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In situ electrical characterization of phase transformations in Si during indentation
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An in situ electrical characterization technique is used to study details of the deformation behavior of
crystalline silicon during nanoindentation. The experimental arrangement involves the measurement of current
flow through a reverse-biased Schottky diode and exploits a sharp transition from a Schottky to an Ohmic
contact that accompanies the formation of a metallic Si-ll phase directly under the indenter. This electrical
technique is particularly sensitive to the nature and extent of the local Si-I to Si-Il phase transformation and
allows such changes to be directly correlated with features in nanoindentation load-unload curves, using both
spherical and Berkovich indenters. Interestingly, for spherical indentation, the onset of a transformation to a
metallic Si-ll phase is observed before the so-called “pop-in” event occurs during loading. Furthermore, after
the “pop-in” event, fine structure in the electrical behavior suggests that extrusion of the ductile metallic Si-II
phase from under the indenter may occur when the transformed area exceeds that of the indenter contact.
Indeed, thdn situ electrical measurements have provided considerable insight into the evolution of deforma-
tion processes during indentation loading and unloading of Si. During unloading, metallic Si-1l transforms to
less electrically conducting phases of Si. We suggest that, although Si-lll and Si-XII are the preferred low
pressure phases during pressure release, as diamond anvil studiesa$$iow, often obtained during fast
unloading rates as a result of a high kinetic barrier to nucleation of the crystalline phases. Furthermore, we
suggest that the pop-out occurs for slow unloading rates as a result of spontaneous nucleation and growth of the
crystalline phases at a critical pressure.
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. INTRODUCTION and pointed indenters!! Although nanoindentation data
contains much information regarding the physical deforma-
The complex mechanisms of mechanical deformation irtion mechanisms occurring during loading and unloading,
crystalline silicon have been a topic of extensive researclhe interpretation of this data is not straightforward. Indeed,
over the past decade’® High pressure diamond-anvil stud- the physical cause of the pop-in and pop-out events has not
ies have shown that Si undergoes a series of phase transfdreen unambiguously resolved! Therefore, in order to
mations under isostatic loadifigAt a pressure of 11.3—12.5 more fully understand the deformation processes, additional
GPa, diamond-cubic Si-I undergoes a 22% increase in dereharacterization techniques, that probe the structure and
sity to form a3-Sn phase, Si-It.Si-Il is a metallic phase of phase of the deformed material, have been used.
Si and hence has the electonic and mechancial properties of a After indentation, the surface of residual indent impres-
metal and not a semiconductor. This phase is not stable &ions in crystalline Si has been extensively imaged using
ambient pressure and, hence, will transform to another fornaptical microscopy, atomic force microscogfFM), and
of Si on pressure releadeDiamond-anvil studies have re- scanning electron microscop¢SEM).3~" These measure-
ported the formation a rhombohed(a8) Si-XIl phase and a ments have reported the observation of extruded material
body-centered-cubi¢bc8) Si-lll structure after quenching around the indent suggestive of the fact that a ductile Si-Il
from Si-Il. The final structure of the remnant phase has beephase may flow under load. Moreover, the microstructure
found to depend on the rate of pressure relédse. beneath the surface has been examined using transmission
Nanoindentation can induce pressures of the magnitudelectron microscopyTEM), and phase transformed regions
needed to cause phase transformations it SHowever, in  have been observed directly under the surface of the
contrast to diamond-anvil cell measurements, indentatioindent>#-1%141%yrthermore, Raman microspectroscopy has
loading also induces high shear stress which has been reeen used to analyze the residual indent impressions and has
ported to lower the threshold for the onset of a phasedentified a number of high pressure phases after
transformatiort® Furthermore, nanoindentation load-unload indentation”**~**We have previously correlated both cross-
data of crystalline Si has been reported to show discontinuisectional transmission electron microscdgyfEM) and Ra-
ties in both the loading and unloading sections of theman microspectroscopy observations with nanoindentation
curve® ! A discontinuity on loadinga “pop-in” event) has  data in order to improve the understanding of both the evo-
only been conclusively observed for indents made withlution of and mechanisms involved in the deformation of
spherical indenter¥:® In contrast, a discontinuity on unload- Si®° Using XTEM we observed small regions of phase
ing (a “pop-out” eveny has been reported for both spherical transformed material in indents made at loads below the
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pop-in threshold. Similar experiments using both Raman Load Rm
microspectroscopy and XTEM have shown a correlation be- I Im

