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Structural properties of silicon dioxide thin films densified by medium-energy particles
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Classical molecular-dynamics simulations have been carried out to investigate densification mechanisms in
silicon dioxide thin films deposited on an amorphous silica surface, according to a simplified ion-beam assisted
deposition scenario. We compare the structures resulting from the deposition of near-ttieeval SiO,
particles to those obtained with increasing fraction of 30 eV,Siérticles. Our results show that there is an
energy interval—between 12 and 15 eV per condensing 8i, on average—for which the growth leads to
a dense, low-stress amorphous structure, in satisfactory agreement with the results of low-energy ion-beam
experiments. We also find that the crossover between low- and high-density films is associated with a tensile-
to-compressive stress transition, and a simultaneous healing of structural defects aBihe network,
namely, threefold and fourfold rings. It is observed, finally, that densification proceeds through significant
changes at intermediate length scales (4—10 A), leaving essentially unchanged the “building blocks” of
the network, viz. the Si(@,), tetrahedra. This latter result is in qualitative agreement with the mechanism
proposed to explain the irreversible densification of amorphous silica recovered from high pressures

(~15-20 GPa).
DOI: 10.1103/PhysRevB.64.115429 PACS nunter61.43.Bn, 68.55.Ac, 77.55f, 81.15.Aa
I. INTRODUCTION (wheredg,, is measured from the growth ratand the energy

delivered by each particle that condenggs- E;¢; / ¢, .>>7

In response to the rapidly increasing demand for highlylt has been observed that there exist “critical” values of
specialized applications in optical filtering devices, inte-these parameters below which the films are porous and above
grated electronics and photonics technology, considerable efvhich they are densely packédn the latter case, films are
fort has been devoted in the past few decades to the deveh general found to exhibit better physical properties, closer
opment of methods for growing thin silicon dioxide ($)O to their bulk, relaxed counterparts. For SIOE,, deter-
coatings having low stress and low defect concentrationgnined from optical index, step coverage or optical transmit-
and exhibiting bulklike optical properties. To this end, meth-tance measurements, is in the range 10-100 eV, depending
ods commonly referred to as ion-assisted depositiébD ), on the particular set of parameters used in the growth
in which growth is accompanied by a flux of energetic par-process:>"?
ticles, are of particular intere$t? indeed, bombardment Clearly, bombardment profoundly affects the microstruc-
with low to medium-energy neutral or ionic particles—in the ture of the deposited material. For amorphous solids—which
range 10-200 eV—is found to have beneficial effects on as the case of SiQfilms—static disorder hampers the mea-
number of physical properties of the deposited material. Besurement of detailed information beyond the second-
sides fulfilling the above requirements, it also leads to reneighbor shell. As a consequence, experimental results must
duced moisture absorption, higher density, lower chemicabe considered in the light of structural models. In this way,
etch rate, better adhesion to the substrate, and therefore bgroper conclusions on the atomic mechanisms that mediate
ter overall long-term behaviGF.’ In addition, IAD methods bombardment-induced densification can be drawn. Thus, for
allow processing at lower substrate temperatures, makingstance, models help understanding how changes in the
them especially adapted to growth on polymers or gradedmedium-range structure of amorphous silieaiO,) influ-
index coatings. While there evidently exists a threshold en- ence the Si-O-Si bond-angt€ which in turn is related to
ergy below which benefits are insignificant, too high an en-such properties as the density, the optical index or the
ergy can have undesirable consequences, such as preferengiatount of built-in stress>7 11
sputtering or impurity incorporatiot. It is useful to discuss the structure afSiO, in terms of

In ion-beam assisted depositiglBBAD )—a special case short-range ordefSRO and medium-range ordgiMRO)
of IAD—an external source provides a well collimated flux correlations'®> at length scales<4 A and in the range
of ions with a narrow kinetic energy distribution. It has 4—10 A, respectively. SRO is well defined in terms of such
proven useful to discuss the dependence of structurajuantities as bond lengths and coordination numbers. It is
changes of IBAD films upon bombardment in terms of threemainly associated to the structural “building block” of the
parameters: the mean kinetic energy of the iBpsthe ratio  network, the Si(@,), tetrahedron. Both numerical
of ion-to-condensing particle fluxes at the surfapg/p,  simulation$®>~° and experimenf~% have shown the SRO

0163-1829/2001/641)/1154299)/$20.00 64 115429-1 ©2001 The American Physical Society



