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A film growth model on microfeatures is proposed to evaluate step coverage depending on precursor
injection time in atomic layer deposition. The proposed model is based on that the chemisorption
rate of precursors at a certain position along the depth of a microfeature is determined by the total
flux of precursors and the sticking probability. The total flux includes the flux coming from the
entrance of a microfeature and the flux reflected from other positions inside a microfeature, and the
sticking probability depends on the surface coverage of chemisorbed precursor, which is a function
of precursor injection time. The proposed model was applied to the deposition of Al2O3 films on
0.3 �m diameter holes with an aspect ratio of 10. It was confirmed that the experimental data for
step coverage depending on precursor injection time follow the trend predicted by the proposed
model. © 2007 American Institute of Physics. �DOI: 10.1063/1.2714685�

I. INTRODUCTION

As the minimum feature size of semiconductor devices
decreases, the memory cell dimension also decreases. The
required cell capacitance in dynamic random access memory
�DRAM� has been made possible by three-dimensional cells
with high aspect ratios. In particular, aspect ratios of more
than 100 will be used in the near future in semiconductor
memories.1 Therefore, good conformality is one of the most
important requirements for fabricating microelectronic de-
vices.

Atomic layer deposition �ALD� is a promising technique
suitable for growing thin films with uniform thickness on
microfeatures with high aspect ratios.2–7 The key feature of
ALD is surface-limited reactions between alternately dosed
precursor and reactant gases.8–11 Under such conditions film
growth is self-limiting, ensuring not only simple and accu-
rate film thickness control but also excellent film step cover-
age. Furthermore, due to the alternate dosing of precursor
and reactant gases, detrimental gas-phase reactions are inher-
ently eliminated.

However, even in ALD, as aspect ratios increase se-
verely, it is not trivial to obtain conformal film thickness on
microfeatures. To support this task, it is needed to investigate
theoretically the film deposition inside a microfeature in
ALD and predict process time required to achieve reasonable
film step coverage. The film thickness profile inside a micro-
feature depends on the chemisorption rate of precursors at
each position along the depth of a microfeature. In order to
achieve reasonable film step coverage on a microfeature, pre-
cursor injection time should be extended until the bottom of
a microfeature is sufficiently covered with chemisorbed pre-
cursor. To evaluate the precursor injection time required to
achieve reasonable film step coverage on a microfeature, it is

necessary to understand the film deposition inside a micro-
feature in the nonsaturation region as well as the saturation
region.

To date, only a few theoretical descriptions for estimat-
ing film step coverage in ALD have been reported in the
literature.12–15 Recently, a kinetic model for step coverage in
ALD has been reported.12 In this model, it has been assumed
that the sticking probability is unity, and the precursor injec-
tion time required to saturate up to the bottom inside a mi-
crofeature is evaluated. This model is useful in evaluating
precursor injection time in the saturation region but is not
easy to apply to film deposition in the nonsaturation region.

In this paper, a film growth model on microfeatures in
ALD is proposed to understand more the film deposition
inside a microfeature in the nonsaturation region as well as
the saturation region. The proposed model was applied to the
deposition of Al2O3 films on 0.3 �m diameter holes with an
aspect ratio of 10. It was confirmed that the experimental
data for step coverage depending on precursor injection time
follow the trend predicted by the proposed model.

II. MODEL DESCRIPTION

A. Mathematical derivation

The geometry of a hole in this model is shown in Fig.
1�a�. The cylindrical coordinate system is used and the origin
of the coordinate system is fixed at the center of the bottom,
as indicated in Fig. 1�b�. Some of the assumptions in this
model are listed here. �1� The entrance of a hole is exposed
to an ideal gas with precursor concentration nv and a Max-
wellian distribution of velocities.12,16 This model is focused
on the feature scale and, thus, it is considered the case in
which the flux from the reactor volume to the entrance of a
hole is assumed to be constant in time. That is, it is assumed
that there is negligible depletion of precursors from the gas
just outside a hole because of sufficiently high concentration
of precursors, fast gas-phase diffusion within the reactor vol-
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ume, and rapid flow of precursors over the flat surface. �2�
The precursors move by molecular flow inside a hole.12,16