tween the unloading rate and the structure of the remnant U |"_’W‘N\_

phase. Si-Ill and Si-XIl were identified on slow rates of un- e ¢A1 20 M

loading and an amorphous-S-Si) phase under rapid un- 5Qcm I7 um

loading conditiong:**~*3Although the correlation of nanoin- V.—+

dentation with AFM, SEM, XTEM, and Raman 6x10” Q cm

microspectroscopy has provided further insights into the de- 7

formation of Si, these techniques are eX situand hence CAI100nm [ |

;Tea:;a.lctenze only the final structure after deformation is com- FIG. 1. Schematic of experimental setup. The Si structure con-

. . . sists of a~7 wm epilayer of high reS|stance Si (@ cm) grown on
In situ electrical measurements were first performed bybulk Si with a very low resistance (6102 O cm). Al was evapo-

17
Gridnevaet al™ In these experiments, the resistance be, rated onto both sides and a circuit was connected across the sample.
tween metal contacts evaporated onto the surface of crystal-

line Si was measured during indentation. The resistance wa
found to decrease during loading and recover to its initial
value on unloading. It was proposed that the decrease in tHe
resistance during loading was due to the formation of the
metallic Si-1l phase which electrically connected the two me- Il. EXPERIMENTAL
tallic contacts allowing increased current flow. Similar ex-
periments by Clarket al® showed that it was not necessary ~ The (100 Si samples used in this study wereype boron
to make bridging indents between the contacts in order tgloped. The structure of the samples consisted of7aum
achieve a drop in the resistance. Simply indenting on oné&pilayer of high re5|st|V|ty (52 cm) Si on a substrate with a
contact would also cause a drop in resistance. It was prdow resistivity (6x10°% (2 cm). Aluminum layers were
posed that the formation of metallic Si during loading facili- evaporated onto both the front and back surfaces of the
tated the conversion of the contact from Schottlectifying ~ sample. During Al evaporation, the edges of the Si were
to Ohmic® Further work by Pharet al® showed that the covered using a mask to avoid conduction around the sides
change in the resistance of Si during indentation could b&f the sample. The thickness of the Al layers were typically
dominated by changes in contact resistance rather than phai§ethe range of~20 and~100 nm for the front(epilaye)
transformation to a metallic Si phase. Simulations of nanoinand back(substratgside of the sample, respectively. Subse-
dentation loading in crystalline Si were recently performedduent electrical characterization confirmed that a Schottky
by Smithet al® In these simulations, phase transformations(rectifying) contact was formed at the Al-to-epilayer inter-
and changes in the electrical resistance during loading werkgce. Schottky contacts form as a result of the lightly doped
shown to agree well with the experimental results of Pearr epilayer that produces a significant depletion layer thickness
al.® In addition, furtherin situ electrical measurements were under the contact and hence acts as a barrier to current flow
recently reported by Manet al. using a conductive indenter (in reverse bias In contrast to the Al-to-epilayer interface,
tip.1° This work showed that the transformation from athe Al-to-substrate interface formed an Ohmic contact be-
Schottky to an Ohmic contact during loading was consistengause of the much higher carrier concentration in the sub-
with the formation of the metallic Si phase from the nanoin-Strate compared to that of the epilayer.
dentation data. The assertion was also made that the reverse The Si structure was placed in seriestwét 1 K) resistor
transformation from the metallic Si-Il phase was not instan{Ry,) as shown in Fig. 1. A dc voltag€, (typically set to 1
taneous but, rather, was quite sluggish. V) was applied across the circuit so that the Schottky contact
Despite the abovin situ measurements, to date it has not (on the epilayerwas placed under reverse bias. Prior to in-
been possible to correlate the detailed features of the nanoidlentation loading, the effective resistance across the sample
dentation load-unload data with changes in electrical propertunder reverse bias of 1)Wvas ~75 K1 and the voltage
ties during indentation. In this paper we employ iansitu ~ acrossRp, (V) had a value of~0.01 V. The magnitude of
electrical characterization technique that is particularly senVy, increases as the sample resistance decreases, with a cor-
sitive to the nature and extent of phase transformations ogesponding increase in the current flow across the sample.
curring in crystalline Si under the indenter. Our techniqueHence,V,, is effectively a measure of the total circuit current
specifically relies on the conversion of an Al-Si contact dur-l1,,. During indentation this value was monitored as a func-
ing indentation from Schottky to Ohmic due to such trans-tion of time.
formations. The Si structure used consists of a high resistiv- The area of the Schottky contadfront side was
ity epitaxial layer on a substrate with a low resistivity and a~0.75 cnf. During indentation loading at a typical load of
large area Al-Si Schottky contact fabricated on the epitaxiallO0 mN, the area of contact between the spherical indenter
layer. This structure provides particular sensitivity to the on-we used and the sample was in the order-df um?. There-
set of a phase transformation directly under the indenter. Ouiore, due to the large ratio between the area of the Schottky
detailed electrical measurements during indentation are cocontact and the indenter contact area, our measurement was
related with nanoindentation data and previously reportedensitive only to dramatic changes in the electréoantaci
Raman and XTEM measurements in order to more fully unproperties of the small region of material under the indenter.