LEFEVRE, LEWIS, MARTINU, AND WERTHEIMER PHYSICAL REVIEW B64 115429

correlations in permanently densifiéd0%) a-SiO, recov-  SiO, “molecules;” although this is a very crude approxima-
ered from high pressures-(15-20 GPa) to be essentially tion to the real growth process, our model is expected to
the same as in the “normal” material. provide much-needed information into the fundamental as-
In contrast, MRO correlations, which are at the origin of pects of bombardment-induced densification. We find, on av-
the so-called “first sharp diffraction peakFSDP, undergo  erage, that densification is related to changes in the ring
important modifications upon compressith?°the height of ~ structure, in a way which is similar to the case of pressure-
the FSDP decreases and its position increases with densiftduced densification of “normal” (2.2 g/c#) silica glass.
Molecular-dynamics’ and Monte Carl& simulations have The intensity of the FSDP and the number of six-membered
attributed this effect to modifications in the topology of therings are here found to increase with density. We also find
network; in particular, the intensity of the FSDP is reportedthat the crossover from low- to high-density films is associ-
to be roughly proportional to the number of six-memberedated with a tensile-compressive stress transition, occurring
rings. (A n-membered ring is defined as a closed loomof for E, of about 12-15 eV. It is observed, finally, that
Si-O bonds. Further, the x-ray diffraction spectra of porous medium-energy bombardment promotes the annihilation of
silica thin films deposited at low substrate temperatures, usstructural defects, namely, three- and four-membered rings,
ing either electron-beam evaporatibnor low-pressure which are at the origin of th®, and D, defect lines ob-
chemical vapor depositioflPCVD),?? exhibit a strong low-  served in the Raman spectrum of silita.
angle scattering intensity and a FSDP height smaller than
that of bulka-SiO,. The latter effect, which diminishes upon Il. COMPUTATIONAL DETAILS
annealing, has been attributed to differences at the MRO
level. However, to the best of our knowledge, no systematic MD consists in integrating the classical equations of mo-
studies of the changes in MRO with the kinetic energy of thetion for a set of interacting particles. The interactions can be
ions or the ion-current density have so far been reported; thiderived from first principles, or expressed in some effective,
constitutes one objective of the present work. empirical form whose parameters are fitted to experimental
Several computational methods have been employed t@ata. The first-principles approach is very accurate, but does
assess the role of ion beams during thin film grofith. not allow large systems to be dealt with over “long” time
Among them, molecular-dynamiodD) simulations have scales. These limitations are not so much of a problem in the
provided useful insights into the understanding of ion-empirical approach, but accuracy and “transferability,” that
induced layer-by-layer growttf, surface mobility”> pore is, the ability for a model potential to adequately describe a
annihilation?® stres<’” and defect formatiof® These studies Phase to which it was not fitted, is an issue. For the problem
have focused on the role of collision-induced events for obconsidered here, empirical potentials are unavoidable. The
taining crystalline material. Although the precise values ofmodel developed by Nakared al. has been successfully em-
the parameters required for this purpose are materialPloyed to describe the bulk and the surface of disordered
dependent, a beam energy of the order of a few tens d#hases of SiQ viz. amorphous and porous silitd;>%°~**
eV—in agreement with experiméft®—appears to be ad- Which are evidently relevant to the present problem. In this
equate, yielding ordered structures on the scale of many inmodel, silicon is assumed to be coordinated to four oxygen
teratomic spacings. These simulations allow collision-atoms, that is, the network is chemically ordered. The total
induced events to be sorted out and relevant depositioRotential energy of the system is the sum of two- and three-
parameters to be identified, thus providing useful informabody contributions
tion for better control of the growth process.
The situation is more complicated for the case of amor- _ (2 @)yr o
phous materials growth, as spatial order is short ranged. Only V= 2 Vi) +iJZ<k Vi (Fij o T @
very few MD studies of the structural properties of amor- o )
phous thin film growth have thus far been reported; notablévherei, j, andk run over all particles. The two-body term
exceptions are Refs. 30,31 for silicon and Refs. 32,33 fofS written as
diamondlike carbon films. In the latter case, bonding is found

tc_) be partlysp? and partlys p3, that is,_ between graphifte and V-(-z)(r)=A-- oitoj)|”i +ZiZj NS ajZi2+ aiZjZ —y
diamond. For the case of Sj6-for which no such studies so ij i] r o4 '
far exist—considering the large number of polymorphs of the

> el 2
material;” as-deposited films are expected to show a large
diversity of structures as a function of density. where the various terms represent the steric repulsion, the

In view of this, and given the technological importance of Coulomb interaction due to charge transfer, and a charge-
the material, we have carried out detailed MD simulations ofdipole interaction due to atomic polarizability, respectively.
the growth of silicon dioxide ora-SiO, substrates. More The three-body term, which describes the covalent bonding,
precisely, growth is modeled within a simplified IBAD sce- is expressed as
nario: we examine, at the atomic level, how the structure of

the films evolves as a function & the ratio of medium¢30 VO(F. T V=B ex p

eV) to low-energy(1 eV) SiO, particle fluxes impinging on ik (Fijr) =B e Mi—ro Tik—ro [cos Giji)

the surface. The rationale for the model is given in Sec. II. 0

For the sake of simplicity, the energetic ions are taken to be —cog 6;5,) 170 (ro—Trj)O(ro—ry;), (3
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where® is the Heaviside step function amﬁtﬂk is the equi- The substrate on which growth takes place consists of a
librium value of the €;;,r}) bond angle. This term is cal- 27/-59<27.59<10 A® amorphous slab containing 747 at-

culated for nearest-neighbor Si-O-Si and O-Si-O tripletsoms, extracted from a bulk (27.59A% sample prepared
only. The model was fitted to various physical properties ofuSing the activation-relaxation techniq(RT) of Barkema
bulk Si0,, such as cohesive energy, elastic constants, and trnd Mousseafl’ The substrate is first subjected to an exten-

phonon density of states: the values of the parameters can 5&€ thermal annealing cycle in order to allow the surface to
found in Ref. 38. relax. A 3-A -thick layer at the bottom is held fixed, in order

fo mimic a semi-infinite system, but also to prevent the sub-

As demonstrated by surface extended x-ray absorptio trate from movina because of momentum transfer from in
fine structure and x-ray photoelectron spectroscopy measurg- o ng use u :
coming atoms. The remaining 7 A are coupled to a heat

ments, the atomic structure of silica coatings strongly de;

. o 12&3 - bath at room temperature, consistent with experiménte-
pends on the particular deposition process poth .S'“' locity renormalization was used to maintain the system at
con and oxygen atoms can be found in different

: . ) constant temperature.
environments, allowing the presence of homoatomic bonds. Sio, particles of roughly thermal kinetic energyE (

