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One of the significant challenges in the use of nanoparticles is the control of primary particle size and extent
of agglomeration when grown from the gas phase. In this paper we consider the role of surface passivation of
the rate of nanoparticle coalescence. We have studied the coalescence of bare and H-coated silicon nanopar-
ticles of sizes between 2—6 nm using molecular dynamics simulation at 1000 and 1500 K. We found that
coalescence of coated particles consists of two steps, where reaction between particles and relocations of
surface atoms near the reacting region, occur in the first step, which comprise an induction period. The second
step consists of the nominal coalescence event, which depends on the surface tension and solid-state diffusion
in the particle. The hydrogen passivation layer was found to remain on the surface of coalescing pair of the
particles during the entire coalescence event. We also develop a mathematical model to describe the dynamics
of coalescence of coated particles. The model is able to describe both the initial induction period and the
coalescence period, and the role of the extent of surface coverage on the coalescence rate. In general, the entire
coalescence time of coated particles is about 3-5 times that of bare particles, and the exothermicity from
coalescence is about half that for the unpassivated particles.
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I. INTRODUCTION cluster interactions, and therefore the growth of nano-
particlest1?In contrast gas-phase growth, which is a consid-
Nanoparticles and nanocrystals are considered one of th&ably more important industrial process at the moment, has
fundamental building blocks for the creation of nanostruc-no easy solution to significantly retard particle coagulation
tures and associated devices. In particular, for optoelectronignd/or coalescence. One possibility has been to charge par-
application quantum confinement effects and the role of surticles, although this process is difficult to achieve on a large
face states for particles smaller than 10 nm are of particulagcale, particularly for small particles where charging rates
interest!~* Fabrication of the desired size with a narrow sizeare very small.
distribution, and desired structure, are seen as one of the A more formal representation of the problem is that the
major challenges in robust implementation of nanoscience tgate of collision and subsequent coalescence of particles de-
a nanotechnology. termines the size of the spherical primary particles and the
The growth of silicon nanoparticles is usually achieved bygrowth of agglomerates. When the characteristic coalescence
gas-phase processes through either thermal decompositiontiifie is less than the collision time between partig@ssuf-
chemical precursors or some type of physical evaporatioficiently higher temperaturgsspherical particles will be pro-
and/or condensation process. For example, laser ablation aticed before another collision event occurs. On the other
Si targets in an inert gas have been used successfully teand, when the collision time is less than the characteristic
fabricate sub-10 nm Si nanoparticRSand are shown to coalescence timgat relatively low temperaturgs coales-
exhibit visible photoluminescend®L) in the red. However, cence will be negligibly slow and chain aggregates will be
stable and intense PL in the green-blue region has not bedbrmed,
achieved for pure Si nanoparticles because of the nature of

surface states arising from dangling boridsPatroneet al,, Teoalescencd~ Teollision — SPherical particle,
for example, found that PL can be stabilized for deposited
Si  nanoparticles prepared in a hydrogen-containing Teoalescencs™ Teollision — agglomerate.

atmospheré&,and hydrogenated Si nanoparticles with green
PL in the gas phase can be fabricated in #Ne back- Therefore, particle morphology and size can be controlled by
ground gas® Makimuraet alC reported that hydrogen ter- either modifying the characteristic coalescence time or the
mination of Si nanoparticles surfaces might arrest the growtlcollision time. We have investigated various experimental
of particles and/or change the structure. Such Si nanopagnd theoretical strategies to accomplish this. By embedding a
ticles were shown to have a larger band gap and hence reanoparticle in a nanodroplet of molten salt, generated from
guire higher photon energy to realize photoexcitation forgas-phase precursors injected into a high-temperature flame,
pL1 we observed a retardation of growthThis process was sub-
Controlling particle size is also a major challenge in thesequently modeled by Efendiev and Zachatidh using a
formation of nanoparticles. Liquid-phase growth methodsMonte Carlo method for the simulation that combines both
have received some success in this regard through the usetbie coagulation of the droplets and the interaction between
colloidal and solvation forces, to retard or control cluster-the embedded nanoparticles. Another approach was to con-
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trol the coalescence rate by using the inherent exothermicityapor. For bare particles of equivalent size the characteristic
of particle coalescence to internally heat the particle andoalescence time calculated from a solid state diffusion
therefore control the growth raté.However, many gas model is written a&

phase processes are not amenable to such approaches.

An altogether different approach is to imagine a particle _ 3KT,N
coated with a material that would prevent or retard particle = 647aD’
agglomeration or coalescence. More specifically, for the case
of silicon, is a natural passivating agent that has been usethereT, is the particle temperatur®y is the number con-
previously, although not specifically, for silicon nanopar-centration, D is the diffusion coefficient reported as an
ticles. Arrhenius function of the temperature, ands the surface