erstand the deformation processes that occur during the
noindentation of Si.
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FIG. 3. Applied load and current as a function of time during
indentation loading in crystalline Si. Loading conditions: Continu-
ous load-unload cycle, maximum load 100 mN, 10 steps, spherical
indenter of ~4.2 um radius. The load at which the pop-in and
pop-out events occur is indicated. The current is shown on a linear

The transformation of a small region of the Schottky contacfca/e With arbitrary units.
to an Ohmic contact would provide such a dramatic effect.
Following a phase transformation of the semiconducting Si-both the applied indentation load and curreipf)(as a func-
to the metallic Si-Il phase under the indenter, if the contaction of time for a continuous load-unload cycle with a spheri-
region was converted to an Ohmic contact, the current dersal indenter loaded to 100 mN. The load versus time plot
sity in this region would be expected to increase by orders oftop curvg shows the details of the continuous loading cycle.
magnitude(as we show later Hence, the total currerdt, At each step in the cycle the load is first sharply incredsed
would increase significantly. decreasedand then held at a constant magnitude fo2 s
Indentations were made with an Ultra-Micro Indentationuntil the next increment. Despite the fact that this is actually
System-200QUMIS) on the Schottky contact as shown in a somewhat discontinuous loading process we will refer to it
Fig. 1 at ambient pressure and room temperature. An SEMs the continuous load cycle. This Fig. 3 shows the load
was used to characterize both a sphericatlius~4.2 um)  increasing to a maximum of 100 mN in 10 stefsading,
and a pointed(Berkovich indenter. The UMIS was cali- and then decreasing to zero applied load in a further 10 steps
brated using fused silica of known material properties. A(unloading. Corresponding to these loading increments, the
series of indentations was made on the silicon sample witinagnitude of the current can be seen to increase with the
both spherical and Berkovich indenters at loads of up to 10@pplied load in clearly definable steps. This observed in-
mN. Two loading routines were used: a continuous load<rease in current is quite significant when the small area of
unload cycle, and the load partial-unload method developethe indentation is considered. From absolute current mea-
by Field and Swairt® During indentation, the load applied surements, the current density is-2x10 % mA/cn?
by the UMIS was measured together with the curignas a  through the large area Schottky contact and2
function of time. This allowed the electrical characteristics X 10° mA/cn? through the small area of the indent after
and nanoindentation measurements to be accurately corrgransformation.
lated. Subsequent SEM examination of the residual indent Figure 3 also shows that, for most loading increments, the
impressions showed no evidence of delamination, crackingurrent through the sample exhibits an initial sharp increase
or rupture of the thin Al layer after indentation. (spike), during the loading portion of the load step, and then
a slight decrease during the constant load part of each load-
ing increment. This behavior was observed to occur for each
loading increment with the possible exception of the initial
The mechanical response of the Al/Si structure to nanoinstep. Creep(i.e., an increase in depth with constant Ipad
dentation loading is shown in Fig. 2. This plot shows themeasurements showed that holding the maximum (480
load versus penetration depth for an indent made with anN) for 20 sec resulted in<0.5% decrease in the mean
spherical indenter of-4.2 um radius loaded to 100 mN. contact pressure. Therefore, creep is not the reason for the
There is essentially no difference between the loading behawdecrease in the current following the intial spike as the load
ior shown in this figure and that made on bare Si except fois held constant. Alternative explanations for this effect will
a slight increase in the maximum depth of penetration for thdve discussed later in the paper. In addition, Fig. 3 shows that
Al/Si system 20 nm) as a result of deformation of the the onset of additional current throught the sample occurs at
extremely soft but thin Al layer. Discontinuities can be seena load of~15mN, i.e., before the pop-in event has occurred.
in both the loading and unloading sections of this plot. Theln constrast to the loading part of the cycle, on unloading, the
pop-in event on the loading section of the curve occurgnagnitude of the current falls dramatically with decreasing
~25 mN (Ref. 20 and the pop-out event on unloading at load. At a load of~50 mN (well before the pop-out event
~35 mN. has occurredthe current returns to a value close to that
The increase in the current though the Al/Si structure durbefore loading. It is interesting to note that, during unload-
ing indentation loading is shown in Fig. 3. This figure showsing, the magnitude of the current is relatively constant be-

