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EFFECT OF PROLONGED HOLDING UNDER CONTACT LOADING
ON THE PECULIARITIES OF PHASE CHANGES IN SILICON
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It was shown that prolonged holding under the peal during indentation of Si (100) led
to the creep of material even at room temperatsie hecame possible due to the phase
transition into more plastic metallESn phase. The end structural phases in the indenta
tion zone, studied by micro-Raman spectroscopy \iered to be affected by the longer
holding under the load and demonstrated more iMemeaks for amorphous phase (a-Si)
in the depth of the indentation comparatively witloge for short holding indentations.
It was suggested that this effect was caused byctiveation of the dislocation mechanism
of a-Si formation, as a result of longer shearsste action under prolonged holding. This
fact induced some changes in the kinetics of tHeading events, which demonstrated the
tendency to the “kink pop-out” formation insteadtygical “pop-out” and “elbow”.
Keywords: indentation, silicon, phase transformation, amorphous phase, unloading
events, creep, holding time.

Although a lot of new materials for micro- and aglctronics have been elabo-
rated within the last years, silicon remains thiagipal component of most semicon-
ductor devices and has many industrial uses. Algitly electrical and optical proper-
ties, mechanical behaviour of Si, especially urideal loading, obtained a special in-
terest due to its peculiarity for structural phaseasformation in nano- or micro-volu-
mes of deformed material. High pressure create@munano/microindentation leads to
the phase transformation of initial diamond culifacture (Si-1) into high conductive
3-Sn structure (Si-ll) under loading. On pressudease Si-ll transforms into body
centered cubic (Si-1ll), rhombohedral (Si-XIl) aathorphous (a-Si) structures depen-
ding on the unloading rate [1, 2], load value, tygendenter [3-5] or deformation
temperature [6, 7].

Recently silicon has found a wide application ircmoielectro-mechanical sys-
tems (MEMS), the reliability of which strongly depis on the mechanical durability
of material used. During exploitation the Si MEM@&rgonents can undergo the influ-
ence of long lasting constant load. The nanoindiemaechnique is the most suitable
one to investigate the time-dependent mechanisplorese of material in such condi-
tions and to study various aspects of creep praasano- and microscale.

In spite of a lot of works concerning the mechahnishaviour of Si under nano/
microindentation at various loading conditions likgclic loading [3, 8] or scratching
[5], apparently there is a gap in indentation crisepstigations on Si. Mostly the data
regarding the silicon creep characterization wdr@ioed using uniaxial compression
or bending tests for comparatively low stressesn{fi2 to 150 MPa) and enhanced
temperatures (from 800 to 1300°C) [9, 10]. The nd@eformation mechanism during
creep was shown to be the dislocation movemenigtaivious for the used range of
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stresses. Under indentation, however, the defoomatbnditions are dissimilar: much
higher stresses, highly localized strain in nanovoavolume, resulting in the involving

of the phase transformation mechanism of deformati@sides the dislocation one.
Therefore the aim of this work was to investigdte behaviour of Si in these condi-
tions and to study the influence of long lastinddimg under the load on the phase
transformation and deformation peculiarities of eniad.

Experimental details. The depth-sensing nanoindentation technique witk®
vich diamond pyramidal indenter was used to indlomal deformation on n-type,
phosphorous-doped Si (100) wafer of a resistivitd® QIdm. The range of loads
included 50, 100 and 500 mN to study the influeotéad value. For each of these
loads we applied 2 loading regimes, including staddshort holding time (5 s) under
the maximum loadRs) and long holding time (900 s) und@y.,. The loading and
unloading time was maintained 50 s for all loadd haolding time regimes used. For
each separate combination of load and loading eeditnindentation tests were perfor-
med. The load versus penetration depth) and penetration depth versus timg)
dependences were acquired for each indentation.made

For indentations with longer holding time the thelrdrift estimation was made,
for which during unloading, at 10% 8%, a 30 s holding was applied to measure the
displacement of the indenter and the respectiveectons toP(h) curves, including
the creep plateau, were done. The mean value an#halrift rate was found to be
0.15 nm/s.

