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Atomistic mechanisms underlying the nanoindentation-induced amorphization in SiC crystal has been stud-
ied by molecular dynamics simulations on parallel computers. The calculated load-displacement curve consists
of a series of load drops, corresponding to plastic deformation, in addition to a shoulder at a smaller displace-
ment, which is fully reversible upon unloading. The peaks in the load-displacement curve are shown to reflect
the crystalline structure and dislocation activities under the surface. The evolution of indentation damage and
defect accumulation are also discussed in terms of bond angles, local pressure, local shear stress, and spatial
rearrangements of atoms. These structural analyses reveal that the defect-stimulated growth and coalescence of
dislocation loops are responsible for the crystalline-to-amorphous transition. The shortest-path-ring analysis is
effectively employed to characterize nanoindentation-induced structural transformations and dislocation
activities.
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I. INTRODUCTION Several experimenté?2-26 and theoreticdl—3* results

Silicon carbide(SiC) is a promising candidate for a vari- suggest correlations between the nanoindentation load-

ety of technological applications, e.g., in optoelectronic dedisPlacementP-h) response and the deformation structures

vices and engineering materials. Its application is driven by materials. Paget al?2 noted a pop-in behavior in the
such outstanding physical and chemical properties as light! curves of AbO; and 6H—SIC, which was related to the
weight, high stiffness, and high hardness at high temperdducleation of subsurface defects, i.e., dislocations and dislo-
tures; excellent high-temperature resistance to fracture, credjgtion loops. Recent transmission electron microscopy
and corrosion; chemical stability; and low thermal expan-(TEM) measurement by Tackt al® provided evidence that
sion. The high barrier for electric breakdown, high electrondislocation activity leads to amorphization during indenta-
mobility, wide band gap, and high thermal conductivity maketion of silicon. However, the atomistic mechanism of amor-
SiC suitable for radar and microwave application under exphization was not proposed.
treme conditions. SiC is already used in gas turbines, heat The c— a transformation is initiated on the atomic scale
exchangers, and ceramic fahi;is also expected to improve and hence, to fully characterize the onset of plasticity, one
the design of high-voltage switchi?i§ as well as sensors cannot rely solely on continuum concepts, such as critical
and controls for cleaner-burning, more fuel-efficient jet air-shear stress, yield strength, or hardness. Though scanning
craft and automobile engin&$.SiC occurs in many different electron microscopySEM), scanning tunneling microscopy
crystal structures originating from differences in the stacking(STM), atomic force microscopyfAFM), and TEM tech-
sequence of the silicon-carbon bilay&fThe most common niques, used in nanoindentation experiments, are able to de-
is the cubic polytype(zinc-blende structujedenoted as tect dislocations, it is difficult to resolve detailed atomistic
3C—SiC. structures and dynamics of defeésAtomistic simulations
For reliability and durability of SiC in structural and de- based on the molecular dynamie§MD) method provide
vice applications, testing of mechanical stability is essentialtrajectories of all the atoms and have been previously em-
Indentation is a unique local probe of mechanical propertieployed to study the subsurface structure deformations at the
of materialst®-*6 especially at surfaces and thin films, and it onset of plasticity in indented met&i$133-37 and
is widely used to assess the mechanical stability of structurajeramics’® The MD method has also been combined with
components. When a sharp indenter is loaded into a solid, gontinuum schemes, which allowed for the modeling of sys-
generates an extremely high stress, which often gives rise tems with dimensions of the order of microns. For example,
a solid-state amorphization. Since the first experimental rea hybrid MD—finite-element simulation approach to nanoin-
port by Clarkeet al!® of indentation-induced crystalline to dentation by Shenogt al3° and Tadmoret al*° brought a
amorphous(c—a) transition in silicon and germanium, great insight into the mechanisms of dislocation nucleation at
similar phenomena have been observed in othethe initial stages of plastic activity. MD simulations are thus
experiment®1”-1°as well as in computer simulatioA%?!  expected to shed some light on the atomistic pathway to
Despite these efforts, atomistic mechanisms of thdndentation-induced amorphization.
indentation-induced— a transformation are still not fully In this paper we present MD study of the atomistic
understood. mechanisms leading to amorphization of 3GiC via
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FIG. 1. A schematic view of the indenter-substrate system. The
substrate has dimensions 308.%A&09.5 Ax 107.9 A in thex, vy,
and z directions, and has 994 000 atoms. Thandy axes corre-
spond to thg110] and [001] crystallographic directions, respec-
tively. The indent was done on th&10 surface.
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nanoindentation. We observe a reversible pop-in behavior in 0.7 - (b) s
the P-h response, which suggests an elastic recovery of 0.6 -

