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Effect of temperature and stress on plastic deformation in monocrystalline
silicon induced by scratching
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Dry air, coolant, and liquid nitrogen were applied, respectively, to study the effect of temperature
and stress on plastic deformation in scratching monocrystalline silicon. Phases generated in surface
deformation were characterized by means of the transmission electron microscopy. It was shown
that the size of the amorphous transformation zone and the depth of slip penetration in sample
subsurface were mainly dependent on the stress field applied. The influence of the temperature
variation to—196 °C was surprisingly small and the low temperature did not suppress the phase
transformation and dislocation activity. 8005 American Institute of Physics
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Silicon is a fundamental material for electronic and pho-scratching velocity was 2.67 mm/s and the scratched length
tovoltaic technologies and as such an in-depth understandingas 20 mm. Before a scratch test, the wafer surface was
of its deformation mechanisms under a wide variety of expolished in ultraprecision mode to ensure that no subsurface
ternal conditions are of significant importanic@ Monocrys- damage took placE The dry scratching tests were con-
talline silicon is known as a brittle material at temperaturesjucted in open air. In the tests with coolant, water based
below 0.5, (T, is the melting temperature of silic  coolant was spread over the sample's surface before scratch-
however limited plasticity featuring phase transformation tojing. In order to perform a test at a temperature-dfo6 °C,
amorphous or crystaline metastable R8/BC& body- 4 sample was placed in a polystyrene container filled up with
centered qubic/rhombohed?}aphases and dislocation activi- |iquid nitrogen. The sample and indenter were completely
ties are widely admitted under complex loading in differentjymersed in the liquid nitrogen for 20 min before scratching.
surface mg‘ig';f'ca“on_ Processes such as |ndent8_ﬁ’8n, After the experiment, liquid nitrogen was allowed to evapo-
scrafching, ~*  turning; grinding, ~and = polish- o0 a1 the sample rose to the room temperature gradually.
ing. > Yn all mentioned processes material deforma- The topography of the scratches was studied by means
Bf an atomic force microscope. TEM studies were carried out

tion ‘issgzassociated with some degree of local temperatur
. 16, P -
rise.™" Therefore it is hard to separate stress and tempere}n a Philips CM12 transmission electron microscope operat-

ture contributions to the micro plastic deformation of silicon. .

In an attempt to eliminate the possible temperature rise. 9 at 120 kv. The(110) cross-section TEM specimens were

Khayyatet al. performed indentation experiments in liquid prepared Esw;g a trlpo;(i.lnl thet: ptrr?paratl?nr;.theds.anég;isur-
nitrogen®? No phase transformation was detected inside thdace was kept perpendicular to the scratching directidi-

residual indentation marks by means of Raman spectroscop f'i”}/’_the |on_-beam thinning was camgd (.)Ut to provide a
which led to an impression that structural transformations apUiliciently thin area for the TEM investigations. o
77 K were unlikely to happeff.On the other hand, a number Figure 1 presents topography of scratches obtained in
of studies confirmed negligible temperature rise in sampledrée cooling media of dry air, water based coolant, and lig-
undergoing phase transformatiti?® In addition, no corre- uid nitrogen. Mlprocracks were evident on the sa_mplgs’ sur-
lation between the infeed velocity and the amount of phaséace scratched in dry air. The scratch generated in air was 6
transformation was admitted in grinding experiments, whichtm in width and 320 nm in deptfFig. 1(a)]. Bumps could
indirectly indicated that the temperature rise played a minoflearly be seen near the scratch edges, indicating that a phase
role 28 It is therefore still unclear if the phase transformationstransformation to a ductile phase during stressing occurred.
and dislocations can be activated in silicon without a sub-  In contrast, no surface microcracks were observed when
stantial temperature rise. the tests were done in coolant. Scratches appeared with the

In this study we intend to clarify the problem by con- same width(6 pm) but with a much shallower dept{180
ducting scratching experiments in dry air, coolant, and liquidnm) [Fig. 1(b)]. The scratch bottom was rather rough in this
nitrogen, respectively. The phase transformations will becase. Bumps were also clearly distinguished near the scratch
identified by means of a cross-section view techniqaed edges, confirming an extrusion of a ductile phase.
transmission electron microscopy. The scratch geometry was altered largely when the tests