The phase transformation characterization of tdeniation zone was carried out
by micro-Raman spectroscopy using Monovista corféman spectrometer with
532 nm wavelength laser focused to a spot of aBquh radius. This type of laser is
able to detect about O8n into the depth of the material when focusinghatgurface.

By using the focusing of the laser in some deptheitame possible to investigate
deeper regions of the material underneath the rpri

Results and discussiond?eculiarities of P(h) dependences. Fig. 1 shows the ty-
pical load-penetratioRP—h curves for 50 mN, 100 mN and 500 mN indentatioslen
at short (5 s) and long (900 s) holding time. Aegrplateau can be seen on Hid
curves for long holding time indentations, whicm@t typical for room temperature
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Fig. 1. Load—penetratioP£h) curves
of indentations made at 50 mB)(
100 mN ) and 500 mN@):

1 — short holding (50 s);

2 —long holding (900 s).

The unloading events:

3 — kink pop-out;

4 — pop-outb — elbow.
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indentation of hard materials. But in the caseidhiS can be possible due to the phase
transformation during loading of the initial diantbaubic structure (Si-I) into th&-Sn
structure (Si-11), which being a metallic, more gila phase is expected to be extruded
more easily underneath the indenter toward theasaréllowing further penetration of
the indenter. This is consistent with the resulitamed by Rabier et al. [11] demon-
strating an exceptional ductility ¢&-Sn metallic phase at room temperature during
silicon deformation under a pressure of 15 GPa.

The P-h curves for short holding are characterized by ftrenation of typical
“pop-out” and “elbow + pop-out” events in the caxfe50 and 100 mN load applied
(Fig. 1a, b, curvesl). With the increase of holding time the tendenzyhe formation
of a so-called “kink pop-out” was observed (Fig, b), more often displayed for
100 mN indentations (8 cases from 10) and mordyrdoe 50 mN indentations (2
cases from 10); in the rest of the cases the “papeifect is maintained. The 500 mN
indentations exhibit the “kink pop-out” for bothahand long holding time (FigclL
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Fig. 2. Magnified fragments of curves from Fig.dnhtaining the unloading events
of indentations made under short holdiagd) and long holdingd—f) atP,,., equal
to 50 mN &, d), 100 mN b, e) and 500 mN¢, f): 1 — pop-out2 — kink pop-out3 — elbow.
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The typical unloading events — “pop-out” and “eljomere well investigated and
discussed in the literature [1, 12] and were fotmte the result of the formation of
Si-ll/Si-XIl and a-Si phases respectively. Thertkipop-out” was shown to be related
to the formation of Si-lll/Si-XIl and in some cas&sa mixture of Si-ll/Si-XII and
a-Si and appeared more frequently for higher l@ebsslower unloading rates [13].

The reasons leading to the “kink pop-out” emergensite the increase of holding
time are not quite clear and have to be clarifisgte magnified portions d?—h curves
containing the unloading events (Fig. 2) display similarity of “kink pop-out” event
with “elbow” one, which is known to be responsibie the a-Si phase formation: both
of them demonstrate more gradual pushing out ofrithenter caused by the growth of
material volume, comparatively with the “pop-outhich represents a sharp, hopping
expulsion of the indenter from the material. Thicwations of the derivativegh/dP
of theP(h) dependences for different unloading events agequrted in Table. The phy-
sical meaning ofdh/dP represents the rate of the depth recovery at twalease,
which is none other than etgwherea is the slope of the—h curve (see Fig.t). The
data from Table showed close values between “kopkqut” and “elbow” events indi-
cating that the kinetics of these two processesndar as well.

Derivatives dh/dP for the unloading events on thé>—h curves

Load, Holding time, Mean values ofih/dP for the unloading event, nm/mN
mN S “pop-out” “elbow” “kink pop-out”
50 5 77.7 12.8 -

900 80.2 - 18.1
5 76.5 7.0 -
100
900 78.7 - 7.5
5 - - 2.4
500 900 ~ ~ .