3C—SiC. In the plastic range of thie-h curve, we observe

a series of load drops and show their relation to subsurface
dislocation activities. The occurrence of the discontinuities at
particular indentation depths is explained in terms of atomic
spacing and strength of the crystal. We show that the defect-
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stimulated growth and merging of low-mobility dislocation 0.2 - ) O unloading 1 |
loops play an important role in indentation-induced amor- 01| o’ O unloading 2 | |
phization. 0.0 .

In our study the gvolutiqn of dislocations is characterized "5 4 3 2 4 0 1 2 3 4
by means of atomic positions, shear stress, local pressure, Indenter depth, h [A]

bond angle, and shortest-path ring distributions. We show

how the bond angle distribution evolves with the increasing FIG. 2. Load-displacemerP-h) response(a) Loading curve.
indentation depth until it resembles that of a melt-quenchedb) Unloading curves fromh=1.83 A (squarep and h=2.33 A
amorphous state. Following an early experimental(circles superimposed on the loading curve. Note different scales
observatio?? of dislocation loops creating an indentation at on the horizontal axes ite) and (b).

near to the theoretical strength, there was a number of theo-
retical studies in which the dislocations were visualized b _ (2) Qe 2
means of the centrosymmetry param&tend coordination g V=2 VP + 2 Vi i),
number® It has been long known that crystalline and disor-
dered structures may also be characterized by distribution o¥herer;;=|F;| andr;; =F;—rj. The two-body potential is given
rings defined by shortest-path analy$is? by
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II. METHODOLOGY rij 1 rij rij

3
in which the four terms describe steric repulsion, charge
transfer between atoms, charge-dipole interactions, and van
der Waals interactions, respectively. In E@), H;;, n;;, and
W; are parameterg is the effective atomic charga,andb
are screening parameters, awds the polarizability. Cova-
lent effects are taken into account through three-body bond-
%, (t) N bending and bond-stretching terms

m =-—. (1)
dt? r; Ao o y y
I Vi (£, Fi) = By ex f"‘ro+m
ij i

A. Molecular dynamics

In MD simulations the physical system is described by
sets of N atomic positions{r;|i=1,... N} and velocities
{vili=1,... N}. We discretize time into discrete intervals
and numerically solve Newton’s equations of motion with a
potential V({F;}),

The nanoindentation simulation of 3€SiC is performed by

means of isothermal MD methd&-*6 The equations of mo-

tion are integrated by a reversible symplectic algorithf —

with a time step ofAt=2.2 fs. 1 +C(cosb;y - cosejik)z
The essential ingredient of MD is a reliable interaction Nr _

potential. Our interatomic potential consists of two- and X Oro =) 0o =T, )

three-body term$3:49 whereBy is the strength of the interactio@(t)=1 (t=0)

(cosBjy — cosgjik)z
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FIG. 3. (Color) Structural changes at the elas-
tic shoulder:(a,b Bond angle distribution of sub-
2 -58 strate atoms down to 12 A below the initial sur-
S face at indenter depths=-5.67 A, h=-0.67 A,
o GPa h=0.33 A, andh=0.83 A. (c,d) Surface view of
= .38 shear stress ah=0.33 A andh=0.83 A. (e,f)
Surface view of pressui@s defined in Sec. lll B
ath=0.33 A andh=0.83 A.
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and 0(t<0), 6 =r;; Ty /1;jry is the bond angle, anaik, c, temperature is slowly raised to 300 K over 43 A@0The

