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In this study, molecular dynamics simulation is employed to investigate the surface topography of
thin films produced by the sputtering process for different parameters such as substrate temperature,
incident energy, and incident angle. Interface width is used to quantify the quality of the deposited
film. The Morse potential is used to model the atomic interaction between atoms. From the results
of this study, it is found that for lower substrate temperature, lower incident energy, and larger
incident angle, the growing film structure tends toward a three-dimensional columnar structure, and
a rougher film is produced. Conversely, for higher substrate temperature, higher incident energy,
and smaller incident angle, the growing film structure tends toward a two-dimengkyaak—van

der Merwe quasi-layer-by-layer structure, and a smoother film is produced. Finally, average surface
kinetic energy is found to be an important factor in determining the surface properties produced in
the process. Generally, the produced film is smoother when the average surface kinetic energy is
larger. © 2001 American Institute of Physic§DOI: 10.1063/1.137100Q7

I. INTRODUCTION study reported the simulated topographies for different depo-
sition models which included random immobile deposition,
Thin films with high surface quality are applied widely simplified continuous downward funneling, discretized
in advanced technologies such as very large scale integrateidwnward funneling, and one-hop transient mobility. A
circuits; optical films? and superconductofé. In the fab-  hard-sphere potential model was used in their study. Interac-
rication of integrated circuits, the wafer surface must betion forces between atoms were assumed to begin only when
smooth enough to allow high-density microcircdits opti-  atoms collided, and forces were assumed discontinuous. The
cal components, smooth topography is necessary to reducepulsive and attractive forces of metallic bonds and also the
scattered light. The surface properties of the multilayer junceffects of van der Waals forces were ignored. Further, the
tion of a superconductor significantly affect the superconsubstrate temperature was assumed to remain constant at 0
ducting properties. Furthermore, the surface topography eveld. Thus, the impact energy of an incident atom was com-
influences the magnetic properties and Curie temperature @ietely absorbed by the substrate atoms. As a consequence,
a superconducting film® Thus, film smoothness is a serious the movement of an incident atom on the film surface could
topic of study and a variety of experimental methods havenot be simulated accurately in their study. Srolovitz and co-
been used to investigate surface topography. Previously utiworkers used two-dimensional MD simulation to investigate
lized methods include atomic force microscopy, scanninghe effect of working parameters including incident
tunneling microscopy, scanning electron microscopy, stylugnergy:>*° substrate temperatut&;® and incident angle®
measurements, x-ray scattering, and optical scattéri‘hb‘_g Their simulation results showed the void volume fraction,
However, these experimental methods cannot observe ttand surface roughness of the film structure increased as the
transient morphologies of growing films. As a consequenceSubstrate temperature and incident energy decreased. Fur-
understanding the formation of the different transient morthermore, their study included incident angle self-shadowing
phologies must be investigated with the aid of simulation. and showed that film density decreased very slowly when the
To date, Monte—Carl8** and molecular dynamics incident angle was lower than 45°, but the film density de-
(MD) analytic methodologies have been used to simulate théréased very rapidly when the incident angle exceeded 45°.
deposition process. Evaes al 14 performed MD simulations Similarly, Zhou and co-workers also used two-dimensional
in which interface width, defined as the root mean squaréV'D simulation to investigate vacancy concentration with

roughness, was used to evaluate film surface quality. Thelree working parameters, substrate temperature, incident en-
ergy, and incident angf€. However, the two-dimensional

simulation can not adequately reflect the physical model in
feal deposition process. Kelchner and DePristo also studied
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Z Incident Atom TABLE |. Morse potential parameters used in the simulation.
A | Interaction pair D (eV) a(A™Y ro (A)
i/Incident angle
’ Cu-Cu 0.3429 1.3588 2.6260

perfect crystal. The velocity of an incident atom is calculated
from the incident energy assumed in the simulation and the
following:

Substrate atom 2X Eatom
Vatom™ m (1)

where E o represents the incident energy andis the

Movable
layers

/ Periodic boundary

X atomic mass. In order to more closely simulate conditions of
the real deposition process, incident atoms are periodically
FIG. 1. Simulation model of the deposition process. and individually generated at random locations in ¥iey

plane. Furthermore, all incident atoms are sputtered at a dis-

tance which is much larger than the truncated distance of the
mainly the influence of different clusters, consisting of dif- 3tom from the substrate. This prevents initial interaction of
ferent numbers of atoms, on the formation of different surthe incident atoms with the substrate atoms. In our simula-
face topographies. The effect of substrate temperature agn, each incident atom is located at a vertical distance six
well as the other working parameters was not analyzed ifimes the truncated distance from the substrate, whereas the
their studies. truncated distance is 2.86.565 A in the dimensionless

ZhOU and WadleV Used thl‘ee-dimensional MD Simula' Morse potentia' unit adopted herein_

tion to investigate the effects of incident angles, with special  The substrate is modeled by a four-layered structure with
focus on atomic reflection and resputtering. Surface damagg total of 288 atoms in each layer. To prevent the substrate
was analyzed, but film structures were not considered. In atoms from shifting, the bottom layer is fixed, so the energy
related study, Robbemend and Thifsesed MD to simu-  transfer from the incident atoms to the substrate is assumed
late the topography of film produced by the evaporation protg occur only in the upper three layers. Moreover, the sub-
cess with a low incident energy of 0.17 eV. Only two spe-strate is assumed to be an ideal heat sink, resulting in a
cific incident angles were considered in their study. Was an¢onstant substrate temperature. The velocities of the atoms in
co-workers" adopted a two-dimensional MD model t0 in- the upper three layers follow the Maxwell-Boltzmann distri-
vestigate the surface roughness induced by hillocks. lizukgytion, which is rescaled at each time step according to the
and Hoshid& utilized Morse potential to simulate growing sybstrate temperature in the simulatfdReriodic boundary
film morphologies at two specific substrate temperatures. I@onditions are applied in theandy directions, with an open
their simulation, incident atoms arrived randomly at anglesooundary in thez direction. A total of 1440 atoms, being
ranging from 0° to 60°. However, their simulated substrateaqual to 5 ML, is deposited on the substrate for each simu-
contained only 168 atoms per plane. With a substrate thigtion.
small, the incident angle can be considered the same for all The Morse potential is adopted herein and used to deter-

incident atoms. mine the interactive force among atoms. This model is a

~ To allow a deeper understanding of the growth mecharepresentative potential of the pair type, with a simple func-
nism of thin films, we employ three-dimensional MD simu- tional form shown belov*

lation to create a more accurate model of deposition condi-
tions, thereby allowing three-dimensional atomic movement ~ &(rij) =D{exp{—2a(rij—r,} —2* exp{— a(rjj—ro}},

to be taken into account. Both topography and surface rough- @
ness of the growing film are investigated for different work-

ing parameters, including substrate temperature, incident eftherer;;, ro, D, anda correspond to the distance between
ergy, and incident angle. atomsi andj, the nearest atomic distance at equilibrium, the

cohesion energy and the value fitted to the bulk elastic
module? respectively. The Morse potential parameters re-
lated to Cu used in this study are listed in Tabfé I.

The simulation model consists of three parts: the sput-  The interface widthw,'*~'® defined as the root mean
tering model, the model of atomic interaction, and the roughsquare roughness of the surface atoms on the exposed layers,
ness calculation. is used to quantify the variation of surface roughness and is

The formation of a three-dimensional thin film produced calculated by the following equation:
in a deposition process under sputtering process conditions is j=eo
_mo_deled as shown in Fig. _1. In this study, both_ substrate and W2= 2 (z, —f)z* N;, 3)
incident atoms are Cu, with the substrate being assumed a i=o

