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High-pressure phase transformation of silicon nitride
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We provide evidence for a high-pressure phase transform@i&®T) in the ceramic material

silicon nitride. This HPPT is inferred by a high-pressure diamond anvil cell, Raman spectroscopy,
scanning/transmission electron microscopy, and optical and acoustic microscope inspection. In the
case of silicon nitride, the HPPT involves a ductile or metallike behavior that is observed in severe
deformation processes, such as nanoindentation and micromachining. This pressure-induced
plasticity is believed to be similar to that found in silicon and germanium with its origin in the
high-pressure metallig-Sn phase formation. @003 American Institute of Physics.

[DOI: 10.1063/1.1632031

There is considerable interest in the production anchometer and micrometer length scales. A thorough descrip-
manufacture of engineered systems using advanced cerantion of the ductile behavior of ceramics, and evidence of HP
materials such as silicon nitride ¢Bl;) and silicon carbide phases of these nominally brittle materials, is presently not
(Si0).! Insulators, such as @i, and SiC, are currently available. In particular, thén situ detection of the HPPT of
widely used in microelectronic and mechanical componentssilicon nitride has not been previously reported.

The high cost of fabricating these hard and brittle materials ~We report on evidence of these HPPTs. Our work em-
has thwarted efforts to significantly integrate them into ad-Ploys postprocess characterization techniques to identify the
vanced industrial applications, such as engines, includindglPPT of silicon nitride. In all cases reported herein, the start-
seals, bearings, pistons, and turbine blades. A fundamenttld material is polycrystalline §iN,. However, the resulting
understanding of the deformation mechanisms of ceramic@aterial, produced after release of the pressure, is amor-
will certainly lead to advances in the fabrication science and@hous. This order-to-disorder transition, from crystalline to
technology of semiconductor and mechanical devices fofMOrPhOUS, is strong evidence of a HPFM. the case of a
high-temperature applications. Recently, a technology fohighly studied material, such as silicon, the amorphous phase
ductile-regime processing of nominally brittle semiconduc-that re_sults after depressurization occurs from a back trans-
tors and ceramics has demonstrated the potential for gendRrmation from the HP phase. The exact nature of the HP
ating surfaces and components with minimal surface an@hasg Qf SN, is currently .nOt known, but it is expg'cted to
subsurface damadeThe high-pressure metallic nature of € 5|m|!ar tq that of semmgnductors, such as S'“.COH .and
these materials may also be employed as active or passi\?ﬁermamum, .., #-Sn metallic phaséln thes_e T“_ate“a's- i

e magnitude of the pressure or stress to initiate the phase

components for nano- and microintegrated circuits, replacin T . !

L ansformation is equivalent to the hardness of the material

the need to add metals for conductors and circuits. The loc L : .
Pa, then, it is likely that the resultant plastic deformation

high tEressurE(HP) that 'anf occurh durl?g h?teroetpna?(l?l is due to a HP phads 1
growth, may be responsible for a pnase transiormation into a -, original evidence of a HPPT of 8!, was due to the

qu;’:tsu—hquuig phase, as evidenced by recent theoreucacLbserved ductility during mechanical deformation, such as

calculations. _ _ indentation and grinding'? Plastic deformation at room
The plastic deformation of these materials at room teMyemneratyre is severely restricted in semiconductors and ce-

perature is believed to be caused by its transformation to HPamics. Mesoscalé>micrometer sizp deformation is not

phases during mechanical contécthesg HP (metallid  expected to occur in these materials at low temperatures, i.e.,
phases may also exhibit superconducting character%tlcsup to their transition temperaturésone half of the melting

The extent or generation of the HP phase is limited due to th?emperature T,), for example, about 600 °C for silichf
propensity of the material to fracture as a brittle solid. The  one of the authoréJ.P) conducted preliminary diamond
scale or size of the HP phase transformatiiPPT) is thus  anvil cell (DAC) experiments on $N, to investigate the
limited by the fracture behavior of the material for nonhy- presence of HP phases. At pressures between 20 and 35 GPa,
drostatic stress states. Therefore, the extent of the ductile @me low-energy x-ray diffraction peaks occurremrre-
plastic behavior of these materials occurs between the n&ponding to 17.38 to 24.21 @VWwhich are a signature of a