ro, andy are parameters. Calculated lattice constant, melting®iC indenter has a cuboidal shape, i.e., it has a flat base with
temperature, and elastic const4Af85! are in excellent @ rectangular cross section of dimensions 30:830.5 A
agreement with experimerit&53 The same potential param- and a height oF~60 A. For simplicity, the indenter is held
eters were used earlier to correctly describe reversible strugigid and only the steric repulsion is considered between in-
tural transformation of SiC under pressafén fact, our MD  denter atoms and the substrate.
study predicted a zinc-blende—to—rocksalt transition mecha- The indenter is inserted up to a maximum depth, which is
nism, which was later confirmed by first-principles ~10% of the substrate thickness, at a rate of 1 A per\500
calculations? Each 0.5 A increment of the indenter depth is followed by a
holding phaséon the average 60@). During this phase the
transient forces are monitored and allowed to decay. The
load P is calculated as the component of the force exerted
The simulated 36-SiC crystal has lateral dimensions of on the indenter by the substrate averaged over one to two
308.3 Ax309.5 A in thex andy directions, corresponding periods of the force oscillations. The indentation delptis
to the [110] and [001] crystallographic directions, respec- calculated as the difference between the lowest point of the
tively. The crystal has a thickness of 107.9 A in fH4.0] rigid indenter and the initial position of the substrate-free
direction(the z axis) and consists of 994 000 atoms. Periodic surface. A total of 375 000 MD steps is performed during the
boundary condition$PBC) are applied in thex andy direc-  loading and unloading phases.
tions. A schematic of the MD simulation is shown in Fig. 1.  The simulation has been carried out on the 422-processor
Starting with an ideal zinc-blende structureTat300 K, a  Linux cluster connected via Myrinet and gigabit/fast Ether-
bulk of SiC is cooled down over 7200 to T=0 K, where  net switches at the Collaboratory for Advanced Computing
potential energy is minimized by means of the conjugateand Simulations at the University of Southern California. A
gradient method. After removing PBC in taalirection(the  typical run uses 32 processors of the Linux cluster. The com-
indent direction and freezing the bottom 12 A of the crystal, munication is handled with the Argonne implementation of
the conjugate gradient method is applied again, and then thtbe Message-Passing Interface, MPICH.

B. Simulation setup and schedule
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20 100 110 FIG. 4. (Color) Structural changes during load
relaxation ath=2.83 A: (a,b Bond angle distri-
bution of substrate atoms 12—17 A below the ini-
tial surface at indenter depths=2.33 A and
h=2.83 A.(c,d) Atoms with non-three fold rings
ath=2.33 A andh=2.83 A. (e,f) 3/4 cut show-
ing atomic species under the indenter fat
=2.33 A andh=2.83 A. Green spheres represent
atoms of Si; red ones, C; and magenta dots rep-
resent the indenter atoms. Bending and slip of
atomic layers are visible in the region enclosed

by the yellow rectangles.
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C. Characterization of structural correlations Ill. RESULTS AND DISCUSSION

The structure of the deformed material is analyzed in A. Load-displacement curve
terms of the shortest-path ring distribution. A ring is defined Figure 2a) shows the load-displacement curve of
here as the shortest closed path of alternating-Siatomic ~ 3C—SiC computed in our indentation simulation. The curve
bonds. A bond is assumed to exist between two atoms whosxhibits a series of sudden drops of the load that occur at
separation is<2.1 A. In our studies, we search for rings up depths spaced equally by3 A (i.e., ath=2.83 A, 5.83 A,
to size 8. In a perfect zinc-blende crystal, each atom has 18.83 A, and 11.33 A As it will be shown later, these load
unique threefold ringgthree atoms of Si alternately con- drops are related to breaking of subsequent atomic layers of
nected with three atoms of)Cwhereas the surface atoms the substrate, whose separation in the indentapmirec-
have five threefold rings each. Structure deformations aréon equals 3.08 A. The indentation pressure is calculated as
reflected in occurrence of non-threefold rings. The amorthe loadP divided by the indenter’s cross-sectional area. For
phous phase for example was found to have two-, threethe cuboidal indenteP is proportional to the indentation
four-, and fivefold ringg? In our studies we analyze the pressure and for this reason the maximum load
relation between the sudden drops of the load in Bl (P,,.=0.7 uN) reached at the curve peaks does not increase
response and the occurrence of non-threefold rings. with h [see Fig. 2a)]. This is different from the case of a

