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Behavior of monocrystalline silicon under cyclic microindentations
with a spherical indenter
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This study discusses the behavior of high-pressure phases of monocrystalline silicon when subjected
to cyclic indentations with a spherical indenter. It was found that specific phases form in the second
and subsequent indentation cycles under low maximum loads. An increase of the maximum
indentation load causes changes of subsequent indentation cycles of the phase transformation events
to occur earlier on both loading and unloading. The repeated indentations result in the formation of

a multiphase structure in the deformed zone, featuring a nonhysteresis behavior. After a critical
stage, the properties of the transformed material are stabilized and further indentations can no longer
alter the load—displacement curve. It was also found that the greater the maximum load, the faster
the occurence of property stabilization. D03 American Institute of Physics.
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The indentation of silicon and its related microstructural ~ The present study reports the special behavior of monoc-
changes have been the focus of research over the lasgtstalline silicon identified under cyclic microindentations
decadé 1t has been understood that in the first indentationwith a spherical indenter. This type of indenter enables one
cycle, the diamond structure of monocrystalline silicon, orto detect phase transformation events on loadjmgp-in),

Si-l, undergoes the first phase transformation to ga8n  estimate the stress field induced, and avoid cracking. It,

phase, or Si-l, on loading? followed by the second phase therefore, enables a focus on the effect of phase transforma-
transformation on unloading. The second transformation carion.

be to the amorphous phase or crystalline Si-XII/SiKR8/ The test material was a monocrystalline silictt00)

BC8) rhombohedral/body-centered-cubic phases, dependingafer. The spherical indenter used had a nominal radius of 5
on the specific loading—unloading conditiorn&>®*It was  ,m. The indentation tests were conducted on an Ultra-Micro

also claimed that with a spherical indenter, the so-calledndentation System-2000. To capture the effect of the mag-

pop-in and pop-out on loading and unloading are related tgitude of indentation load, three sets of maximum loads,

the phase trangformation to the-Sn and Si-XI/Si-ll p__ =30 mN, 50 mN, and 90 mN, were tested, respectively.
phases, respectivelyThese events set off the well-known 50 tests were performed for eveRy..,. In each cycle of an
silicon indentation curves with a substantial hyster&sis. indentation, thirty steps were set on both the loading and

The microstructure of the transformed materials after 6Un|()ading paths, which gave an average |0ading/un|0ading
single indentation cycle has been explored in detail by meangte of about 0.6 mN/s. In each test with a giieg,,, five
of Raman spectroscopy and cross-sectional transmissiofjcles of indentations were carried out. To characterize the
electron microscopy>® The transformation zones were stress-induced structures, Raman analysis was completed us-
found to be amorphous, crystalline, or a mixture of crystal-ing a Renishaw Raman Systems 2000 Microprobe with 514.5
line and amorphous phases, depending on the maximum ifimm excitation operated in the confocal mode with a spot size
dentation loadland the loading/unloading rét¥ It was also  of 1 ,m and a depth of focus of am.
believed that the phases formed during indentation loading  Figure 1 shows the evolution of the load—displacement
were metastabl®° However, details of their mechanical curves in cyclic indentations. WitR,.,=30 mN[Fig. 1(@)],
properties have never been investigated. the curves of the first cycle of the 50 tests show either an
It was reported that under repeated indentations with &|pow (change of slopeduring unloading17 of the curvek
Berkovich indentef’ the load displacement showed nonde-ngicating in the case of Berkovich indentations a greater
generative hysteresis under low indentation loads. At @ikelinood of amorphous phase formatiboy an elbow with
higher indentation load, however, the hy_st_e_re_sis (_Jlisappeareegsma" pop-ou(33 of the curvek indicating a minor crys-
in the second cycle as a result of crack initiation in the subigjine decomposition along with the major amorphous trans-
surface. It was concluded that the nondegenerative hysteresi§ymation. The pop-in during loadingnarked in Fig. 1 rep-
appears due to phase transformation events in indentation bilicents a phase transformation from diamong-®n phase

no further details were presented. according to the relevant theoretical predictfdtin the sec-
ond cycle, the slope of the loading curve increased slightly,

3Electronic mail: zhang@mech.eng.usyd.edu.au giving rise to a greater effective Young’s modulus, 138 GPa.
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100 cycle cycle cycle _cycle cycle of 50 mN are presented in Fig(k). The pop-out appears in
NS } the first indentation cycle, reflecting, as in the case of a Berk-
z 80 ovich indenter, the formation of high-pressure crystalline
Sso phases in the transformation zdh&@he maximum penetra-
g tion depth in the second indentation cycle decreased substan-