This is a realistic assumption for submicrometer diameters
and gas pressures around 1–5 torr, since the mean free paths
are much larger than the hole diameters. �3� The adsorption
rate is much higher than the desorption rate, so the desorp-
tion rate is ignored.17 It implies that the interaction of the
precursors with the surface is strong enough to give a very
low desorption rate. If substrate temperature is not so high,
this assumption would be valid.18 Generally, in ALD, this
assumption follows quite directly from the self-limiting re-
quirements that the adsorption must be irreversible, that is,
the desorption rate is practically zero.19 �4� During the reac-
tant pulse, all precursors chemisorbed on the surface are con-
verted to the solid film.

1. Mathematical derivation of flux

Kinetic theory gives the impingement flux on the flat
surface, as shown in Eq. �1�,20

Jf
q =

nvc̄

4
, �1�

where Jf
q is the flux of precursors that strikes the flat surface

in the qth cycle �m−2 s−1�, nv is the precursor concentration
near the entrance of a hole �m−3�, and c̄ is the average ve-
locity of precursors �m s−1�.

The total flux at position �r ,� ,z� inside a hole includes
the flux coming from the entrance of a hole and the flux
reflected from other positions inside a hole. First, the flux at

position �r ,� ,z� inside a hole coming from the entrance of a
hole is the sum of all flux coming from each position on the
entrance of a hole. Then, the flux at position �r ,� ,z� inside a
hole reflected from other positions inside a hole is deter-
mined by the flux reflected at other positions inside a hole
and reemission mechanism. When the precursors collide with
the surface, a portion of the precursors chemisorbs on the
surface and the rest are reflected. The ratio of the precursors
chemisorbed on the surface to the precursors colliding with
the surface is termed the sticking probability �S����. The
probability that the precursors are reflected is 1−S���; thus
the flux reflected at the surface is less than the impingement
flux by this factor. Also, various types of reemission have
been studied by using specially treated substrates and mo-
lecular beams under high vacuum systems, and it was re-
vealed that the reemission mechanism was affected by the
structure of the surface and the surface contamination.21–23

Reemission mechanisms that were examined in these studies
were diffuse elastic reemission, cosine reemission, and
specular reemission, as indicated in Fig. 2. In diffuse elastic
reemission and cosine reemission, there exists strong inter-
action between incoming molecules and the surface, so that
molecules lose all information about previous incoming tra-
jectory. In diffuse elastic reemission, molecules have equal
probability of being reflected into any direction above the
surface. In cosine reemission, the probability that molecules
are reflected with angle � is proportional to cosine function,
i.e., cos �, where � is defined as the angle between the di-
rection of reemission and the direction normal to the surface.
In specular reemission, molecules experience negligible in-
teraction with the surface so that the angle of reemission
equals the incidence angle. Specular reemission has been ob-
served in molecular beam experiments when a temperature
of incoming molecules approaches that of the surface and the
surface is atomically free of contamination. These experi-
ments often use noble gas molecules and polished single
crystal metals.

Therefore, the flux of precursors that strikes position
�r ,� ,z� inside a hole on the second collision in the qth cycle
�2Jh�r,�,z�

q � is given by Eq. �2�,

2Jh�r,�,z�
q = �

AH

�1 − S��h�r�,��,z��
q ��1Jh�r�,��,z��

q f�s,�,��dAH,

�2�

where 1Jh�r,�,z�
q is the flux of precursors that strikes position

�r ,� ,z� inside a hole on the first collision in the qth cycle
�m−2 s−1�, f�s ,� ,�� is a function related to the reemission

FIG. 1. �a� Schematic cross section of a hole and �b� cylindrical coordinate
system.

FIG. 2. Reemission mechanisms of incident molecules impinging on the
surface: �a� diffuse elastic reemission, �b� cosine reemission, and �c� specu-
lar reemission.
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mechanism, each position inside a hole is connected by a line
segment of length s �m�, normal vectors at each position
inside a hole form the angles of � and � with respect to this
connecting line, and dAH is the differential surface area in-
side a hole.