Structural defects are analyzed further by calculatingdiamond-shaped indent&tfor which P, is an increasing
bond angle distributions in two regions under the indenterfunction of h due to the increased projected area. Another
(i) from the initial surface of the crystal down to 12 A below notable feature of thé@-h curve is a shoulder observed at
it; (i) 12—17 A below the surface. In order to describe then=0.83 A.
c—a ftransition, we examine the SiC—Si and To understand the nature of this shoulder as well as of the
C—Si—C bond angle distributions. Both of these anglesfirst peak in theP-h response, we perform two unloading
are peaked at-109° in the perfect zinc-blende structure and simulations: from(i) h=1.83 A and(ii) h=2.33 A. During
are significantly broadened in an amorphous phase. Addinloading we pull out the indenter in the increments of 0.5 A
tionally, the amorphous SiC exhibits a small peak at 85° inover 50Q\t; each of the increments is followed by a holding
C—Si—C bond angle distribution, which is because of thephase of 6008t. The resulting curves are shown in FigbR
presence of twofold ringgéedge-sharing tetrahedr& It is evident that the first unloading curysquaresretraces
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exactly the loading curvésolid diamonds and therefore the denter is withdrawn to the depth #=0.33 A. Moreover,
shoulder ath= 0.83 A is reversible. More evidence for the complete unloading of the indenter leaves no impression in
elastic nature of this deformation will be given in Sec. Il B. the substrate.
The second unloading curvgircles does not retrace the More insight into the structural deformations is given by
loading curve, indicating the onset of plastic deformation athe bond angle distribution. When the indenter is far from the
h=2.33 A. The corresponding load equat.7 uN, and the  surface (h=-5.67 A) there is single sharp peak at 109°,
yield strength of the crystal is estimated by dividing the loadwhich is characteristic of a perfect tetrahedral unit in the
by the indentation area as77 GPa. It is the cuboidal shape zinc-blende crystalsee Fig. 8a)]. Bringing the indenter
of our indenter, which is responsible for yielding at relatively closer to the surfacéh=-0.67 A) distorts the tetrahedral
low indentation depth compared to higher displacementatomic arrangements centered at C or Si, thereby splitting the
reached in experiments with a diamond-shaped indenter. peak in bond angle distributidisee Fig. 8a)]. Increasing the
The shoulder and subsequent peaks inRHe curve are indentation deptih=0.33 A) results in a larger separation
analyzed in the following sections in terms of bond anglepetween the two peakfsee Fig. &)]. When the depth
and ring distributions, atomic positions, local pressure, angeaches 0.83 A, corresponding to the shoulder in Fhle
direction-averaged shear stress. curve in Fig. 2, the single-peak structure is recoveied.
3(b)], which suggests the restoration of perfect tetrahedral
and at least partial relaxation of indentation pressure.
Figures 3c) and 3d) show how this transition is reflected
The pop-in behavior of thB-h curve ath=0.83 Ais fully  in the local shear stress. Atomic shear stress and pressure are
reversible, which is clear from the unloading characteristiccalculated as(oyy+ oy, +0,,)/3 and (oy+oyy+0,)/3, re-
shown in Fig. 2b). This elastic recovery is confirmed by spectively, wherer, is the a3 component of the stress ten-
ring-distribution analysis. Ah=0.83 A we found atoms with sor. A more quantitative description would include either the
non-threefold rings, which occur in the underlying SiC be-maximum shear stress on a slip plane or a direction-invariant
low the corners of the indenter. These rings indicate crystabctahedral shear stress; nevertheless, the definition of stress
deformation, and, remarkably, they disappear when the inpresented here gives a good qualitative measure of the ma-

B. Load relaxation at h=0.83 A
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FIG. 6. (Color) Load relaxation ah=5.83 A;
(a,p Atoms with non-three fold rings ah

