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Nanoindentation of silicon nitride: A multimillion-atom molecular
dynamics study
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Nanoindentation of crystalline and amorphous silicon nitride films is studied using 10-million-atom
molecular dynamics simulations. A rigid pyramid-shaped indenter tip is used. Load—displacement
curves are computed and are used to derive hardness and elastic moduli of the simulated crystalline
and amorphous films. Computer images of local pressure distributions and configuration snapshots
show that plastic deformation in the film extends to regions far from the actual inden2008
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In a nanoindentation experiment, a hard, sharp, usuallgimulations to rank material properties, such as hardness, and
pyramid-shaped tip is forced into the surface of a materialto improve on the quality of interatomic potentials for vari-
The resulting damage is used to rank the material’s hardnegsis materials.

(its resistance to plastic deformatjoand elastic modulus:® Silicon nitride was described by the interatomic potential
Nanoindentation is also used in detailed studies of tip-developed by Vashishta and coworkér® for tetrahedral-
surface interaction$In recent years, chemically functional- based ceramic and semiconductor materials:

ized atomic force microscope tips have been used to measure

forces between biological molecules, such as biotin and V= 2 V(2)+ > VJ(I3|() (1)
straptavidin, and DNA segmerts® ==

Computer simulations of nanoindentation have beerwhere

used for studying atomic-scale processes typically not acces- o Ajloito)mi zzp o Py
sible to experiments. Small-scale molecular dynaniép) Vi = T T8 e ae i74s, (2)
simulations of nanoindentation of diamdhnand metal¥ i ! i
have given many important insights into the nature of tip—
- y 1mp d b i=(Z2+a;Z2)12, 3

surface adhesion and the resulting tip and surface damage.
Computer simulations of pressure-induced phase transformang
tions at small scalé$'® have important implications for 2 1 1
nanoindentation studies, since indentation processes are Vllk B,,k( exr{ ——+ —— )
characterized by high, localized pressures having compli- Fij~les Tik™Te3
cated distributions. Simulations of nanoindentation of (4)
silicon'***>have explored the mechanisms involved in phaséThe parameters are given in Tabler}; is the distance be-
transformations under the indenter. In general, however, préween atoms andj.
vious nanoindentation simulations have not reproduced accu- The simulateda-Si;N, film had lateral dimensions of
rate hardness or elastic modulus measurements. 606 Ax606 A, a thickness of 300 A, and consisted of
Due to recent advances in the sizes of MD simulations10 614 240 atoms. The film was oriented so the indent was
realistic comparisons between calculated and experimentdione into a fre€0001) «-SisN, surface. Thex andy simu-
mechanical properties, such as hardness, have become cdation cell walls were normal to the (101 and (1210)
ceivable. Large-scale MD simulatiof40—100 million at- surfaces, respectively. Periodic boundary conditions were
oms, corresponding to system sizes of tens of nanometers used in thex andy directions. Amorphous g\, was pre-
ceramic and inert gas systems have already been §otfe, pared by heating bulk-Si;N, (density 3.2 g/ckto 4500 K,
whereas one commonly used nanoindenting apparatus has a
force resolution of+75 nN and a depth resolution df0.1  taBLE I. Si;N, parameters.
nm? Clearly, a direct comparison of MD results with experi-

rik'r

cosel,k

rlkrlj

mental results of the same scale is already possible. Aj g 11 (B) 1 (B) 1c(A) e (A) Si-Si- Si-N N-N
In this letter, we report 10-million-atom MD simulations 2x10722 25 25 55 26 7 11 9 7
of nano!ndent_atlon of crystalline and a}mgrphougll\ﬁl o B Z (0 a (AY) By (09 G
These simulations demonstrate the feasibility of using MD
Si 0.47 1.472 0 SiN-Si  2x10° 1 120
N 130 —1.104 3 N-Si-N  &10°*  109.47
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FIG. 3. (Color) Load—displacement curve féa) 10-million-atom a-Si;N,
nanoindentation simulation arid) 10-million-atom a-SjN, simulation.

than with simpler scaling methods. Aof 400 fs was used
during the amorphization schedule just described.