Since hydrogenated amorphous silicde-Si:H) has tension. The coalescence time, which increases as the four
many technological applicatiod$, MD simulations have thirds power of the number concentratidh is also exten-
been employed to investigate the reaction dynamics ofively used for the predictiof?:3® More recently, the relax-
atomic hydrogen withe-Si:H surface¥® and H, adsorption  ation time for solids was found to increase exponentially as a
and desorption on silicon surfacs’® Moreover, the effect function of the cluster siz&. For viscous flow, the coales-
of the radical energization on radical diffusion on a substratgence time is given 5§
was studied by impinging SiHradicals(a likely precursor
for Si growth, to a-Si:H thin film growth?'-2” Ramalingam
et al. found that thermal and energetic,8i (1<n<6;0 =
=x=<193) clusters reacted with a probability greater than
85% with crystalline surfaces and wi#hSi:H. Monte Carlo  where d, is the diameter of the particle ang is the
simulations have also been applied to stumhBi:H thin  temperature-dependent viscosity. In a prior molecular dy-
films.28-30Experiments have shown that hydrogen atoms ternamics(MD) study of the kinetics of growth and coalescence
minate surface state@angling bonds and stabilize the of silicon nanoparticles we found that Eq4) and(2) pro-
structure of §j clusters(n=2-10 (Ref. 3) and that the vide a reasonable quantitative description of nanoparticle
hydride-coated surface prevents the oxygen passivation a@oalescencé® However, in this study we will need to con-
the surface? sider the effect of surface passivation on the coalescence

The review of the previous experimental and numericalprocess, and the applicability or modification to models de-
studies on the topic of hydrogen termination of the surface okcribed by Eqgs(1) and(2).

Si shows that surface passivation might be a very effective In the above relationfEgs. (1) and (2)] surface tension
strategy to control the growth and morphology of nanopar-and atomic transpoftiffusion coefficient play an important
ticles grown from the vapor. More recently we have beenrole in coalescence. In our recent study of the effect of hy-
exploring the possibility of a passivation layer to retard thedrogen passivation surface on the surface tension and on the
growth of nanoparticles. In a molecular dynamics studydiffusion coefficient of the silicon nanoparticles by MD
Hawa and Zachari&hevaluated the particle-particle interac- simulation, we found that the surface tension of perfectly
tion of hydrogen-surface-terminated silicon nanoparticles foccoated particles was about a half that of bare particles, but
sizes between 200 and 6400 silicon atoms at 300—1800 Khat the diffusion coefficient increased by only about 10%
We reported that the presence of hydrogen passivation suwith hydrogen coatind® The particle pressure with hydro-
face on silicon nanoparticles prevented coalescence betwe@en coating was also reduced due to the decrease of the
particles under thermal collision conditions. The critical ap-surface tension. Moreover, the surface tension did not de-
proach energy of particle coalescence was significantlpend on particle size. Recent geometric optimizations and
higher than the thermal collision energy, and it was found tdMID simulations based on an empirical tight-binding ap-
increase with increasing particle size but decreased with inproach for studying the structure of fully and partially hydro-
creasing particle temperature. We also found that both soligenated Si nanocrystals also showed that the structural prop-
and liquid droplets were seen to bounce at thermal energiexties have little size effect, contrary to their electronic
at the temperature range of our study, and in some casegropertiesi! and their results are in agreement with the x-ray
“superelastic” collisions were observed, where the reboundiiffraction measurements.

kinetic energy of the droplet is higher than the approach From a practical point of view it is well known that sili-
energy. Moreover, when particles had only 75% of the availcon particles grown from silane contain significant amounts
able surface sites covered with hydrogen, the critical apof hydrogern344 As we mentioned earlier, the pulsed laser
proach energy was significantly reduced but still requiredablation technique is used to generate hydrogenated silicon
superthermal activation. nanoparticles. It is therefore quite conceivable that one could

The above work leads us to study the effect of surfaceproduce such materials from the vapor with a surface coating
passivation on the dynamics of particle coalescence. Controbf hydrogen near saturation.
ling the particle size is one of the most difficult problems in  The work in this paper is focused on understanding the
the formation of nanoparticles, in part because the charactegoalescence mechanisms of surface-coated nanoparticles. We
istic coalescence time has a nonlinear dependence on terpresent a mathematical model of surface-coated particles
perature. Furthermore, understanding the dynamics of co&oalescence based on an extension of Frenkel's niddfed
lescence of surface passivated particles may be important favill also use MD simulations with a reparametrized KTS
controlling the morphology of nanoparticles grown from the potentiaf® to track the evolution of a coalescence process

1)

ﬂl9. (2)
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term for the sintering process and neglect the second order
term in our analysis.

‘A The internal energy, due to the change in surface §rea
related to the surface tension, such that the rate of energy
change during the coalescence of two drops can be expressed
as

FIG. 1. Geometric representation of the coalescence of the two ds

de
spherical drops. - 0— = — 47a? <s'n ,9_>, 4
pher p T mago| Si at (4)

and obtain the characteristic coalescence time. We clarify thﬁ/here(r denotes the surface tension of the drop. Equ@on
relationship betv_veen the dy”?m'cs of the cc_;ale_sce_:nce_ ar}ﬂust balance with the rate of energy dissipation due to the
the surfa_ce tension of the particles, and _prowde INsight intQiscous flow of the liquid. The extent of this flow can be
the relationship between the mathematical model and the,aified by the decrease of the distance between the center

MD simulation results, and identify the mechanism of SUr-q¢ 40 drop, and the surface of contact with the other drop.
face passivated particle coalescence. The velocity can be obtained as

