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Abstract

In this work, a complex deposition process, which includes two types of macromolecules whose growth behaviors are very different,
is investigated. This deposition process is influenced by both short- and long-range interactions. The study of this process is motivated
by recent experimental results on the growth of high-� dielectric thin films using plasma-enhanced chemical vapor deposition. A multi-
component kinetic Monte-Carlo (kMC) model is developed for the deposition. Both single- and multi-component cases are simulated and
the dependence of the surface microstructure of the thin film, such as island size and surface roughness, on substrate temperature and
gas phase composition is studied. The surface morphology is found to be strongly influenced by these two factors and growth regimes
governed by short- and long-range interactions are observed. Furthermore, two kMC model-based feedback control schemes which use the
substrate temperature to control the final surface roughness of the thin film are proposed. The closed-loop simulation results demonstrate
that robust deposition with controlled thin film surface roughness can be achieved under a kMC estimator-based proportional integral (PI)
feedback controller in the short-range interaction dominated growth regime, while a kMC model-predictive controller is needed to control
the surface roughness in the long-range interaction dominated growth regime.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The industrial demands for advanced materials having
desirable properties, have driven the development of thin
film technology. Today, thin films are used in a wide range
of applications, e.g., microelectronic devices, optics, micro-
electro-mechanical systems (MEMS) and biomedical prod-
ucts. Various deposition methods, such as physical vapor
deposition (PVD) and chemical vapor deposition (CVD),
have been developed and widely used to prepare thin films.
However, the dependence of the thin film properties, such as
spatial uniformity, composition and microstructure, on the
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deposition conditions, is a severe constraint on reproduc-
ing the performance of the thin film. Therefore, in order to
meet the stringent requirements on the quality of thin films,
real-time feedback control of thin film deposition becomes
increasingly important.

Significant research efforts have been made on the feed-
back control of thin film deposition processes with empha-
sis on control of film spatial uniformity in rapid thermal
processing (RTP) (Baker and Christofides, 1999; Theodor-
opoulou et al., 1999; Christofides, 2001) and plasma-
enhanced chemical vapor deposition (PECVD) (Armaou
and Christofides, 1999). In addition to achieving spatially
uniform deposition of thin films, one would like to regulate
film properties such as microstructure (Lou and Christofides,
2003a, 2005a,b,c) and composition (Ni et al., 2004) that
characterize film quality. While deposition uniformity
control can be accomplished on the basis of continuum
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type distributed models, precise control of film proper-
ties requires models that predict how the film state (mi-
croscopic scale) is affected by changes in the control-
lable process parameters (macroscopic scale). This need
has motivated extensive research on the development of
fundamental mathematical models describing thin film
growth.

Kinetic Monte-Carlo (kMC) simulation provides a frame-
work for modelling the effect of macroscopic process vari-
ables on the thin film microstructure and has been widely
used to simulate CVD processes (seeBattaile and Srolovitz
(2002) for a review of kMC simulation of CVD). How-
ever, the majority of these works have focused on studying
the growth kinetics or interface structure while only a few
works (Vlachos, 1997; Reese et al., 2001) have addressed
the computational efficiency which strongly affects the use
of such kMC models within real-time feedback control sys-
tems. Recently, a methodology for feedback control of thin
film growth using kMC models was developed byLou and
Christofides (2003a,b). The methodology leads to the design
of (a) real-time roughness estimators by using multiple small
lattice kMC simulators, adaptive filters and measurement
error compensators and (b) feedback controllers based on
the real-time roughness estimates. The method was success-
fully applied to control surface roughness in a GaAs deposi-
tion process using an experimentally determined kMC pro-
cess model (Lou and Christofides, 2005a). Other approaches
have also been developed to: (a) identify linear deterministic
models from outputs of kMC simulators and perform con-
troller design by using linear control theory (Siettos et al.,
2003; Armaou et al., 2004), (b) construct reduced-order ap-
proximations of the master equation (Gallivan and Murray,
2004), and (c) construct stochastic partial differential equa-
tion models using kMC simulations (Ni and Christofides,
2005a,b).

However, among these computationally attractive mod-
els, most of them consider only single component systems,
and long-range interactions have not been modelled explic-
itly. In reality, most CVD processes are heterogeneous de-
position processes where more than one species participate
in the film growth. Moreover, direct long-range interactions
(Einstein, 1996) and substrate-mediated long-range interac-
tions (Merrick et al., 2003) are very important in many of
these processes. For example, in the PECVD ZrO2 process,
there is a large number of different species present in the
gas phase during the deposition, and many of them partici-
pate in the thin film growth, particularly, zirconium hydrox-
ide and hydrocarbon species (seeCho et al. (2002)for de-
tailed experimental results). Moreover, recent experimental
results (Cho et al., 2003) have shown that, when zirconium
hydroxides are the dominant species in the gas phase, the
deposited ZrO2 thin film has a very smooth surface with a
roughness value less than half ZrO2 monolayer, which sug-
gests that the zirconium hydroxide species tend to uniformly
cover the substrate surface. On the other hand, when hydro-
carbons dominate the gas phase, the deposited ZrO2 thin film

has a very rough surface characterized by big islands, which
suggests that the aggregation of the hydrocarbon species on
the substrate surface, as a result of long-range interactions,
is quite significant. It is quite obvious that a single compo-
nent kMC model considering only short-range interactions
is inadequate to describe the thin film growth in this pro-
cess. Therefore, a computationally efficient kMC model of
heterogeneous deposition processes in which long-range in-
teractions are accounted for is needed.