The flux of precursors that strikes position �r ,� ,z� inside
a hole on the third collision in the qth cycle �3Jh�r,�,z�

q � is
given by Eq. �2�, with the superscripts on the left incre-
mented by 1,

3Jh�r,�,z�
q = �

AH

�1 − S��h�r�,��,z��
q ��2Jh�r�,��,z��

q f�s,�,��dAH.

�3�

This accounting procedure can be continued. The total
flux of precursors that strikes position �r ,� ,z� inside a hole
in the qth cycle �Jh�r,�,z�

q � is given by Eq. �4�,

Jh�r,�,z�
q = 1Jh�r,�,z�

q + 2Jh�r,�,z�
q + 3Jh�r,�,z�

q + ¯ . �4�

2. Mathematical derivation of surface coverage

The surface coverage of chemisorbed precursor ��� de-
notes the ratio of the surface area covered by the chemi-
sorbed precursor to the exposed surface area,

� =
K

Kmax
, �5�

where K is the number of chemisorbed precursor per unit
area �m−2� and Kmax is the maximum number of chemisorbed
precursor per unit area �m−2�.

The chemisorption rate of precursors �Rch� is given by
Eqs. �6� and �7�. The chemisorption rate of precursors can be
obtained by multiplying the total flux of precursors by the
sticking probability,

Rch =
dK

dtp.t.
= Kmax

d�

dtp.t.
, �6�

Rch = S���Jf or h�r,�,z�
q , �7�

where tp.t. is the precursor injection time �s�. The sticking
probability depends on the surface coverage of chemisorbed
precursor and usually decreases as the surface coverage of
chemisorbed precursor increases. Langmuir suggested the
following equation for the sticking probability as a function
of the surface coverage,24

S��� = S�0��1 − ��n, �8�

where S�0� is the initial sticking probability and n is the
adsorption order.

From Eqs. �6�–�8�, the surface coverage of chemisorbed
precursor at the flat surface or at position �r ,� ,z� inside a
hole in the qth cycle �� f or h�r,�,z�

q � is given by Eq. �9�,

� f or h�r,�,z�
q = 1 − exp�−

S�0�Jf or h�r,�,z�
q

Kmax
tp.t.	 �n = 1� ,

�9�

� f or h�r,�,z�
q = 1 − ��n − 1�

S�0�Jf or h�r,�,z�
q

Kmax
tp.t. + 1	1/�1−n�

�n � 1� .

3. Mathematical derivation of film thickness

The film thickness newly formed from the chemisorbed
precursor at the flat surface or at position �r ,� ,z� inside a
hole in the qth cycle �Tf or h�r,�,z�

q � is given by Eq. �10�,

Tf or h�r,�,z�
q = r� f or h�r,�,z�

q

= r
1 − exp�−
S�0�Jf or h�r,�,z�

q

Kmax
tp.t.	� �n = 1� ,

�10�
Tf or h�r,�,z�

q = r� f or h�r,�,z�
q

= r
1 − ��n − 1�
S�0�Jf or h�r,�,z�

q

Kmax
tp.t. + 1	1/�1−n��

�n � 1� ,

where r is the saturated film thickness per cycle �in ML
�monolayer��.

B. Parameter extraction method

The model parameters that should be extracted are sum-
marized in Table I. These model parameters can be obtained
by fitting the experimental data for film thickness per cycle
at the flat surface and at the bottom inside a hole depending
on precursor injection time to the proposed model.

Figure 3 shows the process of the model parameter ex-
traction. At step 1, the saturated film thickness per cycle �r�
and the maximum number of chemisorbed precursor per unit
area �Kmax� are extracted from the experimental data for film
thickness per cycle in the saturation region. r is the maxi-
mum film thickness during one deposition cycle and Kmax is
obtained from Rutherford backscattering spectroscopy �RBS�
analysis.

