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Transmission electron microscopic observation of nanoindentations made

on ductile-machined silicon wafers

　　　　Jiwang Yan8)
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　　　　Nanoindentation tests were performed on a ductile-machined silicon wafer with a Berkovich

　　　　diamond indenter, and the resulting indents were examined with a transmjssion electron microscope.

　　　　lt was found that the machining-induced subsurface amorphous layer undergoes significant plastic

　　　　flow， and the microstructure of the indent depends on the indentation load. At a smaII load

　　　　(～20 mN)，most of the indented region remains to be amorphous with minor crystalline nuclei;

　　　　while under a lal｀geload (～50 mN)，the amorphous phase undergoes intensive recrystallization. The

　　　　understanding and utilization of this phenomenon might be useful for improving the microscopic

　　　　surface properties of silicon parts produced by a ductile machining process. 0 2θθjル?1どrfcα刄

　　　　旭心rべμ勿ja.[DOI: 10.1063/1.2133908]

　　Single-crystal silicon has a strong directional covalent

bond with the diamond'cubic structure and is nominally a

highly brittlematerial at room temperature. However, silicon

can also be deformed and machined in a ductile manner un-

der high-pressure conditions due to the high-pressure phase

transformations.1‾?This phenomenon has attracted intense

interest from multidisciplinary researchers， and the thorough

understanding of thjs phenomenon may contribute signifi-

cantly to the technological developments of manufacturing

industries for semiconductor substrates and microelectrome-

chanical systems･12

　　Ductile regime machining using a single-crystal dia-

mond tool at an extremely small depth scale，from a few

nanometers to a few tens of nanometers， is a potential tech-

nology　for　fabricating　silicon　components　of complex

shapes.13 This technology can produce ultraprecise silicon

parts，but at the same time，may cause the near-surface layer

of material to transform to an amorphous state via a meta-

stable metallic (β-Sn)phase. A number of previous studies

have confirmed the presence of the amorphous phase in

ductile-machined silicon wafers.8‾11

　　The residual amorphous layer win significantly innuence

the mechanical， optical，and electrical functions of silicon

parts，as　well　as　the　subsequent　wafer　manufacturing

processes.14 Therefore， itis very important to clariflythe na-

tⅢ･eof this amorphous layer. ln a recent paper， we reported

the preliminary results of nanoindentation tests performed on

ductile-machined　silicon　wafers.15　We　found　that　the

machininlinduced　amorphous　layer is　softer than　the

l)Electronjc maj】:yanjw＠pm.mech.tohoku.acjp

0003-6951/2005/87(21)/211901/3/S22.50

diamond-cubic silicon and has significant microplasticity，

which in fact determines the ductile machjning performance

of silicon substrates. ln the present letter,we report the trans-

mission electron microscopic observation results of the in-

dents made on a ductile-machined silicon surface，and inves-

tigate the deformation and possible phase transformation

behavior of the amorphous layer｡

　　Electric device gradep-type single-crystal silicon (100)

waf11rs were machined by ny-cutting using a －60°rake angle

diamond cutting tool on an ultraprecision diamond lathe，

'lbyoda AHP 20-25N. Undeformed chip thicklless was set to

100 nm and cutting speed was 15－18 m/s. The nanoinden-

tation tester we used was ENT･ 1100a， produced by Elionix

Co･， Ltd.　CR)kyo， Japan)･lbsts were performed using a

Berkovich-type diamond indenter. The maximum load was

varied in the range of 0.1－100 mN， where the time for load-

ing and unloading was thesanle　and fixed at 5 s. 0ther

conditions can be partially found in Ref. 15｡

　　0ne of the diamond-machined silicon wafers with

nanoindentations was processed by focused ion beam (FIB)

technique　to　prepare　transmission　electron　microscope

(TEM)samples. The TEM we used was H-9000NAR， pro-

duced by Hitachi Ltd. (lokyo， Japan).The conditions used

for TEM observations were: Acceleration voltage 300 kV，

direct magnification fllom 5000 to 400 000 times and exten-

sion magnification of five times，leading to a total magnifi-

cation from 25 000 to 2 000 000 timesjlo protect from pos-

sible damages from the FIB， carbon (C)and tungsten (W)

coatings were made on the samples｡

　　Figure　l　shows　a　bright-field　cross-sectional　TEM

(XTEM)micrograph of the ductile'machjned silicon wafer

neall one of the indents. lt can be seen that an approximately
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(b)

FIG.3.XTEM micrographs of an indent made at a maximum load of 50

mN:(a)General view and (b)HRTEM of a sma11 region below the indenter

tip･

　　Apart from the indentation load， other conditions， such

as loading/unloading rate and indenter geometry,22'23 may

also influence the residual microstructure of the amorphous

layer. From this point of view, it might be possible to control

the microstructure of the indented area through optimizing

the indentation conditions. The above-mentioned mechanical

process， that is，diamond turning followed by nanoindenta-

tion，might provide an alternative possibility for fabricating

high-performance　thin-film　transistors　and　other　useful

　　　　　　　　　　　　　　　　Appl. Phys. Lett. 87， 211901(2005)

devices24‾26 instead of the laser-induced crystallization of

･2-Si. Similarly， in a ductile machining process， it mjght also

be possible to control the microstructure of the near'surface

layer of a silicon part by controning the tool geometry and

machining conditions.
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