In this work, a complex deposition process, which in-
cludes two types of macromolecules whose growth be-
haviors are very different, is investigated. This deposition
process is influenced by both short- and long-range inter-
actions. The study of this process is motivated by recent
experimental results on the growth of high-� dielectric
thin films using plasma-enhanced chemical vapor deposi-
tion (PECVD). A multi-component kMC model is devel-
oped for the deposition. Both single- and multi-component
cases are simulated and the dependence of the surface mi-
crostructure of the thin film, such as island size and surface
roughness, on substrate temperature and gas phase com-
position are studied. The surface morphology is found to
be strongly influenced by these two factors and growth
regimes governed by short- and long-range interactions
are observed. Furthermore, two kMC model-based feed-
back control schemes which use the substrate temperature
to control the final surface roughness of the thin film are
proposed. The closed-loop simulation results demonstrate
that robust deposition with controlled thin film surface
roughness can be achieved under a kMC estimator-based
proportional integral (PI) feedback controller in the short-
range interaction dominated growth regime, while a kMC
model-predictive controller is needed to control the surface
roughness in the long-range interaction dominated growth
regime.

2. Surface microstructure model for thin film growth

Deposition processes such as PECVD, often involve large
numbers of participating species with heterogeneous growth
behaviors. Here, we study a heterogeneous deposition pro-
cess in which two types of macromolecules of very dif-
ferent growth behavior, typeA and typeB, are present.
Type A macromolecule is significantly affected by long-
range attractions and tends to aggregate with otherAmacro-
molecules into clusters, i.e., it favors Volmer-Weber (VW)
growth mode (Gilmer et al., 1998). Hydrocarbon molecules
generated from the decomposition of metal-organic (MO)
precursors in a PECVD process are good examples of such
type. TypeB macromolecule favors surface sites of local
minimum height, which usually results in Frank-van der
Merwe (FM) type of film growth (Gilmer et al., 1998). Metal
oxides or hydroxides originated from the MO precursors
may behave similar to macromolecules of typeB as dis-
cussed in the introduction.
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Fig. 1. Thin film growth process.

The geometry of the deposition process is shown in
Fig. 1. The gas flux is perpendicular to the substrate surface.
Flux compositions, i.e., flux ofA and B, in terms of the
number of macromolecules encountered per unit time per
surface site, are taken as macroscopic process parameters.
They can be measured directly (via mass spectrometer for
example) or determined based on the measurements of the
partial pressures for each species and gas phase tempera-
ture using kinetic theory (Lam and Vlachos, 2001). Thus,
we model only the microprocesses taking place on the sub-
strate surface. BothA andB can diffuse from the gas phase
onto the substrate, however,B type macromolecules settle
to surface sites of local minimum height (surface relax-
ation) simultaneously during adsorption. Surface migration
and desorption processes are ignored (generally true for
low-temperature CVD processes such as PECVD), while
hopping ofA type macromolecules is allowed (as ifA is
firstly physisorbed). Surface reactions are not explicitly
considered in this process, however, the long-range behavior
of A and the surface relaxation ofB could be consequences
of surface reactions (i.e., surface mediated).

2.1. Microprocess model

The growth microprocess model is constructed based on a
standard kMC scheme (Gillespie, 1976) which assumes the
growth process to be a Poisson process. Therefore, the dy-
namics of the deposition process are governed by the master
equation which describes the evolution of probabilities of the
surface being in specific microconfigurations. Monte-Carlo
simulation is used to obtain realizations of this stochastic
process which are consistent with the master equation.

To simulate the heterogeneous deposition process studied
in this work, a simple cubic lattice structure, which is a good
approximation for amorphous films, is used. The simulated
surface domain is a square grid of 100 lattice points by
100 lattice points. To improve computational efficiency, the
solid-on-solid assumption is made (i.e., voids and overhangs

are neglected). We consider a multi-layer growth and assume
that all the sites are available for adsorption of all gas phase
species at all times, and, thus, the adsorption rates ofA (wA

a )
andB (wB

a ) are taken to be site independent; they can be
obtained in real-time as discussed above.

To incorporate different growth behaviors into a kMC
scheme, a viable way is to set up specific rules for the micro-
processes considered in the scheme (seeShi et al. (2004)for
an example of rule-based modelling of coating microstruc-
ture). Although, such rules may be arbitrary and may sac-
rifice the fidelity of the model with respect to the detailed
physics and chemistry, they are very favorable from a com-
putational point of view, and thus, preferable for real-time
applications. Furthermore, when mechanisms of such be-
haviors are unknown, which is true for most of the com-
plex PECVD processes, rule-based modelling must be used.
In this work, we set up two rules for aggregation ofA
type macromolecule and surface relaxation ofB type macro-
molecule, respectively.

For A type macromolecules, we enforce a rule on the
hopping process. To encourage the aggregation of surface
A macromolecules over long-range, we select the hopping
direction of anA type macromolecule based on the number
of the surfaceAs that the hoppingA can see in each direction
instead of randomly picking among the possible hopping
directions. Specifically, the hopping direction of a specific
Amacromolecule is determined by comparing the distance-
weighted sum of all theAmacromolecules in each direction
and pick the one with largest value of the sum. The weighted
sum, for example, in the positivexdirection of anA located at
the surface lattice point(x0, y0), NA

h,+x(x0, y0), is computed
as follows:

NA
h,+x(x0, y0) =

la∑
x=1

x∑
y=−x

SA
(x0+x,y0+y)

×
(

1 −
√

x2 + y2

la

)
, (1)

wherela is the maximum range of attraction, and the value
of the occupancy factorSA

(i,j) is unity when the surface site
(i, j) is occupied by anA and zero otherwise. Eq. (1) imi-
tates the sight of a surfaceA which fades out with distance,
i.e., the near neighbors are weighted more than the distant
neighbors. 1−√x2 + y2/la is picked as the weighting func-
tion to employ a linearly decaying weighting which goes to
zero at the boundary of the attraction zone, however, one
can use any meaningful weighting function here to carry
out simulations to simulate or validate specific deposition
mechanisms.

