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Nanoindentation experiments were performed using Berkovich and cube-corner indenters to
investigate whether nanoindentation-induced phase transformations, such as those observed in
silicon, also occur in germanium. Although the indentation load-displacement curves for germanium
do not show the unloading pop-out or elbow phenomena observed in silicon, clear evidence for
phase transformations was obtained by scanning electron microg&apy) and micro-Raman
spectroscopy. SEM showed that there is extruded material around the contact periphery of
cube-corner hardness impressions that is metalliclike in its flow characteristics, just as in silicon.
Micro-Raman spectroscopy revealed more direct evidence by identifying amorphous and what may
be the crystalline BC8Ge-IV) phase. The fact that these phenomena are observed primarily and
reproducibly only for the cube-corner indenter suggests that the contact geometry significantly
affects the transformation behavior. Results are discussed in terms of possible deformation
mechanisms and how they may be influenced by the indenter geome2@0®American Institute

of Physics[DOI: 10.1063/1.18945883

High-pressure experiments conducted over the past fouRidge, TN. Two triangular pyramidal indenters with
decade’® have shown that under hydrostatic loading condi-centerline-to-face angles of 35.&ube-corner indentgand
tions at room temperature, the Ge-1 diamond cubic structuré5.3° (Berkovich indenterwere employed in a manner simi-
transforms to the metallig-tin structure(Ge-ll) at a pressure lar to a recent study of silicotf. Most tests were performed
of about 10—11 GPa. Upon unloading, two different metato a peak load of 50 mN at loading/unloading rates of 0.5
stable crystalline phases can form depending on the unloa@nd 5 mN/s. Micro-Raman analyses of the hardness impres-
ing rate. For slow unloading, the Ge-Il phase transforms téions were conducted within 1 h of nanoindentation using a
the simple tetragonal Ge-IST12 structurg but for fast ~ Dilor XY800 Microprobe (JY Inc., Edison, NJto identify
unloading the predominant phase is the body-centered-cubFEanSfOfmed phases. To examine the stability of these phases,
Ge-IV phase(BC8 structurg they were a_lso examined one and two days Iater_. Af Ar

Since these transformations are broadly analogous t{*S€r operating at 5145 A was focused to a spot size of ap-

those occurring in silicon, one might expect that the widelyProximately 1um on the sample, and the light collected

reported indentation-induced phase transformations jipack into the microscope was dispersed with a diffraction
silicor? would also be observed in Ge. However, as noted b rating and detected with a charge-coupled device detector.

Domnich and Gogotsi in their recent review artitla- he beam intensity was kept low to minimize possible arti-

though there is some evidence for phase transformations ff Cts caused by laser heating. Subse_quent to the micro-
) . . . . aman measurements, the hardness impressions were im-
higher load indentations made with a Vickers indefter,

L . . .’ aged using a Leo 1525 field-emission scanning electron
there is little reproducible evidence that the tranSformat'on%icroscopy(SEM Carl Zeiss SMT Inc, Thornwood, NYo
occur during nanoindentation. In particular, Raman peaks f ' ' '

(o) . . .
dentify important topographical features of the hardness im-
transformed phases have not been observed reproducibly {ﬂ'essi)c;ns.p pograp

. . 0,11 _ . ol 8 i . .
nanoindentation®** and a recent cross-sectional transmis Figure 1 shows typical nanoindentation load-

sion electron microscopy stuthhas shown that severe tin-  gisplacementP-h) curves observed in the study. The sharper
ning, rather than phase transformation, is the primary mechgs,pe_corner indenter produces a larger peak-load displace-
nism of deformation in Ge during spherical indentation. Theqant and a greater proportion of permanent plastic deforma-
purpose of this letter is to report observations that show thagon after unloading than the Berkovich indenter. The cube-
phase transformations do indeed occur during nanoindentgprner indenter also produces a number of displacement
tion of germanium. discontinuities in the loading curve which are caused by dis-
Nanoindentations were made on a standa@f) Ge wa-  continuous crack extension and chipping. With a fracture
fer using a Nanoindenter-XRMTS System Corp., Oak toughness of about half that of silicdhgermanium is much
more brittle and cracking is thus much more extensive. In
Also at: Oak Ridge National Laboratory, Metals and Ceramics Division,COMparison to silicon, the most noteworthy feature in the
Oak Ridge, Tennessee 37831; electronic mail: pharr@utk.edu P-h curves is the lack of a “pop-out” or an “elbow” in the
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60 (b) dP/dt = 0.5mN/s FIG. 2. SEM micrographs of nanoindentations madéat,=50 mN: (a)
(P,..= 50 mN) Cube-corner indenterdP/dt=5 mN/s, (b) cube-corner indenterdP/dt
50 4 f =0.5 mN/s,(c) Berkovich indenterdP/dt=5 mN/s, andd) Berkovich in-
Cube-comer denter,dP/dt=0.5 mN/s. Note that the magnifications for the micrographs
'g 401 indenter are slightly different.
—~ 207 spectra are shown—one before indentation and three others