The scratching tests on tig00) surfaces of monocrys- were in liquid nitrogen. The scratch width reduced tarb
talline silicon along(100) direction with a fixed normal load and the depth to 120 nrfFig. 1(c)]. The bottom of the
P=100 mN were performed on a modified reciprocatingscratch was rough with some brittle fragments and extensive
scratching machine with a conical diamond indenter having @njcrocracks were developed on the sample surface. Surpris-
cone angle of 120° and a nominal tip radius of Br. The  jngly, the bumps still exist near the scratch edges, which
seems to suggest a phase transformation at the temperature
¥Electronic mail: zhang@aeromech.usyd.edu.au of —196 °C.
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FIG. 1. Scratch profiles in different cooling media) dry air, (b) water
based coolantc) liquid nitrogen.

Figure 2 shows the diffraction contrast images, demonF!G. 2. The microstructure of the transformation zones after scratching in
different cooling medidthe diffraction patterns of the transformation zones

fr::’l[?:)nng Ztgﬁerg?t:ghs?ckr)eﬂ)éh?:g g(gé?lit]gj::: :ﬁ frjet?ﬁr;reaﬁzz é{\fere insertey (a) dry air, (b) water based coolan(¢) liquid nitrogen.

where the diffraction patterns were inserted to show the crys-

tallinity inside the transformation zone. It is clear that trans-inse). The height of the bump agrees with that bump pre-
formation zones developed in all three media, but the amourgented by Fig. ().

and feature of the transformed materials were dissimilar. The  The width of the transformation zone reduced tarb,
scratching in dry aifFig. 2(@)] generated mainly amorphous but its depth expanded to 470 nm and became almost similar
transformation zongsee the inset in Fig.(3)] with its width  to the depth of the transformation zone initiated in dry air.
and depth of &im and 450 nm, respectively. Large microc-
racks were developed beneath the zone, but dislocation ac-
tivities were limited, probably due to the extensive microc-
racking.

The scratching with coolant generated a shallower trans-
formation zone(depth= 360 nm and width= 6 pm) [Fig.
2(b)], which is mainly amorphougsee the inset in Fig.(B)].
However, small crystalline areas near the bottom of the zone
were identified as diamond silicon. The slip line penetration
was evident to the depth of 116n. Also, the median crack
developed at sites of slip line interactions.

The subsurface structure after scratching in liquid nitro-
gen[Fig. 2¢)] indeed confirmed phase transformation as in-
dicated by the bumps at the scarch edgég. 1(c)].

The detail of the bump is presented in Fig. 3, which

shows its amorphous natuggee the diffraction pattern in the FIG. 3. The microstructure of the bump after scratching in liquid nitrogen.
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Also unexpected was the extensive development of the slipnd tangential forces were similar in experiments with air
systems beneath the transformation zone, which penetrateshd liquid nitrogen it is reasonable that the size of the trans-
to the depth of 3.5um. However, many median cracks were formation zones in these cases appeared almost identical. It
developed in the subsurface, emanating from the sites of slijs also reasonable that the smaller scratching tangential force
line interactions. The arbitrary directions of the cracks indi-with coolant led to a smaller depth of the amorphous zone
cated that diamond silicon at196 °C is brittle. Besides, and a shallower penetration of slip systems.

some amount of crystalline diamond phase was found inside  In summary, this study led to the following conclusions:
the amorphous zone. . . . .

Now let us consider the details of the stress componentsl) Stress field plays a major role in plastic response of
and temperature rise in scratching experiments to try to elu-  Silicon and the plasticity can be initiated without sub-
cidate the above noted observations. Normal forces were Stantial temperature rise.
kept unchanged at 100 mN in all the three types of tests. The2) Phase transformation and dislocation activities can be
estimated tangential forces based on the coefficient of fric- initiated in monocrystalline silicon at 196 °C.
tion between silicon and diamofidwere 46, 20, and 50 mN
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