tially, indicating that the material in the transformed zone has
less material still exhibiting hysteretic behavior. Pop-in is not
so obvious on the loading part of the curve, occurring at a
much higher load of 35 mN. Slopes of the very upper parts
of the loading and unloading curves in the first and second
cycles are nearly identical, with the values of 0.02 mN/nm
FIG. 1. Load—displacement curves in five indentation cycles with different®n l0ading and 0.356 mN/nm on unloading. This may indi-
maximum loads: (8 Pn=30mN, (b) P..,=50mN, and (c) P.., cate that some further transformations occur when the load
=90 mN. Note, that the second and subsequent loading cycles were shifteslyceeds the pop-in load in the second cycle and the same
to zero displacement. type of decomposition on unloading before the pop-out
event. The subsequent indentation cycles become almost
Young’s modulus were calculated by the method described iidentical. Similar to the first set of tests with,,,,=30 mN,
Ref. 17. In calculating Young’s modulus after the first inden-the response of the material is nearly elastic but the effective
tation cycle, the concavity of the residual indentation impres-Young’s modulus becomes high@r40 GPathan that of the
sion, measured by an atomic force microsc6pEM), was  original diamond structuré137 GPa. Again, this gradual
taken into account. With this, the effective radius of the in-change of the indentation curves suggests that the structural
denter can be calculated using the theory of contacthange in the transformation zone takes place in the first few
mechanicg:Y’ In this cycle, the pop-in during loading is still cycles. However, in the present case Ry,=50 mN, the
noticeable and the unloading curve shows a bend that can t&abilization process to the final elastic behavior was much
viewed as a gentle pop-out at a much higher portion of theccelerated if compared with the caseRyf,,=30 mN.
curve if compared with that in the first indentation cycle. It is For the indentations undé?,,,,,=90 mN, the first cycle
interesting to note that the material behavior becomes morpresents an obvious pop out on unloading. This was consid-
and more stable upon the repeated indentations. As shown @red the result of the second phase transformation f8em
Fig. 1(a), the load—displacement curves of the fourth andto SI-XII/SI-11l.2° The conclusion is reconfirmed here by Ra-
fifth cycles are nearly identical, with almost no hysteresis. Itman spectruntFig. 3, curve athat shows the formation of
is even more interesting to note that the response of the mahe high-pressure phases Si-XIlI and Si-lll in the first inden-
terial in the later cycles becomes nearly elastic, as shown itation cycle. Similarly, in the second indentation cycle, the
Fig. 2, where the theoretical curve was based on the elast&lope of the loading curve substantially increases. Recalling
indentation theory/ with the effective Young's modulus the specification indicated by the Raman spectrum just dis-

=139 GPa. Recalling that the effective Young’'s moduluscussed, it is easy to understand that this is partly due to the
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S different here is the further evolution of the load—
displacement curves from the second indentation cycle. This
implies that indentations under the samg,, will also in-

Sl troduce phase changes. In addition, the results show that un-
der the sam® 5, phase transformations and material prop-
erty stabilization take place within the first few cycles of
repeated indentations. However, the transition of the load—
displacement curves under differet,,, indicates that the
rate of the phase change is stress dependent.

At the fifth cycle, the response becomes nearly elastic
(Fig. 2). Thus, no further phase transformation occurs. This
is different from the result when silicon is loaded in a dia-
mond anvil cell, where multiple loading—unloading cycles
FIG. 3. Raman spectra from the samples after indentation Wi,  wjll initiate the diamond toB-Sn transformatioff and the
=90 mN: (3) after the first cycle andb) after the fifth cycle. SIXII/SI-IIl phases were unstable and reversibi@he main

) . . ) difference between the loading by an anvil diamond cell and
penetration of the indenter into the high-pressure phases, Siy, indentation is that significant shear stresses appear in the
Xl 'and Si-lll, that have different properties. The upper part|asier. Although it has been proposed that the level of the
of the loading curve beyond 80 mN deviates from elasticyeyiatoric stress plays an important role in the phase changes
behavior and has a slope equal to that of the corresponding silicon? it is unclear how a cyclic change of the stresses
part in the first cycle, resembling the second cycle in thggcks in the phase transformations and makes the high-
indentations withP,,,=50 mN. The third to fifth indenta- pressure phases behave in an elastic manner.
tion cycles indicate almost elastic and nonhysteresis behav- |, summary, this study identified some special properties
ior. The effective Young's modulus of the modified structure oy monocrystalline silicon when subjected to a cyclic micro-
increases to 141 GPa. The phase composition of the transfoygentation. Different structures grew under differént.,.
mation zone after the fifth indentation cycle, as presented ifpe response becomes elastic after a number of repeated
Fig. 3, curve b, shows a number of bands arising from phasgggentations and a highé?,,,, hastened this property stabi-
Si-Xll and Si-lI. lization. In addition, the structures formed at differéy,,

If a material undergoes classical plastic deformation, thg,5ye slightly different mechanical propertie@ffective
material in the later indentation cycles would follow the un- Young’s moduli in the present stuglyThe transformed struc-
loading path of the first cycle and possess a nonhysteresi§re developed in the first indentation cycle is highly un-
behavior wherP,,, is a constant. This is certainly not the staple and can be easily altered by a number of indentation
case in silicon under all th@p,, studied. The deformation griables. However, the detailed structural changes during

reached the nonhysteresis behavior only after some cycles gle repeated indentations and the mechanisms of the property
repeated indentations and the number of the cycles requiregapilization are still open questions.
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