FIG. 2. Load-unload curve of20 nm of Al on crystalline Si
showing “pop-in” and “pop-out” events. Loading conditions:
Maximum load 100 mN, 40 steps, spherical indenter@f.2 um
radius.

Ill. RESULTS
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FIG. 4. Current versus applied load during indentation of Si. %‘ 750 (b)
Loading conditions: Continuous load-unload cycle, maximum load < sl Berkovich
100 mN, 40 steps, spherical indenter-of.2 um radius. The arrow 3
indicated the load at which the pop-in event was observed to occur. 3 2(5) X
The current is shown on a linear scale with arbitrary units. ~ i '” '
tween unloading steps. This is in contrast to the behavior 5 5 1
observed on loading, where a noticable spike in the magni- 5 Ell
tude of the current occurs at each step.

The current through the samplé(in Fig. 1) versus ap- 0 20 40 60 Tﬁﬁeéﬁm 120 140 160
plied load during indentation is shown in more detail in Fig.
4. In this plot the maximum load of 100 mN is applied in 40  FIG. 5. Applied load and current as a function of time during
increments in order to highlight the comparison of electricalnanoindentation of a single indentation. Loading conditions: Con-
characteristics with load. Note that this is the same loadinginuous load—unload cycle, maximum load of 100 mN, 20 st&ps.
condition used for the load-unload curve shown in Fig. 2. AsSpherical indenter of-4.2 um radius.(b) Berkovich indenter. The
the load is increased, the current only increases significantlgurrent is shown on a linear scale with arbitrary units.
above a threshold load ef17 mN. Note a subsequent drop
in the magnitude of the current at24 mN (indicated in this  type of loading cycle is a form of cyclic loading, these re-
figure by an arrow This is very close to the load at which sults highlight the reversibility of the phase transformation
the pop-in event has been observed to o¢sae Fig. 2 the  (as we discuss latgrin addition, it is interesting to note that
significance of which is discussed later in the paper. As loadthere is no observed spike in the magnitude of the current
ing continues, the current can be seen to increase with eaaturing the first step in the current in both pldtienoted by
loading step noting the “spike” at the onset of each loadingarrows, in contrast to the subequent loading increments, a
increment. On unloading, the current can be observed to fafeature we will also discuss later in the paper. Indeed, in a
consistently as the indenter is withdrawn, reaching its preseparate measurement we observed that reindentation on pre-
load value at~60 mN. viously indented spots showed that the current always in-

In Fig. 5 we examine the effect of the indenter geometrycreases again on loadiriglthough the inital increase is at a
on the electrical properties of indented Si. Figuréa) @and  higher load for subsquent indeptand decreases to back-
5(b) show the current and load as a function of time for aground levels on unloading even after repeated indentation at
spherical and Berkovich indenter, respectively. Both indentshe same position on the sample.
were made using a continuous load-unload cycle, with 20
steps'to a maximum load qf 100 mN. Spherical indentation V. DISCUSSION
exhibits an initial increase in current at a load-e22 mN
while, in the case of the Berkovich indenter, the change oc- A. Electrical behavior

curs almost immediately after Ioadlng<6'mN). Qn un- Before discussing the details of the indentation-induced
loading, the current decreases to the preindentation level gfotormation of Si, we will first attempt to interpret the elec-
S|m|I_ar IoagsrstS T}N)' lied load and " h trical behavior. Prior to indentation, a Schottky contact was
Figure 6 shows the applied load and resulting changes If, meq at the Al-to-epilayer interface, preventing significant
current for a load partial-unload indentation cycle loaded to urrent flow through the circuit under reverse bias condi-
mellxwgym of t_)(())(g/ml;l Elgltjreéﬁ) treatshan lnden(; made With jons. An equivalent circuit representing this configuration is
unioa |fng TO d 00 toe oad at Eac ?tlep aln dl':(g) the hshown in Fig. 7 where the right branch across the sample
case of unloads to 80%. On each partial unloading step, the jicates the reverse bias situation in which the reverse cur-

