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PHYSICAL REVIEW B VOLUME 61, NUMBER 4 15 JANUARY 2000-11

Nanoindentation of silicon surfaces: Molecular-dynamics simulations of atomic force microscopy

R. Astala, M. Kaukonen, and R. M. Nieminen
Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100, FIN-02015, Finland

T. Heine
School of Chemistry, Stocker Road, Exeter EX4 4QD, United Kingdom
(Received 8 June 1999

We investigate the atomic-scale details of atomic force microscopy through a quasistatic molecular dynam-
ics simulation together with a density-functional-based tight-binding method. The changes in the AFM tip
shape, the size of the tip-sample contact area, as well as the microscopic hardness and Young’s moduli of
silicon{111},{110,{100 surfaces are studied. Furthermore, the effects of hydrogen termination of the surface
and of subsurface vacancies on hardness and Young's modulus are discussed.

I. INTRODUCTION surface® The contact area between the tip and the surface has
been approximated within continuum mechanics by Lantz
Atomic force microscopyAFM) has become a standard et al. for various systems, with good results for metal-tip
tool in experimental surface physics, revealing atomic scalénetal-substrate systerfis.
structures of surfaces. Manipulation of single atoms by an The influence of a meta(Ni) tip shape on the metal
AFM tip has also been successtuExperimental work has (Cu{110}) surface has been evaluated by Buldetnal.*’
been carried out to obtain information of macroscopic quanThey found that the tip shape affects both the type of jump
tities, such as hardness, Young’s modulus, and shear modtPat the tip makes to the contact and the localization of sur-
lus of surfaces. These quantities can be estimated from tHace deformation. They discovered a connective neck forma-
force curves obtained from the AFM experimehts. tion between the sample and the tip in some cases.
Calculations have been made to clarify the changes in the In this paper, we give an overall picture of the AFM mea-
electronic and atomic structure during nanoindentation, i.esurement on $iL11}(2x1) Pandey chain, §100}(2X1)
the pushing of the AFM tip into the surface and pulling it and S{110 surfaces, using density-functional based tight-
back to its original position. Results regarding the tip-surfacédinding (DFTB) potentialsi* AFM simulations for some Si
interactions have been reported for{@01},Au{100 and surfaces have been performed recently, and itis interesting to
Si{111} surface® In the work by Ciraciet al. atom trans- ~ compare the earlier results with our DFTB calculations when
fer and force components in scanning force microscopy weréhere is overlap in the investigated properties. It should be
investigated usingab initio methods! In the second work noted that our simulations were performed as quasistatic mo-
(Ref. 5 effective medium theory was used to study the rolelecular dynamics in 0 K. Therefore, we have neglected the
of thermally activated processes in the tip-surface contadime-dependent effects such as interstitial and vacancy diffu-
formation. The third workab initio calculations by Pez  Sion.
et al. are similar to this work and are discussed in more AFM simulations have been performed for{BL1}(2
detail below® These three studies show that an AEM a  X1) Pandey chain surfaces with the density-functional
scanning tunneling microscop8TM)]) tip can extract atoms theory’ (DFT) and recently for the (55) reconstructed
from the surface and cause plastic deformation of the subS{111} using DFT extended with van der Waals contribu-
strate. It was found that the changes in the electron distribitions for the tip-surface interaction$A detailed description
tion precede the changes in the atomic configuration. of the atomic processes, for instance interstitial formation
Shlugeret al. have studied the non-contact-mode of AFM and plastic deformation of the surface, is given in Ref. 6
on ionic LiF, NaCl, and MgO surfaces using an embeddedTherefore we have compared our results to theirs, and further
cluster Hartree-Fock methdd[hey found that the tip causes extended the investigations to a wider range of structures.
surface deformation, which may even result in neck forma- The organization of the paper is as follows. In Sec. II, we
tion between the tip and surface. The energy barriers for théescribe the density-functional based tight-binding method
diffusion events on the surface are shown to be reduced dugs well the simulation geometries. The nanoindentation
to the tip in the vicinity of the surface. Furthermore, electronsimulations are described in Sec. lll. The results are given in
tunneling from the tip to the surface was obser{ed. Sec. IV. Finally, a discussion and conclusions follow in Secs.
Classical simulations have focused on the AFM forceV and VI.
curves(i.e., the force acting on the AFM tip as a function of
the indentation dep)hand on explaining the atomic response Il. THEORETICAL METHOD AND THE MODEL
of the surface during the AFM measurement. Furthermore, SYSTEMS
these simulations gave insight into surface friction properties
and revealed the stick-slip type of tip motion during The density-functional based tight-binding method
horizontal-scanning AFM, for example on the M¢8001  (DFTB) derives its name from its use of self-consistent
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(100)