Il. MATHEMATICAL MODEL FOR PARTICLE _ayCosh—aq cog 6+ A6 _ .
COALESCENCE U= At ~ gpSIn Ha. (5)

Following Frenkel's mathematical analySfswe consider . . ) .
the coalescence of two liquid drops, which are initially in The velocity gradienty can be defined, accordingly, asa.

contact with each other at a single point. We also assume th%;lnder SUCh.and't!onS th? energy d'SS'Ip";‘;fd in the whole
the remaining parts of the two drops maintain a spherical ody per unit time is equal, approximately;to

shape(see Fig. 1. Under this condition the distance between 2 16 40\2

the centers of each drop are equal ®cBsd, wherea de- 2,7] V22(4mr?)dr = —wa§n<sin 9_) , (6)
notes the radius of the spherical portion of the drops. From 0 3 dt

conservation of mass of each drop, the relationship between

the radiusa, as well as the total surface of the coalescingwhere 7 is the viscosity.

particles at any timé and att=0, can be obtainetsee Fren- In our study, we need to consider the effect of surface
kel). Figure 2 shows the radiwsas a function off. Sincea  passivation(hydrogen on the coalescence process. We as-
does not change significantly when<®<30°, we assume sume that the rate of energy of both repulsion, between hy-
that a=a, for small angle ofé. Then, the change of the drogen’s, and relocation of hydrogen atoms due to the de-

surface aredS can be obtained as crease of the surface area is expressed as
) cosé do
AS= 47-ra(2,{A6(— sin 6) +A62<— T)} (3) 477a(2),8§(0)<sin ea), (7)

whereA#< 1. Note that Frenkel considered the second ordewhereg is a positive parameter in energy per unit area and
term dominates the sintering process, but this is true wheis a nondimensional function of. We assume that the pa-
6=0. However, the first order term is always larger when rameterg is a linear combination of the effect of the repul-
>A6. Moreover, according to Fig. 2, the assumpt®®a,  sionB.,and the relocatiog, of the surface atoms, and that
can be applied to small. Thus, we consider the first order they are a function of the amount of hydrogen atoms on the

surface. We note that pure silicon particles would attract each
“ww - other, while the hydrogen monolayer creates repulsive forces
between the particles. The effective reaction contact area
made by an interaction of two spherical particles of the same
size is schematically shown in Fig. 3 and given by

ma(fe+asirf 6), (8)
14¢ wheref is a cutoff length of the surface atoms obtained by
the reparametrized KTS potenfidmentioned in a later sec-
tion. The first term is the surface of the sector of the spheri-
cal particle obtained from the cutoff length, and the second
term is the surface of contact with the other drop. Since the

9 (degree) hydrogen monolayer exists only on the surface of the spheri-

cal particles, the portion of the reactive contact area covered

FIG. 2. The radius as a function off. by the hydrogen monolayer is determined by

1.0
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] ) ) FIG. 4. Temperature evolution during sintering for bare and
FIG. 3. ¢ as a function of6 with the sketch of the effective coated 6 nm particles initially at 1500 K.

reaction contact area. An exact and an approximétee described

with dashed and solid lines. . . .
ticles. The parameteB is zero when there is no surface

passivation layer on the particles. In such a case, the time of

Eexacl0) =1 (1 + 3sin2 a) for0< 9=<87.7° complete coalescence becomes
Xacl fC 4a0
Ui
sir? 6 =37, (13
=1 1+ for87.7° <9< 90°. o
2 cosé

©) and is similar expression to the result obtained by Frefikel.
Note that near 90° there is a rapid decrease of the reactive

surface area of the spherical particle. Figure 3 also shows Ill. COMPUTATIONAL MODEL AND SIMULATION

&evact @S @ dashed line when the ratio aff; is 10. The PROCEDURE
approximated expression gfis This study also involves atomistic simulations using clas-
a st o sical molecular dynamics. For this work we use the reparam-
Enpprox 0) =1 (1+f—T>. (100  etrized KTS interatomic potential for the silicon-hydrogen
cCos™ ¢ system developed by Hawa and Zachariefz).®® This in-

The above expression is described as a solid line in Fig. 3eratomic potential for silicon was developed by Stillinger
Note that expressiori10) describes the dashed line well and Webe(SW) (Ref. 45 and extended by Koheet al* to
when ¢ is small, and that our analysis is limited for small ~ include Si-H and H-H interactions. Similar sets of potential
Expression(10) indicates that whem is small(initial period ~ energy functions have also been developed by Murty and
of coalescence process large amount of work is needed for Atwater;!” Ohiraet al,?*?*?°and Ramalinganet al*® where
particle reaction against the hydrogen passivation surfac@ Tersoff-type potenti&l->?was extended to describe inter-
and for particle coalescence to relocate the surface atomatomic interactions in the Si:H system. This extended ver-
However, after the initial stage of coalescence, the work fosion of the Tersoff potential has been tested successfully for
relocation of hydrogen atoms quickly decays and disappearts accuracy in describing the Si:H system in several earlier

when @ is /2. studies; however, the simulation of liquid silicon was not
Equating expression&) and (7) to (4), we obtain the well described by the potenti&l.By contrast, the extended
following equation: SW potential(HZ) was designed to describe interactions in
6 3 ) ) both solid and liquid forms of silicon. Since most synthesis
Fmagny + 4magBE(0)y = 4magoy. (1D processes leading to cluster formation occur at high tempera-

Integrating over the entire process of the coalescence, whi

c(tL['(re' cluster growth by coalescence is dominated by liquid-
is 0 0=7/2, gives !