The rate of the surface hopping of anA type macro-
molecule depends on the local activation energy barrier.
Considering only the interactions of the first nearest side
neighbors and the first nearest bottom neighbor to determine
the hopping rate at a specific site, the hopping rate of a
macromolecule of typeA on the surface withn first nearest
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side neighbors is given by

wA
h (n) = kA

h0 exp

(
−EA

s + nEA
n

kT

)
, (2)

wherekA
h0 is the hopping frequency constant,EA

s andEA
n

are the energy barriers associated with surface hopping of
A for bottom and side neighbors, respectively (we note that
for simplicity we do not distinguish the neighboring macro-
molecules of different types).

For B type macromolecules, we enforce a surface relax-
ation rule on the adsorption process. During an adsorption
event, a site,(i, j), is first randomly picked among the sites
of the whole lattice; the final site in which theB macro-
molecule adsorbs onto could be different from the initially
chosen site for the adsorption event. In particular, when the
initially chosen site does not have the local minimum height,
B will be adsorbed onto one of the neighboring sites that
has the local minimum height. In this work, only the 4 first
nearest neighbor sites and 4 second nearest neighbor sites
are considered. In addition, the sticking probability of type
Bmacromolecule on surface site occupied by typeAmacro-
molecules is considered very small (5% in this study). This
is because when this sticking probability is close to unity, the
surface would be smoothened by typeBmacromolecules in-
dependently of the presence of typeAmacromolecules, and
thus, the dynamics of the two-component deposition would
not be observable. All other sticking probabilities are con-
sidered to be unity for simplicity.

The life time of each Monte-Carlo event in the simula-
tion � can be determined by the following expression (see
Gillespie (1976)for a detailed proof):

� = − ln �

wA
a + wB

a +∑4
n=0 NA

n wA
h (n)

, (3)

where� is a random number that follows the uniform dis-
tribution in the unit interval andNA

n is the number ofA
type macromolecules on the surface withn first nearest side
neighbors.

Remark 1. Since we treat hopping events towards differ-
ent hopping directions as different microscopic events, the
kMC simulation does not need to determine which hopping
direction the macromolecule needs to go once the event is
selected, and therefore, overriding the direction chosen by
kMC by the microprocess rule is not an issue here, and the
time increment can be calculated using Eq. (3). Hopping
processes towards different hopping directions are treated as
independent Poisson processes just like the adsorption ofA
and the adsorption ofB. As long as the dynamical hierarchy
of transition rates is preserved in the kinetic Monte-Carlo
simulation, the time increment should be selected from the
exponential distribution of Eq. (3).

Table 1
Model parameters

Hopping freq. const. kA
h0 1013 s−1

Hopping energy (bottom) EA
s 0.8 eV

Hopping energy (side) EA
n 0.2 eV

Attraction range la 20 Units

2.2. Simulation procedure

The parameters,kA
h0, EA

s , EA
n andla in the model can be

determined by optimal parameter estimation using experi-
mental data, however, the parameters used in this study are
arbitrarily chosen and are shown inTable 1. When the lat-
tice is set and the rates of the three events (A adsorption,B
adsorption,A hopping) are determined based on measure-
ments or its corresponding rate expression (Eq. (2)), a ki-
netic Monte-Carlo simulation is executed following the algo-
rithm reported inVlachos (1997). First, the surfaceAmacro-
molecules are grouped into five classes based on the number
of side neighbors (from 0 to 4 side neighbors); in each class,
the macromolecules have the same hopping rates, however,
they may have different hopping directions depending on
the surface microconfiguration; the adsorption rates of the
A andB macromolecules are both site independent. Then,
a random number is generated to select an event to be run
based on the rates; if the event isA hopping, the class in
which the event will happen is also selected. After that, a
second random number is generated to select the site where
the event will be executed; if the event isA or B adsorption,
the site is randomly picked from sites in the entire lattice; if
the event isA hopping, the site is randomly picked from the
list of the sites in the selected class. After the site is selected,
the MC event is executed. If the event is adsorption, it is
executed by adding one macromolecule on the selected site
(B adsorption rule is applied if the event isB adsorption);
if the event isA hopping, theA type macromolecule on the
site is moved to the next site in the direction selected by the
hopping rule. Upon an executed event, a time increment�
computed based on Eq. (3) is added to the process timet.
Periodic boundary conditions are used in the simulation to
satisfy the mass balance of the hopping macromolecules.

Referring to the kMC simulation of the surface evolution
using the microscopic process rules defined in subsection
2.1, it is important to note that we treat the surface evolution
as a sequence of Poisson processes. Under this assumption,
the evolution of the probability that the process (surface) is at
a certain microscopic configuration� at timet is determined
by the so-called master equation:

�P(�, t)

�t
=
∑
�′

W(�′ → �)P (�′, t ′)

−
∑
�′

W(� → �′)P (�, t), (4)
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where� and�′ are successive states of the system,P(�, t)

is the probability that the system is in state� at time t,
and W(�′ → �) is the probability per unit time that the
system will undergo a transition from state�′ to �. When
the process reaches equilibrium (i.e.,�P(�, t)/�t = 0), this
equation reduces to the so-called detailed-balance criterion:∑
�′

W(�′ → �)P (�′, t ′) =
∑
�′

W(� → �′)P (�, t). (5)

From Eqs. (4) and (5), it follows that during the dynami-
cal evolution of the process (i.e.,�P(�, t)/�t �= 0), the de-
tailed balance should not be satisfied. Moreover, the strict
detailed-balance criterion (W(�′ → �)P (�′, eq) = W(� →
�′)P (�, eq)) does not even need to be satisfied at process
equilibrium.