TABLE I. The summary of model parameters that should be extracted in
order to apply the proposed model to the deposition of thin films.

Notation Description

r Saturated film thickness per cycle
Kmax Maximum number of chemisorbed precursor per unit

area
Jf

q Flux of precursors that strikes the flat surface in the qth
cycle

S�0� Initial sticking probability
n Adsorption order

RM Reemission mechanism
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Kmax = r��v�2/3, �11�

where �v is the volume density of film �m−3�. As indicated in
Eq. �10�, the precursor injection time that is arrived at the
maximum film thickness per cycle at the flat surface is de-
termined by the adsorption order �n� and the product of the
flux of precursors that strikes the flat surface in the qth cycle
�Jf

q� and the initial sticking probability �S�0��. Therefore, at
step 2, n and the product of Jf

q and S�0� are obtained by
fitting the experimental data for film thickness per cycle at
the flat surface depending on precursor injection time to the
proposed model. As indicated in Eq. �10�, the precursor in-
jection time that is arrived at the maximum film thickness
per cycle at the bottom inside a hole is determined by n and
the product of Jh�0,0,0�

q and S�0�. At this time, Jh�0,0,0�
q is a

function of Jf
q, S�0�, n, and reemission mechanism. There-

fore, at step 3, Jf
q, S�0�, and reemission mechanism are ob-

tained by fitting the experimental data for film thickness per
cycle at the bottom inside a hole depending on precursor
injection time to the proposed model.

III. SIMULATION RESULTS

The effect of the model parameters on film thickness
profile inside a hole as well as film thickness per cycle at the
flat surface and at the bottom inside a hole was confirmed by
simulation when, in the case of cosine reemission, the hole
diameter and height are fixed at 0.3 and 3 �m, respectively.
Precursor injection time of 1 s is chosen, which is mostly
less than the time required to achieve 100% step coverage.

The effect of Jf
q on the film thickness profile inside a

hole is shown in Fig. 4. The distance between the y axis
�hole height� and the profile line indicates film thickness at
the sidewall inside a hole, and the distance between the x

axis �hole radius� and the profile line indicates film thickness
at the bottom inside a hole. S�0� and n are fixed at 0.01 and
1, respectively. As Jf

q increases, the film thickness inside a
hole also increases because the number of precursor entering
inside a hole per unit time increases.

The effect of S�0� on the film thickness profile inside a
hole is shown in Fig. 5. Jf

q and n are fixed at 1
�1021 m−2 s−1 and 1, respectively. The film thickness at a
certain position along the depth of a hole is determined by
the total flux of precursors and the sticking probability. When
S�0� is 1, because most precursors are consumed at the upper
portion of a hole and only a small number of precursors
arrive at the lower portion of a hole, the film thickness differs

FIG. 3. �Color online� Process of the model parameter extraction.

FIG. 4. �Color online� Simulated �a� film thickness profile inside a hole and
�b� film thickness per cycle at the flat surface and at the bottom inside a hole
as a function of Jf

q at S�0�=0.01, n=1, and tp.t.=1 s.
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considerably from the upper portion to the lower portion of a
hole. As S�0� decreases, many more precursors arrive at the
lower portion of a hole, so the difference in film thickness
from the upper portion to the lower portion of a hole dimin-
ishes.

The effect of n on the film thickness profile inside a hole
is shown in Fig. 6. Jf

q and S�0� are fixed at 1�1021 m−2 s−1

and 0.01, respectively. As n increases, the film thickness at
the flat surface as well as at all positions inside a hole de-
creases. The sticking probability is proportional to �1−��n.
Hence, as the surface coverage of chemisorbed precursor de-
creases, the effect of n on the sticking probability decreases.

Therefore, as n increases, variation of film thickness at all
positions inside a hole is less than that at the flat surface.