Ike characteristics, and the accuracy of the SW potential
increases with increasing particle size or temperature, we use
_4 ™2 sing this potential for our investigations. The HZ potential energy
1= 5%7 o O~ ﬁf(ﬂ)de' (12) s a sum of two- and three-body interactions, and the details
of the model and its parameters are given in the literature
It is clearly seen that the produBt(6) must be less than the (Hawa and Zacharial¥®
surface tensiow. Thus, 0< 8<¢. Note that the model im- All simulations were run either on an Origin or Cray T3E
plicitly neglects the initial approaching energy of the coa-computer running up to 64 processors. Atom trajectories
lescing particles. The justification of the latter point is basedvere determined by integrating the classical equations of
on the MD simulationsto be presented later in the tgxthat ~ motion using the velocity form of the Verlet algorithth,
under constant temperature processes, the collision energyith rescaling of atomic velocities at each time step to
has a negligible after the initial contact of coalescing par-achieve temperature control for constant temperature simula-
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FIG. 5. (Color online Temporal snapshots of the morphology

during sintering of coated 6 nm particles. Inset graphs show the @ © ®

temporal behavior of the reduced moments of inertia for coated and

bare particles. FIG. 6. (Color online Temporal evolution of the atomic behav-
ior near the initial contact region showing hydrogen hopping and
the movement of bare silicon to the surface.

tions. Time steps of 0.5 and 0.05 fs were typically used for

pure silicon clusters and for hydrogen-coated clusters, re- IV. RESULTS AND DISCUSSION

spectively, to ensure energy conservation, and the Verlet

neighbor list with parallel architecture was employed in all

the simulations, with a neighbor list renewal every 10 steps. During the coalescence of two particles, the formation of

The simulations take place in a spherical cavity of 20 nmnew chemical bonds between the atoms decreases the poten-

radius using an elastic boundary condition. tial energy of the system, and decreases the total surface

The first step in the equilibration process was to preparé@rea. For two isolated particles under the adiabatic_ condi-
pure silicon particles of various siz€8, 3, 4, and 6 npn  tons, as the total energy is conserved, the decrease in poten-
(200, 800, 1600, and 6400 Si atonas 300 K. After removal tial energy causes a rise in thermal motion of atoms in the

of angular momentum, the particle temperature was raised ®2rticle; Wh;Ch, is reflected as an increase in particle
2100 K for 1 ns. Particle temperatures were then reduce mperaturé® Figure 4 shows the temperature change during

slowly to 300 K and equilibrated for 50 ps. The next stept e coalescence of two 6 nm bare, and fully coated particles

was to coat the particles with hydrogen atoms. Since thd @ constant energy simulation. In this case particles have an

: . iti en given an addi-
particles were already equilibrated, almost all surface atomInltlal temperature of 1500 K and are then given !

had dinati b £ th A hvd fonal directional velocity so that they collide with a kinetic
ad a coordination num ero three. yadrogen atom wa nergy of 110 000 K. The high collision energy is based on
placed on each surface silicon atoms at a distance of 1.5

; > ur prior study of the critical collision energy for reaction
and the particle temperature was maintained at 300 K for 1@enyeen fully coated silicon particl@it should be under-

ps. Any hydrogen atoms that were released from the surfacgood that the collision energy is small compared with the
were removed from the simulation, and the dynamics reyota| energy of the system, and does not have a significant
peated for 10 ps. As a result, the numbers of hydrogengontribution in the observed temperature rise. It can be seen
placed on the silicon particles made of 200, 800, 1600, ang¢tom Fig. 4 that the uncoated particles show a rapid tempera-
6400 Si atoms are 74, 211, 367, and 785. For preparation afire rise during the first 20 psise of temperature by 60)K
partially hydrogen coated particles, appropriate number ofesulting from the energy release during new bond forma-
hydrogens were randomly removed from the particles, andion. On the other hand, the temperature of the coated par-
again, the dynamics repeated for 10 ps for equilibration. Afticles does not change, but goes through an induction period,
ter generating the hydrogen monolayer on the silicon parfor the first 30 ps. It then increases slowly by 30 K, which is
ticles, the temperature of the particles was slowly raised t@bout a half the temperature rise as compared to the bare
the desired temperatures of 1000 and 1500 K and maintaingghrticle coalescence case. This difference in temperature is a
at constant temperature for 50 ps. For the last step in theonsequence of formation of 379 vs 183 new bonds in bare
preparation process, the simulations were switched to a corand fully coated particles, respectively. This may be an indi-
stant energy calculation for 20 ps. If the average temperatureation of change of the particle structure due to the hydrogen
of the particle deviated by more than 10 K over this period,coating and will be discussed in detail later in the manu-
the equilibration process was repeated until the particle termscript.

