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Effect of phase transformations on the shape of the unloading curve
in the nanoindentation of silicon
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Silicon wafers subject to depth-sensing indentation tests have been studied using Raman
microspectroscopy. We report a strong correlation between the shape of the load-displacement curve
and the phase transformations occurring within a nanoindentation. The results of Raman
microanalysis of nanoindentations in silicon suggest that sudden volume change in the unloading
part of the load-displacement curvgpop-out” or “kink-back” effect) corresponds to the
formation of Si—XIl and Si—Ill phases, whereas the gradual slope change of the unloading curve
(“elbow™ ) is due to the amorphization of silicon on pressure release. The transformation pressures
obtained in nanoindentation tests are in agreement with the results of high pressure cell experiments.
© 2000 American Institute of Physids$0003-695(00)02916-9

Response of silicon to depth-sensing indentation has réndentation devices were used, Nanolndenter®Il in Kiev and
ceived extensive attention during the past decafiélnlike ~ Nanolndenter®XRMTS) in Chicago, to obtain reproducible
other similar materials, silicon often shows a characteristi@nd system-independent results. Nanoindentation tests were
“kink-back” or “pop-out” during indentation, which re- performed using a Berkovich pyramid in the following way:
veals itself as a step in the unloading part of the loadloading to 30—50 mN and unloading by 90%, holding for 20
displacement curv&’ An attempt to attribute the pop-out to S at 10% of the maximum load for thermal drift measure-
the formation of a deep lateral crack beneath the indenteéients, and complete unloading. The loading rates ranged
resulting in an uplift of the surrounding surficiund no from 1 to 3 mN/s. The same rates were used for loading and
evidence in the transmission electron microscopy studiesunloading. The choice of such experimental parameters was
The pop-out can also be explained by a phase transformatid:ﬂ‘posed by t_he fa_ct that under these condition_s, the probabil-
that occurs beneath the indenter and is accompanied by Of observing either a pop-out or an elbow in the unload-

sudden volume release. It is well known that silicon trans{Ng curve is aimost the same. The transformation pressures

forms from the cubic diamond phaged or Si—) to a me- were calculated from the load-displacement data as average

tallic phase with theg-tin structure (Si—Il) at elevated CONtact pressures following the procedure of Ref. 17.

pressure§-1°0n pressure release, amorphous silicon or sev- Raman spectra were acquwed n backscatter!ng geometry

eral metastable phases can be formed from Si—Il dependin mg;’:l Ra_lrrrr:ascopttte Zotglaigr;:ff;aw, UK;?man(mlcr;)stpec-

on experimental conditions. The metastable phases inclu ometer. The scattered iight from an Alaser (excitation

the body centered cubic phade8 or Si-Il)) and its rhom- yvavelength 514.5 nbn/vas_ dispersed with a dlffract!on grat-

bohedral distortion(r8 or Si—XIl)* hexagonal diamond ing and then detected with a charge coupled device. Due to
. 7 ) virtually the same size of nanoindentations and a laser spot

phasehd or Si—IV),*? and two simple tetragonal phas&i—

vy 13 . ) (~1 um), only some average vibrational response from
Vil and S.' D.()' Con'o!uctlwty f“easureme'*‘bcof‘f”med. within the indentations was recorded, including a small con-
the metallization of silicon during nanoindentation, while

. . X tribution from the pristine region of the silicon wafer unaf-
scanning and transmission electron microscopyevealed fected by the indenter

amorphous silicon and plastically extruded material around In total. 60 nanoindentations have been made in each

thg indentations. Our recent work demonstrated that Ramaéhmple using the same experimental parameters. Three typi-
microspectroscopy could be successfully used for phasgy| |gaqd-displacement curves obtained in the experiments are
analysis of nanoindentations and confirmed phase transfok,own in Fig. 1. Normally, slower loading/unloading ratés
mation of Si during nanoindentation tedtsHowever, SP€-  mN/9 and higher maximum load&0 mN) lead to the ap-
cific features of the unloading curvépop-outs or elbows pearance of pop-outs in the unloading curf&gy. 1(a)],
have not been assigned to particular transformation process@ile at faster rate$3 mN/9 and lower loads(30 mN),
yet. elbows were more often observgiig. 1(c)]. Also, several

In this letter, we report the results of the Raman mi-indentations showed a mixed response, when the change in
crospectroscopy analysis of nanoindentations made on pojope of the unloading curve was followed by a sudden de-
ished(111) and etched100) Si wafers. Two depth-sensing crease in indentation depflFig. 1(b)]. This tendency re-
mained essentially the same for different devices used
“Author to whom correspondence should be addressed: electronic maifNanolndenter®ll or Nanolndenter®Xfnd did not depend
ygogotsi@uic.edu on the crystallographic orientation and surface finish of the
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Displacement, nm FIG. 2. Three types of Raman spectra from nanoindentations in Si, reveal-

ing metastable phaséa), amorphous Sic), and a mixture ofa-Si, Si-Il|
FIG. 1. Three types of load-displacement curves in the nanoindentation ofnd Si—XII (b).