This is particularly true when suboxides are formed. These. g 92— g o6 eV) were used in an attempt to first grow

effects are not considered in our model; thus, the role of3mples without bombardment. However, this led to unstable
structural defects—such as peroxide radicals and, more geggryctures and to clusters of a dozen atoms desorbing from
erally, homopolar bonds—on relaxation mechanisms are nghe growing film. Much better results were obtained with
taken into account. For the case (@fearly stoichiometric =1 eV, an energy similar to that used by Heneehl3* (2
situations, experimental data on Si@roduced by plasma eV) in their MD study of bombardment-induced epitaxial
enhanced chemical vapor depositiofPECVD),® rf  growth of elemental silicon. For the high-energy particles,
sputtering’® secondary ion depositidt, and ion-beam we used 30 eV, as suggested by the experimental results of
depositio® indicate that the basic “building-block” of the McNeil et al® As noted previously, important process pa-
network is the Si(@y,), tetrahedron. Thus, chemical order- rameters are expressed in term of the ion-to-condensing par-
ing is expected to dominate in these cases, and the modttle fluxes ratiog; / ¢,,. However, this quantity is not known
potential of Nakancet al. is assumed to correctly describe a priori (¢, is deduced from the measurement of the growth
atomic correlations. rate); thus, it is not an adequate parameter for monitoring the
In IBAD, silicon (di)oxide is evaporated in a low-pressure simulation procedure. Instead, we used, as other authors,
oxygen atmosphere? part of the condensing particles there- the ratioR of low-to-medium energy particle fluxes. Low-
fore have an energy smaller than 0.1 eV. Simultaneously, and high-energy particles were chosen at random according
beam of O /0O, ions with energy in the range 30-500 eV is to the desiredR value, and deposited at normal incidence
directed onto the substrate, in order to promote surface reanto the substrate. The equations of motion were integrated
laxation as well as to hamper the formation of suboxides du@sing the Verlet algorithm with an adaptative time step, so as
to preferential sputtering of oxygen atoms. Although the exto adjust to abrupt changes of the velocities during
perimental procedure is relatively simple, an atomistic decollisions*® The time interval between the deposition of two
scription of it is a formidable task, as it requires ansuccessive particles was chosen in such a way as to provide
environment-dependent potential for oxygen ions, neutrad reasonable compromise between computational effort and
gaseous particles, and for surface and bulk atoms. For sinproper relaxation of the surface. In practice, we found it ad-
plicity, because large systems have to be dealt with, we de=quate to relax the system during 4 and 8 ps after depositing
scribe the growth of silica in terms of a single type of con-a low- and a high-energy particle, respectively, before a new
densing particle, namely SjOfor boththe deposited species particle was introduced.
and the incident energetic ions. Since the clusters are free to As the film grows, “normal” thermal diffusion into the
dissociate on the substratend actually do sp we expect substrate is not sufficient to drain away the excess energy
this approximation to be of little consequence on the finabrought about by incoming particles. Therefore, the entire
structure of the deposited film. However, because oxygesample was submittedta 1 psthermalization phase each
atoms are preferentially sputtered as the deposited energy tisne before introducing a new particle. Prior to this, the tem-
raised (leading to a 10% deficit in the worst cageSiO; perature was around 350 and 320 K for 30 eV and 1 e\, SiO
clusters were introduced when necessary so as to maintaparticles, respectively. Since the constants of diffusion are
the stoichiometry at 2:1. Also, the energy transferred duringgmall at these temperatures, the equilibration procedure is
a collision varies with the mass of the incoming particle,expected not to interfere with the growth process in any sig-
which, in turn, may influence the value for which dense filmsnificant manner.
are obtained. Thus, care must be taken when comparing Simulations were carried out for several values of the pa-
these results with experiment. We also neglect atomic ionizarameterR, namely, 0, 0.08, 0.22, 0.38, 0.55, 0.73, 1.07, 1.53,
tion and electronic loss during collisions, a reasonable ap2, and 2.73. It can be determined posteriori that these
proximation at low energies, especially for the case ofcorrespond tap; /¢, values of 0, 0.07, 0.18, 0.32, 0.41, 0.49,
insulators®>“® The present model is evidently crude, but we 0.62, 0.75, 0.80, and 0.9, respectively. In each case, about
expect that the generic features of the structure will be rel1300 atoms {430 clusters) were deposited. Following
evant to real materials, even though the dynamics of theleposition, the samples were equilibrated during 20 ps at 300
deposition process is not described precisely. K, after which a 40-ps microcanonical run was carried out in

115429-3



LEFEVRE, LEWIS, MARTINU, AND WERTHEIMER PHYSICAL REVIEW B64 115429

g(r)
\SHESE SE N ST S S

Oo-

FIG. 1. Snapshot of the sample grown with 1 eV clusters. The
total number of atoms is 2040. Silicon atoms are in light grey while
oxygen atoms are dark grey. Darker atoms at the bottom of the cell FIG. 3. Total and partial pair distribution functions calculated
indicate the fixed layers in the substrate region. for a sample grown without bombardmeiR=€0). In the top panel,

the dashed line shows the total pair distribution function for bulk
order to let the sample reach structural equilibrium. The coramorphous silica prepared using ARRef. 47.

Les%rdlr;g Itrtlijen dvl\J,ra;Uon gf f’r;mlélateiﬂ g:ﬁWthr IS ratr)r?mr 3Fcorresponding integrated number of atoms from the bottom
s- All calculations were performed using the program groFy¢ yna - simylation cell; we note that it increases approxi-

a general-purpose MD code for bulk and surfaces developegaiey Jinearly withz in the region 13-53 A. This portion

by one of the authore.JL). will henceforth be referred to as the “bulklike” part of the
deposit, where structural analysis will be performed in order

IIl. RESULTS AND DISCUSSION to limit artifacts due to the surface and the substrate. The
_ same procedure is used for samples grown with bombard-
A. Structure of samples grownwithout bombardment ment, which leaves us with 20 to 40 A of bulk material,

