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We present a study of internal pressure and surface tension of bare and hydrogen coated silicon
nanoparticles of 2—10 nm diameter as a function of temperature, using molecular dynamics
simulations employing a reparametrized Kohen—Tully—Stillinger interatomic potential. The internal
pressure was found to increase with decreasing particle size but the density was found to be
independent of the particle size. We showed that for covalent bond structures, changes in surface
curvature and the associated surface forces were not sufficient to significantly change bond lengths
and angles. Thus, the surface tension was also found to be independent of the particle size. Surface
tension was found to decrease with increasing particle temperature while the internal pressure did
not vary with temperature. The presence of hydrogen on the surface of a particle significantly
reduces surface tenside.g., drops from 0.83 J/fo 0.42 J/m at 1500 K. The computed pressure

of bare and coated particles was found to follow the classical Laplace—Young equati®2004£
American Institute of Physics[DOI: 10.1063/1.1797073

I. INTRODUCTION In principle then, by either controlling the characteristic
- ) ) coalescence time or the collision time it is possible to control
Nanoclusters of silicon are of considerable interest dug,o particle morphology and particle size. The two most ob-
to their potential app!ication in optoelectronic_s.At this Iengthvious ways to control the primary particle size is to either
scale, quantum confinement effects play an important role ity ange the characteristic collision time by dilution or change
the electronic properties which has prompted studies in Ung,o coalescence time by changing particle temperature.
derstanding the change in electronic and transport properties  anqther strategy, however, would be to make particle-
of materials and the structures as a function of SiZeOf particle collisions nonreactive. In a recent molecular dynam-
course, the desirability of these materials places a burden qpg study Hawa and Zacharidtshowed that the presence of
developing methods for preparing them in the desired _Sizea hydrogen passivation surface on silicon nanoparticize
shape, and purity. Nanoparticles and nanocrystals of Si caby0_g400 Si atoms at 300-1800) Kesulted in particle

be prepared by plasma enhanced = chemical vapQgoynce during collision even when the particles were liquid
depositiort:”’ Laser ablation of Si waférand thermal vapor- groplets. That work also showed that there was a critical
ization of melted SiRef. 9 may also be used to prepare Si 5n5r0ach energy for reaction which increases with increasing
nanoclusters. In many cases these methods result in a silicoicle size but decreases with increasing particles tempera-
oxide layer on the nanoclusters which may be removed by, .

etching with Hyf:irofluonc(HF). , The rate at which two colliding particles coalesce has

. For production of nanoparticles by gas-phase condensgseen modeled by both phenomenologiéa” and molecular

tion processes, the high concentrations of fine pa”'deﬁynamics method& which has resulted in simple to apply

causes rapid coagulation. The ultimate size of the sphericglinetic jaws. For example, the characteristic coalescence
primary particles and the growth of agglomerates are detet;q cajculated from a solid state diffusion model is written
mined by the competition between the time for particle- 421315

particle collisions and coalescen@Particles will coalesce
before another collision event occurs when the characteristic