Micro-Raman spectroscopy of indentations. The micro-Raman spectroscopy of
indentations were carried out in order to find wihiether the end structural phases in
the indentation zone are affected by prolongedihgld

The micro-Raman spectra of indentations made dt bbort and long holding
time were acquired from the zones situated in imatedoroximity to the surface of
indentation (Fig. 3, spectra 1, 3) and from thdameg situated at some depth (Fig. 3,
spectra 2, 4). One can see that for short holdidgritations (Fig. 3, spectra 1, 2) the
peak responsible for a-Si (470 &nis more pronounced at the surface than in the
depth, but with the increase of holding time (Rg.spectra 3, 4) just vice-versa, the
a-Si peak becomes more intensive in the depthdtopare with Si-XII (350 ci),
Si-Ill (372 and 433 ci) and Si-1 (301 and 520 ¢y peaks).

It was shown by Tachi et al. [14] that the amorghphase can be created not
only in the closed vicinity to the indentation a.0€ where the compressive stresses are
maximum, but also in the dislocation zone as alredfuthe motion of dislocations
during plastic deformation having the shape of thirers oriented along the main slip
planes {111} of Si. Longer acting of the exterr@dd may contribute to the intensifica-
tion of these processes leading to the extensidhesfe amorphous zones. The “kink
pop-out” effect on thd®>-h curves is supposed to be caused by the formafidheo
amorphous phase as a result of dislocation actiyit was shown above, the kinetics
of the “kink pop-out” is similar to that of the f&w”, which is known to be the result
of the amorphous phase formation during unloading this fact is in a good
agreement with the obtained micro-Raman spectrgsesuilts.

103



@ Sil

Si-l Si-lll - a-Si

I, a.u.

Si-lll

si-l a-Si

/N

200 300 400 500 A,cm’! 200 300 400 500 A,cm’!

Fig. 3. Micro-Raman spectra of 50 m&) @nd 500 mN indentatior),
acquired from the surface (spectra 1, 3) and fromesdepth (spectra 2, 4);
spectra 1, 2 — short holding, and spectra 3, 4¢g lwlding indentations.

The fact that “kink pop-out” is more rarely dispéalyfor 50 mN indentations than
for 100 mN ones can be explained by smaller disioeaegion, in which the develop-
ment of the necessary conditions for the formatibthe amorphous phase is less pro-
bable.

For 500 mN indentations the increase of holdingetlerads to the intensification
of Si-lll and Si-XII peaks as well, if compared tvithe initial Si-I peak, especially at
the surface. This is consistent with our previougkwvon prolonged holding during
Vickers quasistatic indentation showing the sanselte [15]. The broadening of Si-I
peak at 301 cil displayed for 50 mN indentations may be due tdrtheeasing degree
of structural disorder due to the high density isfatations.

Displacement-time dependences during creep. The analysis of displacement-time
dependences during holding at the peak Id3gl,) displayed some peculiarities of
creep process. The penetration depth versus timesw@and the respective instanta-
neous creep rate (derivatidb/dt) versus time curves for 50 and 500 mN indentations
are shown accordingly in Fig. 4,(b) and €, d). It is clearly seen from the curves
presented that the creep process has 2 distirsttaigees: the first one distinguished by
higher and at the same time decelerating creeparate¢he second, steady-state creep
stage, where the creep rate becomes almost comsthra slight decreasing tendency.
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Fig. 4. Displacement-time dependencg<) and creep rate versus time dependengze) (
during creep for 50 mNa( b) and 500 mN¢, d).

The initial creep rate appears to depend on the dpplied and it is higher (~ 4 nm/s)
for larger peak load (500 mN) indentations againstnm/s for 100 and 50 mN inden-
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tations. In addition, the span of the first stagealso larger for larger load and it is
about 175, 125 and 100 s for 500, 100 and 50 mBnitadions, respectively. These two
peculiarities explain the larger creep displacenweithin the same holding time for
higher loads displayed dp(h) curves (Fig. 1). To the end of holding period theep
rate approaches to zero.

CONCLUSIONS

The prolonged holding under the peak load durirggimtation was found to in-
fluence the deformation behaviour of Si (100) mestéd by creep of material, ten-
dency to the formation of “kink pop-out” unloadiegent instead of typical “pop-out”
and “elbow + pop-out” events as well as changgshase transformation.