In order to assess the role and importance of bombard?20ut 1000 atoms in all cases. _ _
ment on the properties of the grown material, we first discuss 1he overall mass density in the bulklike region of the
the caseR=0, where all incoming particles have the sameSlab, 1.8-0.1 g/en, is about 40% less than the “normal
energy, viz. 1 eV. Figure 1 shows a snapshot of the system &ensity ofa-Sio, (2.2 g/cni) and 12% less than the den-
the end of the run. The material is evidently highly disor-Sity Of SiO, grown by electron-beam evaporation on a silicon

dered and porous. In Fig. 2, we plot, for this system, theSubstrate at room temperatu”r?éhe_(_Jliscr_epancy_ between ex-
perimental and calculated densities is possibly due to the

short duration of the simulation runs, which may not be long

% i / 2000 enough to allow complete relaxation, and thus full densifica-
5 | 11500 tion. (The computational effort required to achieve complete
S | relaxation is formidable, and it constitutes one of the out-
g L 11000 standing problems of disordered-system simulatiofgr

E | 1 Bulk-like material ] this modg_l of silica, it is worth noting that th.e density is close
c L v 1500 to the critical value of 1.4 g/cfy below which pore perco-

g ] lation occurs and leads to fractuf&This was not observed
L V4 0 here; however, as will be shown below, the film contains

0 10 20 232%) 4050 60 high tensile stress~2 GPa). Thus, relaxation is expected
to proceed by densification and/or fracture formation. This is
FIG. 2. Total(integrated number of atoms as a function of the consistent with the observation of reduced crack toughness
distance from the bottom of the cell for the sample grown withoutand adhesion to the substrate for the case of coatings grown
bombardmentR=0). The dashed curve is the best linear fit to theat low substrate temperatureTg with insufficient
data in the bulklike region of the samplas indicatey bombardment.
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TABLE |. Nearest-neighbor distances and Si-O-Si mean bond angle, calculated for a sample grown
without bombardment, along with those of SiProduced by secondary ion depositi@®iD), electron beam
evaporation, low-pressure chemical vapor depositid?CVD), and bulk amorphous silica. Bond lengths are
given in A; in parentheses are the standard deviations.

Si-Si Si-O 0-0 Si-O-Si
This work 3.40.17 1.62(0.09 2.640.1) 139°
SID a-SiO, (Ref. 49 3.0600.02 1.62(0.0D 2.6400.02 144.6°
e-beama-SiO, (Ref. 5 136°
LPCVD a-Si0, (Ref. 22 3.080.13 1.61(0.06 2.600.1
a-Sio, (Refs. 49,50 3.080.1 1.61(0.05 2.630.08 143°

We now discuss the structure and topology of the depos- In spite of the disordered nature of the network, the struc-
ited material, in order to provide a reference for samplegural building block remains, to a good approximation, the
grown in the presence of bombardmésee Sec. Ill B. Fig-  Si(Oy), tetrahedron, even though it might be slightly dis-
ure 3 shows the total pair distribution function for the bulk- torted. Indeed, the coordination of silicon atoms, calculated
like part of the sample, as well as for bulk silica; also shownfrom the area under the first peak ofg is about 3.9. Fur-
are the partial distributiongs;s;, gsio, and goo. Here ther, as displayed in Fig.(d), the O-Si-O bond angle distri-
again, the amorphous character of the material is clearly evbution has a major peak centered at 109.7°, the usual tetra-
dent: order beyond the nearest-neighbor shell rapidly fadegedral bond angle.
out. The nearest'nEighbor Si—O, Sl'S|, and O-O distances are The t0p0|ogy of the network can be described more pre-
listed in Table 1, along with those of bukk-Si0,,* as well  cisely in terms of rings of nearest-neighbor bonds, where an
as other material produced by secondary ion depositiop.membered ring is defined as the shortest closed path of
(SID) at room temperatu_f‘é and LPCVD atTs=430°C  gj.0 phonds originating on a given silicon atdfin normal
the calculated and experimental values are seen to be in s, glass, the statistics are dominated by fivefold, sixfold,
isfactory agreement. The partial pair correlations reveal and sevenfold ring® Smaller rings are unlikely to occur

b;?zgetg'qgeofntgfmgrlf‘t F;sask O:etsr]l?m?t-ﬂs' g'zg'nbslg'ouneﬁgénégecause they are too expensive in terms of elastic bond-
b 9 P Y q ending energy. The existence of “odd-numbered” rings re-

the more disordered structure of the deposited film. Also : C . .
small prepeaks to the left of the nearest-neighbor peak ar%ultS n a b“"?‘d d|s_tr|bgt|o_n Of Sl'.O'S' bond angles. In the
ormal material, this distribution is centered around 143°

seen to develop in the Si-Si and O-O correlation functions, af

. 9 . .
2.45 and 2.32 A, respectively. As will be demonstrated be2nd has a width of about 25°as can be seen in Fig(t. In

low, these are due to the presence of two- and threetontrast, the mean Si-O-Si bond angle for evaporated B8iO

membered rings, leading to Si-O-Si and O-Si-O bond ang|egnown from infrared spectroscopy measurements to be
Of 900 and 130‘3, respecuvely 70—100 Sma”er than |ra'S|025 ThIS |S attl’lbuted to the

presence of three- and four-membered rings, manifested by
the presence of two sharp peaks at 606 and 495 ‘dmthe
Raman spectrum of chemical vapor deposité¥D) films,
produced at low substrate temperattite.