(1o FIG. 2. The sharp and flat tips. The sharp (@ has totally 40

atoms, 28 C and 12 pseudo H to saturate dangling bonds. The flat
tip (b) consists of 55 atom$43 C, 12 pseudo-H The tips are
generated by cutting a piece of diamond in i1} direction,
saturating the upper surface with pseudo-H and thereafter conjugate
gradient relaxing.

oms with in total 160 atoms in the unit cell. The{ 811}(2
X 1) buckled Pandey chain surface has 176 atoms in five
double layers, and the {810 surface includes 168 atoms in
six Si layers. All silicon atoms are allowed to move freely,
except for the fixed bottom layer. The dangling bonds at the
bottom of the surface are saturated with immobile hydrogen
atoms. The surfaces during AFM measurements are depicted
in Fig. 1. The dimensions of the super-cellsxity (surface

FIG. 1. The flat tip indenting different surfaces. Si surfaces fromplang, and the slab height ia (surface normaldirections
top: {100},{110},{111}. The formation of an amorphous layer near are given in the Table I.
the tip and a region with interstitials below the amorphous layer is  Both a sharp and a flat diamond tip are used in this paper.
observed. The sharp tip has in total 40 atoms: 28 carbon atoms and 12
pseudohydrogens to saturate the dangling bonds. The dis-

ance in the surface normal direction of the undisturbed sharp

. . . . t

density-functional calculations of single and contracted.. .

pseudoatoms. This is done in order to construct transferab frpm the apex to the uppermosp carbon layer is 4.4 A. The
at tip consists of 55 atoms of which 43 are carbons and 12

tight-binding (TB) potentials for a non-self consistent solu- .
tign of the Igohn-)SF;\am equations for the many body case. Ipseudohydrogens. The distance from the lowest to the upper-

differs from conventional tight-binding techniques becausd"OSt carbon layer is-2.4 A. These tips are made by cut-

there is a systematic way of deriving these potentials, indelN9 2 piece of unreconstructed diamofllT; surface and

pendent of the atom type involved. This is thus not a “pa_conjugate gradientCG) relaxing the piece in order to find a
minimum energy configuration. The tips are shown in Fig. 2.

rametrization” as is usually meant when discussing TB ap- : ;
1zal IS Lsualy oy IScuSsIng b The effect of surface hydrogen on the AFM experiment is

proaches. The excellent review article written by Goringe, ; . _ )
et al. summarizes the general theoretical basis of the '[igh'['—m’eStIgateOI with a hydrogen terminate00}:H2x1 sur-

P . face. The influence of a single subsurface vacancy on the
binding method and the current progress in the thébRor . L .
an in-depth description of the DFTB, the reader is recom/ilMm Properties is studied for thf100t and{111} surfaces.

mended to consult Ref. 13. The detailed description of the
application of DFTB for silicon is given in Ref. 14. I1l. SIMULATION DETAILS
In this paper, we examine three silicon surfaces. The

Si{100}(2x 1) surface consists of eight layers of silicon at- N all simulations a push-pulloading-unloading AFM
cycle is performed. The tip is pushed to an indentation depth

of 0.7-3.2 A and then pulled upwards.
The indentation depth is measured as the distance be-
tween the uppermost fixed carbon layer of the tip and the

(111)

TABLE I. Dimensions of the sample surfaces.