The end structural phases in the indentation zasplayed by micro-Raman
spectroscopy indicate the intensification of theogshous phase formation with the
increase of holding time. The reason of this addiél amorphization was assumed to
have a dislocation nature, as a result of growttisibcation density during creep and
restructuring of dislocation zone during unloadiltigvas suggested that the “kink pop-
out” effect is caused by the formation of the arhos phase in the depth of indenta-
tion in the dislocation zone that is confirmed hg tnicro-Raman spectra demonstra-
ting higher intensity of a-Si peaks in the deepgians than in the regions closer to the
surface of the indentation. The kinetics of thenkkpop-out” effect displayed by the
derivative dn/dP of the P-h curve demonstrates its similarity to the “elbovifeet
which is known to be the result of a-Si formation.

Displacement-time dependences during creep weraftw be influenced by the
load value showing higher initial creep rate andlita establishing of a steady-state
creep stage for the indentations made with higbad fthat explains the larger creep
displacement for them comparatively with indentagionade with lower load at the
same holding time.

PE3IOME. JlocnifxeHo BIUIUB TPUBAJIOl BUTPUMKH IIijl Yac iHAEHTYBaHHSA Ha 0COONIMUBOC-
Ti (ha3zoBUX mepeTBOpeHsb 1 gedopmariii kpemnito Si (100).ITokaszamo, 1m0 TpUBaia BUTPUMKA 3a
MaKCHMAaJIbHOTO HAaBaHTAXKEHHS IPH3BOJMUTH O MOB3Y4OCTi MaTepially HaBiTh 32 KiMHATHOI
TeMIepaTypH 3aBasky (Ha30BOMy MEPETBOPEHHIO Ha IUIacTHUHiIly MeTaneBy [3-Sn dasy. Kinue-
Bl CTPYKTYpHi (pa3u B 30HI BiIOMTKA, BUSABIIEHI 3a JOIOMOIOI0 Mikpo-PaMaHOBCBKOI CIIEKTPO-
CKOIIil, BKa3ylOTh Ha iHTEeHCH(]iKaiito yrBopeHHs amophHoi dasu (a-Si) 31 3pocTanHsM yacy
BuTpuMKH. [lependavaeTses, M0 NpUYKHA 1i€i J0AaTKOBOI amopdizallii MOXe MaTH JTUCIOKa-
uiiiHy npupoay, sIK pe3yabTaT 3pOCTaHHs IUIBHOCTI AUCIOKALil M yac MOB3y4oCTi i nepedy-
JIOBU JTUCIIOKALIIHHOT CTPYKTYpH MiJ 4ac po3BaHTaKeHHs. Lled (akT BHOCUTH €Ki 3MIHH IO
KIHETHKH PO3BAHTAXKYBAJIBHHUX SBHUIL, SIKi JEMOHCTPYIOTh TEHICHIIIO 10 yrBopenns “kKink pop-

out” 3amicTh THIOBHX “POP-out”i “elbow”.

PE3IOME. ViccienoBaHHO BIIUSIHUE AJIMTENBHOH BBLOCPKKU NPU HMHICHTUPOBAHMU Ha
ocobenHoCTH (Da30BBIX TpeBpamieHuit u aepopmuposanus kpemuus Si (100).Tlokasano, 9To
JUIUTENIbHAS BhLAEPKKA [IPU MaKCUMaIbHOM Harpy3ke BeJeT K IOJI3y4ecTH MaTepuaa Jaxe Mpu
KOMHATHOM Temneparype Onaronaps (a3oBoOMy MpPEBpalleHUI0 B 0ojiee TIIACTUYECKYH METal-
mmueckyro [-Sn dasy. KoHeuHsle cTpykTypHbIe (ha3bl B 30HE OTNEYATKA, BBISBICHHBIC OCPE/-
CTBOM MHUKpO-PaMaHOBCKOI CIIEKTPOCKOITHHM, yKa3bIBAIOT HA MHTEHCH(HUKAIHMIO 00pa3oBaHMSA
amop¢Ho#t dassr (a-Si)c pocToM BpeMeHH BBIICPKKH. [Ipenmnonaraercsi, 4To NpUYrHa 3TOH J10-
TOJTHUTENbHOH aMOp(HU3aui MOXKET MMETh AUCIOKAIMOHHYIO MPHPOLY, KaK pe3ylmbTaT pocTa
IUIOTHOCTH JMCIIOKALUH BO BpEMs MOI3Y4ECTU U NEPECTPONKH JUCIOKALUOHHON CTPYKTYpPhI BO
BpeMsl pasrpys3Kki. DTOT (aKT BHOCHT HEKOTOPbIE 3MEHEHUS B KMHETHKY PasTPy304HBIX SBIC-
HHUi{, KOTOpBIE JEMOHCTPHUPYIOT TEHACHIHMIO K 0OpasoBanuio “Kink pop-out” BMecTo THIIMYHBIX
“pop-out” u “elbow”.