S . ) 3kT,N
collision time between particles is smaller than the charac- 7 = P (1)
teristic coalescence time. On the other hand, chain aggre- 64maD
gates will be formed when the collision time is less than the
characteristic coalescence time. whereT,, is the particle temperaturd) is the number con-
centration,D is the solid-state diffusion coefficient reported
Teostescencs Teolision— Spherical particle, as an Arrhenius function of the temperattffe@nd o is the
surface tension of the particle. For viscous flow, the coales-
: e i 7
Teoalescencs” Teollision— Agglomerate. cence time Is given By
dAuthor to whom correspondence should be addressed. Electronic mail: Tf:ﬂ_dp )
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whered, is the diameter of the particle angiis the tempera- con has not been well described by the potedfi@y con-
ture dependent viscosity. trast, the reparametrized KTS potential, which is the ex-
In looking at the above two kinetic laws it is apparent tended spherical wave Stillinger and Wel§&iw) potential,
that surface properties play an important role. The drivingwas designed to describe interactions in both solid and liquid
force for coalescence is in fact the minimization of the sur-forms of silicon. Since most synthesis processes leading to
face free energy and it is not surprising then that surfaceluster formation occur at high temperature, cluster growth
tension appears as a parameter in both equations, and thg coalescence is dominated by liquidlike characteristics,
diffusion constant is obviously important in the solid-stateand the accuracy of the SW potential increases with increas-
coalescence event. ing particle size or temperature, we use this potential form
Given that the driving force for coalescence is the mini-for our investigations. The reparametrized KTS potential en-
mization of the surface free energy, it is important to underergy is a sum of two and a three-body interactions, and the
stand the effect of hydrogen surface passivation on the sudetails of the model and its parameters are given in the lit-
face tension and the diffusion coefficient of the particles asrature(Hawa and Zachariat*
well as the role of particle size. Although hydrogenated  All simulations were run on an Origin computer running
amorphous silicon has found a variety of technological apup to 16 processors. The trajectories of all the atoms are
plications, and has been studied extensiv@tpiese previous determined by integrating the equation of motion according
studies focused on the electronic and optical propeffi€S, 1o the velocity form of the Verlet algorithfawith rescaling
thin film growth?"**and the deposition of clusters on hydro- of atomic velocities at each time step to achieve temperature
genated surfac€**To our best knowledge, surface tension control. Time steps of 0.5 and 0.05 fs were typically used for
and diffusion coefficient of hydrogenated Si nanoparticleshoth pure silicon, and for hydrogen coated particles to ensure
have not been reported on. energy conservation, and the Verlet neighbor list with paral-
In this paper we investigate the role of hydrogen passiie| architecture was employed in all the simulations. The
vation on physical properties, such as surface tension, intefeighbor list was renewed every ten steps. The simulations
nal pressure, and surface diffusion. We use classical molecyake place in a spherical cavity of 10 nm radius with an
lar dynamics simulation using the reparametrized Kohen—g|astic boundary condition.

Tully—Stillinger (KTS) potential for the silicon-hydrogen The first step in the equilibration process was to prepare

systemtL:3 pure silicon particles of various siz€2, 3, 4, 6, and 10 nm
diameter$ (200, 800, 1600, 6400, 25 600 Si atons 300 K.

Il. COMPUTATIONAL MODEL After the angular momentum was removed, the particle tem-

AND SIMULATION PROCEDURE perature was raised to 2100 K using constant temperature
Recent geometric optimizations and molecular dynamicdVD for 50 ps. The particle temperature was then reduced
(MD) simulations based on an empirical tight-binding ap-Slowly to 300 K and equilibrated for 50 ps. The next step
proach for fully and partially hydrogenated Si nanocrystalswas to coat the particles with hydrogen atoms. Since the
showed that the structural properties were not very size ddparticles were already equilibrated, almost all surface atoms
pendent, unlike electronic properti‘&‘leowever, hydroge- had a coordination number of three. A hydrogen atom was
nation has been shown to stabilize the structure pfciis-  placed on each surface silicon atoms at a distance of 1.5 Ato
ters (1=2 to 10 through termination of dangling bond%. prepare fully hydrogen coated particles, while the particle
Prior studies using molecular dynamics have been used t@mperature was maintained at 300 K for 10 ps. Any hydro-
study surface energies of nanoclusters. For example, studigen atoms that were released from the surface were removed
of solid and liquid silica particles show that the surface tenfrom the simulation, and the dynamics repeated for 10 ps. As
sion was independent of particle size over a wide range of result, the numbers of hydrogens placed on the silicon par-
temperaturd® On the other hand, MD studies of Lennard- ticles composed of 200, 800, 1600, and 6400 Si atoms was
Jones(LJ) clusteré* and a variable charge transfer MD for 74, 211, 367, and 785, respectively. For the preparation of
aluminunf® showed that surface tension decreased with departially hydrogen coated particles, appropriate number of
creasing particle size. hydrogen atoms were randomly removed from the particles,
This study involves atomistic simulations using classicaland the dynamics repeated for 10 ps for equilibration. After
molecular dynamics. For this study we use the reparamgenerating the hydrogen monolayer on the silicon particles,
etrized KTS interatomic potential for the silicon-hydrogenthe temperature of the particles was slowly raised to the de-
system developed by Hawa and ZachaffafThis inter-  sired temperatures of 1000, 1500, or 1800 K and maintained
atomic potential for silicon was originally developed by at constant temperature for 50 ps. For the last step in the
Stillinger and Webéf and extended by Koheetal®® to  preparation process, the simulations were switched to a con-
include Si-H and H-H interactions. Similar sets of potentialstant energy calculation for 20 ps. If the average temperature
energy functions have also been developed by Murty andf the particle deviated by more than 10 K over this period,
Atwater?’ Ohira and co-workefS3*%¢ and Ramalingam the equilibration process was repeated until the particle tem-
et al3” where a Tersoff-type potentf&r® was extended to perature deviated by less than 10 K. An external and cross-
describe interatomic interactions in the Si:H system. Thissectional view of an equilibrated nanoparticle, consisting of
extended version of the Tersoff potential has been tested su6400 Si atoms, coated with 785 H atoms, corresponding to
cessfully for its accuracy in describing the Si:H system inroughly a 6 nmparticle are shown in Fig. 1. The properties
several earlier studies; however, the simulation of liquid sili-such as radial pressure, density, surface tension, and diffusiv-
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ity were computed, and the pressure and density were aver-

