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We use a transient, Boltzmann equation based transport and 
reaction model to study atomic layer deposition (ALD) at the feature scale, 
and focus on improving pulse protocols.  We use this model to simulate 
plasma-enhanced ALD and to explain growth rate dependence on pulse 
times for two different processes for TBTDET sourced TaN recently 
reported in Park et al., J. Electrochem. Soc., 149(1), C28 (2002); ALD 
using ammonia as the co-reactant and plasma-enhanced ALD using a 
hydrogen plasma. We use the calibrated chemistry models to predict 
surface coverage and monolayers deposited over several ALD cycles. We 
conclude that the monolayers per cycle can be increased relative to the 
experimental data by shortening the post-adsorption purge time; this 
decreases reactant desorption. The overall growth rate can by increased by 
decreasing co-reactant and post-reaction purge pulse times; they are longer 
than necessary. 
 

INTRODUCTION 
 

Atomic layer deposition (ALD) has attracted attention because of the possibility of 
self-limiting, monolayer-by-monolayer depositions [1-4]. Due to the periodic pulsing of 
reactants and purge gases, a comprehensive model for ALD should start with the transient 
nature, and include models for gas phase transport and surface chemistry. Much of the 
relevant literature on feature scale modeling of ALD consists of descriptions of surface 
mechanisms without a model for gas phase transport [5, 6]. The dominant approach to 
feature scale transport and reaction analyses was developed to model topography 
evolution during conventional steady-state deposition and etch processes. These models 
are pseudo-steady, i.e., the local surface reaction rates are computed assuming fluxes are 
constant in time [7]. EVOLVE [7, 8] offers a comprehensive framework for feature scale 
topography simulation during pseudo-steady deposition and etch processes, but is 
apparently not appropriate for ALD. We have developed a transient, Boltzmann equation 
based transport and reaction model for ALD [9-12]. The transport model has no 
adjustable parameters, and heterogeneous reaction mechanisms are used to express 
adsorption, desorption, and surface reaction. Results for the adsorption and post-



 

 

adsorption purge steps, and for the reaction and post-reaction purge steps are presented in 
[10, 11]. We focus on the feature scale and idealize changes at the reactor scale, i.e., 
changes in flow and concentrations are assumed to occur such that changes directly over 
the feature can be considered to occur as step functions. Thus, all fluxes from the reactor 
volume to the feature mouth are constant in time, except for step changes at the start of a 
pulse. 

In this work, we extend the use of the ALD simulator to model deposition in plasma-
enhanced ALD; i.e., to include ions in the transport model. Plasma-enhanced ALD 
(PEALD) has recently been investigated [13-15] as a possible method to increase surface 
reaction rates and improve deposited film properties. In Refs. 14 and 15, tantalum nitride 
(TaN) was deposited using tertbutylimidotris(diethylamido)tantalum (TBTDET) as a 
precursor, and hydrogen radicals were used as reducing agents. Films formed using 
PEALD were found to exhibit better properties (lower electrical resistivity, no aging 
effects under exposure to air) than those formed using conventional ALD (with NH3 as a 
reducing agent) [15]. We fit kinetic parameters in our model to interpret experimental 
data on the dependence of deposition rates on reactant pulse times for TaN ALD as 
described in Ref. 15. 
 

MODEL 
 

Feature Scale Transport Model 
For this paper, we consider the two-dimensional cross-section of a feature with aspect 

ratio A = 4, as shown in Fig. 1. The width of the feature mouth is taken as L = 0.25 µm. 
The domain consists of the interior of the feature and a small area of gas inside the 
Knudsen layer above the wafer surface. 

The transport of the inert carrier gas I and 
the reactive species through the domain is 
described by a set of Boltzmann transport 
equations (BTEs). Assuming that the reactive 
species are at least an order of magnitude less 
concentrated than the carrier gas, it is possible 
to decouple the BTE for the inert I, and we 
only have to solve a system of BTEs for the 
reactive species [10, 11]. 