current can be seen to fall rapidly as the load is decrease tis limited by a | ffecti istang -
When the unloading fraction is set to 50%ig. 6a)], the E(; (Ils) imited by a large effective resistankg, defined by

current returns to the preindentation level at each unloading

step. In contrast, this is not observed when the unload frac-

tion is set to 80%Fig. 6(b)], with the current remaining R . —Re-t
. L . . rev Sc

above preloading levels during each unloading step. As this
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100 ' ' ' is the contact area under reverse bias, and the subscapts “
% 75} (@) Unload 50% ] and “s” refer to the epilayer and substrate properties, respec-
g O ] tively. Note that the effective resistance of the backside,
S 25} large-area Ohmic contact is considered to be negligible.
~ 0 Equation (1) assumes that the contact area (0.75%)cis
%"2 I large compared with the sample thickng€s07 cm and

g ] . : . .
é g l f q hence any spreadingesistancgterms relating to the epil- _
= n ; I ,h‘_} g ayer and the substrate can be neglected. Under reverse bias
0 20 40 € "'8‘0 100 1320 conditions, according to Eq1), the resistanc®,, is domi-
Time (s) nated byRg., since both pete/Aey) and (psts/Ae) have

LooF — : ) small values of~5x10 % () and ~6x10 * (), respec-

) Unload 80% ] tively, wherea®Rs, has a value of the order of 7%k Hence,

< 50} ] the measured value &,.,~Rg;in this case.
S 25t ] As stated earlier, the significant increase in the current on
~ OF : ' : : — loading must indicate that the Schottky contact is trans-
Fa’@; [\ N formed to an Ohmic contact in the small region under the
% 5: l ! 1] 1 indenter. We assume that this behavior is caused by a

Ef J‘U._ m I’ L; ] pressure-induced transformation to the metallic Si-ll phase

(; J4'0 %] — 100' immediately under the Al layer. In this case, the barrier

20 height between the Al and the underlying metallic Si-Il ma-

terial is now negligible and the Schottky contact is effec-
FIG. 6. Applied load and current as a function of time during tively converted to an Ohmic contact under the indenter. If
indentation loading in crystalline Si. Loading conditions: Partial we assume that there is no effective Schottky barrier between
load-unload cycle, maximum load 100 mN, 10 steps, spherical indifferent crystalline phases of §i-1l and Si-)), significantly
denter of~4.2 um radius.(a) Partial unload to 50% of each load- increased current will now flow under reverse bias if the
ing step showing resistivity increases to background levels on unresistivity of the Si across the sample is sufficiently low.
loading. (b) Partial unload to 80% of each loading step showing Thus, before loading the reverse current is restricted by the
resistivity remains below background levels on unloading afterigh effective resistanceRg) of the large 0.75 Cl’ﬁ)
~40 mN. The arrows indicate the first step at which the current carschottky contact whereas, after phase transformation during
be pbserveql to increase. The current is shown on a linear scale WilBading, a large increase in current is obtained through the
arbitrary units. small area under the indenter. As previously stated, the cur-
rent density through the region under the indenter is orders
Here, Rg. is the effective Schottky resistance under reverseof magnitude greater than the surrounding nontransformed
bias and the following terms are the series resistance of theegions (from ~2x10 2 mA/cn? to ~2x10° mA/cn?).
epilayer and the underlying substrate, respectively. In thisdence, Eq(1) no longer defines the resistance that controls
equation,p is the resistivity is the thickness of the layedy  the current flow , in the circuit of Fig. 7.
When an Ohmic contact is formed under the indenter, we
can envisage the switch in the left sample branch in Fig. 7,
R I """""""""" being closed and an additional current to flow, in parallel
: ) with the reverse-bias current through the large area Schottky
F_]J contact. We can define an additional resistariggefor this
E Rrevg Ohmic branch as given by ER):
<
wn

Time (s)

: Vapplied 2
: Pe _q te
| R.=Ronmt ( oy an

2t
&tan‘lf) )