perature deviated by less than 10 K. Duplicated particles The corresponding structural dynamics can be studied
were generated and then collided with critical collision ener{from the temporal variation of the reduced moment of inertia
gies for adhesiofinot static coalescengéund in Hawa and in the direction of collision and particle morphology, as
Zachariah®® shown in Fig. 5. The reduced moment of inertia converges to

A. Fully coated vs bare particles
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FIG. 7. Time series of particle morphology imaged with respect to atomic velocity vectors for two 6 nm particles at 1&00biK.and
(c) are bare andd), (e), and(f) are coated particles.

unity when the particle is spherical. However, as these parfigure. Two Si atoms colored white are initially beneath the
ticles (2—6 nm are under constant movement due to thesurface of the coalescing partidlEig. 6(a)], as coalescence
atomic motion, they would never become perfectly sphericalbegins, one of the white atoms comes to the surfdig.
Therefore, we define a reduced moment of inertia of 1.1 a§(b)]. A second one follows the first and stretches the surface
the condition for achieving complete coalescence. It can band leaves a bare silicon surfafdéig. 6(c)]. We note that
seen that for the case of bare silicon particles, the reducedther than a Si-H molecule moving interior to the particle to
moment of inertia converges to 1(&pherical shapemono-  reduce surface area, bare silicon actually moves to the exte-
tonically. For the bare particles, the interparticle interactionrior, and at least initially this is responsible for an initial
due to the surface atoms is attractive and there is no need tncrease in moment of inertia. At no time do we see H atoms
provide a potential energy barrier to induce the reaction. Irenter the interior of the particle. However, we do observe
contrast to this, the fully coated clusters, and as reflected ihopping of H atoms on the surface during the entire coales-
the temperature rise plot shown in Fig. 4, show an inductiorcence period and the opening of bare silicon spots facilitates
period before the reduction in the moment of inertia. In fact,this movement. In image(8) we see the beginning of this
the moment of inertia initially increases after the collision, migration process where a white @are atom and a hydro-
reaches a maximum, and then subsequently decreases towagehated neighbor experience a hydrogen exchange. In Fig.
unity. In this case the initial interparticle interaction is be- 6(e) we see that the previously hydrogenated Si is pulled out
tween the surface hydrogen atoms, and is repulsive. of the surface, and donates its hydrogen to the neighboring
The initial increase of the moment of inertia is attributed white Si aton{Fig. 6(f)]. These events suggest that the math-
to an increase in total surface area of the coalescing particleematical model for the coalescence of coated particles needs
Figure 6 demonstrates the temporal evolution of the atomito account for the relocation of surface atoms.
behavior near the initial contact surface. The small light gray To better understand the nature of the evolution in the
and large dark gray spheres represent H and Si atoms in theorphology, we study the properties of both bare and coated

165434-6



COALESCENCE KINETICS OE. PHYSICAL REVIEW B 71, 165434(2005

5 s A —— is similar once the initial induction period for the coated

» Theory |1 particles is accounted for. Temporal variations of the total
a4 ] e Simulation |1 surface area of coalescing particles obtained from our math-

] ematical model(3), (10), and (12) are compared with the
simulation results for both bare as well as coated cases. The
radiusa of 3 nm and the cutoff lengtti; of 0.3 nm were
chosen, to give the functio&(6) shown in Fig. 3. The pa-
rameter 8 of 0.441 J/m was chosen to fit the molecular
dynamics results. Note that our model does not describe the
I ] behavior of the initial variation of the moment of inertia of
0 e the coated particles, because of the assumption of spherical
0 40 80 120 160 shape during coalescence. However, the model predicts the
Time (ps) initial induction period by adjusting the paramet@r Ac-

cording to our discussion in the previous section, this induc-
tion period occurs due t@) diffusion of surface atoms along
he particle surface(b) movement of interior Si atoms near
he surface toward the particle surface, &odmovement of
core Si atoms to fill in the neck of the coalescing particles.