We assume that the inflow conditions at the 
interface to the bulk of the reactor chamber are 
specified and homogeneous in space and time. 
For neutral species, we use a Maxwellian 
distribution. At the sides of the domain above 
the wafer surface, we use specular reflection to 
simulate periodic features. At the wafer 
surface, we model the emission of gaseous 
molecules into the computational domain as 
diffusive emission by prescribing a Maxwellian 

 
Figure 1. Schematic of a two-
dimensional domain defining length L 
and aspect ratio A. 



 

 

velocity distribution for neutral species. In the absence of reactions, the inflowing density 
distribution is modeled as being proportional to the flux to the surface for each species ηi; 
if reactions are present, the rates Ri of the surface reactions increase or decrease the 
inflowing density distribution. 

The BTEs are nondimensionalized using reference quantities for concentration and 
speed of the reactant species [10, 11]. The reference concentration and speed are chosen 
to be the corresponding quantities for A, the first reactive species, at the conditions listed 
in the Results section. Since we seek to compare model predictions of deposition rates 
with experimental data from Ref. [15], the first reactive species is TBTDET, the 
organometallic precursor used for TaN ALD. 

 
Surface Reaction Model 

The surface chemistry model accounts for reaction of TBTDET with radicals in the 
hydrogen plasma used in TaN PEALD. We designate hydrogen radicals to be the second 
reactive species (B). Ions are the third gaseous species; however, we do not consider 
them in the surface reaction model. We justify this in the next section. Our surface 
reaction model consists of reversible adsorption of A on a single site, and irreversible 
reaction of B with the adsorbed A 
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where Av is adsorbed A, v stands for a surface site available for adsorption, and (*) is the 
non-adsorbing gaseous product. Surface sites for adsorption are produced by the reaction 
of B with adsorbed A. 

If the fraction of surface sites occupied by molecules of species A is denoted by ϑA, 
the reaction rates, made dimensionless by dividing them by the flux of species A to the 
wafer well away from any feature [10, 11], can be written as 
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where ηi denotes the (dimensionless) flux of species i to the surface, and γ1
f, γ1

b, and γ2
f 

are (dimensionless) rate parameters associated with adsorption, desorption, and reaction 
of A with B, respectively. The dimensionless fluxes and reaction rates can be re-
dimensionalized by multiplying them by the flux of species A. The dimensionless rate 
parameters can be re-dimensionalized using the flux of species A and the total number of 
sites available for adsorption per unit area. 

The evolution of ϑA at every point of the wafer surface is given by 
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where the initial coverage ϑA
ini is known and αp is a constant prefactor arising from the 

non-dimensionalization procedure. In general, this differential equation cannot be solved 



 

 

in closed form, because its coefficients depend on the fluxes η. However, if we can 
justify the assumption that the fluxes are constant in time, an analytic solution for the 
fractional coverage ϑA can be obtained (see [10, 11]). 
  

RESULTS 
 

The experimental data we calibrate our model against were obtained from Park et al. 
[15], who conducted a comparison of ALD using NH3 as the reducing agent, and 
(hydrogen) plasma enhanced ALD. To ignite and maintain the hydrogen plasma 
synchronized with the deposition cycle, a rectangular shaped pulse of power was applied 
between the upper and lower electrode. The lower electrode, on which a wafer resided, 
was grounded. The upper electrode was of a showerhead type to distribute reactant gases 
uniformly, and was operated at 50-150 W power, capacitively coupled with an rf (13.56 
MHz) power generator [15]. 