IV. APPLICATION OF THE PROPOSED MODEL
TO THE Al2O3 SYSTEM

The proposed model was applied to the deposition of
Al2O3 films using trimethylaluminum �TMA� as an Al pre-
cursor and O2 plasma as an oxidant on 0.3 �m diameter
holes with an aspect ratio of 10 at a substrate temperature of
225 °C and a deposition pressure of 3 torr. The volume of
the reactor is 97 cm3 �area of substrate holder, 324 cm2; dis-
tance between wafer and electrode, 0.3 cm�. TMA is a liquid

FIG. 5. �Color online� Simulated �a� film thickness profile inside a hole and
�b� film thickness per cycle at the flat surface and at the bottom inside a hole
as a function of S�0� at Jf

q=1�1021 m−2 s−1, n=1, and tp.t.=1 s.

FIG. 6. �Color online� Simulated �a� film thickness profile inside a hole and
�b� film thickness per cycle at the flat surface and at the bottom inside a hole
as a function of n at Jf

q=1�1021 m−2 s−1, S�0�=0.01, and tp.t.=1 s.
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precursor with relatively high vapor pressures of 15.1 and
16.8 torr at 30 and 32 °C, respectively. TMA, sustained at 30
and 32 °C, was delivered to the reactor with Ar carrier gas at
a flow rate of 50 SCCM �SCCM denotes cubic centimeter
per minute at STP�. The values of TMA partial pressures
were about 0.01 and 0.04 torr. One deposition cycle of
Al2O3 was composed of a TMA vapor pulse, a purge pulse
for 3 s, a pulse for an exposure to O2 plasma for 2 s, and
another purge pulse for 1 s. The flow rates of purge Ar and
O2 were 250 and 100 SCCM, respectively. The plasma
power was kept at 150 W. When a large enough dose of
TMA was supplied, Al2O3 film thickness per cycle at the flat
surface and at the bottom inside a hole was saturated at
1.3 Å/cycle at the pulse time of O2 plasma of 1 s. This im-
plies that conversion of all precursors chemisorbed on the
surface into the solid film was achieved. To induce the com-
plete reaction between the precursors chemisorbed on the
surface and the plasma, the enough pulse time of O2 plasma
was given by setting at 2 s. The film thickness was measured
by field emission scanning electron microscopy �FESEM�.

In order to apply the proposed model to the deposition of
Al2O3 films, the model parameters, as indicated in Table I,
should be extracted. Figure 7 shows �a� Al2O3 film thickness
per cycle at the flat surface and at the bottom inside a hole
depending on TMA injection time at a TMA partial pressure
of 0.01 torr and �b� cross sectional SEM images of Al2O3

film at the bottom inside a hole. TMA injection time is varied
from 0.2 to 3 s, and the pulse time of O2 plasma is fixed at
2 s. Al2O3 film thickness per cycle is saturated at
1.3 Å/cycle, and the monolayer thickness of Al2O3 film is
3.1 Å.25,26 Thus, r is 0.419 ML. From Eq. �11�, Kmax is
4.473�1018 m−2. n and the product of Jf

q and S�0� are ob-
tained by fitting the experimental data at the flat surface to
the proposed model. These are 1.9 and 2.505
�1019 m−2 s−1, respectively. Also, each value of Jf

q and S�0�
as well as the reemission mechanism is obtained by fitting
the experimental data at the bottom inside a hole to the pro-

posed model. Figure 8 shows simulated film thickness per
cycle at the flat surface and at the bottom inside a hole as a
function of S�0� for cosine reemission at precursor injection
times of �a� 1 s and �b� 3 s in the case that the product of Jf

q

and S�0� is constant as 2.505�1019 m−2 s−1. When precursor
injection times are 1 and 3 s, experimental film thicknesses
per cycle at the bottom inside a hole are 0.78 and
1.10 Å/cycle, respectively. As indicated in Fig. 8, in the case
of cosine reemission, when S�0� is 0.026 �Jf

q is 9.635
�1020 m−2 s−1�, a point of intersection between simulation
and experimental results exists. However, in the case of dif-
fuse elastic reemission, the model parameter extraction is
impossible because a point of intersection between simula-
tion and experimental results does not exist. Also, it has been
known that specular reemission occurs for noble gas mol-
ecules and polished single crystal metals when a temperature
of incoming molecules is the same as that of the surface but
it could be varied by the surface contamination.21 In many
cases, molecules experience non-negligible interaction with
the surface before they reemit into free space, for example,
when the surface is not atomically free of contamination.27–29