aged by collecting 200 snapshots over 40 ps. FIG. 3. Radial density profile foa 3 and 6 nmhydrogen coated silicon
particle at 1800 K.

Ill. RESULTS AND DISCUSSION

A. Density ure 3 shows the density profiles of 3 and 6 nm bare silicon

) S particles at 1800 K. It can be seen that the average densities

The radial density distributions for fully and 50% hydro- 4o not depend on the size of the particles. The average den-
gen coated and bare 4 nm silicon particles at 1500 K, ity of the particle at 1800 K is about 2.57 g/cc, and the value
shown in Fig. 2. The hydrogen density profiles of both 100%;s consistent with the density recently measured for bulk pure
and 50% coated particles show that the maximum values gfojten silicon(2.55 g/cg.%® Our studies show neither par-
the hydrogen density is achieved at the surface of the silicofcje sjze or hydrogen surface coverage have an effect on
particle and that no hydrogen exists inside of either particlegjjicon particle density.
The peak value in hydrogen densities occurs at the same
radial location independent on hydrogen coverage. Naturallg piffusion
the magnitude in density of the 50% coating is lower than o o .
that of a fully coated particle and the ratio of the areas under ~ Self-diffusion coefficienD is calculated from the slope
the distribution curves of the fully coated particle to that of a®f the atomic mean-square displacemeMSD):
50% coated particle is two. The fact that the higher coverage 1 N
condition seemed to have a density profile that was wider, MSD= NE [ri(t)—ri(0)]? (©)]
and biased toward the interior of the particle, might indicate =1
that the silicon atoms that have hydrogen attached are more
likely to sit out of the surface, while the unpassivated atoms D= - (MSD), (4)
recede toward the interior. On the other hand, the silicon
density profiles for all bare, fully, and partially coated par-whereN is the number of atoms in the particle ands the
ticles are indistinguishable except near the surface. Prigposition of each atom. Since the curvature in the MSD to-
work using an empirical tight-binding approach for studyingward an asymptote results from the finite nature of the clus-
the structure of fully and partially hydrogenated Si nanocrys-er, the self-diffusion coefficient can be evaluated from the
tals (Sk 706 atoms) found that there was only a very smallinitial slope of the MSD in Eq(3). Figure 4 shows the self-
lattice strain, of the order 1t to 10 2,** in agreement with ~ diffusion coefficients of both bare and fully hydrogenated 6
x-ray diffraction measurement8and confirms that the den- nm particles at 1000, 1500, and 1800 K. We find that the