In the experiments reported by Park et al. [15], TBTDET was used as the precursor.  
It was contained in a bubbler that was heated to 70 °C; argon was used as the carrier gas, 
at a flow rate of 35 cm3/min. One deposition 
cycle consisted of an exposure to TBTDET, a 
purge period with an argon flow rate of 35 
cm3/min, an exposure to hydrogen plasma, 
followed by another purge period with an 
argon flow rate of 35 cm3/min. The hydrogen 
flow rate was fixed at 75 cm3/min during the 
hydrogen plasma pulse. The deposition 
temperature was 260 °C, and the deposition 
pressure was 1 Torr. For the case of ALD, 
ammonia was used as the reducing agent in 
place of hydrogen radicals. The flow rate of 
NH3 was fixed at 47 cm3/min. The TBTDET 
pulse time was varied between 1 s and 6 s. All 
the purge times were 15 s long, and the NH3 
and hydrogen plasma pulses were 10 s long in 
ALD and PEALD, respectively. The reference 
concentration and speed of TBTDET at these 
conditions are 1.5 x 10-9 mol/cm2 and 1.05 x 
104 cm/s respectively. 

Figures 2a and 2b show representative 
distributions of the dimensionless number 
density of TBTDET throughout the gas 
domain during the adsorption step at t = 5 ns 
and 40 ns. After 5 ns, the gas has not filled the 
interior of the feature yet; after 40 ns the 
feature has filled completely with gas. This 
demonstrates that the transport is much faster 

 

 
Figure 2. TBTDET adsorption step: 
dimensionless number density of species 
A for a feature with aspect ratio A = 4 at 
(a) 5.0 ns, (b) 40.0 ns. The scales on the 
x1 and x2 axes are different. 

(a) 

(b) 



 

 

than the duration of the adsorption step. 
Similarly, the gas is transported out of the 
feature domain over a time scale much shorter 
than the duration of the pulse during the post-
adsorption purge. Figure 3 shows the flux to 
the surface of species A vs. time at the three 
observation points (see Fig. 1); Fig. 3a for the 
adsorption step and Fig. 3b for the post-
adsorption purge step. Observe that in both 
processing steps, the flux tends to equilibrium 
more slowly than the gas fill of the domain, 
but significantly faster than the total step times 
for adsorption and post-adsorption purge. 
Additionally, observe that the fluxes tend to a 
spatially uniform constant value. For similar 
and more detailed results on the adsorption 
and post-adsorption purge steps of ALD, see 
Ref. 10. 

During the reaction step, we seek to 
investigate the effect ions may have on the 
deposition rate of TaN. Ions are highly 
directed species, and the source flux 
distribution for ions is very narrow. This 
would lead to very large fluxes of ions at 
middle of the bottom of the feature as 
compared to the sidewalls. If the deposition 
rate due to ions depends on the ion flux, then 
we would see nonconformal deposition inside the 
feature if the ions contributed significantly to the 
deposition rate. However, Park et al. [15] state that 
the films grown by PEALD show excellent step 
coverage, and there is no variation depending on 
position within features, i.e., the growth is the same 
at the bottom and sidewalls. This leads us to 
conclude that the ion fluxes do not directly affect the 
deposition rates. Park et al. indicate that ions affect 
the film properties (especially film density) by 
inducing rearrangement of the atomic layers of TaN. 
Since we are interested in predicting deposition rates 
in ALD and PEALD, we focus on the reaction 
between hydrogen radicals and TBTDET as being 
the sole reaction affecting the fraction of monolayers 
deposited per PEALD cycle. 

 
Figure 4.  Dependence of 
deposited film thickness on 
TBTDET pulse time for TaN 
ALD using NH3 and TaN plasma-
enhanced ALD using hydrogen 
plasma (reproduced from [15]). 

 

 
Figure 3. Dimensionless flux of species 
A to the surface vs. time during (a) 
adsorption, (b) post-adsorption purge. 

(a) 

(b) 



 

 

Similar to the results for TBTDET in the 
adsorption step, the transport of hydrogen 
radicals during the reaction step is fast 
compared to surface kinetics, and the radical 
flux reaches a spatially uniform constant value 
in the order of milliseconds. Given this fact, 
we can use the analytical solution developed 
in Refs. 10 and 11 to track monolayer 
coverage and deposition rates over many ALD 
cycles and as a function of pulse times. 