1. Domnich V., Gogotsi Yu., and Dub S Effect of phase transformations on the shape @f th
unloading curve in the nanoindentation of silicomppl. Phys. Lett. — 2000. #6, Ne 16.
—P.2214-2216.

105



10.

11.

12.

13.

14.

15.

Indentation-induced phase transformations in silicon as a functiorhigfory of unloading

I N. Fujisawa, R. Keikotlhaile, J. Bradby, J. S. Vdiths // J. Mater. Res. — 200823; Ne 10.

— P. 2645-2649.

Transmission electron microscopy of amorphization and phasasfaamation beneath
indents in Si/ H. Saka, A. Shimatani, M. Suganumegprigadi // Phil. Mag. A. — 2002. 82,

Ne 10. — P. 1971-1982.

Contact resistance and phase transformation during naantaton of silicon / A. B. Mann,
D. Van Heerden, J. B. Pethica et al. // Phil. Mag. 2082. -82, Ne 10. — P. 1921-1930.
Domnich V. and Gogotsi Yu. Phase transformations in silicon under contadiifaa// Rev.
Adv. Mater. Sci. — 2002. 3. — P. 1-36.

Khayyat M. M. O., Hasko D. G., and Chaudhri M. M. Effect of sample temperature on the
indentation-induced phase transitions in crystallgilicon // J. Appl. Phys. — 2007.1:01

— P. 083515-1-083515-7.

Temperature dependence of silicon hardness: experimental eegl®f phase transforma-
tions / V. Domnich, Y. Aratyn, W. M. Kriven, Y. GogotsiRRev. Adv. Mater. Sci. — 2008.
—17. — P. 33-41.

Understanding pressure-induced phase-transformation behaviggilicon through in situ
electrical probing under cyclic loading conditiohN. Fujisawa, S. Ruffell, J. E. Bradby et
al. // 3. Appl. Phys. — 2009.105 — P. 106111-1-106111-3.

Myshlyaev M. M., Nikitenko V. I., and Nesterenko V. I. Dislocation structure and macrosco-
pic characteristics of plastic deformation at credpsilicon crystals // Phys. Stat. Sol.
—1969. 36, Ne 89. — P. 89-96.

Taylor T. A. and Barrett C. R. Creep and recovery of silicon single crystals Atdf. Sci.
Eng. — 1972. 40. — P. 93-102.

Plastic deformation by shuffle dislocations in silicon. Rabier, M. F. Denanot, J. L. Deme-
net, P. Cordier // Mater. Sci. Eng. A. — 200887-389. — P. 124-128.

The difference of phase distributions in silicon after indentatioith Berkovich and spheri-
cal indenters / |. Zarudi, L. C. Zhang, W. C. D. Ghg, T. X. Yu // Acta Mater. — 2005.
—53 — P. 4795-4800.

Juliano T., Gogotsi Yu., and Domnich V. Effect of indentation unloading conditions on phas
transformation induced events in silicon // J. MalRes. — 2003. 48, Ne 5. — P. 1192-1201.
On the dislocation mechanism of amorphization of Si by indentatidvl./Tachi, Suprijadi,
S. Arai, H. Saka // Philos. Mag. Lett. — 2008B2-Ne 3. — P. 133-139.

Influence of loading holding time under quasistatic indeiotaton electrical properties and
phase transformations of silicon / O. Shikimaka, As&taru, L. Bruk et al. // Surf. Eng. and
Appl. Electrochem. — 2012.48, Ne 5. — P. 444-449.

Received 27.03.2014

106