=5.33 A andh=5.83 A.(c) Plane(111) contain-
ing a dislocation loop shown in the ring distribu-
tion picture.(d,e Bond angle distribution of sub-
strate atoms 12—17 A below the initial surface at
indenter depth=5.33 A andh=5.83 A.
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terials response to indentation. By definition, the absolut@nce of two major peaks formed in bond angle distribution.
value of shear stress is symmetric with respecktandy At h=2.33A they occur at approximately 100° and 1]48e
axes. In Fig. 3 the light blue and orange colors correspond t&ig. 4@ ]. The first load relaxation in thE-h response takes
the same absolute values and opposite signs, and one can gd&ce ath=2.83 A at the indentation pressure almost equal to
that the shear stress is nearly symmetric. The slight asymmehe yield strength, i.e., 77 GPa. As expected, the single peak
try is due to the particular alignment of the indenter over thearound 109° in the bond angle distribution is recovered in the
substrate crystalline lattice at the atomic scale. The nonsynrelaxed systeniFig. 4(b)].
metric alignment is also responsible for the difference of As discussed earlier, non-three fold rings, which appear
shear stress alongandy edges of the indenter and for the before the indenter reaches the deptho®.33 A, disappear
shoulder in the elastic part of the-h response. At depths during unloading. The onset of plastic deformation at
smaller tharh=0.83 A, atoms are pushed down and/or out-h=2.33 A is accompanied by creation of additional non-
ward symmetrically in the x and 4y directions. Here atoms three fold rings on atoms near the corners of the indenter
are pushed out from under the indenter alongxfaeis, and [Fig. 4(c)]. Some of these rings persist even when the in-
the displacements are larger in the negatiwdirection than  denter is completely removed from the sample, suggesting
in the positive one. This can be deduced from the way thé¢hat there is a correlation between ring distribution and
local pressure is redistributed during the transifisee Figs. structural deformations. Therefore, it is not surprising
3(e) and 3f) ]. Local pressure in Fig.(8) shows an addi- that the ring distribution after the load relaxation at
tional feature, i.e., parallel lines of higher pressure formech=2.83 A [Fig. 4d)] shows an outburst of dislocations
along thex axis ath=0.33 A. This results from the aniso- and dislocation loops.
tropy of elastic properties in they plane because of different The side views of the atomic species under the indenter in
atomic layer spacing 3.08 A and 4.36 A in treandy di- Figs. 4e) and 4f) reveal that the observed load relaxation is
rections, respectively. Under the influence of the indentatiortaused by the bending of atomic layers under the indenter
pressure, it is easier to stretch the bonds inythdirection;  and their eventual slip and change of connectivity at the
hence, the ratio of atomic spacingsyinrandx directions is  critical load(see the region enclosed by the yellow rectangle
increased and the surface resembles a set of parallel linesin the figure$. During the layers bending, the shear stress is
) accumulated in the region of interest, as it is shown in Figs.
C. Load relaxation at h=2.83 A 5(a) and Fc). After the slip, there is a considerable release of
Inserting the indenter beyorti=0.83 A causes a distor- the shear streg&igs. 5b) and 5d)], which is correlated with
tion of tetrahedral units, which is reflected in the reappearthe restoration of a single peak in the bond angle distribution
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Side view

FIG. 7. (Colon Structural changes ah
=5.83 A:(a,b 3/4 cut view showing atomic spe-
cies ath=5.33 A andh=5.83 A. (c,d) 3/4 cut
view showing local shear stress under the in-
denter ah=5.33 A anch=5.83 A.(e,f) Top view
of shear stress #@=5.33 A anch=5.83 A. Small
spheres correspond to atoms of Si, large ones to
atoms of C, and dots ife—d represent atoms of
the indenter. The slip of atomic layers occurs in
the region marked by yellow rectangles. White
arrows point to a dislocation propagating in the
substrate and characterized by higher shear stress.