Figure 4 shows the experimental data 
relating deposition thickness per cycle to 
TBTDET pulse time for TaN ALD and 
PEALD reported by Park et al. [15]. As 
mentioned earlier in this section, all the purge 
times were 15 s long, and the NH3 and hydrogen plasma pulses were 10 s long in ALD 
and PEALD respectively. The deposition rate in PEALD is lower than that in ALD using 
NH3 as a reactant. However, the density of 
TaN film deposited using PEALD (7.9 g 
cm-3) is larger than that of TaN deposited 
using ALD with NH3 (3.6 g cm-3). Figure 5 
shows the deposition thickness in 
monolayers per cycle for PEALD and ALD 
for the values of deposition thickness in 
Angstrom/cycle shown in Fig. 4. 

We fit the kinetic parameters in our 
model for surface coverage of adsorbed 
species to match the dependence of 
monolayers deposited per cycle on 
TBTDET pulse time for PEALD and ALD 
respectively. Since Park et al. [15] postulate 
that the adsorption rate of TBTDET on a 
hydrogen radical terminated film is 
different than its adsorption rate on a NH3 
terminated film, we do not force the 
adsorption and desorption rate parameters 
to be the same values in both cases. The 
values obtained for the kinetic parameters 
are γ1

f=6.0 x 10-3 for the adsorption rate 
constant, γ1

b=1.2 x 10-4 for the desorption 
rate constant, γ2

f=5.1 x 10-1 for the reaction 
rate constant in PEALD, and γ1

f=3.4 x 10-3 
for the adsorption rate constant, γ1

b=6.0 x 

 
Figure 5. Monolayers deposited per 
cycle for TaN ALD using NH3 and TaN 
PEALD using a hydrogen plasma [15]. 

 

 
Figure 6. Comparison of model 
predicted monolayers deposited per 
cycle against experimental data from 
[15] for (a) PEALD, (b) ALD. 

(a) 

(b) 



 

 

10-5 for the desorption rate constant, γ2
f=2.9 x 

10-1 for the reaction rate constant in ALD 
using NH3. The model predictions using these 
fitted parameters are plotted against the 
experimental data from [15] in Fig. 6. Good 
agreement is achieved between the fitted 
model predictions and experimental data. The 
reaction rate parameter is higher for reaction 
between adsorbed TBTDET and hydrogen 
radicals than for reaction between TBTDET 
and NH3, indicating that hydrogen radicals are 
more reactive than NH3 in this situation. Also, 
the adsorption rate parameter for TBTDET is 
higher when hydrogen radicals are present, 
which is in agreement with the conclusions of 
Park et al. [15]. The higher adsorption rate 
results in a faster saturation time of 
monolayers deposited per cycle with respect to 
TBTDET pulse time. As an explanation of the 
higher adsorption rate, Park et al. [15] suggest 
that hydrogen radicals would help convert C-H 
species generated in the hydrogen reduction 
reaction of TBTDET to be converted to more 
volatile C-H compounds, which may prevent 
by-products from residing on the film surface 
and thus provide more vacant sites for 
adsorption. 

Based on our fits of the kinetic parameters of the chemistry models, we predict 
fractional coverage and monolayers deposited over 5 PEALD cycles. Figure 7a shows 
fractional coverage and monolayers deposited for the pulse cycle used by Park et al.; 
significant loss of coverage due to desorption is observed. The fractional coverage of 
TBTDET drops from approximately 0.9 to 0.35 during the post-adsorption purge in each 
ALD cycle. Additionally, the adsorbed TBTDET is consumed by reaction during the first 
1 s of the reaction step; there is no deposition during the rest of the reaction step. In the 
post-reaction purge, the reactants are purged out of the feature domain on the order of 
milliseconds. This indicates that the purges and the reaction step can be shortened to 
increase monolayer deposition per unit time. Shortening the post-adsorption purge 
reduces the loss of adsorbed TBTDET due to desorption, and keeps surface coverage 
high at the start of the reaction step. Reducing the durations of the reaction step and the 
post-reaction purge does not affect the monolayer deposition, but results in shortening the 
duration of the ALD cycle. Figure 7b shows predictions of fractional coverage and 
monolayers deposited when the purge times are shortened to 0.5 s, and the reaction step 
is shortened to 1 s. The duration of the PEALD cycle is considerably shortened, and 
approximately 0.9 monolayers are deposited per cycle. The contribution of desorption to 

 

 
Figure 7. Fractional coverage and 
monolayers deposited during PEALD 
for (a) pulse cycle of Park et al. [15], 
and (b) shortened pulse cycle. 