HP phase of silicon nitrid& This finding is significant in the

dpresent address: Western Michigan University, Kalamazoo, MI 4900gRresent co_ntext becaug®) it shows that a HPPT did occur,
5336; electronic mail: john.patten@wmich.edu and that this one was not the same as the atmosphghig Si
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FIG. 2. Micro-Raman results indicating approximately of subsurface
damage for a 5um depth of cut on silicon nitride.
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(a)

SiN Chips terial, which was produced by the ductile or plastic deforma-

. n . tion process. The depth of this plastically deformed material
001 layer is 0.5um or less below the surface, for a 250 nm depth
52001 of cut. This surface material is believed to consist of the
3000 amorphous remnant identified by Raman Spectroscopy. The
2800 depth of the damage layer below the surface is proportional
2600 to the amount of material removed from the original surface;
i.e., a 5um depth of cut resulted in approximatelysn of
subsurface damage in the form of an amorphous or plasti-
. cally deformed layer, as shown in Fig. 2 for a cross section

600 700 800 900 1000 1100 1200 - Raman.
(b)

. Comparable images of the chips or debris generated dur-
ing processing, shown in Fig. 3, provide clear evidence, that
FIG. 1. (8 UV Raman of machine¢500 nm depth of cytand nonmachined  the material deformed in a ductile or plastic manner. The
SisN, surface. The broadening in the UV Raman spectra indicates that th?naterial removed is severely deformed. and the image indi-
machined material near the surface is amorphous; withing®bof the tes that th terial ble to b d,b K itself
surface(UV light does not penetrate the material as deep as visible light and,Ca es that the matenal was able 10 bend back over upon itsetl,

therefore, allows for analysis of the material's surface of the matefml ~ Without fracture The chips are typically quite thin, of the
UV Raman of machined g\, debris or chips generated by removing. order of a micrometer thick’

of material from the surface of silicon nitride. Temperatures during these mechanical deformation pro-
cesses need not be high. These processes have been demon-

and(2) The HPPT pressure occurred at or near the hardnesgrated(experimentally and via simulatiotio occur at room

of the material>'*As the goal of the DAC experiment was l€mperature, without any appreciable heating takmg.pziace.

to identify a HPPT, we made no attempt to identify the crys-/Ve concll_Jd_e, therefore, that thermal process m_echanlsms are

tal structure of the resultant material. However, we noted thafot the d”V'_”g golrgce for the observed order-to-disorder phase

the HPP was denser than the starting phaseatmospheric transformauoril: ’ . _ _ _

pressurgas inferred by the location of the diffraction peaks ~ BY €mploying various analytical techniques, we consis-

of the phase being shifted to lower-energy peaks compared f§Ntly detected indications of a HPPT ins8j. We have
the atmospheric phase. provided a quantitative evaluation of the magnitude of the

UV (wavelength 244 ninand visible(wavelength 514.5 transformation pressure and the extent or range of the phase

nm) Raman spectroscopy were used to analyze the structu{EanSforg‘&t‘:]'on baslfd lthon mehchamcal contta(il(lmd dQef?rma—
of micro- and nanomachined $8l,. The following spectra, lon, an € resuftant amorphous remnant. indications

presented in Figs. (& and Xb), represent data collection

cts/s

2400 4

2200 4

Rem’

taken from the surface of machined;’Sj [Fig. 1(a)] and the ' Ductile chip formation
chips or debris, i.e., removed material that is created during 4 indicated by chip curl

the machining proceds-ig. 1(b)]. The Raman spectra, Fig.
1(a) nonmachined surface, exhibits peaks that are a signature
for crystalline bulk material; therefore, a phase transforma-
tion has occurred at the surface due to the machining pro-
cess, with the resulting phase being amorphous. The chips
also appear to have a higher amorphous phase content as
evidenced by the peak broadening, probably a consequence
of the extent of the higher compressive stresses generated
within the chip®®

We also used acoustic microscopy to image the surface

and subsurface Strl_JCture of SNh: _These 'mages(nm FIG. 3. Scanning electron microscope image of chip/debris from machined
shown herg show evidence of a significantly deformed ma- si;N,, area 400umx400 xm.
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