagnation of 
product gases enhances the inhibition of deposition through 
dissociative adsorption and leads to poor step coverage. For 
this simulation, the reactive sticking coefficient of source gas 
wF6, evaluated outside the feature mouth was 5.7~10-3, which 

(a> (b) 
Fig.3 Comparison of experimental with simulated deposition profile 
for a trench with an aspect ration of 1.3 : (a) experimental LPCVD 
profile of W from WFg and SiH4 ; (b) simulated profile evolution . 
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Fig.4 Flux distribution of source gases and product gases along the 
wall of trench feature shown in Fig. 3 . 

produces conformal coverage if we assume a commonalty of 
sticking coefficients for determining the role of step coverage 
characteristics [5] .  For the W-CVD from WF6 and SiHq, we 
can conclude that the experimentally observed poor step cov- 
erage characteristic is due to active-site-blocking on the grow- 
ing W surface caused by dissociative adsorption of the prod- 
uct gas, and that the reactive sticking coefficient is not a proper 
measure for predicting step coverage characteristics. 
Other CVD Systems 

The other six CVD systems we examined with our depo- 
sition simulator were w film from WF6 and H2, polysi from 
SiH4, P-doped polysi from SiH4 and PH3, Si02 from SiH4 
and N20, Si02 from tetraethoxysilane (TEOS), and Si3N4 from 
SiC12H2 and NH3. The step coverage characteristics of these 
CVD systems in filling trenches with different aspect ratios 
from 1 to 5 were rigorously simulated and compared with the 
experimental profiles. The predicted film profiles for these CVD 
systems are shown in Fig. 5 . The simulation conditions (gas 
pressures and deposition temperatures) were set at the experi- 
mental values described in the literature [ 12,13,14,15,16,17]. 
Molecular orbital calculations were also carried out to exam- 
ine the reported deposition mechanism from the atomistic point 
of view, as was done in the case of W-CVD from WF6 and 
SiH4. The molecular orbital simulation results for the reaction 
mechanism will be published elsewhere [ 181. The reaction-rate 
expressions described in the literature were used as a first ap- 
proximation because there were few discrepancies between 
the reported models and the models deduced from atomistic 
reaction modeling. The calculated deposition profiles agreed 
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Fig. 5 Simulated deposition profiles for several CVD systems of ULSI 
usage with feature-scale deposition simulator described in text. 
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well with the experimental profiles; poor step coverage char- 
acteristics were obtained for the P-doped polySi film and the 
Si02 film from TEOS precursor, and relatively conformal step 
coverage characteristics were obtained for the other four sys- 
tems. The reactive sticking coefficients of these systems were 
also evaluated outside the feature mouth. They are shown in 
Table I, along with the reaction-rate expressions used in the 
profile simulations. The evaluated reactive sticking coefficients 
for P-doped polySi and Si02 from TEOS, 6 . 8 ~ 1 0 - ~  and 2.9 x 

indicate that the sticking coefficient is an inadequate or 
rather confusing descriptor of the step coverage characteristics 
in profile simulation. It is thus highly risky for a process engi- 
neer to use the step coverage characteristics derived using the 
sticking coefficient. It is necessary to go back to the intrinsic 
reaction mechanism to understand all of the CVD characteris- 
tics; kinetics, coverage, film quality, and so on. To achieve a 
good intrinsic reaction mechanism, atomistic simulation based 
on molecular orbital theory is extremely useful, as demon- 
strated for W-CVD from WF6 and SiH4. 

4. Conclusions 
We have extended the two-dimensional deposition simu- 

lator with a micrometer feature scale and based on the ballistic 
transport and reaction model that was originally developed by 
Cale et al. to include a scheme to inhibit and/or accelerate the 
depositon reaction stemming from the product gases. We have 
also improved the algorithm used to calculate a self-consis- 
tent gas flux distribution on micro feature at each step in the 
simulation. Application of this deposition simulator to seven 
CVD systems for ULSI usage showed good agreement be- 
tween the calculated and experimental feature profiles. The 
validity of the reactive sticking coefficient’s role as a general 

Table I 
described in text. 

Thermal CVD processes examined using profile simulator 

I I 

Film Source Reaction-rate expression I I  

KI PSiH4 

SiH4 5 
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gas I 0 ITemp.(K 

I I 

WFg 1 6.7 x 10-41 748 
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923 

- 
1023 
- 
1023 
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descriptor for step coverage characteristics was thoroughly 
examined using these simulated results and we concluded that 
the intrinsic reaction mechanism is more reliable than the stick- 
ing coefficient for all CVD characteristics. Molecular orbital 
calculation was also demonstrated to be extremely helpful in 
clarifying the intrinsic deposition mechanism. 
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