(b) 

(a) 



 

 

consumption of adsorbed TBTDET is 
significantly reduced, and almost all the 
adsorbed TBTDET is consumed by reaction.  

In Fig. 8, we show predictions of fractional 
coverage and monolayers deposited over 5 
cycles for TaN ALD using NH3 as the co-
reactant. . Figure 8a shows fractional coverage 
and monolayers deposited for the pulse cycle 
used by Park et al.; significant loss of coverage 
due to desorption is observed, as was the case 
with PEALD. Significant desorption during the 
post-adsorption purge is observed here in Fig. 
8b, the fractional coverage drops from 
approximately 0.9 to 0.55. As in the case of 
TaN PEALD, the reaction and post-reaction 
purge steps are too long, and can be shortened 
significantly. Figure 8b shows predictions of 
fractional coverage and monolayers deposited 
when the purge times are shortened to 0.5 s, 
and the reaction step is shortened to 1 s. 
Approximately 0.9 monolayers are deposited 
per cycle, and one cycle is 6 s long as opposed 
to 44 s for the original pulse protocol. Notice 
that for the “optimal” pulse protocols for 
PEALD and ALD depicted in Figs. 7b and 8b, 
approximately the same fraction of a monolayer 
of TaN is deposited per cycle; the two processes are roughly equivalent in this respect. 
However, the film densities are different for the two cases, which means that a different 
thickness of TaN is deposited per cycle in each case. Additionally, Park et al. state that 
properties of the deposited film (such as resistivity) are different for the two processes.  

We have not made any attempt to study the constraints placed on the system by 
process limitations. We do not know if the durations specified for the reaction step and 
the purges can be achieved using the processing equipment used by Park et al. [15]. In 
addition to the fast switching between process streams required to keep the purge times as 
low as 0.5 s, the pulsing of the plasma also needs to be achieved in 1 s. Therefore, our 
recommendations of the optimal pulse sequences shown in Fig. 7b and Fig. 8b are subject 
to the ability of the physical process to be operated in such a fashion. The 
recommendations are also subject to our surface chemistry model being a good 
representation of the actual chemistry of the process; a good fit between our model and 
the data does not necessarily mean that our chemistry model is correct. 
 

 

 
Figure 8. Fractional coverage and 
monolayers deposited during ALD 
using NH3 for (a) pulse cycle of Park et 
al. [15], and (b) shortened pulse cycle. 

(a) 

(b) 



 

 

CONCLUSIONS 
 

We use a previously developed transient, Boltzmann equation based transport and 
reaction model to simulate plasma-enhanced ALD and to explain growth rate dependence 
on pulse times for two different processes for TBTDET sourced TaN recently reported in 
the literature [15]; ALD using ammonia as the co-reactant and plasma-enhanced ALD 
using a hydrogen plasma. We use the calibrated chemistry models to predict surface 
coverage and monolayers deposited over several ALD cycles, and to optimize pulse 
protocols. We conclude that the monolayers per cycle can be increased relative to the 
experimental data by shortening the post-adsorption purge time; this decreases reactant 
desorption. The overall growth rate can by increased by decreasing co-reactant and post-
reaction purge pulse times; they are too long. Finally, we conclude that with the improved 
pulse protocols, the two processes produce approximately the same fraction of monolayer 
deposited per cycle. This and other details of the coverage and monolayers deposited per 
cycle depend somewhat on the chemistry model (framework) used. Though the model we 
use does allow fairly good fits to the available data, this does not mean we have a good 
chemistry model. The available data are limited and very smooth, and we expect that 
other models would also provide good fits. The model used seems to be the simplest 
model that does provide good fits to the data. 
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