Such small rings are a common feature of disordered SiO
NP/ N networks, and they are a consequence of rapid qugnching
L SiOSi N rates®°thus, they are also expected to be present in, SiO

\ produced using evaporation methods. In the present model,

A X the fraction of three- and four-membered rings is about 0.1

L 2N and 0.15 per deposited silicon atom, respectively, roughly ten
and two times that of normai-SiO,.1° The mean value of

Arb. Units

i - 2_r!ngs 1 the Si-O-Si bond angle is 139°. These results are consistent
[ (c) -- 3-1ings 7 with the abovementioned experimental results for evaporated
i AN ] films. In addition, two-membered ringgedge-sharing tetra-
60 90 150 150 180 hedra are present here, but absent in the normal material. As
0 (deg.) can be seen in Fig.(8), the presence of such highly strained

rings gives rise to a sharp peak at low angle®2°, in the
FIG. 4. Bond-angle distributions for a sample grown without Si-O-Si bond angle distribution, while the distributions at
bombardment(a) O-Si-O; (b) Si-O-Si: also shown is the corre- high angles agree within statistical accuracy. The 92° peak is
sponding distribution for bulk-amorphous silica produced with ART directly related to two-membered rings, as can be appreci-
(dashed ling (c) Si-O-Si for the special cases of two- and three- ated from Fig. 4c), while three-membered rings give rise to
membered rings. a shoulder at about 130° in the bond-angle distribution.
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FIG. 5. Snapshot of the samples grown wRk0.73. The total

number of atoms is 2040. The effect of bombardment is clearlypressure is plotted VR Near R
. ¢

visible when comparing t®=0.

B. Structure of samples grownwith bombardment

PHYSICAL REVIEW B64 115429
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FIG. 7. Total pair distribution functiog(r) and running coor-
dination numberN(r) for the samples grown wittR=0 and R
=2.73, as indicated. The inset is a magnificationNgf) in the
region 1.4-3.5 A

=R.. This “critical” R value roughly marks the crossover
from a state of tensile stregat small values oR) to a state
of compressive stress, as can be seen in Kig. ®here the
the ratio of ion-to-
condensing particle fluxeg;/¢,~0.4—0.5; this yields a
critical energy E., for obtaining high-density, low-stress
films E.=E;¢;/¢,, on the order of 12—15 eV per condens-

We now examine the structure of samples produced in théng SiO, unit.
presence of bombardment. It is expected that the energy pro- The calculated value oE. is in reasonable agreement
vided by energetic particles will have an “annealing” effect, with experiment, considering the relatively crude nature of
thereby reducing the proportion of high-energy structures—our model and the evident difficulty in measuring this quan-

mostly twofold and threefold rings.
Simulations were carried out for several values of fhe

tity in a reliable manner. Indeed, values have been reported
between 10 and 100 € Soucheet al,’ for instance, gave

param_eter. As an example, we ShOW in. Fig._ 5 the final con35 eV, based on optical index measurements or, i@-
figuration forR=0.73. Comparing this with Fig. 1, the main pared by oxygen IBAD aifs=250°C, for a beam energy
role of bombardment—densification—is clearly evident: theg, =150 eV. McNeilet al.® using a similar deposition pro-

mass density of this new sample js=2.16-0.1 g/cn?,
much higher than the value of 1.3 g/&rfor the sample
grown without bombardment, and close to 2.2 gicfor
normala-SiO,. (The density ofa quartz is 2.65 g/crh) In
Fig. 6(a), we plotp as a function oR; it is seen to increase
rapidly, reaching a plateau at about 2.3 gfcfor R=0.6

i 25—

oog 2_(2)III ..... Il_
s |
G 1.5 1
8 .

HH
HH
T I T |

T
H
H
HH
1

Pressure (GPa)

FIG. 6. (a) Density and(b) pressure versuR in the bulk part of

cess but loweE;, 30 eV, found the optical transmittance to
deteriorate with high ion current density, indicating tBatis
smallerthan 30 eV, an estimate in the range 10—20 eV has
been giverr? Finally, Al-Bayatiet al,*® using 10 eV Si/O*

ion beams to grow Si©on a silicon substrate at 350 °C,
found the interface to be smooth and free of strain, and the
film to be of excellent quality, with no evidence of subox-
ides; thus, 10 eV would appear to be an upper bourt.to

The structural changes which take place upon densifica-
tion can be investigated in terms of short- and medium-range
order modifications. At short range, Si-O and O-O nearest-
neighbor distances are found to depend very littleRpand
they are close to the values observed for the sample grown
without bombardmentsee Sec. Il A. We note, however, a
slight (~2%) increase of the Si-Si distance, consistent with
an increase of the Si-O-Si mean bond angle from 139° for
R=0 to 143° forR=2.73. The Si coordination, between
3.90 and 3.96, shows no systematic variation with rising
density.

However, the picture is quite different at intermediate
length scales. In Fig. 7 we plot, for botR=0 and R
=2.73, the total pair distribution functiog(r), and the run-
ning coordination numbeN(r); the latter, essentially the
integral of the former, gives the mean number of atoms

the various samples; ifa), the dotted line indicates the density of within a sphere of radius centered on an average atom,
bulk silica (2.2 g/cm); the error bars correspond to the calculatedirrespective of the atomic species. It is clear that &)

standard deviations.

curves for the two samples are very similar ioe3 A,
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FIG. 8. Total static structure factor for the samples with FIG. 9. Height of the first sharp diffraction peak as a function of

=0, R=2.73, and for amorphous silica. Data are truncated ak,q gensity of the samples. The dashed line is the corresponding
0.7 A~ due to the finite-size of the simulation cell. value fora-Si0O, prepared using ARTRef. 47

confirming the role of the Si(g), tetrahedron as the struc- of the normal material. The complete picture is provided in
tural building block(no homoatomic bonds are allowed in Fig. 9, where we plot the intensity of the FSDP as a function
this mode). Above this value, however, strong differences ot gensity. Although the statistics are not perfect, there is a
develop. Densification, therefore, involves structural modifi-g|egr tendency for the height of the FSDP to increase with
cations at or beyond second nearest neighbors. increasing density. It is interesting to note that if the densi-
Amorphous silica is known to possess significant order afication were the consequence of a homogeneous elastic
medium range, manifested in the so-called *first sharp dif-compression of the network, that is, without structural modi-
fraction peak’(FSDP at 1.55 A *, and observed in neutron  fications, the mean atomic distances would decrease with
and x-ray diffraction experiment$ Although the precise ori- increasing density, implying an overall shift 8fq) towards
gin of this peak, in terms of stable entities, is still the matterhigher q values. Here, although the FSDP position is modi-
of debate® >°MD simulations by Nakanet al. have shown  fied no obvious trend is found.