However, to correctly simulate the dynamical phenomena
of a Poisson process, regardless of the existence of a pro-
cess equilibrium, one needs to guarantee that the transition
probabilities reflect unique transition rates. These probabil-
ities should be formulated so that a dynamical hierarchy of
transition rates is established in terms of appropriate mod-
els for the rates of the microscopic events considered in the
entire process. To achieve such dynamical hierarchy for our
process (which does not reach equilibrium), we choose the
transition probability to be the rate of a specific event (e.g.,
the rate of a hopping event in a specific direction), divided
by the sum of all the rates of the microscopic events. As we
describe in the manuscript, we first choose a microscopic
event among all possible adsorption events (A andB) and
hopping events (A only, including hopping to all directions)
based on the transition probabilities of adsorption and hop-
ping; then, in the case of a hopping event, we choose a
class of hopping events among all classes (each class in-
cludes hopping events towards different directions); once the
class of the hopping event is selected, a hopping event of a
specific macromolecule is randomly picked, since there are
macromolecules with different hopping directions in each
hopping class, the probability of picking a macromolecule
hopping to the+x direction should beNA

n,+x/N
A
n (where

NA
n,+x is the number of surface macromolecules which have

n nearest neighbors and hop towards the+x direction once
they are selected to hop). Therefore, the transition proba-
bility of a hopping event of ann nearest-neighbor surface
macromolecule towards the+x direction to occur can be
computed as follows:

Wh,+x(n) = NA
n wA

h (n)

wA
a + wB

a +∑4
n=0 NA

n wA
h (n)

× NA
n,+x

NA
n

= NA
n,+xw

A
h (n)

wA
a + wB

a +∑4
n=0 (NA

n,+x + NA
n,−x + NA

n,+y + NA
n,−y)w

A
h (n)

, (6)

whereNA
n,−x , NA

n,+y andNA
n,+y are the number of surface

macromolecules which haven nearest neighbors and hop to-
wards the−x, +y and−y directions once they are selected
to hop, respectively. We can see that the transition proba-

bility Wh,+x is picked as the ratio of the rate of the+x

hopping eventNA
n,+xw

A
h (n) over the sum of the rates of all

microscopic events, and therefore, the transition probability
is uniquely specified by the rate of the hopping event.

Moreover, if we were to study a process that would reach
equilibrium, then the microscopic process rules should have
been defined in a way such that the process is able to reach
equilibrium, and accordingly, the detailed balance of the
transition probabilities should have been satisfied at equilib-
rium. When the transition probabilities are formulated in the
same way as we described above for a set of microscopic
rules that constitute a process which goes to equilibrium,
a dynamical hierarchy is achieved and the detailed balance
criterion will be satisfied when the process reaches equilib-
rium.

3. Simulation results and discussion

Using the proposed growth model, a parametric analysis
of the growth process is conducted. We study the effects of
substrate temperature (in the range of 300–440 K, which is
the normal operating temperature of low-temperature CVD
processes such as PECVD) and gas phase composition on
the surface microstructure of the deposited thin films in both
homogeneous and heterogeneous deposition processes. Fur-
thermore, the effect of simulation lattice size has also been
investigated. This study provides valuable insight for the
formulation of the control problem.

Island sizes of the thin films obtained under different pro-
cess conditions are qualitatively compared and the surface
roughness of each film,r, is computed in a root-mean-square
fashion by the following expression:

r =
√∑N

i=0
∑N

j=0 (hij − h̄)2

N × N
, (7)

whereN is the size of the lattice,̄h is the average height of
the film andhij is the height of the surface at position(i, j).

3.1. Single-component case

The simulation of a single component deposition process
can be executed by setting either parameterwA

a or wB
a in

the heterogeneous model equal to 0.

Fig. 2 shows the surface morphology of a thin film ob-
tained by a deposition with onlyB type macromolecules
present in the gas phase. It can be seen that the sur-
face of the thin film is very smooth due to the surface
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Fig. 2. Surface of a thin film deposited withwA
a = 0 s−1, wB

a = 0.1 s−1

andT = 400 K – t = 550 s.
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Fig. 3. Surface roughness of thin films deposited withwA
a = 0 s−1,

wB
a = 0.1 s−1 for different substrate temperature –t = 550 s.

relaxation ofB, and the film growth is in FM mode (seeFig.
7 (solid line) for the profile of the surface roughness during
the deposition). Since the adsorption rate is independent
of the substrate temperature, the surface microstructure of
the thin film has no dependence on substrate temperature
(Fig. 3).

Figs. 4and5 show the surface morphologies of thin films
obtained by depositions with onlyA type macromolecules
present in the gas phase at low and high substrate tempera-
tures, respectively. The thin film deposited at low substrate
temperature (T =320 K) has a high island density but a small
lateral island size. The thin film deposited at high substrate
temperature (T =380 K) has a low island density but a large
lateral island size.

The very different surface microstructure observed for
these two films, which have similar roughness values, can

Fig. 4. Surface of a thin film deposited withwA
a = 0.1 s−1, wB

a = 0 s−1

andT = 320 K – t = 570 s.

Fig. 5. Surface of a thin film deposited withwA
a = 0.1 s−1, wB

a = 0 s−1

andT = 380 K – t = 570 s.

be explained by the different growth modes in these two
temperature regimes. According to the hopping rate equa-
tion (Eq. (2)), surface hopping ofA type macromolecules
has an Arrhenius type dependence on substrate temperature
T. Thus, at low substrate temperature, the hopping rate is
much smaller than the rate at high substrate temperature.
This suggests that at low temperature, the dominant surface
microprocess is the adsorption process, therefore, although
the long-range attraction tends to drive the surfaceA type
macromolecules together, the hopping rate is so low that
these macromolecules are not able to move along the direc-
tion of attraction far enough to form large islands. There-
fore, the effect of long-range attraction is not significant and
the aggregation mostly occurs in the vertical direction (one-
dimensional (1D) aggregation) byAadsorption. This growth
mechanism results in a surface with islands of large height
and small lateral size.
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Fig. 6. Surface roughness of thin films deposited withwA
a = 0.1 s−1,

wB
a = 0 s−1 for different substrate temperature –t = 570 s.

On the other hand, when the substrate temperature is high,
the rate of hopping becomes large, surfaceA type macro-
molecules are able to move along the direction of attraction
for a distance comparable to the range of attraction. There-
fore, the effect of long-range attraction becomes very signif-
icant and aggregation occurs in both vertical and horizontal
direction (3D aggregation, i.e., VW growth mode) by ad-
sorption and hopping. This growth mechanism leads to the
formation of islands with large dimensions in both the verti-
cal and the horizontal directions. Furthermore, we note that
although the range of attraction is limited tola , the lateral
size of the islands are not limited by the range of interaction
due to the coalescence between islands. Islands of lateral
size larger thanla are observed in our simulations for high
substrate temperature depositions.