Surface X(A) y(A) 2(A) topmost atomic layer on the surface, minus the height of the
{100 15.35 15.35 9.6 undisturbed tip, i.e., the indentation dept 0 corresponds

{110 15.35 16.28 9.8 a situation where the undisturbed tip just touches the undis-
{111 13.30 15.35 13.7 turbed surface. This depth is well defined even if the tip is

deformed. The simulations with the flat tip are performed
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using the depths of 0.7—0.5 A. The low depth range is used TABLE II. Transferred atoms and maximum total contact area
to gain information not distorted by the effects resulting fromfor the deepest indentations fA The contact areas in the table are
the finite sizes of the unit cells in thedirection. The maxi- the maximum values over all indentation depths.

mum depth for the sharp tip is selected so that the fixed

atoms on the top of the tip remain above the surface. Tip, Surface Atoms transferred ~ Contact area
Th_e_ sim_ulations are performed using consta_nt-volumeSharlo tip,{100} 8 50
conditions in the lateral plane. The ti{flat or sharp is po- :
. o L . o ; Sharp tip,{110 8 77
sitioned so that the initial minimum distance zrdirection :
. . . harp tip,{111} 4 66
between the surface and tip atoms is 2.5-3.1 A. It is pushe harp tip{100}, vacanc 6 61
into the surface with steps of 0.1 a(0.0529 A. After each pup, ' Y
. ) . Sharp tip,{100:H 0 39
step, the system is conjugate gradi€@) relaxed(corre- )
Flat tip, {100 50

sponding to zero temperatureith two exceptional groups

of atoms. First, the atoms at the bottom layer of the surfac& @t tiP. {110 88
are kept fixed in order to prevent an all-atom movement of 't tip. {111} 2 72
the supercell. Also the pseudo-H's bonded to the bottont!at tip. {100, vacancy 28
layer are kept fixed. Secondly, the two topmost layers of ¢-lat tip, {111}, vacancy 2

atoms and the pseudo-H’s of the AFM-tip are kept fixed in
the surface normal direction in order to apply force to the

system. The force acting on the AFM tip is calculated bythe unloading phase, there is a strong attraction of few eV/A
summing thez-components of forces acting on the individual pecause of the bonds which have formed between the tip and

tip atoms, the sample.
In most simulations the tip is deformed during the simu-
|:Z=E F,. (1) lation. With the sharp tip the deformation is most severe on
tip the{110 and{111} surfaces. The number of Si atoms stick-

This force is well defined because the number of C andnd to the tip after the simulation sequence is shown in the
pseudo-H atoms on the tip remains constant in every simul@ble Il. As a general trend one can observe that a surface
lation. with energy-lowering reconstructio{{11}) is more resis-

In order to make the tip more stable, the topmost two ctant against the abstraction of surface atoms.
layers and the pseudo-H’s are fixed relative to each other in The deformation process of the surface begins when the
thex-y plane. This is accomplished by calculating theom- tip approaches the contact regime. The outermost tip and
ponent of the torque and the forces in thg plane on the surface atoms start to form bonds, and they are slightly at-

fixed tip atoms and then redistributing them as uniform aclracted towards eaqh other. As the tip further approaches the
celeration and rotation on they plane. The torque is cal- surface, this attraction turns to repulsion when the atoms are

culated as forced closer to each other, with a typical interatomic Si-C
distance of order 2 A. The surface atoms forming bonds with
- - - - the tip are homogeneously forced downwards deeper into the
7'fix:% (ri_rcmﬁx)XFi 2 surface and the sample is further deformed. With the sharp
tip and perfect surface, the deformation of the surface is
and the fixed atoms are rotated according to restricted to the few uppermost atom layers on the surface.
. Interstitials are detected with flat tip on all three surfaces.
- - Fi—lemg, The geometries of interstitials in bulk silicon are discussed in
Froti:Tfixxf- (3)  Ref. 15. The(110) dumbbell interstitial is also described in
Z (r,-—rcmﬁx)2 Refs. 16 and 17. When interstitials start to form in our simu-
fix lations, the uppermost Si layers are typically in an amor-

The contact area between the tip and the surface is estﬁ)_hous state, and the pressure from these layers induces the

mated by calculating the number of bonds between the tiI{)nterstitial formation in lower atomic layers. Since the crystal
and the surface. An estimated area of 5.5% pkr bond is environment above these interstitials is amorphous, these in-

used. This is the area per dangling bond in the unrecont-.erStitiaIS have unusual' geomgtries, which cannot be classi-
structed diamond111 surface. fied as any of the bu!k interstitials presented in Ref._ 15.