sity profiles should be independent of surface coverage. Figeresence of hydrogen on the surface of a silicon particle
slightly increases the diffusivity of silicon atoms of a coated
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FIG. 2. Radial density profiles of fully and 50% hydrogen coated and bareFIG. 4. Self-diffusion coefficients of both bare and coated 6 nm particles at
4 nm silicon particle at 1500 K. 1000, 1500, and 1800 K.
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particle by about 5-15% over the temperature range 2
sampled. Since our reparametrized KTS potential is an ex-
tension of SW potential, our results show agreement with the
earlier work by Zachariakt al®* who used the SW potential
for Si clusters up to 480 atoms. By comparing the simulation
results with the experimental data of surface self-
diffusion ®®~°"they found substantial discrepancy in the bulk

==t 20081
= 800 Si
++++ 1600 Si
v=1 6400 Si
= = 25600 Si

N
o

J———_

-
o

Pressure (kbar)

-
(=]

experimental data. The SW potential is known to underpre- sAR -\-;'g,w‘v*\_'

dict the binding energy in bulk silicon that would tend to ﬁ;" ", ”.__\.hv,.vg‘-n«.”"'”\\
increase the computed surface diffusion coefficient. How- 0 Se-d A e = -
ever, their results showed agreement with those of tight- 10 20 30 40 5 €0
binding molecular dynamic¥. Radius (A)

The self-diffusion coefficient of hydrogen atoms is also
shown in Fig. 4. We find that hydrogen diffusivity is essen-
tially the same as that of silicon diffusivity. Variable tem-

perlaturﬁ annmng tunnel m_:pros??tﬁﬂ\q)t measurtements The radial internal pressure distributions for 2 to 10 nm
on fow hydrogen coverage stiicon Iims at temperatures rangl}f)articles at 1500 K are shown in Fig. 5. We see that the

ing from 300 to 700 K showed that individual hydrogen jeq gy pressure distributions are very sensitive to the size of

aFomslbecaE]e(;nob|le at around 570. K, and.tEat rate .Of rTOpthe particle at a fixed temperature. The internal pressure in-
ping along the dimer rows was consistent with an activation, . s \yith decreasing particle size, consistent with the in-

59
Energdy O]]: é'i&—oéig eKV. To,ag rt;l;’za}ed study, ban. “Fég’er ternal pressure profile reported for silitiThe effect of tem-
ound of D(T= ) < cnr/s was obtained. perature are reported in Fig. 6, and show that internal

Reideret al. employed an altogether different experimentalpressure is independent of the particle temperature, even
approach and found effectively the same barrier height ( though the kinetic contribution to the normal pressE’r,’e

» {Eir?\z? eV)_ ar;]d a hp(rjeelz(ponenélil faCtQD(;’_ﬁ of . _depends linearly on the temperature. This result is also con-
107" cnv/s using t e method of second-harmonic diffractiongigient ith the study for silica reported in the literattite.
from a_dsorbate_gragngf%. US|_ng these_expenmental values The details of these results and its relationship to the well
we estimate a diffusion coefficiettiopping for H at 1000 K known Laplace—Young equation will be differed, so as to

— -11 inh i . -
|0f. 2x 1O| c][nzés, wk;]lc;f;s much IO}/}/.e.r thanfo;ljrdsmu present results on surface tension as these effects are related.
ation r_esg.ts 2 '|Eh¢ s€ I ! u?on hcoe |cf:|ent r? d YArogen he radial pressure distribution at 1000 K shows oscillations
anms nHg. 4. This IMplies F.att € surtace Nyarogen Moy q4r the core of the particle. This is a manifestation of the
bility d|r.ectly refl'ects the_mob|l|ty of its silicon anchor, and fact that the number of atoms within the subsphere calcula-
:.l h(?[ppépg rla}ltz'f!fs n.egllglble at our temperature range, reIafion surface decreases as the inverse cube of the radial dis-
Ve 10 Si sefl-difiusion. tance inward, thus providing poor statistics, and the fact that
since the particles are solidlike the atoms have poor mobility.
C. Pressure If we could integrate for long enough, one should expect to
The internal pressures are computed using the IrvingS€€ the oscillations disappear as they have for liquidlike par-