Fig. 6shows the surface roughness of thin films deposited
at different substrate temperatures. It can be clearly seen that
there are two temperature regimes in which thin film growth
is quite different. In the low-temperature regime, the surface
roughness drops with increasing temperature, in the high-
temperature regime, the surface roughness rises with in-
creasing temperature (however, the surface roughness drops
again when the substrate temperature is very high when sta-
ble surface islands start to coalesce and form islands with
lateral dimension larger than the range of attraction). Based
on the discussion above about the different growth modes at
low and high substrate temperatures, the transition from the
low-temperature regime to the high-temperature regime cor-
responds to the change in growth process from short-range
interaction dominant to long-range attraction dominant. The
substrate temperature at which the minimum roughness is
achieved corresponds to the separation of the two tempera-
ture regimes.

Fig. 7shows the profiles of the thin film surface roughness
during the deposition. It can be clearly seen that the thin film
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Fig. 7. Surface roughness of thin films during depositions with (a)
wA

a = 0 s−1, wB
a = 0.1 s−1 andT = 400 K (solid line); (b)wA

a = 0.1 s−1,
wB

a = 0 s−1 andT = 320 K (dashed line); (c)wA
a = 0.1 s−1, wB

a = 0 s−1

andT = 380 K (dotted line).

Fig. 8. Surface of a thin film deposited withwA
a =0.05 s−1, wB

a =0.05 s−1

andT = 320 K – t = 900 s.

growth in theB only deposition is 2D growth (the surface
roughness saturates over time) while the growth in theAonly
deposition, with either low or high substrate temperature, is
3D growth (the surface roughness never saturates).

3.2. Multi-component case

We have also simulated multi-component deposition
which is heterogeneous, using the proposed process model.
Both A andB types of macromolecules are present in the
gas phase and the relative ratio of the two species is set to
be unity in the simulated case for simplicity.

Figs. 8and9 show the surface morphology of thin films
obtained by depositions at low (T = 320 K) and high (T =
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Fig. 9. Surface of a thin film deposited withwA
a =0.05 s−1, wB

a =0.05 s−1

andT = 440 K – t = 900 s.
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Fig. 10. Surface roughness of thin films deposited withwA
a = 0.05 s−1,

wB
a = 0.05 s−1 for different substrate temperature –t = 900 s.

440 K) substrate temperatures, respectively. The difference
in surface morphology between the two thin films is similar
to the single component case in which onlyA type macro-
molecules are present in the gas phase. This is expected
since the behavior of the two types of macromolecules is
considered independent of each other in the simulation.

Fig. 10 shows the surface roughness of thin films de-
posited at different substrate temperatures. Two tempera-
ture regimes can also be observed in the multi-component
case, however, the absolute surface roughness values of the
high substrate temperature regime are relatively small. To
effectively compare the temperature dependence of surface
roughness between homogeneous and heterogeneous pro-
cesses, roughness values are plotted inFig. 11versus hop-
ping to adsorption ratio (the ratio of the total number of hop-
ping events to the total number of adsorption events in the
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Fig. 11. Surface roughness of the thin films deposited for different hopping
to adsorption ratio in (a) homogeneous deposition, 100%A (solid line);
(b) heterogeneous deposition, 50%A + 50%B (dashed line).

overall simulation time), since the adsorption and the hop-
ping events directly shape the surface of the thin films. In
addition, this ratio of hopping to adsorption monotonically
increases with increasing substrate temperature. It can be
seen inFig. 11that a lower roughness value is observed for
the heterogenous deposition compared to the homogeneous
deposition. Furthermore, we note that the presence ofB type
macromolecules does affect the transition of the growth pro-
cess from the short-range interaction dominant regime (low
substrate temperature) to the long-range interaction domi-
nant regime since the value of hopping to adsorption ratio
that separates the two regimes of the multi-component case
is smaller than that of the single-component case. This may
be due to the fact that the presence ofB type macromolecules
in the gas phase facilitates the smoothening of the film sur-
face by adsorbing onto surface sites with local minimum
heights. However, in both cases the dependence of surface
roughness on substrate temperature is almost the same; this
observation suggests that the temperature dependence of the
heterogeneous deposition is qualitatively determined byA
type macromolecules.

3.3. Effect of gas phase composition

Since different gas phase compositions can be used to
tailor the material properties of the thin films obtained by
the depositions for different applications, simulations of
depositions for different gas phase compositions have been
run to study the effect of gas phase composition on the sur-
face microstructure based on the proposed growth model.
We note that since the adsorption of typeB macromolecule
is surface site-dependent, the growth rate of the thin film
varies with gas phase composition. Therefore, compari-
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Fig. 12. Surface roughness of thin films deposited with different gas phase
compositions: (a) 100%A (solid line); (b) 80%A + 20%B (dashed line);
(c) 50%A+50%B (dotted line); (d) 20%A+80%B (dashed dotted line).

son has been conducted between thin films with the same
thickness.

Fig. 12 shows the surface roughness of thin films de-
posited for different gas phase compositions. It can be seen
that the increase of relative concentration ofA leads to in-
creasing surface roughness and vice versa. Moreover, when
the relative concentration ofA is larger than 50%, the pres-
ence of two temperature regimes is quite clear. This again
suggests that typeAmacromolecules have significant effect
on the surface microstructure when the relative concentra-
tions ofA andB are comparable.

3.4. Effect of lattice size

Because the dimension of the wafers used in a real deposi-
tion process is usually in the 108 nm regime, it is impossible
to simulate the film growth for the entire wafer even with the
most efficient Monte-Carlo algorithm and the best available
computing power, and thus, a lattice size which corresponds
to a very small spatial domain compared to the actual wafer
dimension is used in this work. However, to better gauge the
results from such simulations, investigating the lattice size
dependency of the simulation results is necessary.