The surface remains locally deformed after the indenta-
tion process, mainly because of the Si atoms transferred to
the tip. The maximum total contact area ranges from 39 to
A. Tip shape and contact area 77 A? with the sharp tip on the perfect Si surfaces. It in-
creases slightly with the flat tip, apart from the vacancy case
(see Table . The{100 surface has smaller values for the

Apart from the case of the hydrogen-terminated surface, aontact area than the other surfaces because of the resistant
small attraction between the surface and the tip is noticed2x 1) reconstruction. The contact area typically increases
during the preloading phase, i.e., before the tip-surface corstrongly during the loading phase from near zero value to its
tact has been established. The attraction vanishes with theaximum value in a short distance. The contact area as a
hydrogen-terminated surface because of the surface dipofanction of indentation depth for the clean surfaces probed
(the surface hydrogen atoms are positively chargédter  with the flat tip is shown in Fig. 3. The increase is nearly

IV. RESULTS

1. General features



2976 R. ASTALA, M. KAUKONEN, R. M. NIEMINEN, AND T. HEINE PRB 61

80 , , , ‘ No interstitials are formed with the sharp tip on thelG
gL e ‘ i surface.

B Si(100): —— . . . .

: Si(110): - ——- On the {100 surface with the flat tip, one Si atom is
6or SiAt): o 1 forced near the hexagonal interstitial position between the
5ol k _ fifth and sixth layer. There is no clear jump to the interstitial

< position, and this interstitial vanishes as the deformation of
g40/ il the surface proceeds. Also some dumbbell-type interstitials
<50l | start to form, but this behavior is obscured due to the amor-
phization of the surface.
20 In the simulations for hydrogen-terminated B0, the
10l i tip first goes on top of the dimer chain between hydrogen
atoms. This behavior is due to hydrogen atoms, which screen
5 3 3 the energy minima between the dimer rows. The tip pushes

0
Depth [A] one of the H atoms into the surface and starts to move be-
tween the dimer chains. Eventually, the H atom moves to a
interstitial position in a third Si layer.
The sharp tip finds an energy minimum between the sur-
face atom chains in the simulations on cl¢a00 and{110}

monotonous, as the small jumps in the curve are likely tosurfaces. On thel11; surface, the tip does not go between

result from the method used in the evaluation of contact areéhe Pandey chams: Insteaq, the Pandey chains are recon-
structed in the previously discussed manner.

FIG. 3. Development of contact area {Avs indentation depth
(A) for the flat tip indenting Si100 (solid ling), {110 (dashed
line) and{111} (dotted ling.

2.{111,{100;,{110, and (100:H) surfaces

Both Pandey chains on tHd11} surface in our simula-
tion cell reconstruct to the regular diamond-structure under The influence of a subsurface vacancy on the hardness is
the pressure from the flat tip. This is understandable becaustudied with the{100 surface with a single vacancy in the
the AFM tip acts as a source of bonds for the undersixth silicon layer from the surface, and with th&l1} sur-
coordinated surface atoms. Similar reconstruction of Pandeface with a vacancy in the fourth double layer. The point
chains occurs also on t§&11} surface with the sharp tip. In group of the relaxed vacancy is close tgyDi.e., the nearest
this case only the atoms in the Pandey chain under the tipeighbors of the vacancy have two short distances of 2.9 A
undergo the “phase transition” to the diamond structure.and four nearly equal bond lengtttsvo 3.3 A and two 3.4
During the Pandey chain destruction, the energy release fok). In the{111} surface with a vacancy there are two shorter
the reconstruction of one 7 ring of the Pandey chain to alistances of 3.2 and 3.3 A with four longer distances of 3.5
regular 6 ring of unreconstructed surface is of the order of 1A, In the case of thd100 surface with a subsurface va-
eV. The simultaneous change in the bonding of the tip atomsancy, the sharp tip does not go to the intermediate position
with the surface atoms contributes significantly to this enhetween the dimer chains in t{&800 plane, but remains
ergy. near the top of the dimer row. This has an effect of slightly