particles in detail. The change in morphology of the clusterd?uring the initial contact period, the large magnitude of the
could be through movement of atoms via bulk fluid motionfunction &(6) retards particle coalescence. Moreover, it is
or by individual atomic diffusion processes. Figure 7 dem-clearly seen that our model not only describes the dynamical
onstrates the temporal evolution of the atomic velocity vecbehavior of the moment of inertia after the initial induction
tors, shown as a cross section slice of thickness —0.5 nreriod, but also shows good agreement with the coalescence
<y<0.5 nm, during a coalescence event of bare and coatei§me for bare as well as coated particles. Since the function
particles. As the bare particles approach, surface atoms aéf) decays significantly toward the end of the coalescence
accelerated toward each other, as they feel an attractive forgocess, the characteristic coalescence time for liquid drop-
[Fig. 7(@], which continues even after the collisigftig.  lets according to expressiori8) and (12) is approximately
7(b)]. Once the collision event has progressed, diffusion proinversely proportional to the surface tension of the particles.
cesses drive the agglomerate to become a sgfége7(c)].  We compare the characteristic coalescence time with the de-
On the other hand, as the fully coated particles approach, theay rate of the reduced moment of inerth, The surface
surface hydrogen atoms feel a repulsive fofEéy. 7(d)].  tensions of bare and fully coated particles were taken as
After reaction, the surface atoms in the contact area mov8.826 and 0.442 J/fn respectively, as computed by our
away from the neck of the agglomerate, while inteficorg  prior simulations, and the rati@ggaed Thare Was found to be
atoms move toward the nedFig. 7(e)]. This is schemati- 0.54°We calculate the time of both bare and coated coales-
cally illustrated by the large arrows showing the net directioncence processes from the reduced moment of inertia 2.5 to
of atom movement. The surface atoms being squeezed out f1 in Fig. 8. These periods are 31.2 and 64.0 ps for bare and
the neck region, move along with the surface of the particlescoated cases, and their ratio is 0.48. We also obtain the ratio
This is manifested by both Si-H diffusion and H hopping. of those decay rates observé,,candM a4 from Fig. 8,
Finally in Fig. 7(f) the incoming interior atoms widens the which gives 0.55. Both decay ratéd, are the times required
neck of the agglomerate and drives it to a sphere. According® decrease the reduced moment of inertia from 1.5 to 1.2,
to Fig. 5, the coated particles coalescence pro¢esgs. Wwhere the growing particle is nearly spherical. These ratios
7(d)-7(f)] requires more time than the bare particle coalesclearly indicate excellent agreement with the ratio of the
cence procesgFigs. Ma)-7(c)]. After the process (d)-7(f),  characteristic coalescence times, and those results suggest
the reduced moment of inertia monotonically converges tdhat once a standard coalescence profess, after the pe-
unity, and the temporal evolution of particle morphology isriod of Fig. Af)] is initiated, the coalescence event between a
very similar to that seen for bare particles. coated and uncoated are primarily controlled by the same
During the coalescence process, temperature change @iternal transport/kinetic processes, and that the difference in
clusters affects properties such as diffusivity and complicatethe predicted coalescence time is determined by the differ-
the calculation of characteristic coalescence time from Eqsences in surface tension. The deviation between the math-
(1), (2), and(12). In order to simplify this problem we chose ematical model and the simulation results near the end of the
to study the coalescence process under constant temperat@@alescence process of both bare and fully coated particles is
conditions. In point of fact for a real growth process, par-due to the assumption that particle radius does not change.
ticles of this size would not see temperature excursions, since
they are effectively thermostated by surrounding tjaBhe
molecular dynamics simulation of the reduced moment of
inertia for both bare and fully coated 6 nm particles at 1500 The effect of the particle size and the initial particle tem-
K shown as dashed lines are presented in Fig. 8, and ajgerature on the particle coalescence was also studied. Figures
similar in form to that seen in Fig. 5. A direct observation of 9(a) and 9b) show the temporal behavior of temperature and
the two curves shows that the decay toward spherical shageduced moment of inertia for bare and fully coated 3 nm

Reduced Moment of Inertia

FIG. 8. Temporal behavior of the reduced moment of inertia for
bare and coated 6 nm particles during a constant temper@tioe
K) coalescence process. Solid lines, model; dashed line, MIZ%
simulation.

B. Size and temperature dependence
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FIG. 10. Coalescence times as a function of particle &@e
1000 K and(b) 1500 K.
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However, the temperature increase of coated coalescing
particles is again half that of bare particles, similar to the 6
nm case. Also, the dynamical behavior of temperature and
reduced moment of inertia are similar to the coalescence of 6
nm particles. Figure ®) shows that the coated particles coa-
lesce a factor of 3.7 times slower than the bare particles and
coalescence much faster, about a factor of 2, relative to the
corresponding 6 nm particles.

Figures 9c) and 9d) show that the temporal variations of
temperature and reduced moment of inertia of 3 nm at a
lower temperature of 1000 K and an initial approaching ki-
netic energy is 60 000 Kcritical approaching energy for this
size and temperatut®. The behavior is similar to the higher
temperature case; however, the coalescence process is con-
siderably slower(by a factor of 10 and therefore so is the
temperature rise. The temperature increase of about 100 K is
Time (ps) less than the 1500 K case, which is about 15(QskKe Fig.
9(a)]. Since the particle sizes are the same, and in both cases
coalescence leads to spherical particles, the number of new
bonds(89 at 1500 K, 100 at 1000 )kdue to the coalescence
is comparable to each other. Therefore, the temperature rise
1 (d) is proportional to their initial particle temperatures and also
1 implies that the heat capacity is relatively constant over this
temperature range. On the other hand, the temperature of the
coated particle increases slowly, and at complete coalescence
the temperature rise is only a third that of the bare particle.
0 500 300 500 300 We discuss the reasons for this effect in the section on the

Time (ps) role of extent of hydrogen surface coverage.
Coalescence times simulated under constant temperature

FIG. 9. Temperature and reduced moment of inertia of the coaprocesses as a function of particle size at 1000aKand
lescing pair for both bare and coated 3 nm parti¢gsnd(b) 1500 1500 K (b) are summarized in Fig. 10. Note that the hori-