Si, obtained at the loading rate of 3 mN/s and maximum load of 50 mN.

) displacement curves and corresponding Raman spectra of
samples((111) polished or(100 etched wafers The latter 150 nanpindentations made using two different depth-

fact implies that in the nanoindentation experiments, the sensing indentation  devices (Nanolndenter®ll  and

sponse of sﬁlicon on pressure re]ease is affe.cted mostly by “ﬁanolndenter@XPin two different types of samplgg111)

transformation(metallization) during the loading cycle, arld polished and100) etched Si wafefs Table | summarizes the

to a lesser extent by the state of the wafer surface prior toaqyits. In 93% of cases, Raman spectra showing metastable

indentation. _ _  phaseqFig. 2@)] were obtained from the nanoindentations
Raman spectra of all indentations made usingyith 5 pop-out in the load-displacement cuf¥g. 1(a)]. In

Nanolndenter®XP were taken immediately after the testgsos of cases. Raman spectra of amorphous siligéig.

With the samples indented using NanoIndenter®ll, 2 month$¢)] corresponded to the nanoindentations with a change in

pa}ssed between the depth—sensmg test itself and the Ramé‘l‘@)pe(elbovv) of the unloading curvgFig. 1(c)]. The Raman

microspectroscopy studies of the sample sent to the U.§pecira showed traces of both amorphous silicon and meta-

from Ukraine. In both cases, three characteristic types ofispie Si—ill and Si—XII phasdig. 2b)] when the inden-

spectra were observe@ig. 2). The spectrum in Fig. @  (ation curves revealed both elbow and pop-out evEfit.
shows a typical Raman response of Si—Ill and Si—XIIl(b)]_

phases® %It matches almost exactly the Raman spectra ob-  The results obtained suggest a strong correlation be-
tained from some areas within microindentations

A o127 ° iNtween the shape of the unloading curve and the structural
silicon,”*“with the exception of a rather strong band at 520¢hanges occurring in silicon during nanoindentation experi-

cm* corresponding to the Si—I phageristine silicon and  ents. The pop-out effect is a consequence of an abrupt
present in the Raman spectrum for reasons discussed aboygase transformation from metallic Si—Il to either Si—IIl or
In the literature, bands at 166, 382, and 433 ¢rhave been Si—XIl, accompanied by a sudden volume increase and

assilgjned to the Si-lll phase, while the bands at 35? and 3%ence the uplift of the material surrounding an indenter.
cm-* can serve as a fingerprint of the Si—XII phé%’é.Thg From theoretical analysis and pressure cell experiments, Si—
origin of the peak at 490 cnt has not yet been unambigu- || s supposed to form first in the pressure of the pop-out,
ously identified. with a subsequent slow, but never complete transformation

~ Another typical Raman spectrum from nanoindentationsg, sj_i| during unloading2%?The elbow in the unloading

is presented in Fig. (). The same response has been ob-

tained from the amorphized areas within microindentations ber of o ) how i behavior duri

in silicon.21'22 Broad peaks around 170, 300, 390, and 470TABLE I Num_ er_o nan9|n entations showing specific behavior during
1 . - L ‘the depth-sensing indentation test.

cm™ - have been identified as transverse acoustic-like, longi=

tudinal acoustic-like, longitudinal optical-like and transverse Number of the unloading curves showing

optical-like bands of amorphous silicon, respectivélwhile Phases observed

_ . . in the Raman Elbow and
a peak at 520 cm' represents the pristine Si—I as before. " gpecirum Pop-out pop-out Elbow
Finally, the Raman spectra of several nanoindentations re Je——— = . 1
e . |_ y |_
vealed traces of both amorphous silicon and metastable Sl—Si_m, SIi_XII, aSi 1 19 1

[l and Si—XIl phasegFig. 2(b)]. aSi 0
For an adequate data representation, we compared load

2 40
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100 T — T At pressures less than 4.5 GPa, only amorphous silicon
R T 1 is being formed(Fig. 3. In the range of 4.5-5.5 GPa, both
§ 80'_ ] partial amorphization and phase transformation of metallic
S 604 mean .2 i | silicon to metastable phases can take place. Broad variation
g | : in the pressure of the reverse phase transformation of Si from
g 404 . the metallic phase reflects the statistical nature of the pro-
B T T cess, which is related to the release of elastic energy accu-
2 201 (a)_ mulated in the indented material.
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