Kirkwood pressure tensor extended to a spherical symmetriticles

FIG. 5. Radial pressure profile for 2—10 nm silicon particles at 1500 K.

system as shown by Thomps8tiThe normal component to Figure 7 shows th_e pressure profiles of bare, 50%, and
the spherical surface of the press@g(r) is given by fully coated 6 nm particles at 1500 K The presence of hy-
drogen on the surface reduces the internal pressure of the
Pn(r)=Py(r)+Py(r), (5 coated particle by about 40%. In the definition of the

where Py(r) and Py(r) are kinetic and configurational Irving—Kirkwood pressure tensor, the attractive forces make a
terms, respectively, and are given by

Py (r)=KkgTp(r), 10

6)

Pu<r>=s—12k fie,

wherekg is Boltzmann constant is a particle temperature,
Sis the area of spherical surface of radiysandfy is the
normal component of the force between an atomic pair act-
ing across the surfac@ We introduce 800 subspherical cal-
culation surfaces in the spherical computational cavity of 10
nm radius, to compute the configurational term of pressure

Pressure (kbar)

for every subsphere surface. The accuracy of this method of 2540 15 20 25 30 % 40

pressure computation depends on the number of atoms Radius (4)

within th_e SUbS_phere: and therefore quickly diminishes witheig. 6. Radial pressure profile for 6 nm silicon particles at 1000 and
decreasing radius. 1500 K.
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silicon particles at 1500 K.

negative contribution to the pressure, while repulsive forces

make a positive contribution. Thus a decrease in pressure __| _ (PL—Ps)? jwrsdPN(r)drrm @
indicates that the bond lengths of all atoms in the particle are 8 0 dr '

on average elongated by the presence of hydrogen on the

surface of the particles. wherepg is gas pressure outside the particle gnds pres-

Figure 8 shows that the average bond length for surfacéure inside the particle. Since almost all contribution to the
atoms for both bare and coated silicon as a function of parsurface tension comes from the surface pressure, we esti-
ticle size at 1500 K. We can clearly see that the average bonghated thep, as the average pressure near the surface of the
lengths of hydrogen coated particles are longer than those @farticle andpg can be ignored.
bare particles for all sizes. Moreover, both average surface The surface tension as a function of particle size is
bond length initially increases with increasing particle size,shown in Fig. 9. It is interesting to note that the surface
but that the size dependence disappears by about 4 ntansion does not depend on particle size, and is qualitatively
(~2000 atoms It is known that the average bond length consistent with the study for siliéd. Since the surface ten-
tends to become shorter with decrease of the coordinatiogion depends on both the calculated pressure and density
numbe?? The similar tendency in the average coordinationprofiles, the accuracy of the surface tension diminishes with
number has been also pointed out in our previous studiedecreasing particle size.

(Zachariahet al>%. Thompsonet al** and Sonwaneet al*® in their work

The average bond lengths of inner 1800 silicon atoms ofeported that surface tension for Lennard-Jones clusters and
bare and fully coated particles at 1500 K are 2.4928 an@luminum, respectively, decreased with decreasing particle
2.4944 A, and the ratio of the difference to the bond lengttsize. We believe the distinction between LJ and aluminum
of bare particles is 64104, in agreement with the strain versus silicon and silica can be attributed to the nature of
of 10 * to 10 2 obtained from tight-binding calculation of bonding. Silica and silicon are covalent structures, whose

silicon crystal8! and x-ray diffraction measuremerifs. bonding is highly directional. Changes in surface curvature
and the associated surface forces are not sufficient to signifi-
D. Surface tension cantly change bond lengths and angles. This implies that the
nature of covalent bonded surfaces is to first order size in-

The surface tension is computeﬂ using the mechanical variant. In contrast LJ and possibly metals are more able to
approach reported by Thompsehal.