II. SIMULATION MODEL
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TABLE Il. Morse potential dimensionless units used in the simulation. 0.4
Unit Dimensionless unit
>
Length r (A) r¥=rir, 2
Time step dt (s) D 2
dit=dt- \/ — “
m-rg =
Temperature T (K) K _g
T=T. = ¥
D [
Energy E (eV) E*=E/D £
Interface width W (A?) W £
V\fk=7 /2]
o ]
o
z
> e Substrate Temperature
< 1~ — - — 300K
where N; is the net number of exposed atoms which are | 7777~ fgggK
stopped or migrating in layer j at a certain time step;,0 0 T
corresponds to the top substrate layerepresents the mean 0 1 2 3 4 5
height of the film surface, and; the height of the exposed Monolayers

atoms. Gear’s predictor—corrector algoritfris used to cal- o

. . . . . .. _FIG. 3. Average surface kinetic energy at substrate temperatures of 300,
Cumte. the tra]eCtO”_es of at(?ms In_ the SImUIaU_On' A.“ units 600, and 1000 K, and the other deposition conditions remain the same: zero
used in the simulation are dimensionless and listed in Tabl@cident angle, 0.5 eV incident energy, and 0.1 atom/ps deposition rate.
II, where m andk correspond to the mass of the atom and
Boltzmann’s constant, respectively.

zontal axis represents the number of deposited layers as cal-
culated from the number of the deposited atoms. It is ob-

Discussions are presented in the following three subsecserved that the topography of the substrate at 1000 K is
tions, each subsection treating the effects of one of the thregmoother than at 300 and 600 K.
working parameters, substrate temperature, incident energy, Figure 3 shows that the average surface kinetic energy is
and incident angle. higher when the substrate temperature is higher. From the
microscale viewpoint, temperature represents the average ki-
netic energy of atoms. At higher temperature, the atoms of

The substrate temperatures simulated in Figs. 2 and 3 atbe substrate act as less of a temperature sink, so the film
300, 600 and 1000 K, and are applied to the upper thresurface remains at higher temperature. In other words, the
layers of the substrate. The other conditions remain the samsyrface atoms possess greater kinetic energy, resulting in the
these conditions being zero incident angle, 0.5 eV incidenatoms moving on the surface with correspondingly greater
energy, and 0.1 atom/ps deposition rate. In Fig. 2, the horimobility and increased migration distance. Isolated clumping
of incident atoms is discouraged because of the increased
mobility and greater energy exchange between atoms mov-
ing on the surface. The elevation of mobility is helpful for
4 producing smoother surfaces.
i”'?sﬁat‘;;,‘f(mpe’amre . The morphological formations during deposition at 1000
e R P 600K P and 300 K are shown in Figs. 4 and 5, respectively. In Fig. 4,
N 1000K 4 two-dimensional (Frank—van der Merwe quasi-layer-by-

' layer growth is obtained at 1000 K. However, in Fig. 5,
three-dimensional columnar growth is found at the lower
temperature of 300 K. These two results are consistent with
Movchan'é¢’ and Thornton'® studies, and indicate that
higher substrate temperature promotes the growth of a quasi-
layer-by-layer film structure.

In actual sputtering experiments, the energy transferred
from incident atoms to the substrate is absorbed by the large
number of substrate atoms. In addition, the substrate tem-
perature is adjusted and maintained by a power supply con-

IIl. RESULTS AND DISCUSSION

A. Substrate temperature

32

Interface Width

12 — T T T T T T T T troller in the substrate. Thus, the temperature of the substrate
0 1 2 3 4 5 can be considered to be constant in actual sputtering deposi-
Monolayers tion experiment$2*° In our MD simulations, therefore, the

FIG. 2. Interface width variation at substrate temperatures of 300, 600, angeloCItIeS of the upper t.hre.e atomic Iayers of the substrate are
1000 K, and the other deposition conditions remain the same: zero inciderd€SCaled so as to maintain a constant temperature at each

angle, 0.5 eV incident energy, and 0.1 atom/ps deposition rate. time step in order to better model the energy transfer from
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FIG. 5. Morphology at substrate temperature of 300 K with zero incident
angle, 0.5 eV incident energy, and 0.1 atom/ps deposition@ate ML, (b)