The interstitial formation on thgl11} surface is not clear. increasing the contact area. The surface is less deformed than
With the flat tip, four atoms in the second topmost doublein the case of plaif100; surface.
layer are pushed downwards from their original position to-  On the{111} surface, the vacancy which is initially posi-
wards interstitial positions. These atoms move deeper intéioned in the fourth double layer, localizes in two neighbor-
the substrate by more than 0.6 A. Two of them move moréng lattice positions under the pressure from the tip. This
distinctly, one to &110 dumbbell-like position, while the occurs for the indentation depth of 0.8 A. The energy gain
other moves to an interstitial position beneath{th#l} layer  associated with the vacancy splitting is 1.2 eV. In the va-
(Fig. 1). However, there is no clear jump to the interstitial cancy splitting, the atom above the vacancy moves down-
position, and it seems that the interstitials do not fully form.wards in the(111) direction to the halfway point between its
The dumbbell-like interstitial has different bond ordering original position and the empty lattice site. This behavior is
than the usua{110 dumbbell, and the bond lengths have similar to that of a tin-vacancy complex in silicéh.The
differences when compared &b initio calculations’ With  migration to the mid-vacancy position can be interpreted as a
the sharp tip, only two surface atoms migrate downward, andtress relief mechanism in both cases. The transported atom
the migration is much weaker than with the flat tip. Whenforms bonds with the other neighboring atoms of the empty
compared to Ref. 6, the behavior of the sharp tip in{thEl}  tetrahedral position. The atom shifts downwards below the
surface has a similar feature of the upward flow of somehalfway position as the pressure from the tip increases. Fi-
surface Si atoms along the tip sides. nally, when the unloading is started, the atom does not return

On the{110 surface with the flat tip, the formation of to its original position. Two bonds with its initial neighbors
three dumbbell-type interstitials starts to take place for in-oreak, and the atom stays closer to the original vacancy site
dentation depths of 0.6 A. The interstitials are formed in thein the fourth double layer. This behavior is explained by the
third atom layer below the surface. Because the surface dgreater deformation of the next upper double layer, which
rectly above the interstitials is in an amorphous state, and theeduces the binding energy of the atoms there, so that it is
three interstitials are next to each other ifld0 chain, they  energetically preferable for the atom to form bonds with the
cannot be clearly identified §410; dumbbell interstitials. atoms in the lower double layer.

3.{100 and {111} surfaces with a subsurface vacancy
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80 ; ; . . 5
Si(100): o
70- Si(110): x - - - . ol
Si11): +
60f 8
T -Sr
o gpl + J e
& 50 ", S
8 et —=_10r
$ 40} T 1 g
H
530 1 -18¢ Si(111) —
[ Si(111) Vacancy ~~ ~
20 . _20k
10t .
o R 2% -1 R 2 3
. . . . "
-2 1 0 1 2 3 epth [A]

Depth [A
epth [A1 FIG. 5. The depth (A) dependence of for@//A) on the clean

FIG. 4. Development of force/areg&P3a vs indentation depth {111 (solid ling) and{111; surface with a vacancfdashedwhen
(A) for the flat tip indenting S{100 (solid line), {110 (dashed indenting with the flat tip. The lower portions of the curves display
line) and{111} (dotted ling. the loading and the upper portion the unloading phase. Around the
zero depth the figure displays the less steep region in the plain
The reconstruction of thé111} surface occurs also with surface curve and the peak of the force in the vacancy curve.
the vacancy. The energy gain is about the same as for the

perfect surface. the force. The depths with attractive values of force or zero
contact area are rejected in the averaging, since they would

B. Hardness and Young's modulus give unacceptable values for tRéA,ccted-
The hardness of the substrate is calculated as As discussed above, the subsurface vacancy affects the
penetration position of the AFM tip on they plane. The
F max energetically favored penetration position on {160 sur-
H= m (4)  face with a vacancy is such that the contact area increases

. _ . compared to ided100 surface, thus decreases the hardness
where F .« IS the maximum value of the repulsive force measured at low indentation deptliSee Table Il))

measured during the loading, amt,;jecteq is the corre- The reconstruction of the Pandey chain structure on the
sponding projected contact area. For the geometry of a shaig 11} surface during the indentation of the flat tip has an
tp, effect of decreasing the steepness of the loading curve by
A _0.558*A ) about 60%', due to the fact thgt there is no more surface
projected - ' reconstruction which would require extra energy input to be
The coefficient between the projected and the total contagtonverted to a plain diamond structure. During the less steep
areaA is derived from simple geometrical considerations byregion, the force against the tip stems from the bond short-
projecting the total area of the undeformed tip facing theening of the bulk structure. Finally, the interstitial formation
surface onto a plane. With the flat tip, the projected area isand the finite size of the sample start to take effect, and the
considered equal to the total contact area. T8, jecieq  loading curve steepens again. In the vacancy case, the final
ratios of the surfaces probed with the flat tip are presented ireconstruction of the second Pandey chain happens approxi-
Fig. 4. The points in the curve are calculated by computingnately at the same depth as the final reconstruction of the
F/Aprojected @nd then averaging over five neighboring remaining 7-atom rings beneath the tip. During this process,
depths. This is done in order to smooth out the fluctuations ifhere is a strong jump in the loading curve, and the resisting
force decreases by 55%ig. 5. Otherwise the steepness of
the loading curve is not significantly affected, when com-
pared to the simulation without the vacancy. During the