Thus, specular reemission is ruled out in the model param-
eter extraction. Therefore, Jf

q, S�0�, and reemission mecha-
nism are obtained by fitting the experimental data at the bot-
tom inside a hole to the proposed model, and these are
9.635�1020 m−2 s−1, 0.026, and cosine reemission, respec-
tively. Because of assumption �1�, the model parameters ob-
tained by fitting the experimental data for film thickness per

FIG. 7. �a� Dependence of Al2O3 film thickness per cycle at the flat surface
and at the bottom inside a hole on TMA injection time at a TMA partial
pressure of 0.01 torr and �b� cross sectional SEM images of Al2O3 film at
the bottom inside a hole.

FIG. 8. Simulated film thickness per cycle at the flat surface and at the
bottom inside a hole as a function of S�0� for cosine reemission at �a� tp.t.

=1 s and �b� tp.t.=3 s �r=0.419 ML, Kmax=4.473�1018 m−2, Jf
qS�0�

=2.505�1019 m−2 s−1, and n=1.9�.
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cycle at the flat surface and at the bottom inside a hole,
depending on precursor injection time to the proposed
model, may contain systematic error.

The effect of a TMA partial pressure on step coverage
was confirmed. It is regarded that Jf

q is a function of a TMA
partial pressure. Figure 9 shows Al2O3 film thickness per
cycle at the flat surface and at the bottom inside a hole de-
pending on TMA injection time at a TMA partial pressure of
0.04 torr. By fitting the experimental data at the flat surface
to the proposed model, the product of Jf

q and S�0� is obtained
as 1.002�1020 m−2 s−1. Because all experimental conditions
were the same as the experimental conditions for extracting
the model parameters with the exception of a TMA partial
pressure, S�0� is 0.026. Thus, Jf

q is obtained as 3.854
�1021 m−2 s−1. The Al2O3 film thickness per cycle at the
bottom inside a hole depending on TMA injection time was
predicted by the proposed model under these simulation con-
ditions, as indicated in Fig. 9. These expected simulation
results at the bottom inside a hole well agreed with the ex-
perimental results.

In order to confirm the applicability of the proposed
model, the predictions of the proposed model compare to
those of earlier published model.12 In the proposed model, in
the case of the deposition of Al2O3 films, the precursor in-
jection time required to achieve 99% saturation at the flat
surface and at position �r ,� ,z� inside a hole is given by
2654�Kmax/Jf

q� and 2654�Kmax/Jh�r,�,z�
q �. In earlier published

model, when the aspect ratio of a hole is 15, which is the
final aspect ratio of the deposited hole at the end of the
deposition at our application example, the precursor injection
time required to achieve saturation at the flat surface and
inside a hole is given by Kmax/Jf

q and 410�Kmax/Jf
q�. The

precursor injection time required to achieve saturation in the
proposed model is longer than that in earlier published
model. The reason is thought that, in earlier published model,
although any real adsorption will have less than 100% stick-
ing probability, the calculations assumed a 100% sticking
probability.

V. CONCLUSIONS

A film growth model on microfeatures was proposed to
evaluate step coverage depending on precursor injection time

in ALD. The effect of the model parameters on film thickness
profile inside a hole was confirmed by simulation. The pro-
posed model was applied to the deposition of Al2O3 films on
0.3 �m diameter holes with an aspect ratio of 10. The model
parameters were extracted by fitting the experimental data
for Al2O3 film thickness per cycle at the flat surface and at
the bottom inside a hole depending on TMA injection time to
the proposed model. Also, it was confirmed that the experi-
mental data for step coverage depending on TMA injection
time were in good agreement with the model predictions at
different partial pressures of TMA. This study should be
helpful in making DRAM capacitors for semiconductor
memories as well as in other applications requiring deposi-
tion inside microfeatures with high aspect ratios.
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