FIG. 4. Morphology at the substrate temperature of 1000 K with zero inci-
3 ML, and(c) 5 ML.

dent angle, 0.5 eV incident energy, and 0.1 atom/ps depositionagate
ML, (b) 3 ML, and(c) 5 ML.

ture of 300 K, and deposition rate of 0.1 atom/ps. The results
incident atoms to substrafé.In keeping with experimental indicate that the higher incident energy is, the smoother film
observations, setting a higher rescaling temperature loweirface will be. Similarly, the atoms moving on the surface
the amount of energy transferred from film to substrate. Thean migrate further, which is helpful for producing a
surface atoms thereby possess higher average surface kinegi@oother film surface. The energy transferred to the surface

energy, which improves the diffusion ability and final sur- atoms increases as the incident energy increases. This can be
face smoothness. seen in Fig. 7, where the average surface kinetic energy is

higher when the incident energy is higher.

The simulated morphological formation during deposi-
tion for an incident energy of 10 eV is shown in Fig. 8. The
Figure 6 shows the interface width variation for incidentresult shows a two-dimensiondFrank—van der Merwe
energies of 0.5, 2, and 10 eV. The other sputtering conditionguasi-layer-by-layer growth. A three-dimensional columnar
remain the same: incident angle of zero, substrate temperagrowth structure is found for an incident energy of 0.5 eV, as

B. Incident energy
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32

28 —| Incident Energy

Interface Width

12 T I T I T | T | T .
0 1 2 3 4 5
Monolayers
FIG. 6. Interface width variation at incident energies of 0.5, 2, and 10 eV, -
and the other conditions remain the same: zero incident angle, 300 K sub- : y4
strate temperature, and 0.1 atom/ps deposition rate. 4 4
< 3
1
shown in Fig. 5. These two results indicate that higher inci- 5 X - ) <g
dent energy helps promote the growth of a quasi-layer-by- Y
layer film structure. Confirming evidence is supplied by > 5
Qiang’s study’* which likewise found that larger incident Y 1 10 X
energy produces smoother film surface. 15 S1s
(b)

C. Incident angle

The interface width variation at incident angles of 0°,
25°, 45°, and 75° is shown in Fig. 9. The other sputtering
conditions are the same: deposition rate of 0.1 atom/ps, sub-
strate temperature of 300 K, and incident energy of 2 eV.
The results indicate that a larger incident angle makes a
rougher surface. The velocity of the incident atoms consists

0.14

0.12 — /
s"M e ) FIG. 8. Morphology at incident energy of 10 eV with zero incident angle,

fm"é P N 300 K substrate temperature and 0.1 atom/ps depositioriaateML, (b) 3
L7ty - ML, and (c) 5 ML.

0.1 - 777

M Incident Energy of X, y, andz components. The velocity component causes
e T the incident atom to collidéinteraci with the surface atoms
008 - I/ S — TR directly. It is proposed that when incident atoms possess the
j' / same velocity, the amount of the energy transferred from
17 incident atoms to surface atoms depends onzthelocity
/! component of the incident atoms. At different incident
0.06 — T T T T T T angles, however, the component differs, changing the
0 1 2 3 4 5 amount of transferred energy and thus the average surface
Monolayers kinetic energy. The influence of the incident angle is on the
FIG. 7. Average surface kinetic energy at incident energies of 0.5, 2, and 181m0unt of the energy tranSfe.rre.d from the incident atoms to
eV, and the other conditions remain the same: zero incident angle, 300 K€ surface atoms. A larger incident angle leads to less en-
substrate temperature, and 0.1 atom/ps deposition rate. ergy transfer to the surface atoms because the normal impact

Average Surface Kinetic Energy
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£
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Monolayers

FIG. 9. Interface width variation at incident angles of 0°, 25°, 45°, and
75°, and the other conditions remain the same: 2 eV incident energy, 300 K
substrate temperature, and 0.1 atom/ps deposition rate.

energy is proportional to the square of cosine value of the
incident angle. This result can also be seen from the average
surface kinetic energy, shown in Fig. 10.