that its position and shape arise from correlations between The differences in heights of the FSDP among the various
atoms at distances as large as 12°Ahe FSDP can there- samples are consistent with the results of Himreel,2!

fore be viewed as a signature of the presence of MRO ijyho found a 28% smaller height in the x-ray static structure
a-Si0,. In order to assess this picture within the presenkactor of electron-beam evaporated silica, compared with
approach, that is, to quantify possible modifications in MROpy|k fused silica. Our calculations are also in qualitative

upon densification, we calculated the static structure factoagreement with MD simulations of pressure-induced densifi-
S(q), which is also accessible experimentally. This is showrcation of silica nanophases, where the height of the FSDP

in Flg 8 for the Samples witR=0 andR=2.73, as well as was found to be 15% smaller Compared a€8|02 in the
for a-SiO, prepared using the ART methdéithe curves density range 1.67 to 2.03 g/@rif

were smoothed using Gaussian functions of width 0.1' A The ring structure of the various models can tell us more
so as to mimic thermal as well as experimental broadeningahout changes in MRO upon densification: because the size
There is EVidently very little difference from one Sample tOof rings is typ|ca||y in the range 4-10 w,modifications in
another forq values larger than 4 A", consistent with the  the MRO are related to those in the arrangements of neigh-

existence of a structural unit common to all three networksporing Si(Q),), tetrahedra. The occurrence of the various
In contrast, the lowg portion of the spectra exhibit signifi-

cant differences. In particular, fag<1 A~%, the intensity 100
varies strongly wittR, in a manner which is inversely related I
to the density.

While the finite size of the system, plus periodic boundary
conditions, artificially contribute to the intensity at such low-
g values, they cannot be solely responsible for the observed
variations. Since all three samples are treated in the same
manner and are similar in size, these variations must be re-
lated to the presence of pores in the low-density samples, an
effect which can be understood in term of a Babinet
argument—the scattering by a pore is similar to that from a
cluster having comparable dimensions.

Changes in the MRO upon densification are also apparent
in the FSDP, which the present model places at about

% Variation

1.60 A1, in satisfactory agreement with the experimental -100—m—————1——

value 1.55 Al For R=0, that is, highly porous material, 0 1 R 2 3

the FSDP shows up as a mere shoulder, whose intensity is

23% smaller than that o&-SiO,. For R=2.73, a well- FIG. 10. Relative variation of the number nfmembered rings

defined peak is observed, which is only 7% smaller than thaper silicon atom as a function ¢.
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types of rings as a function &, relative toR=0, is shown  of SiO, on aa-SiO, substrate, with a view of understanding
in Fig. 10. In spite of statistical uncertainties, the following the process of densification induced by low-energy particle
clear trends can be identified) The number of two-, three-, pombardment. The physical picture which emerges from our
and four-membered rings decreases with righagndeed, as  gpservations is the following: the network undergoes signifi-
noted in Sec. Ill A, these correspond to high-energy Strucgant density variations through structural changes at an inter-
tures and therefore are expected to anneal out during oWy e iate length scale; more precisely, ring statistics are af-
energy bombardmgn(.ll)_ The numbgr Of. five-, SIX=, and fected, while the structural unit of the network—the
se\_/en-membered fings Increases W't.h _rlsR;gthese fings Si(Oy)y) 4 tetrahedron—remains essentially unchanged. Upon
being close to t“e..'T“OSt probable S'ZeaH.S'OZ' they are thgs bombardment, small rings, which are associated with defects
strongly favoredJiii) The number of nine-membered rings . th twork ; d | th duc-
decreases with density, indicating a reduction in the numbef 1€ NEWOTK, rearrange to produce farger ones, thus reduc

of pores. In contrast, the relative occurrence of eight-Ing the energy cost associated with bond bending and in-

membered rings exhibits no clear trend, most likely becausg ©2sN9 the mean Si-O-Si “b(')r!d angle.”ITarge' rings, particu-
they are relatively stable entities in dense, crystalline formdary nine-membered ones, “disintegrate” into five-, six-, and
of silica, such ase quartz (2.65 g/c) and coesite seven-me_mbered rings, thu_s reducmg_the occupied vqlume
(2.92 g/cni).3 and causing the density to increase. Simultaneously, this in-
MD simulations on elemental silicon growfi?* have fluences the intensity of the first sharp diffraction peak
demonstrated, in agreement with experiments, that lowtFSDP), which is found to increase with rising density. By
energy ion bombardment has an effect similar to annealingealculating the pressure inside the sample, we have found an
For the case of SiQprepared by IBAD, our results indicate “optimal” incident energy range for low-stress, high-density
that the elimination of twofold, threefold, and fourfold rings films of 12 to 15 eV per condensing Si@article.
may be achieved with the use of a second particle beam with The very brief (-4 ns) real-time equivalent duration of
kinetic energy in the range 12-15 eV. The concentration obur simulations may not be sufficient to allow the samples to
three- and fourfold rings was reported to decrease for CVescape from local minima in the potential energy surface,
SiO, submitted to annealing; however, to the best of our leading to structures which are incompletely relaxed com-
knowledge, no such investigation has been reported regarghared to the real material. Because relaxation processes,
ing their dependence upon IBAD ion-current density or ionwhich are expected to increase MRO correlations, may occur
kinetic energy. Such data would be of utmost interest.  wjthin the time scale of an experiment, control over the film
The modifications in t.he ring statistics were pomted out iNmicrostructure may be a difficult objective to attain when
MD and Monte Carlo gllr?ulatlons of pressure-induced denyerforming ion-assisted deposition experiments. In addition,
sification of bulk silicat*° It was found that most topologi- 4:ost of MRO modifications arise from low-energy bombard-

cal modifications are mediated by defect annihilation and .. For this reason. and as demonstrated by experimental
bond switching. The former mechanism proceeds through thge 9,45 !