Side view
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discussed earlier. Figureseb and 5f) show the local pres- stresgFig. 5d)] and the pressurd-ig. 5f)], the dislocation
sure “before” and “after” the slip. Similarly to Figs(€3 and  emitted after the slip is manifested as a diagonal line. There
3(f) ath=0.33 A, the asymmetric stretching of bonds beforeis also a pile-up material that occurs on the surface along the
the slip produces lines of higher press@geeen color in the edges of the indenter, which are the regions of high compres-
figure) along thex direction. In the surface views of shear sive pressuré!

plane (22 1)

FIG. 8. (Color) Atoms with non-threefold
rings at indenter depth&i=: (a) 8.33 A, (b)
h=10.33 A h=11.33 A 8.83 A, (c) 10.33 A, and(d) 11.33 A.

plane (22 1) plane (4 127)
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.g 182 tions propagating in the substratée,f) Bond
o ’ angle distribution of substrate atoms 12-17 A
g below the initial surface at indenter depths
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angle axis is different than in previous figures,
where bond angle was plotted between 90° and
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D. Load relaxation at h=5.83 A tem relaxes through slipping of atomic layers, the bond angle

After the first slip of atomic layers dt=2.83 A, the dis- again is peaked around 109°, however, the distribution is
locations and dislocation loops emitted from the corers ofignificantly broadenefsee Fig. 6e)].
the indenter slowly grow on th¢l1l planes, which are Figures Ta) and 7b) show the atomic layers before and
the glide planes of a zinc-blende crystaFor instance, at after the slip, respectively. The corresponding $kigs. 7c)
h=5.33 A, we have identified two distinct planes containing2nd #d)] and surfaceFigs. 7e) and f)] views show the
dislocation loops, i.e(111) and(llT) At h=5.83 A another accumulation of shear stress under the indenter before the

slip and its release afterwards. The stress release here is not

slip of the atomic layers occurs, which is accompanied by s pronounced as AtE2.83 A. The weaker stress relaxation
sudden outburst of dislocations, as shown in the ring distriss 1,5 manifested in the-h responseFig. 2 as a smaller

bution in Figs. 6a) and &b). In contrast to the nonoverlap- drop of the load as compared to=2.83 A. This may be

ping d|slocat|_on rengns emanating from the corners of eelated to the presence of the back stress because of disloca-
indenter ath=2.83 A, the dislocation loops here begin 10 yi,q cleated earlier, which acts as resistance to dislocation
merge, leaving one large loop on thell) plane after the  motion2° This back stress also prohibits a full recovery of
load relaxationsee Fig. c)]. The overlapping dislocation the perfect tetrahedral structure, resulting in a broader bond
loops generate a considerable strain under the indentesngle distributioffFig. 6¢)]. In the side view of shear stress
gradually leading to amorphization. The situation is analo{Figs. 7c) and 7d)] the dynamics of dislocations and dislo-
gous to the case of irradiation-induced amorphizatfon, cation loops is also reflected in the downward motion of the
where low-mobility dislocation clusters coalesce, inducing aegions of high local stressndicated by a white arrow

creation of amorphous domains in the crystal.

The overlapping of dislocations increases the disorder,
which is reflected in the broadening of bond angle distribu-
tion in Figs. &d) and Ge). Before the load relaxatiofFig.
6(d)] the main peak of the distribution is shifted to approxi- The load-displacement curve betwedr5.83 A and
mately 112°, and there is a smaller peak at 105°, indicating 8=8.33 A is accompanied by gradual growth of dislocation
distortion of tetrahedral atomic arrangements. After the systoops on the glide planes, such as that shown in Fig). &n

E. Load relaxation at h=8.83 A andh=11.33 A
and amorphization
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FIG. 10. Radial distribution functiog,s(r) before(dotted ling Indenter depth, h [A]
and after(solid line) indentation in the substrate 12—17 A below ’

the initial surface. FIG. 11. Load-displacement cur®h) (solid line) and number

SN(h) of atoms with non-threefold ring&lotted ling.
this range of, there was no significant recovery of a single

peak in bond angle distribution. The next considerable loa
relaxation takes place &=8.33 A, where the indentation
pressure reaches its critical val(figg. 2), leading to a slip of
atomic layers similar to those found at smaller depths.