TABLE lll. Hardness in different simulations.

Tip, Surface Depth (A) Hardnes&Pg jump, the increase in the number of 6-atom rings on the

Sharp tip,{100 -18 52 surface layer is more than three times greater than in the
Sharp tip,{100}, vacancy -1.8 28 corresponding reconstructions in the undefected surface. In
Sharp tip,{110 -18 47 the tip-surface interface region, there are rings containing Si

Sharp tip,{111} -1.8 89 and C atoms. The number of carbon atoms taking part in the
Sharp tip,{100:H -18 43 6-atom and 5-atom rings is generally greater in the vacancy
Flat tip, {100 -0.9 57 case during the jump.

Flat tip, {100}, vacancy 0.7 43 During the unloading phase, the bonds between the sur-
Flat tip, {110} 0.4 36 face and the tip atoms cause an attractive force between the
Flat tip, {111} -0.4 30 tip and the samplez(>0 region).

Flat tip, {111}, vacancy -0.4 28 The Young's modulus is calculated using the theory of

Hertzian contact
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TABLE IV. Estimates for Young’s modulu§GP3a observed in 8
the indentation. There are two values for some of the flat tip inden- sl i
tations from two maximum depths. .
Tip, Surface Depth (A) Young’s modulus ol i
Sharp tip,{100 -2.3 397 %; or 1
Sharp tip,{100, vacancy -1.8 325 8 of _
Sharp tip,{110} 2.2 296 £ A |
Sharp tip {111} -32 334 ) oA
Sharp tip,{100::H -2.0 220 -6r 1
Flat tip, {100 0.7/-0.9 382/193 -8r 1
Flat tip, {100, vacancy 0.7 252 _10 ) ) ) ) ) )
Flat tip, {110 0.3 323 -3 -2 - % oth [A} 2 3 4
Flat tip, {111 —-0.4/-1.6 260/414
Flat tip, {111}, vacancy -0.5 219 FIG. 7. The deptiA) dependence of forc@V/A) on the clean

(solid line) and hydrogenatedl100; (dashed ling surfaces when
indenting with the sharp tip. The lower portion of the curve displays
\/;S the loading and the upper portion the unloading phase. The arrows
E;‘ub:—, (6) also indicate the direction of tip movement.
2BVA
. . . . . _for the Young’s modulus for different surfaces are shown in
whereSis the unloading stifiness, i.e., slope of the unloadingrape 1/, We will discuss these results in the following sec-
curve, measured at the very beginning of the unloading;,.
phasé B is a coefficient depending on the tip geometry and The maximum value of torquEEq. (2)] on the fixed at-
E%,, is the reduced modulus corresponding to the elastic r€sms of the tip is of order ¥ 10~ 8 Nm. The torque typi-
sponse of both the tip and the surfdc@he value of 8 cally oscillates around the zero value in an irregular fashion.
=1.012 is used for the sharp tip because of its pyramid ge- The influence of the finite size effect on hardness is tested
ometry. For the flat tip3=1 is considered most suitable making a low-depth simulation with a bigger supercell of the
since its geometry after the relaxation is near circtiiarhe {110} surface in thex-y plane (19.184 A<21.705 A) with
macroscopic Young's modulussy, is then derived from the flat tip. The evolution of th€/A ratio is depicted in Fig.
6. The first maximum in the ratio is-15% smaller with the
bigger supercell. However, the unloading stiffné&sss for
both sizes of the simulation cell near 13 e\A/AThis gives
an implication that the unloading stiffness is a robust quan-

whereE;p, viip and vg,, are the Young’s modulus of the tity, which can be used to characterize the surfaces.
tip, the Poisson ratio of the tip and the Poisson ration of the