K initial temperature an(ﬂc) and(d) 1000 K initial temperature. zontal axes in the ﬁgures are presented as the number of
atoms at 1000 K and atoms to the one-third power at 1500 K.
particles under an energy conservation coalescence proce3sis reflects the power dependence to atom number in the
The initial particle temperature is 1500 K and the initial ap- phenomenological models for solids and liquids, respectively
proaching kinetic energy of 35000 K corresponds to thgEqgs.(1) and(2)]. At 1500 K the coalescence times of both
critical approach energy for this particular size and particlebare and coated particles larger than 800 Si at@bsut 3
temperaturé® By comparison with the 6 nm particle case, nm sizé increase linearly with the diameter of the particle, in
the temperature of bare 3 nm particles after the coalescenagreement with Eq2). Moreover, at 1000 K the coalescence
is higher than that of 6 nm particldsee also Fig. ¥ This  times of both bare and coated particles increase linearly with
results from the smaller particles having a greater fractionaihe volume of the particle suggested in Et), and is differ-
increase in the number of new bonds formed, which releasent from the higher power dependence maodel’ At this
heat, and the lower heat capacity of the smaller particles. temperature, and based on our prior winarticles are in a

Reduced Moment of Inertia

[y
=y
o
(=

Temperature (K)

-
(=1
o
(=]

Reduced Moment of Inertia

165434-8



COALESCENCE KINETICS OE. PHYSICAL REVIEW B 71, 165434(2005

solid/liquid transition phase for these particle sizes. One 4 '
should expect, however, to observe higher power depen- I —— model ]
dences when particle temperatures are even lower; however, 77 7r M simutations
because of the considerably slower rate of coalescence such
a computation is not tractable with our MD methods. In ad-
dition, Xing and Rosner introduced a surface curvature-
dependent diffusivity and applied it to the coalescence
model®® They found that the coalescence times were many
orders of magnitude smaller than those obtained from the
macroscopic properties. In our simulations in the range of
less than 1000 Si atoms at 1500 K, both bare and coated
particles show the effect of surface curvature dependence on 0 50 100 150
the coalescence times. Time (ps)

Coalescence times of fully coated particles are longer
(about a factor of 3-95than that of bare particles at both FIG. 11. Reduced moment of inertia of 6 nm particles during
temperatures, and also show a similar particle size depersintering for various amounts of hydrogen coverage at 1500 K.
dence as those of bare particles of corresponding temper&olid line, model; dashed line, MD simulation.
tures. Under constant temperature processes, we found th&t

the differences in coalescence behavior between bare a'léjoms coming to the surface. The growth rates from the mo-

fully coated particles were the initial adhesion—coalescenc?;1ent of inertia are qualitatively similar to those of any

process, and the decay rate of the reduced moment of inertigy, o nt ahove 75% coating, but the growth periods become
associated with a change in surface tension. While manynger with increasing surface coverage. Also according to
macroscopic parameteftemperature, surface tension, gtC. oyr earlier discussion, the increase of surface area of the
affect particle coalescence, at the microscopic level coalegspglescing particles is seen as an increase in the moment of
cence is ultimately an atomic diffusion process, and we obinertia. Since the effect of the extent of surface coverage on
serve the effect of these macroscopic parameters on atomige s; diffusivity was found to be negligible, the movement
diffusion through the sintering proce¥5>°As such we ex-  of interior Si atoms toward the surface is independent of
pect coalescence to be self-similar for both bare and coateg|,rf5ce coverag®. However, the greater the surface cover-
clusters. The dgprease in surface tension implies a great SWge the greater the number of Si atoms that must move to the
face atom stability and slows the coalescence of coated pagyrface for coalescence to occur. Thus, the transient growth
ticles by retarding diffusion; however, both diffusion mecha-jy syrface area during the induction period should be propor-
nisms are similar. The initial adhesion-coalescence procesgnal to surface coverage. The MD simulation results indi-

simply delays the coalescence process, but does not alter thgte that the higher the surface coverage, the greater the in-
nature of the coalescence behavior. Therefore, while thgrease of surface area, and why the induction period

coated particles can significantly retard coalescence, once thgcreases as the extent of coating increases.

initial reaction barrier is overcome, through the critical col-  These molecular dynamics results have been compared
lision energy, the behavior of the size-dependent coalescenggtn the mathematical modéL2) shown as solid lines in the
times of coated particles is similar to that of bare particles. ggme figure. The surface tensions from our previous MD
simulations were found to be 0.6394, 0.7548, and
0.8209 J/rf for 85, 75, and 50% coated particles, respec-
tively. This conditions corresponded t8's of 0.639385,
The effect of surface coverage on the particle coalescend@ 75475, and 0.80000 JAmas fit the molecular dynamics
was also studied. We prepared 30236 H atomy 50%  simulations for the three coverages. As we discussed in the
(393 H atomg 60% (471 H atom§, 75%(589 H atomg and  previous section, the nature of our model is such that the
85% (668 H atomg coated 6 nm silicon particles at 1500 K, initial variation of the moment of inertia cannot be predicted
and these particles were then used to study coalescence uvy our model. However, the model successfully describes the
der constant temperature conditions. The molecular dynaminitial induction period, and it shows very good agreement
ics simulation for the temporal variation of the reduced mo-with the monotonic decay in the moment of inertia. Note that
ment of inertia are presented in Fig. 11 as dashed lines, favur model cannot describe the end of the coalescence process
bare to fully (100% coated particles. Clearly, the coales- because the particle radiass assumed constant. This com-
cence time is significantly, but smoothly, a function of hy- parison indicates that the model predicts the overall process
drogen surface coverage. During the initial induction periodas comprised of an induction period and coalescence period,
coalescence as measured by the reduction in moment of if any extent of coverage by appropriate choice3of
ertia shown a monotonic decrease with time. However, for We briefly discuss the nature of th# parameter which
particles with surface coverage of 75% or higher, particlean be used to determine the initial induction period and the
experience an induction period as previously described. Thenergy requirement for both repulsion and relocation of sur-
moment of inertia decays to a local minimum, before in-face atoms during the initial contact. If one considers jhat
creasing again, followed by a monotonic drop-off as coalesis a modifier to the surface tension we can define a new
cence takes place. We recall that the increase in surface arparameteil’=(o— ), the effective surface tension. Figure 12