Fig. 13 shows the surface roughness of thin films de-
posited with different substrate temperature computed using
different simulation lattice size. It can be seen that simulation
results from kMC runs with lattice size larger than 50× 50
agree very well with each other, while simulation results
from the 50× 50 lattice show qualitative agreement with
the results from the larger lattice runs. However, the result
from the 20×20 lattice is inconsistent with all other results.
Such results suggest that the lattice size used in the kMC
simulation should be at least twice as large as the surface in-
teraction radius (20 in this work) to capture the dynamics of
the thin film growth process. Moreover, the stochastic noise
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Fig. 13. Surface roughness of thin films deposited with different substrate
temperature computed using different simulation lattice size.

of the simulation decreases with increasing lattice size. For
this work in particular, simulation lattice size of 100× 100
is large enough to describe the process dynamics with low
stochastic noise, and therefore, such a lattice size (or larger)
will be used in the subsequent simulations.

4. Feedback control

To obtain thin films of desired and reproducible surface
microstructure, it is necessary to operate the deposition pro-
cess under feedback control. In this process, since there are
two temperature regimes for which thin film surface mor-
phologies are quite different, control of surface roughness
in these two regimes is considered separately.

The final surface roughness of the thin film is selected as
the controlled variable because this is the quantity of inter-
est from a practical point of view. The manipulated variable
is chosen to be the substrate temperatureT, since, in low-
temperature CVD processes, such as PECVD, the substrate
temperature is usually one of the few process variables that
could be allowed to vary in practice. Moreover, the manip-
ulation of substrate temperature is relatively easy and has
been integrated on most deposition systems. The major dis-
turbance to the deposition process is the variation of the gas
phase composition. Such variation may be caused by gas
flow spikes in the gas delivery system.

4.1. Surface roughness control in the low-temperature
regime

For thin film applications where high island density is
desired, surface roughness control can be implemented on
the low-temperature regime, in which the growth process is
dominated by short-range interactions. Real-time feedback
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Fig. 14. Response of surface roughness with respect to step changes in
substrate temperature: (a)T changes from 320 to 340 K att = 400 s (step
1); (b) T changes from 320 to 300 K att = 400 s (step 2).

control of deposition processes which are characterized by
short-range interactions has been discussed in detail byLou
and Christofides (2003a,b), where the control problem was
formulated as regulation of instantaneous surface roughness.
In this work, a feedback control scheme inspired by the
methodology proposed byLou and Christofides (2003a,b)is
developed to regulate the final surface roughness. To ensure
that the surface of the thin film has a high island density,
the substrate temperature is restricted within the range of
300–340 K.

4.1.1. Open-loop response
Fig. 14shows the response profiles of the surface rough-

ness with respect to step changes (±20 K) in the substrate
temperature at timet = 400 s. We can see that the value of
the surface roughness at the end of the deposition can be
controlled by manipulating the substrate temperature. The fi-
nal surface roughness can be computed based on the current
thin film surface, the gas flux composition and the substrate
temperature using the proposed kMC growth model. In all
simulation runs, the final surface roughness is considered to
be the roughness att = 950 s.

Fig. 15 shows the profiles of surface roughness with re-
spect to disturbances in the gas phase composition (i.e., gas
flux pattern). It can be seen that increasing concentration of
A type macromolecules in the gas phase, i.e., increasingwA

a ,
results in a rise in the final thin film surface roughness and
vice versa. Therefore, feedback control is needed to reject
such disturbances.

4.1.2. Controller design—closed-loop simulation
Based on the open-loop system analysis, a real-time sur-

face roughness feedback control scheme is designed for the
process.Fig. 16shows the block diagram of the closed-loop
system. The thin film growth is influenced by the substrate

time (s)

0 200 400 600 800 1000
0

1

2

3

4

5

6 disturbance 1

disturbance 2

ro
ug

hn
es

s 
(M

L)

Fig. 15. Response of surface roughness with respect to step distur-
bance in gas phase composition: (a) gas phase composition changed from
50%A + 50%B to 70%A + 30%B (disturbance 1); (b) gas phase compo-
sition changed from 50%A + 50%B to 30%A + 70%B (disturbance 2).
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Fig. 16. Block diagram of the closed-loop system.

temperature and the macromolecule adsorption rates which
are determined by gas phase composition. Since we choose
the final surface roughness as the variable to control, an esti-
mate is computed for every control cycle using the proposed
kMC model based on the operating conditions and the thin
film surface configuration which can be measured in real-
time by advanced surface characterization tools such as the
GISAXS (Renaud et al., 2003).

The substrate temperature, is then computed based
on a proportional integral (PI) control algorithm as
follows:

T (t) = Kcê(t) + Ki

∫ t

t0

ê(�) d� + T0, (8)

ê(t) =
{

e(t) |e(t)| > �,
0 |e(t)|��,

(9)

whereT (t) is the controller output (i.e., substrate tempera-
ture),T0 is the initial substrate temperature,Kc is the pro-
portional gain,Ki is the integral gain,e(t) is the error of the
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Fig. 17. Temperature and surface roughness profiles with surface roughness
set-point value of 3.5 ML: (a) closed-loop surface roughness (solid line,
left scale); (b) open-loop surface roughness (dashed line, left scale); (c)
substrate temperature (dotted line, right scale).

final surface roughness (i.e., the difference between the de-
sired final surface roughness and the estimated final surface
roughness computed using the proposed kMC model based
on the surface configuration and operating conditions at the
instance of last control action) and� is the error tolerance
(� = 0.05 in this work).

The closed-loop thin film growth process which employs
the proposed real-time feedback control scheme has been
simulated. The controller parametersKc andKi are set to
be−0.1 and−0.5, respectively. For all the closed-loop sim-
ulations, the deposition duration is set to be 950 s and the
adsorption rateswA

a andwB
a are both set to be 0.05 s−1. The

estimator and controller are activated att = 400 s and the
control action is applied to the process every 10 s.