find different bonding configurations as the surface curvature
changes, thus resulting in changes to surface energy as a

2.48 function of particle size.
I In order to evaluate this argument, we ignore the third-
%2.47. body effect in the reparametrized KTS potential so that the
§2_46_ potential behaves like an LJ cluster. Figures 10 and 11 show
3 the radial internal pressure distribution for various particle
2245 sizes, and the surface tension as a function of the particle size
§2_44_ at fixed temperature. Both the pressure and surface tension
o values are normalized by the maximum values obtained in
<243 the simulation. The internal pressures obtained are qualita-
242 ‘ . O e ing tively similar to that obtained with the full potentiedee Fig.
) 2000 4000 6000 5). However, the surface tension shows a size dependence
atoms that is similar to that observed by Thompsenal. for LJ
FIG. 8. Average bond length of bare and hydrogen coated surface silicofflUSters and Sonwareg al. for aluminum. This implies that
atoms as a function of particle size at 1500 K. indeed, consistent with our conjecture, directionally bonded
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FIG. 10. Radial pressure profile neglecting the third body term for variousFIG. 12. Surface tension of bare and partially and fully coated silicon par-
sizes for at 1500 K. ticles with experimental results and the case of a half Si—H bonding energy.

) ) tive forces at the surface is called as surface tension, the
materials should not show any size dependent surface tepresence of hydrogen atoms on the silicon surface produces

sion effects. . attractive forces above the silicon surface and reduces the
From Fig. 9 we also see that the surface tension desyrface tension of the silicon particle.
creases with increasing particle temperature for the pure sili-  sjnce the surface tension is a measure of the energy of

con particles. This trend is also observed for hydrogenatedyrface atoms, which can be changed by the nature of the
particles shown in Fig. 12. Since we have shown that surfacgyrface termination bond, one can in principle tune surface
tension is size inVariant, results presented in F|g 12 are th@nsion through attachment of an appropriate ||gand For ex-
averages of results for 2 to 10 nm particles. The surfacgmple, if we arbitrarily change the bond energy of Si—H to
tension is the energy required to incrementally increase thga|f its nominal value, we get the result shown by the symbol
surface area. Since it is easier to increase surface area @) in Fig. 12, which is an increase in surface tension of
higher temperatures when the atoms are more mobile, thgnout 30%. Since the surface tension is a key parameter in
surface tension must decrease with increasing temperaturge kinetics of nanoparticle coalescence as described by Egs.
EXperimentaI resulf‘é of surface tension of bulk silicon as a (1) and(z), the use of surface manipu|ation may afford a new
function of temperature are also plotted in Fig. 12 and showpportunity which to this point has been unexplored to affect
the same temperature dependence and are of similar mag'@jrowth rates of gas phase generated nanoparticles.
tude (~15%). Finally we turn our attention to the well known
Figures 9 and 12 also show the role of hydrogen atoms aplace—Young equation, which is widely used for droplets

on surface tension. With increasing hydrogen coverage thgy describe the relationship between pressure, surface ten-
surface tension decreases. Conceptually the surface tensionsign, and size:

a bulk measure of the energy of a surface atom relative to

interior atoms. At the atomic scale the attractive forces be- P~ Po=20/r. ®)
tween atoms interior to a particle are shared with all neighigure 13 shows the pressure change as a function of radius
boring atoms. However, those on the surface have fewelising Eq.(8) at 1500 K and compares it with the internal
neighboring atoms above the surface, and exhibit stronggiressure obtained from Fig. 7. We can see that the internal

attractive forces upon their nearest surface and subsurfaggessure computed from Laplace—Young equation is in ex-
neighbors. Since this enhancement of the interatomic attrage|-

25

11 . . . . : : -©- Laplace (bare)
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=O- Fig. 7 (bare)
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FIG: 11. Surface tension neglecting the third body term for various sized=|g. 13. Comparison of pressure obtained from Laplace—Young equation
particles at 1500 K. with Irving—Kirkwood pressure tensor.
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