(1_V§ub)_ 1 _(1—Vt2ip)
Esub :ub Etip

: ()

surface, respectively. Their numerical values are taken from V. DISCUSSION
experimental results: Eyj, = Egiamong= 1050 GPa, wyp, ) ) ) ] )
= vgiamond= 010, Vsup= Vsilicon=0.282° The derivation of In all simulations there is adhesion between the tip and

Young's modulus assumes that all deformations are reverdhe surface. The small attraction at the beginning of the load-
ible, i.e., elastic. For more detailed discussion of Hertziari"d Phase can be interpreted as a jump to a tip-surface con-
theory of normal contact, see Ref. 21. The calculated valueiict. The strong attractive force between the tip and the sur-

face at the end of the unloading phase stems from the bonds

60 : ‘ . ; formed between the tip and the surface atdRigs. 7 and b
The indentation processes in all simulations are nonelas-
50l Si(110) - Small  —— A tic. This can be seen from the hysteresis-like behavior of
Si(110) - Large -~~~ loading and unloading curves or by visually inspecting the

surfaces and the tips after the indentatiéiigs. 7 and »
These processes are not elasto-plastic in the classical sense,
| since adhesion between the surfaces due to the bond forma-
tion and a transfer of the surface atoms to the tip are taking

~
=)
T

Force/Area [GPa]
W
o

0k place.
The sharp tip deforms easily because of the large number
Jok - | of dangling bonds on the tip and on the surface, causing the

tip and the surface atoms to react strongly with each other.
o . ‘ ‘ . The flat tip is more resistant against deformations, because of
-2 -1 0 K 2 3 the smaller number of dangling bonds. The deformation of
Deptn [A] tips is consistent with the experimental results of destruction
FIG. 6. Development of force/arg@Pa vs indentation depth  ©f diamond tips on contact-mode probing of Si surfaes.
(A) for the flat tip indenting smallsolid line) and large(dashed The depth dependence of ti¢A ratio in Fig. 4 has a
line) {110 surface. maximum around the depth 6f0.6-0.2 A. On the{100
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FIG. 8. Development of energfeV) vs indentation deptttA)
for the flat tip indenting $i10G (solid line), {110 (dashed ling
and{111} (dotted.

FIG. 9. The depti{A) dependence of forc@V/A) on the{100,
surface with and without the vacancy when indenting with the flat
tip. The solid curve displays the clean and the dashed curve the

surface with the flat tip, the sudden decrease in energy jgacancy case.

associated with the interstitial formation in the subsurface

region. In this transformation, over-coordinated atoms reSince the migration of self interstitials in Si has low energy

cover theirsp® bonding, and one hexagonal-like interstitial barriers <1 eV) %2 the surface can relax during the ex-

is formed. periment at room temperature by interstitial diffusion. This
The F/A ratio has on average the lowest value on thewill lead to lower values of the forces. Long time-scale

{111} surface probed with the flat tip. The force on the tip room-temperature molecular-dynamic, simulations which

has almost always a smaller value during the loading on theyould take the diffusion of defects into account, are unat-

{111} when compared t4100; and {110 surfaces at the tainable by our simulation methods.

same depths. This can partly stem from the Pandey chain The subsurface vacancy decreases Young’s modulus as

reconstruction, which causes a downward movement amongxpectedsee Table 1. However, the simulated values for

the topmost surface atoms and eff_ectively lowers the S*'?‘mpk?oung’s modulus with the vacancy and the sharp tip are very

surface. On the other hand, there is no clear local maximurgepsitive to thexy position of the tip during the indentation.

in the F/A ratio with the{111} surface. This indicates that 1o vacancy affects the shape of the tip-surface energy land-

there is no large energy barrier associated with the Pande&%’cape and thus the penetration position of the tip orxthe

chain— d|amonq reconstrupﬂon. The qewly-fqrmed d"'.’" lane. With reconstructions on the surface this leads to dif-
mond structure is more resistant against interstitial formaﬂorf

compared to thé100 and{110 surfaces. This surface has erent contact areas and thus to different values for Young’s

. . ; modulus(Table Il and Fig. 9. When using the flat tip, they
ggszzudden drops in the energy cuiég. 8 as in the{10G position dependence is not strong. The simulation with the