At the indentation depths betweeh=8.33 A and

%ity p=3.2175 g/cm), the system was gradually heated until
the diffusion of each species was observed. At this tempera-
ture we expanded the volume by 109%=2.896 g/cr), and
the system was allowed to thermalize for 50 000 time steps.
: . A The temperature of this well-thermalized liquid was lowered
11'.33 A, we_observe rgmarkallak\)Ie d'.SIOCat'.On activities in theoy succepssive cooling and thermalization gchedules, until an
solid (seefg 8 At h=8.83 A a dislocation line appears amorphous phase at 300 K was obtained. The two curves for
along the[111] direction on the surface, originating at one a-SiC and the material under the indenter in Fi¢f) @re
corner of the indenter. Simultaneously, there is a loop formegery similar, which suggests that the area under the indenter
on the(221) plane as shown in Figs.(® and 8b). Further has become amorphous. For both systems the bond angle is
increase in the indentation depth invokes the motion of diswidely distributed in the range from 70° to 160°, which is
location loops on thé221) plane[Fig. 8c)] until h reaches associated with various configurations and bonds formed in

10.33 A. At this point the indentation pressure reaches itgmlorphgus SiC'h h ’ ion f I
critical value againFig. 2), and more dislocations are sud- n order to show the transformation from crystalline to
denly emitted from under the indenter. As shown in Figl) 8 ‘?‘morpho{ls Str“Ct“Fe' in F'g'. 10 we plot the radial O!'S.t.”bu'
these newly created dislocations are absorbed by an existififpn functiongsic(r) in the region 1217 A below the initial

| o f the1129) ol At th surface. The dotted curve corresponds to zinc-blende crystal
0op to form a new one on thet :D_p_ane. € SaMme  hefore indentation. The solid curve shows (r) after in-

time a second dislocation line in tfi@11] direction is cre-  dentation(at h=11.33 A, which resembles the radial distri-
ated at another corner of the indenter and propagates on thgtion function of a bulk amorphous.
surface of the substrate.

In Figs. 9a)—-9(d) we present changes of shear stress be-
tween h=8.33 A and 11.33 A. White rectangles mark the
region with increased dislocation activity, where the disloca- We showed earlier that every time the load dropped in the
tion loops are present in Fig. 8. One can clearly see that thB-h curve, there was an outburst of new dislocations emitted
motion of the loops corresponds to a high-stress region movin the system(see Figs. 4, 6, and)8The ring distribution
ing downward. provides a clear picture of dislocation loops, allowing one to

Figures 9e) and g9f) show bond angle distributions at identify their glide planes as well as to distinguish between
h=8.33 A and 11.33 A, respectively. Hardly any change iselastic and plastic deformatigduring unloading To quan-
observed in the distribution while the indenter’s position istify the correlation between the ring distribution and the
lowered down tch=11.33 A[Fig. 9f)]. For comparison we P-h curve, we calculate the numbhth) of atoms with non-
also plotted the bond angle distribution for a melt-quenchedhreefold rings as a function of indentation depth. The calcu-
bulk amorphouga-SiQ system in Fig. &). The a-SiC con- lated number is an increasing function lefwith superim-
sisting of 5324 Si and 5324 C atorik0 648 particleswas  posed detailed structure. The linear increase of the curve is
simulated with MD method. PBC were applied in all direc- due to atoms surrounding the indenter, whose area of contact
tions, and the equations of motion were integrated using thwith the substrate is proportional to To study the correla-
velocity-Verlet algorithm with a time step equal to 1.5 fs. tion between the subsurface deformations and the ring distri-
Starting at the crystalline zinc-blende structiwéth a den-  bution, we subtracted fromN(h) a linear term Ah and plotted

F. Rings versus load-displacement response
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the resulting curvegN(h) =N(h) — Ah, together with the load- drops observed in the load-displacement response are related
displacement functiofsee Fig. 11 Here the parametekis  to crystalline structure and to dislocation activities under the
determined to best fit the linear partigth). In the figure the surface. We have described the evolution of indentation dam-
critical depths are marked with vertical lines to show theage and defect accumulation in terms of bond angles, local
high correlation between the two curves. Evidently, loadpressure, local shear stress, and spatial rearrangements of
drops are accompanied by an increase in the number of agtoms. Finally, we have employed shortest-path ring analysis
oms with non-threefold rings, and this correlation makes ring0 characterize nanoindentation induced structure transfor-
analysis a powerful tool to study nanoindentation deformasmations.

tions.
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