Fig. 17shows the temperature and surface roughness pro-
files with final surface roughness set-point value of 3.5 ML.
It can be seen that the surface roughness value of the thin
film at the end of the deposition has been controlled at the
desired value which is 12.5% lower than the surface rough-
ness of the thin film deposited by open-loop deposition with
the same initial deposition conditions.

Fig. 18shows the temperature and surface roughness pro-
files with final surface roughness set-point value of 3.5 ML.
A disturbance in the gas phase composition is introduced
in this simulation represented by a step change in the ad-
sorption rates att = 400–500 s. Specifically,wA

a changed
from 0.05 to 0.1 s−1 andwB

a changed from 0.05 to 0 s−1 at
t =400 s, while att =500 s,wA

a andwB
a both changed back

to 0.05 s−1. It can be seen that the surface roughness of the
thin film at the end of the deposition has been controlled at
the desired value in spite of the disturbance in the gas phase,
while the thin film deposited by open-loop deposition has a
surface roughness 19.2% higher than the desired value due
to the disturbance.

time (s)
0 200 400 600 800 1000

380

370

300

310

320

330

340

350

360

5

4

1

2

0

3

closed-loop
open-loop

T

ro
ug

hn
es

s 
(M

L)

te
m

pe
ra

tu
re

 (
K

)

Fig. 18. Temperature and surface roughness profiles with surface roughness
set-point value of 3.5 ML in the presence of disturbance: (a) closed-loop
surface roughness (solid line, left scale); (b) open-loop surface roughness
(dashed line, left scale); (c) substrate temperature (dotted line, right
scale).
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Fig. 19. Response of surface roughness with respect to step changes in
substrate temperature: (a)T changes from 370 to 410 K att = 400 s (step
3); (b) T changes from 370 to 330 K att = 400 s (step 4).

4.2. Surface roughness control in the high-temperature
regime

For thin film applications where large island size is de-
sired, surface roughness control can be implemented for the
high-temperature regime, in which the growth process is
dominated by long-range interactions. To ensure the surface
of the thin film has a low island density, the substrate tem-
perature is restricted within the range of 340–420 K.

4.2.1. Open-loop response
Fig. 19shows the response profiles of the surface rough-

ness with respect to step changes (±40 K) in substrate
temperature at timet = 400 s. We can see that, in the
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Fig. 20. Response of surface roughness with respect to step changes in
substrate temperature: (a)T changes from 370 to 410 K att = 200 s (step
5); (b) T changes from 370 to 330 K att = 200 s (step 6); (c)T changes
from 370 to 410 K att =800 s (step 7); (d)T changes from 370 to 330 K
at t = 800 s (step 8).
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Fig. 21. Response of surface roughness with respect to step distur-
bance in gas phase composition: (a) gas phase composition changed from
50%A + 50%B to 80%A + 20%B (disturbance 3); (b) gas phase compo-
sition changed from 50%A + 50%B to 20%A + 80%B (disturbance 4).

high-temperature regime, the value of the surface rough-
ness at the end of the deposition can also be controlled
by manipulating the substrate temperature. However, the
responses to step changes in substrate temperature exhibit
inverse dynamics as shown inFig. 20. This result suggests
that a more advanced controller may be needed to control
the surface roughness in the high-temperature regime.Fig.
21 shows the profiles of surface roughness with respect to
disturbances in the gas phase composition (i.e., gas flux
pattern). It can be seen that, in the high-temperature regime,
the effect of disturbance in the gas phase composition on
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Fig. 22. Temperature and surface roughness profiles with surface roughness
set-point value of 3.2 ML: (a) closed-loop surface roughness (solid line,
left scale); (b) open-loop surface roughness (dashed line, left scale); (c)
substrate temperature (dotted line, right scale).

the surface roughness also leads to inverse response, and
thus, the proposed growth model is needed to predict the
evolution of the surface roughness.

4.2.2. Controller design—PI control
The high-temperature regime closed-loop thin film growth

process which employs the proposed real-time feedback con-
trol scheme for the low-temperature regime but with differ-
ent controller parameters has been simulated. The controller
parametersKc andKi are set to be−2 and−0.2, respec-
tively.

Fig. 22shows the temperature and surface roughness pro-
files with final surface roughness set-point value of 3.2 ML.
It can be seen that the surface roughness value of the thin
film at the end of the deposition has been controlled at the
desired value which is about the same as the surface rough-
ness of the thin film deposited by open-loop deposition with
the same initial deposition conditions.

Fig. 23shows the temperature and surface roughness pro-
files with final surface roughness set-point value of 3.2 ML.
A disturbance in the gas phase composition is introduced in
this simulation in terms of a step change in the adsorption
rates att = 400–420 s. Specifically,wA

a changed from 0.05
to 0.1 s−1 andwB

a changed from 0.05 to 0 s−1 at t = 400 s,
while att=420 s,wA

a andwB
a both changed back to 0.05 s−1.

It can be seen that the final surface roughness has been con-
trolled at the desired value which is 5.9% lower than the
one obtained under open-loop operation in spite of the dis-
turbance in the gas phase.

Fig. 24shows the temperature and surface roughness pro-
files with final surface roughness set-point value of 3.2 ML.
A disturbance in the gas phase composition is introduced in
this simulation in terms of a step change in the adsorption
rates att =400–500 s. Specifically, att =400 s,wA

a changed
from 0.05 to 0.1 s−1 andwB

a changed from 0.05 to 0 s−1,
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Fig. 23. Temperature and surface roughness profiles with surface roughness
set-point value of 3.2 ML in the presence of disturbance: (a) closed-loop
surface roughness (solid line, left scale); (b) open-loop surface roughness
(dashed line, left scale); (c) substrate temperature (dotted line, right scale).
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Fig. 24. Temperature and surface roughness profiles with surface roughness
set-point value of 3.2 ML in the presence of disturbance: (a) closed-loop
surface roughness (solid line, left scale); (b) open-loop surface roughness
(dashed line, left scale); (c) substrate temperature (dotted line, right scale).

while att=500 s,wA
a andwB

a both changed back to 0.05 s−1.
It can be seen that the surface roughness is not controlled at
the desired value and that the controller output hits the high
limit of the control actuator. The final surface roughness is
about 13.9% higher than the one obtained under open-loop
operation. This suggests that the kMC estimator-based PI
controller does not provide satisfactory closed-loop perfor-
mance when the disturbance to the process is significant,
and therefore, a more advanced control scheme is needed.