. T sults;™ we emphasize that any deposition process where
formation .Of bond:_s.between nonbndgmg OXygen and threeihe average ion kinetic energy is greater than about 10 eV
fold coordinated silicon atoms, while the latter involves the

diffusion of coordination defectghopping of a dangling should be avoided. Besides ion-beam experiments, it was
bond from one atom to a neighbor. accompanied by the f recently demonstrated that magnetron sputtering processes

. 5y 9 ’ panied by e 1oz, q produce low-energy high ion fluxip to 30 ions per
matlon of a new _bon)dl This _has .alsp been |o_lent|f|ed as an peytral condensing partigle allowing amorphous silicon
important relaxation mechanism &SiO,, and it appears to

ha . films with a tunable amount of MRO to be growhWe
be'chara}cterlsnc of chemlcally ordered netyvq”ﬂ@he latter xpect that such findings will stimulate further experiments
point being an assumption of our model, it is expected tha

. . .~on SiO, films, which will allow our results to be assessed.
these mechanisms also play an important role durin

. ) : NGy example, a systematic study of the peaks associated with
bombardment-induced densification. More precisely, sinC&. ... -n4 four-membered fings in the Raman spectra of
coordination numbers do not show systematic variations with.. . coatings, and the evolution of the FSDP, with the ki-

increasing density, bond switching is expected to dommat%etic energy and flux of ions could help enhance our under-

over the ann|h|lat|on_ .Of coordm_a’uon defects._ . standing of bombardment-induced densification.
In pressure-densified material, the evolution of the ring

populations is quite different from the one we observe: the
number of fourfold, eightfold, and ninefold rings increase,
while those of fivefold and sixfold rings, as well as the in- ACKNOWLEDGMENTS
tensity of the FSDP, decrease with increasing dergityhe A.L. is grateful to Gilles Dennler for useful discussions.
range 2.2-3.2 g/cf). Taken together with the present re- Normand Mousseau is acknowledged for providing the ART
sults, this may indicate that in its most stable fo@nSiO,  model. This work is supported by grants from the Natural
has maximum MRO at ambient temperature and pressure. Sciences and Engineering Research Council of Canada
(NSERQ and by the “Fonds pour la formation de cher-
cheurs et l'aide da recherche”(FCAR) of the Province of
Québec. We are indebted to the “Beau qukecois de calcul

In this article, we have presented the results of extensivele haute performancgRQCHB for generous allocations of
and detailed molecular-dynamics simulations of the growttcomputer resources.

IV. CONCLUDING REMARKS

115429-8



STRUCTURAL PROPERTIES OF SILICON DIOXIDE ... PHYSICAL REVIEW 84 115429

* Author to whom correspondence should be addressed; electronféC.-C. Fang, V. Prasad, R. V. Joshi, F. Jones, and J. J. Hsieh, in

mail: Laurent.Lewis@UMontreal.CA Ref. 23, p. 117.
IL. Martinu and D. Poitras, J. Vac. Sci. Technol. 8, 2627  28]J. Kitabatake and J. E. Greene, J. Appl. PH&.3183(1993.
(2000. 29G. K. Hubler, Proceedings of the conference on Beam-Solids In-
2H. K. Pulker, Surf. Coat. Technol12 250(1999. teractions for Materials Synthesis and Characterizatiedited
3Handbook of Plasma Processing Technologdited by S. M. by D. C. Jacobson, D. E. Luzzi, T. F. Heinz, and M. lwaki,
Rossnagel, J. J. Cuomo, and W. D. Westwd@Ndyes Publica- Mater. Res. Soc. Symp. Proc. N864 (Materials Research So-
tions, Park Ridge, 1990 ciety, Pittsburgh, 1995 p. 45.
4F. A. Smidt, Int. Mater. Rev35, 61 (1990. 30B, strickland and C. Roland, Phys. Rev.5R, 5061(1995.

SA. Brunet-Bruneau, D. Souche, S. Fisson, V. Nguyen Van, G3H. Hensel and H. M. Urbassek, Phys. Revs& 2050(1998.
Vuye, F. Abeles, and J. Rivory, J. Vac. Sci. Technoll@\ 2281 321, P. Kaukonen and R. M. Nieminen, Phys. Rev. Lé&, 620
(1998; A. Brunet-Bruneau, J. Rivory, B. Rafin, J. Y. Robic, and (1992.

P. Chaton, J. Appl. PhyS2, 1330(1997. 33H. U. Jayer and K. Albe, J. Appl. Phy8, 1129(2000.

5M. V. Bazylenko, M. Gross, and D. Moss, J. Appl. Phgs, 7497  3%F. Liebau, inThe Physics and Technology of Amorphous SiO
(1997. edited by R. A. B. DevindPlenum, New York, 1983 p. 15.

’D. Souche, A. Brunet-Bruneau, S. Fisson, V. Nguyen Van, G3®R. A. B. Devine and M. Marchand, Appl. Phys. Le@3, 619
Vuye, F. Abeles, and J. Rivory, Thin Solid Filn343-314 676 (1993.
(1998. 36T, Campbell, R. Kalia, A. Nakano, F. Shimojo, K. Tsuruta, P.