at times of 1, 20, and 44 h after indentation. Although the
pristine Ge-l shows only one peak at 300 ¢énthe material
examined 1 h after indentation exhibits distinct narrow peaks
at 205, 230, 250, and 264 cfand broad bands around 150
and 270 crit. The broad bands have been identified as
FIG. 1. Nanoindentation load-displacement curves made with cube-corneamorphous G&.The narrow crystalline peaks between 200
and Berkovich indenters to a peak loBg,,=50 mN: (a) dP/dt=5 mN/s, and 270 cit are different from the observed peaks for
and (b) dP/dt=0.5 mN/s. ST12-Ge(Ge-lll) phas€, but are very similar to peaks ob-
served in diamond anvil cell experiments by Hanfland and
unloading curve for indentations made with the Berkovichsy_""sseﬁ""’ho pointed out their striking similarity to BC8-Si
indente® 2 The pop-out and elbow phenomena observed in(S|-III)._ Based on this observation and t_he fact that faster
Si are usually associated with transformation from high presunloading rates promote the transformation to the BC8-Ge
sure Si-Il phase to metastable crystalline pha&idil and ~ (Ge-1V) phase in diamond anvil cell studisve tentatively
Si-XIl) and amorphous Si, respectively. As shown in Fig. 1,25sign these peaks to Ge-1V, but note that confirmed Raman

neither of these features nor anything like them is observedPectra for this phase are not yet available. Goggital. also
in germanium_ The un|0ading curves have the normal apObserved peakS like these in Berkovich indentations made at

pearance of elastic recovery. an UnSpeCiﬁed “high” |Oading rate, but the result was not

Although theP-h curves show no evidence for a phase reproduciblel.0 On the other hand, the transformed crystal-
transformation, SEM observation of the cube-corner hardline peaks for the cube corner indentations observed in this
ness impressions, as shown in Fig&) and 2b), revealed a study were seen consistently in each and every of ten sepa-
thin layer of extruded material around the entire contact petate indentations. Another important observation in Fig) 3
riphery. As in the case of silicolf, this extrusion indicates IS how the crystalline phases diminish over time at room
that a soft ductile phase that can flow like a meflg., temperature and ambient pressure; after 20 h of aging, the
Ge-ll) is sandwiched between the diamond indenter and theeaks are barely discernible. This is consistent with the ob-
relatively hard surrounding Ge-I. While the extrusion behav-servations of Nelmeet al,* who found using synchrotron
ior is well known only in Si** this is a clear observation of x-ray diffraction that the Ge-IV phase formed in diamond
the phenomena in Ge. In contrast to the cube-corner inder@nvil cell experiments vanishes within 17 h of removing the
tations, the Berkovich indentations shown in Fig&)Zand  pressure.

2(d) exhibited no extrusion, although close inspection re-  Figure 3b) presents the Raman spectra for indentations
veals that there is a zone of what appears to be severefjpade under similar loading conditions with the Berkovich
deformed material inside the contact impression that gives indenter. The spectra come from two separate indentations
a mottled rather than smooth appearance. Hainsvearéth™>  identified as Case A and Case B. Raman spectra exhibiting
first observed these zonéthey called them “extruded lay- transformed crystalline phagentatively identified as Ge-IV
ers”) and attributed them to plastic deformation and extru-above and amorphous phase, such as those in Case B, were
sion of the metallic Ge-ll phase in the same way it occurs irobserved only occasionally. When observed, the peak inten-
Si.** However, because the material does not extend beyorgities of the transformed phases were relatively low in com-
the edge of the hardness impression, it is difficult to concludgparison to those for the cube-corner indenter, and they dimin-
whether it is formed in response to a metallic phase transforished significantly after aging. The more common
mation or to highly constrained plastic flow. observation was Case A, in which only a shifted and broad-

Additional evidence for indentation-induced phase transened Ge-| peak is observed, with the shift indicating a com-
formations was obtained through micro-Raman spectroscopyressive residual stress. It should be noted that even though
Figure 3a) presents micro-Raman spectra for cube-cornethe Raman spectra revealed transformed phases for Case B

indentations made at the faster loading rate of 5 mN/s. Fouonly, deformed zones—such as those shown within the con-
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= gube_-c%merindenter (@) ible only when sharper indenters are employed. This is most
S (d";Id-tg5n:n':Us) G-l likely due to influences of indenter geometry on the contact
%‘ ! Beforo mechanics. Because the cube-corner and Berkovich indenters
g aGe 67 indentation give approximately the same indent size at a fixed I(sad

= ' Fig. 2, the sharper cube-corner indenter displaces much
.g After 1 hr more volume, thereby producing greater local pressures and
‘g ‘After 20 hrs shear stresses and a larger zone in which the stresses are
& high. Assuming the transformation from Ge-l to Ge-Il during

z Aer 44 Ivs loading involves a nucleation and growth mechanism, the

P .~ P driving forces for transformation will thus be greater for the
“ cube-corner indenter and the probability of transformation

Wavenumber [om™] higher. For the Berkovich indenter, the observation that

transformed phases are formed only occasionally indicates

= ,‘?.j_"_‘ivg‘ rdenter 4 ceq (P) that the driving forces may not be sufficient to nucleate the
8. |(dP/dt = 5 mNis) transformation in the time periods involved in the experi-
%‘ ment. In this case, plastic deformation must proceed by other
c aGe Gelv 2-Ge Before hani h twinni b d Brad 11
8 t indentation mechanisms, such as twinning, as observed Br tng:,
& \\ and/or dislocation activity. In this sense, the indentation de-
'§ ! Case-A, 1 hr formation of germanium involves a close interplay between
'g R) Case-B, 1 hr competing deformation mechanisms, and which mechanism
5 Case-B, 20 hrs| dom@nates depends on how fast each mgchgnism prcheds
z e~ relative to the rate at which with stresses rise in the vicinity
200 300 400 of the contact. An alternative explanation for the observed

behavior is that the smaller transformed volume of material

Wavenumber [cm™] ller: _
expected for the Berkovich indenter may more easily revert

— [P._=50mN to Ge-l during unloading. Differences in the magnitudes of
E (dP/dt = 0.5 mN/s) byt () the shear stresses produced by the two indenters could also
2 | Before play an important role in the transformation, but this is not
g indentation well understood.
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