The extracted values of Young's modulus for the surface’acancy with the{100 surface using the sharp tip gives
are in average 70—220% higher than the experimental bulk” 18% smaller value of Young's modulus and 54% smaller
value of 130 GP&® However, using the DFTB for the com- value for the hardness than the simulation with the surface
putation of the Young’s modulus by compressing bulk sili- Without the vacancy. Interestingly the sudden drop in the
con gives a value of 137 GPa. We believe that the differencéorce curve(Fig. 5 is associated with ring formation pro-
compared to the experimental values and our results can &sses in the surface reconstruction, not near the vacancy
understood as follows. In the real experiment the indentatiofiself (as discussed in Sec. IV A.30ne should note that the
depth is much greater than in our simulations. In the simusmigration energy barriers for Si vacancy are low
lations one is still in the nearly elastic region, while we be-(~0.7 eV)? Thus the vacancies are highly mobile at room
lieve that in the experiments one has local amorphization antemperature conditions. As mentioned above, the experimen-
massive interstitial formation. As seen in Fig. 4, the slope oftal nanoindentation measurement has a long duration. There-
the force curve still steepens for the deeper intendatioffiore, it is unlikely that the effect of single subsurface va-
depths, indicating nearly plastic behavior. So in our simulacancy can be seen in a room-temperature AFM
tion we are not deep enough to gain a depth-independemieasurement.
response from the surface. Furthermore, the reconstruction For the hydrogenated surfa¢®00;:H(2Xx 1), because of
effects on the surface may also steepen the unloading cuntbe small tip size, only a small fraction of the tip-C atoms are
and thus yield higher estimates for Young’s modulus. able to make bonds with the Si atoms on the surface. We

The simulation temperature of zero may also affect theobtain, however, a decrease in hardness and and Young's
extracted forces. In higher temperature it is less likely for themodulus(Tables Il and I\j. The minimum energy pathway
system to get trapped into some local energy minimum, thubetween the dimer rows is blocked due to hydrogen on the
the force on the tip may decrease. The experimental nanoirsurface, so the values with the flat tip would probably de-
dentation measurement has a duration of several minutestease less.
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VI. CONCLUSIONS phase transition triggered by an AFM tip has been found on
f{lll} surface. The Pandey chains are transformed into a

We have performed DFTB quasi-static simulations o gular diamond structure under the pressure of the tip.

: . [
AFM processes on Si surfaces in order to study the shape oF Finally, we make a speculative proposition for the tip-

the contact area, harglness and Young's modulus_. . surface interactions during an AFM measurement. It is
The contact area is found to depend on the indentatiof

i X . speculative because in the simulations the tip penetrated
depth in a way that could imply a jump from non-contact to : X
o . ~maximally only few A into the surface. However, our sug-
contact mode. This is implicated by a sudden increase in

. estion is as follows(i) The tip experiences an attractive
contact area under a short distance, and by a presence offa .
. : . force near the surface, basically due to the unsaturated bonds
small attractive force during the preloading phase.

We have shown that a simulated AEM measurement cad” the surface and in the tifii) The surface reconstruction
; : . . IS destroyed because the AFM tip atoms act as a source of
be used to identify the atomic rearrangements during thée ;
) : ; o new bonds, and also the pressure from the tip destroys the
indentation. AFM can detect impurities on the surfaces and D
surface reconstructioriii) The bonds below the top surface
defects beneath the surface, at least at zero-temperature cQn- e .
o : : ayers are globally shortenef@v) Interstitials and vacancies
ditions. We find that subsurface vacancies or hydrogen cov-

erage of the surface decrease the hardness and Youn are formed in the subsurface layepg) Amorphization takes

modulus. The numerical values for hardness and Young%)?ace in the vicinity of the tip. One may therefore infer the

modulus depend strongly on the tip shape and the indentatio((?il:?)suc response by examining the force curves in the region

depth. Experimentally, instead of measuring Young’s modu-
lus, which requires priori knowledge of the Poisson ratio
of the surface and tip, a simpleF/Az ratio at the beginning

of the unloading phase would better reflect the elastic re- This research has been supported in part by the Academy
sponse of the surface. Our results do not support the use of Finland under Contract No. 16085. We would thank Dr.
Eqg. (6) in determining Young’s modulus of the surface. A Karl Jalkanen for help during the revision of this article.
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