Film morphology for an incident angle of 25°, shown
Fig. 11, is smoother than that for the of 75° incident angle,
shown in Fig. 12. Inspection of Fig 1&) shows a deep
groove formed between two columnar structures. Together,
these results indicate that a larger incident angle encourages
three-dimensional columnar film structure.

The trend of larger average surface kinetic energy result-
ing in smoother surface at different incident angles is shown
in Figs. 9 and 10. Inspection of Fig. 9 shows the interface
widths with incident angles of 25° and 45° are very similar,
while the interface width at an incident angle of 75° is much

Ju et al.

012 FIG. 11. Morphology at incident angle of 25° with 2 eV incident energy,
N 300 K substrate temperature, and 0.1 atom/ps depositioriaateML, (b)
- ™~ N 3 ML, and(c) 5 ML.
B S
I NT e ~ . ~
2 014 4
m . . . . .
L , larger. The self-shadowing mechanism is cited herein to ex-
2 T / plain this phenomenon. In a related stdfysimulation re-
f 0,08 ~ sults revealed film density decreased very slowly with inci-
g L Incident Angle dent angles lower than 45°, but film density decreased very
g 1.0~ |-—--- 0 deg. rapidly when the incident angle exceeded 45°. Conversely,
% - = i: 399- surface roughness increased very slowly with incident angles
€ o006 — — 1 d:g: lower than 45°, but surface roughness increased very rapidly
E when the incident angle exceeded 45°. This is consistent
g with our simulation results which found very similar inter-
face widths at 25° and 45°, with much larger interface width
0.04 T T T T T T at 75°.

FIG. 10. Average surface kinetic energy at incident angles of 0°, 25°, 45°,
and 75°, and the other conditions remain the same: 2 eV incident energy,

2

Monolayers

3

300 K substrate temperature, and 0.1 atom/ps deposition rate.

IV. CONCLUSION

In this article, MD simulation is utilized to study the
topography of thin films grown by the sputtering deposition
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the substrate temperature increases. The increase of surface
temperature(thermal diffusivity) leads to production of a
smoother film surface.

(2) Higher incident energy leads to larger amounts of
incident atom energy transferred to the surface atoms.
Smoother films are thereby produced.

(3) There is less energy transferred to surface atoms as
the incident angle increases. Rougher surfaces are thus pro-
duced.

(4) With decreasing substrate temperature, decreasing
incident energy, and increasing incident angle, the growing
film tends toward a three-dimensional columnar structure.
Conversely, with increasing substrate temperature, increas-
ing incident energy, and decreasing incident angle, the grow-
ing film tends toward a two-dimension@Frank—van der
Merwe) quasi-layer-by-layer structure.

(5) The average surface kinetic energy is an important
factor in determining the surface roughness produced. Gen-
erally, the produced film is smoother when the average ki-
netic surface energy is larger.

Trends for three different sputtering deposition process-
ing parameters are investigated in this study. The final results
can be used as reference in the theoretical and practical fab-
rication of thin films for improved control of surface rough-
ness.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the support to this
z research by the National Science Council, Republic of
China, under Grant Nos. NSC89-2215-E-006-002 and
NSC89-2212-E-006-024.

1J. M. Bennett, Meas. Sci. Techn@, 1119(1992.

2D. Ronnow, J. Isidorsson, and G. A. Niklasson, Phys. Rews434021
(1996.

3Y. Tazoh and S. Miyazawa, Appl. Phys. Lef2, 408 (1993.

4M. Ye, M. P. Delplancke, J. Schroeder, R. Winand, and R. Deltour, Solid
State Commun103 645 (1997).

5S. Fdsh, B. C. Choi, and K. H. Rieder, Surf. S@77, 851 (1997.

8p. Poulopoulos, J. Lindner, M. Farle, and K. Baberschke, Surf.434].
277(1999.