Reduced Moment of Inertia
(M

ring the induction period results from subsurface silicon

C. Partially coated particles
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FIG. 12. Relationship between the paramei@rand the tering for various amounts of coating.

coverage.

) ] ) temperature rise of this exothermic event is moderated rela-
shows the effective surface tension normalized by the absqye to bare particles. This is expected as the temperature rise

lute surface tension as a function of surface coverage. A associated with the formation in net of new chemical
very low coveragep is small, and the effective surface ten- ponds. We see that for particles with coverage of 75% or less
sion is near the true surface tension. With increasing coveine final temperatures of the particles are essentially equiva-
age, the effective surface tension decreases, making it hardgi \while at higher surface coverage the rise in temperature
for particles to coalesce. is tempered.

When the extent of coverage is below 60%, the normal- \yhen two equivalent spherical particles coalesce to form

ized effective surface tension decays exponentially with the, |arger spherical particle, the surface area decreases about
extent of coating. Above about 67%, the normalized effectiveygo, " This implies that when hydrogen atoms cover more

surface tension decreases even more rapidly. From the prgyan 809 of the surface of the initial coalescing particles,
vious section, we saw that for bare particles the interparticlgnere exists an excess amount of hydrogen after the comple-
interaction between surface atoms is attractive and no poteRyn of coalescence. Since it was found that the hydrogen
tial energy barrier exists to coalescence. In contrast fohioms always stay on the surface during the entire period of
coated particles, the interparticle interaction is repulsive andggjescence, the existence of hydrogen modifies the structure
increases with increasing hydrogen coverage. The dasheq sjjiicon atoms near the surface, and moderates the final
line in the Fig. 12 describes the Qﬁect of repuIS|on_, and thfiemperature of the coated particle. The number of,Sikd
corresponding parameter we define/&g, as a function of  gj's on the surface of 6 nm particles before and after coa-
coverage lescence were found to increase from 38 to 94 and from 0 to
Brep= (1 - 699 45@702%) for any P, (14) 4 for 100% coated particles during coalescence.

where P, is the percent coating. WhelP.=67, we observe
an induction period as the time necessary to relocate surface V. CONCLUSION
atoms(see Fig. 1L The change in slope seen in Fig. 12
corresponds to the appearance of the induction period and
new parameteB;= 8- Brep Which corresponds to the energy

Classical molecular dynamics simulations using the rep-
&tametrized three-body KTS potential were conducted to
study the coalescence behavior of hydrogen-terminated sili-
con nanopatrticles. The simulations were carried out over a

(solid line). This effect increases witR, and causes the pa- Sparncle size range of 2-6 nm and at 1000 and 1500 K. It was

i : h th : tonsi v, Th found that there exist two steps during the coalescence of
rameter/ to approac the surface tension rapidly. The pa-q4iaq particles. The initial step consists of adhesion of two
rameter B, corresponding to such a relocation process

i ISparticles and relocations of surface atoms near the adhesion
given by region. This happens due to the existence of H atoms on the
Bro) = 0(699 45@ 02 - g0046P)  for p_= 67. (15) surface of the coale_scing pair of .coated particles. This ini'FiaI

step requires a relatively longer time as compared to the time
The parametep is effectively given agB,e, for P.<60 and  required for the completion of the coalescence of bare par-
Brep* Brel for P.=67. ticles. The last step in coalescence consists of the nominal
We have also studied the effect of the extent of coating ortoalescence similar to that observed during coalescence of
the temporal variation of temperature during sintering. Thebare particles and primarily depends on the surface tension
molecular dynamics simulations for various extents of coatand diffusivity of the particle. A mathematical model has
ing were carried out under the constant energy conditiondyeen developed that is able to capture both the induction and
and the results for particle temperatures shown in Fig. 13coalescence event accurately and can be used in phenomeno-
Clearly seen is that all with increasing surface coverage, thiagical models for aerosol dynamics. The coalescence time
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of the entire process takes longer with increasing particl@bserved a steady decrease in coalescence time with decreas-
size and decreasing initial particle temperature. The totaihg hydrogen coverage.

coalescence time of coated particles is about 3 to 5 times

longer than'that of bare particle and the temperature rise of ACKNOWLEDGMENTS
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