The indenter was a square-based pyramid having a
height of 90 A and an apex corner angle of 90°. The indenter
was not allowed to deform during the simulation, that is, the
indenter was infinitely hard. In addition, only repulsive inter-
actions were allowed between the indenter and surface at-
oms. These simulations may be thought of as an attempt to
model “ideal” experimental conditions.

After relaxing the free surface usingaof 100 fs, the
temperature of the film was gradually increased to 300 K,
followed by a short thermalization with= 200 fs. Starting
at 10 A above the film surface, the indenter was displaced

FIG. 1. (Color) Configuration views ofa) film surface,(b) slice parallel to . .
the edges of the indenter, afa slice across the indenter diagonal. The left COI’ltII’IUOUS|y at a rate of 100 mighe speed of sound in

frames show fully loaded configurations while unloaded configurations arésilicon nitride is~7 000 m/$. The indenter was displaced to
on the right. 90 A, after which a 2-ps equilibration period was inserted to
allow transient forces to dissipate. The indenter was then
thermalizing the liquid for 18 000 time stepg4 time step removed from the surface at the same rate. The load on the
=1fs), and slowly quenching the liquid over 40 000 steps tandenter was monitored throughout the simulation. The local
form an amorphous solid. pressure distribution was calculated every few hundred time
The method of Langevin dynamfcsvas used to control  steps as described subsequently.
the temperature throughout the simulation. In this method, a Figure 1a) shows a sequence of atomic configurations
fictitious viscous force dissipates excess kinetic energy fronfrom a perspective directly above the indent. Figufb) 1
the system at a rate determined by a time constaffthis  shows the same sequence for a slice under the indenter
method has the advantage of achieving spatially uniformedges. Figure (t) shows a slice under the corners of the
temperature, and shorter thermalization periods are requiraddenter. For clarity of presentation, the indenter atoms are

Pressure (Gpa)

FIG. 2. (Color) Local pressure distribution directly under the indenter. Frames from the loading and unloading cycles are shown in clockwise order. The

displacement of the indenter is given in the top left corner of each frame.
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not included in these figures. A large amount of piled-upcompare our hardness estimates with the higher of the ex-
material is visible on the surface of the film. The piled-up perimental values. As such, we know of no other MD simu-
material lies mostly along the edges of the indenter and igation that approaches this degree of accuracy in estimating
suppressed near the corners. In addition, small cracks aterdness of a real material.
visible at the corners of the indenter in the fully loaded con-  The simulations reported in this letter have demonstrated
figuration. The fully unloaded configuration shows that a sig-the feasibility of using the molecular dynamics method to
nificant amount of elastic recovery has occurred. study the processes involved in nanoindentation of ceramic
The local pressurésum of diagonal components of the materials. Significant pile-up is observed on the film surface,
stress tens@mwas computed by dividing the simulation space and cracks extend throughout the depth of the indent. Hard-
into 10x 10% 10 A3 cells and calculating the stress tensor forness values estimated in these simulations are very reason-
each cell from the virial expressidAFigure 2 shows a half- able in light of Vickers microhardness values.
slice of the local pressure distribution at various phases of We believe that similar simulations of gallium arsenide,
the indentation process. Blue coldigght and dark repre-  silicon carbide, and aluminum oxide will allow us to con-
sent tensile pressures, while yellows and reds correspond &iruct a hardness scale for ranking materials using MD simu-
compressive pressures. The hemispherical region of higlations. A test of this scale will consist of comparing the
compressive pressures around the indenter tip correspondsrglative hardness ratios of these materials with ratios inferred
plastic deformation in the crystalline silicon nitride surfacefrom existing hardness tables.
and includes the visible area of the indéatpyramid-shaped )
divot left behind after unloading Regions of lesser com- This work was supported by NASA-Ames Research
pressive pressures are observed farther from the indent, afgnte", NSF, U.S. DOE, Army Research Laboratory, and

these regions recover after unloading. This corresponds tgSC—Berkeley—Princeton DURINT. Simulations were per-
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slope in unloading curves. project.
Figure 2 also shows regions of residual tensile pressure
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