(c) ’D. Marton and J. Fine, Thin Solid Film85 79 (1990.
8J. Shen, J. Giergiel, and J. Kirschner, Phys. Re62B8454(1995.
FIG. 12. Morphology at incident angle of 75° with 2 eV incident energy, °M. Furukawa, Y. Yamamoto, H. lkakura, N. Tanaka, M. Hashimoto, A.

300 K substrate temperature, and 0.1 atom/ps depositiorfaiateML, (b) miarnc;e?)’;% iﬁ(??in?:anzrdaé Al\ﬁglésﬁsiﬁgﬁélzzg.sg (1996
3 ML, and(c) 5 ML. : - ) . SCL. .2AT, .
© 117, Insepov and I. Yamada, Nucl. Instrum. Methods Phys. Rek2B 44
(1997).

123, Flicstein, E. Guillonneau, J. Marquez, L. S. How Kee Chun, D. Mai-
sonneuve, C. David, Z. Wang, J. F. Palmier, and J. L. Courant, Appl. Surf.

. , Sci. 154, 337 (2000.
process for different working parameters such as substratg " kang and J. W. Evans, Surf. S&69, 784 (1992,

temperature, incident energy, and incident angle. Interface; . gvans, D. E. Sanders, P. A. Thiel, and A. E. DePristo, Phys. Rev. B
width is used to quantify surface roughness. Average surface41, 5410(1989.

kinetic energy is proposed as a measure of thermal diffusiv; R- W- Smith and D. J. Srolovitz, J. Appl. Phy#9, 1448(1996.

ity of the surface atoms. Indeed, our simulation results found7'>‘('_ [xnghsulvg_imgzhiggn?;ﬁ dSLO_",)\IV_”é'_ J\/\/ﬁﬁlﬂfﬂ%& ?\fasérlig?é
that surface roughness is strongly dependent on the surfacg;ggy.

kinetic energy of the deposited film. From this study, several®C. L. Kelchner and A. E. DePristo, Nanostruct. Ma&r253 (1997.

_ ) 20A. Robbemond and B. J. Thijsse, Nucl. Instrum. Methods Phys. Res. B
(1) There is less energy transfer into sublayer atoms as 127, 273(1997.

Downloaded 26 Feb 2002 to 163.28.112.100. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



7832 J. Appl. Phys., Vol. 89, No. 12, 15 June 2001 Ju et al.

21G. S. Was, D. J. Srolovitz, Z. Ma, and D. Liang, Mater. Res. Soc. Symp.28J. M. Haile,Molecular Dynamic SimulatiofWiley, New York, 1992.
Proc.441, 311 (1997. 27B. A. Movchan and A. V. Demchishin, Fiz. Met. Metalloved8, 653

22T lizuka and T. Hoshide, JSME Int. J., Ser.4®, 334 (1999. (1969.

28 7
2 yye, Y. K. Ho, Z. Y. Pan, R. W. Lee, Z. Y. Man, and J. Xie, Phys. Lett. ,,J: A Thornton, J. Vac. Sci. Techndll, 666(1974. .
A 235 267(1997. P. Jin, S. Nakao, S. Tanemura, T. Bell, L. S. Wielunski, and M. V. Swain,

24K, Maekawa and A. ltoh, Weat88, 115(1995 3oThin Solid Fllms343 134(1999. i
' : ’ : P. L. Kim, C. Lodder, N. H. Luong, and T. D. Hien, J. Magn. Magn.
?*R. Smith, M. Jakas, D. Ashworth, B. Oven, M. Bowyer, |. Chakarov, and  ater. 193 117 (1999.
R. Webb, Atomic and lon Collision in Solid and at Applicatiot€am- 31y, Qiang, Y. Thurner, T. Reiners, O. Rattunde, and H. Haberland, Surf.
bridge University Press, Cambridge, UK, 1997 Coat. Technol100 27 (1998.

Downloaded 26 Feb 2002 to 163.28.112.100. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