8L. Martinu, J. E. Klemberg-Sapieha, O. M."el, A. Raveh, and Vashishta, and S. Ogata, Phys. Rev. L8#&. 4018(1999.
M. R. Wertheimer, J. Vac. Sci. Technol. ¥, 1360(1994). 37p, vashishta, R. Kalia, A. Nakano, W. Li, and |. Ebhsjp Amor-

9J. R. McNeil, A. C. Barron, S. R. Wilson, and W. C. Hermann, Jr., phous Insulators and Semiconductoeslited by M. F. Thorpe
Appl. Opt. 23, 552 (1984). and M. I. Mitkova (Kluwer, Dordrecht, 199} p. 151.

103, Rino, I. EbbsjpR. Kalia, A. Nakano, and P. Vashishta, Phys. *8A. Nakano, L. Bi, R. Kalia, and P. Vashishta, Phys. Rew®
Rev. B47, 3053(1993. 9441(1994).

G, Lucovsky, J. Manitini, J. K. Srivastava, and E. A. Irene, J. Vac.*°A. Nakano, R. Kalia, and P. Vashishta, J. Non-Cryst. Sdlid$
Sci. Technol. B5, 530(1987). 157 (1994.

12p vashishta, R. Kalia, J. Rino, and 1. Ebhsihys. Rev. B41, 40A. Nakano, R. Kalia, and P. Vashishta, Phys. Rev. L&t.2336
12197(1990. (1994.

133, Rino, G. Gutfierez, I. Ebbsjo R. Kalia, and P. Vashishta, in #*M. I. Trioni, A. Bongiorno, and L. Colombo, J. Non-Cryst. Solids
Materials Theory, Simulations, and Parallel Algorithyreglited 220, 164 (1997.

by E. Kaxiras, J. Joannopoulos, P. Vashishta, and R. K. Kalia®2A. J. Forty, M. Kerkar, J. Robison, S. M. El-Mashri, and E. N.
Mater. Res. Soc. Symp. Proc. N¢08 (Materials Research So- Farrabaugh, J. Phys. & 857 (1986.

ciety, Philadelphia, PA, 1996p. 333. 433, K. Ray, C. K. Maiti, S. K. Lahiri, and N. B. Chakrabarti, J.
143, S. Tse, D. D. Klug, and Y. Lepage, Phys. Rev4g 5933 Vac. Sci. Technol. BLO, 1139(1992.

(1992. 44C. F. George and P. D’Antonio, J. Non-Cryst. Solig4, 323
15, stixrude and M. S. T. Bukowinski, Phys. Rev. 8}, 2523 (1979.

(1991). “SA. H. Al-Bayati, S. S. Todorov, K. J. Boyd, D. Marton, J. W.
1R. A. B. Devine, R. Dupree, I. Farnan, and J. J. Capponi, Phys. Rabalais, and J. Kulik, J. Vac. Sci. Technol1B, 1639(1995.

Rev. B35, 2560(1987). 46M. Hedstran and H. P. Cheng, Phys. Rev.5®, 10 701(1999.
R. A. B. Devine and J. Arndt, Phys. Rev. 35, 9376(1987. 4TN. Mousseau, J. Chem. Phykl2, 960 (2000.

183, Susman, K. J. \olin, D. L. Price, M. Grimsditch, J. P. Rino, R. “®R. Smith, M. Jakas, D. Ashworth, B. Oven, M. Bowyer, I.
K. Kalia, P. Vashishta, G. Gwanmesia, Y. Wang, and R. C. Liber- Chakarov, and R. Webb, iAtomic and lon Collisions in Solids

mann, Phys. Rev. B3, 1194(1991). and at Surfacesedited by R. Smith(Cambridge University
19¢. 7. Tan and J. Arndt, J. Non-Cryst. Soliad9, 47 (1998. Press, Cambridge, 1997%. 247.
203, sugai and A. Onodera, Phys. Rev. L&f&, 4210(1996. 49p_ A. V. Johnson, A. C. Wright, and R. N. Sinclair, J. Non-Cryst.
21B. Himmel, T. Gerber, and H. G. Neumann, Phys. Status Solidi A  Solids58, 109 (1983.

88, K127 (1985. 03, L. Chan, L. F. Gladden, and S. R. Elliott, in Ref. 34, p. 83.
223, Konnert, P. d’Antonio, M. Huffman, and A. Navrotsky, J. Am. SIA. Pasquarello and R. Car, Phys. Rev. L88, 5145(1998.

Ceram. Soc70, 192 (1987). 523. M. E. Harper, J. J. Cuomo, R. J. Gambino, and H. R. Kaufman,

2Thin Films, Modeling of Film Deposition for Microelectronic Ap- Nucl. Instrum. Methods Phys. Res. 13, 886 (1985.
plications edited by S. Rossnagel and A. Ulm&Academic  53S. C. Moss and D. L. Price, iRhysics of Disordered Materials

Press, New York, 1996\ol. 22. edited by D. Adler, H. Fritzsche, and S. R. Ovshing®enum,
243, Jacobsen, B. H. Cooper, and J. P. Sethna, Phys. R&& B New York, 1985, p. 77.
15847(1998. 54s. R. Elliott, J. Phys.: Condens. Mattér 7661 (1992.
25T, Ohira, O. Ukai, T. Adachi, Y. Takeushi, and M. Murata, Phys. °P. H. Gaskell and D. J. Wallis, Phys. Rev. L&t6, 66 (1996.
Rev. B52, 8283(1995. 56p. McMillan, in Ref. 34, p. 63.
28, Dong, R. W. Smith, and D. J. Srolovitz, J. Appl. Phg§, 5682  57J. E. Gerbi, P. M. Voyles, M. M. J. Treacy, J. M. Gibson, and J. R.
(1996. Abelson(unpublisheg

115429-9