4.2.3. Controller design—kMC model-based predictive
control

In order to achieve robust closed-loop operation in the
high-temperature regime, a kMC model-based predictive
control scheme is proposed.Fig. 25 shows the block dia-

gram of the closed-loop system. A reference trajectory of the
instantaneous surface roughness of the thin film is selected
based on off-line optimization, and in this work for simplic-
ity, the profile of the surface roughness of the thin film in
an ideal open-loop deposition (no disturbance is assumed to
affect the process and the final surface roughness is taken
to be the desired value) is chosen. Using such a reference
trajectory, instead of solving the receding horizon optimiza-
tion problem of minimizing the difference between the final
surface roughness and the desired value with multiple deci-
sion variables, we only need to solve the fixed short horizon
optimization problem of minimizing the difference between
the instantaneous surface roughness and the reference value
with a single decision variable. Therefore, the computation
time of each optimization is greatly reduced, since the kMC
simulation duration is reduced from the scale of the total
deposition time to the controller turnover time. This is very
important since kMC simulation is relatively time consum-
ing and large scale numerical optimization using kMC mod-
els is almost impossible to solve in real-time.

During each control cycle, the surface configurationX(k)

(i.e., the height and the types of the top two macromolecules
of each surface site) is first measured. An estimate of the sur-
face configuration at the next control action timeXest(k+1)

is computed based on the current process conditions using
the proposed kMC model, and the estimated surface rough-
ness valuerest(k + 1) is compared with the reference value
rref(k + 1). If the error is less than� (�= 0.05 in this work),
the next controller outputT (k + 1) is set to be the same
as the current outputT (k). If the error is larger than�, the
optimizer is called to compute the output value of the next
control actionT (k + 1) so that the error between the sur-
face roughness after the next control actionr(k +2) and the
reference valuerref(k + 2) is minimized.

The optimizer uses direct search to find the optimal so-
lution since the kMC model does not have a closed-form
expression. The estimate of the surface roughness after the
next control actionrest(k + 1) is computed using the pro-
posed kMC model based on the estimated surface configu-
ration before the next control actionXest(k + 1), the probe
output valueTprobe(k + 1) and current process conditions.
The search precision specified in this work is 1 K, and since
the proposed kMC model is highly computationally effi-
cient, the optimization problem can be solved by an entry
level personal computer within the controller turnover time
(10 s). Furthermore, the speed and the precision of the direct
search optimization algorithm can be substantially improved
by parallel computing.

Fig. 26shows the temperature and surface roughness pro-
files with final surface roughness set-point value of 3.2 ML.
The reference trajectory is computed by averaging the open-
loop surface roughness profiles from six independent simu-
lation runs. It can be seen that the surface roughness value
of the thin film follows the reference trajectory closely and
the final surface roughness has been controlled at the desired
value.
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Fig. 25. Block diagram of the closed-loop system with the kMC model-predictive controller.
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Fig. 26. Temperature and surface roughness profiles with surface rough-
ness set-point value of 3.2 ML: (a) closed-loop surface roughness (solid
line, left scale); (b) reference surface roughness (dashed line, left scale);
(c) open-loop surface roughness (dotted line, left scale); (d) substrate
temperature (dashed dotted line, right scale).

Fig. 27 shows the temperature and surface roughness
profiles with final surface roughness set-point value of
3.2 ML. A disturbance in the gas phase composition is
introduced in this simulation in terms of a change in the
adsorption rates att = 400–500 s. Specifically,wA

a changed
from 0.05 to 0.1 s−1 and wB

a changed from 0.05 to 0 s−1

at t = 400 s, while att = 500 s,wA
a andwB

a both changed
back to 0.05 s−1. It can be seen that the surface roughness
follows closely the reference trajectory and the final surface
roughness has been controlled at the desired value which
is 13.5% lower than the open-loop value. Compared to the
failure of the PI controller on the same closed-loop sim-
ulation case, the kMC model-based predictive controller
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Fig. 27. Temperature and surface roughness profiles with surface rough-
ness set-point value of 3.2 ML: (a) closed-loop surface roughness (solid
line, left scale); (b) reference surface roughness (dashed line, left scale);
(c) open-loop surface roughness (dotted line, left scale); (d) substrate
temperature (dashed dotted line, right scale).

delivers substantially improved and robust closed-loop
performance.

5. Conclusions

In this work, a complex deposition process, which in-
cluded two types of macromolecules whose growth behav-
iors were very different, was investigated. This deposition
process was influenced by both short- and long-range in-
teractions. A multi-component kMC model was developed
for the deposition. Both single- and multi-component cases
were simulated and the dependence of the surface mi-
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crostructure of the thin film, such as island size and surface
roughness, on substrate temperature and gas phase com-
position were studied. The surface morphology was found
to be strongly influenced by these two factors and growth
regimes governed by short- and long-range interactions were
observed. Furthermore, two kMC model-based feedback
control schemes which use the substrate temperature to
control the final surface roughness of the thin film were
proposed. The closed-loop simulation results demonstrated
that robust deposition with controlled thin film surface
roughness could be achieved under a kMC estimator-based
PI feedback controller in the short-range interaction domi-
nated growth regime, while a kMC model-predictive con-
troller was needed to control the surface roughness in the
long-range interaction dominated growth regime.
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