+
2y

L\ Vv Here Ronm is the specific contact resistance of the Ohmic
contact and the second and third terms are the spreading
resistanc# for the epilayer and the substrate, respectively,

R =1kO with pe, ps, te, ts having the same values as in Ky, and
r is the radius of the Ohmic contaéte., the transformed
FIG. 7. Circuit simulating the behavior of the Si structure before €9ion under the indenterlf we assume that the current

indentation(as shown with switch openand during indentation though the reverse-biased Schottky contéue right sample

(switch closell R, is the resistance of the sample in reverse biasoranch in Fig. 7 is unchanged by the formation of a very
R. is the resistance of the contact during indentation, and the voltsmall Ohmic contact under the indenter, then the additional

ageV,, was measured across the resis®y. |, is the current ~current on loading flows only through the Ohmic contact and

flowing throughR,, and hence is the total current in the circuit and hence is controlled by the sample resistaRg¢eas indicated
I is the current flowing thougR, as indicated. in Fig. 7. Now, according to Eq2) for a situation where
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measurementssee Fig. 4 that indicate that the onset of a

OI5r ;i?gad s phase transformation is around 17 mN. We note that the
go,lz. ' o A maximum in the isostatic pressure occurs under the indenter
0.0} e ] at the center of the contact area and decreases radially out-
g ) pop-in  * ° ward. Modeling indicates that the area under the indenter
£ 0.06F P . that exceeds the critical isostatic presst(re., transformed
© 003l o ] area scales with the contact aré4? This in turn would im-

000k ... oo QW;’ ] ply that the indenter contact area should correspond to the

area of the Ohmic contact, which is basically the assumption
made in the previous subsection.

In the Al/Si structure used in our configuration, the trans-

FIG. 8. Additional current during indentation versus the contactformation will occur in the epilayer just beneath the Al layer.
radius of the indenter with the sample. The contact radius betweeRreviousex situXTEM and Raman microspectroscopy ob-
the indenter and the sample was calculated using the radius of tHgervations of indents made under comparable loading and
indenter (~4.2 um) and the depth of penetration. The arrow indi- unloading conditions to those presented here, showed the
cates the load at which the pop-in event has been observed to occpresence of phase transformed material after indent&tion.
Loading conditions: Continuous load-unload cycle, maximum loadPrevious ex situ TEM (Refs. 3,10,14,156 and Raman
of 100 mN, 20 steps. microspectroscopy ** observations of indents, showed the
presence of phase transformed material after indentation. Un-
. . der comparable indenter geometry and loading conditions to
E;geggi]rzg;sresgsﬂ?\::éh?eq;?s ;?gegémcfgjgﬁt ?ncer?s)etlgepro-those presented in t_his current study, our previous wor.k hgs

shown that the maximum depth of the transformed region is

t600 nm(at a load of 80 mN with a spherical indenter of
~4.2 um).8 In addition to the transformed material directly
under the indenter, there are slip bands, attributable to shear,
that propagate<2 um below the surface. Thus, all the de-
formation induced by the indentation loading can reasonably
be expected to remain confined to theuvh epilayer of the

025 050 075 1.00 125 1.50
Radius (um)

these latter two terms in Ed2) (under our experimental

conditiong will sum to the order of several(k’s (at a maxi-

mum load of 100 m\ Estimation of the magnitude &op,

is more difficult and may not be negligible with respect to

the spreading terms: we note that the valudrgf,,, will be

inversely proportional to the contact ar@a., = 1/r?). Si
i o / i structure.

In Fig. Swe plot the additional current thouh (i.e., |c) Focusing now on details of the electrical behavior, we
asa function Of. the indenter contact radlus for both the IoadE)bserve in Figs. 3 and 4 that the onset of increased current
Ing a_nd unload!ng CYCIG up to a maximum load of 100 m.N'and hence the phase transformation is initiated before the
_The_llnear_ relationship on Ioa_dlng, hoting that th_e dotte_d Imepop—in event is observed. This directly supports previous
in Fig. 8 is a least-square fit excluding the points prior to

XTEM studies that showed small regions of phase-

trans.formann,. may suggest that the current thrpugh th‘Laransformed material in residual indent impressions loaded
Ohmic contact is controlled by the spreading terms in(2y. below the pop-in threshofiBased on this result we previ-

(.|.e.., Ronm Is negligible in (_;ompango)n Ho_vvever, over the ously suggested that the pop-in event occurs when the trans-
I|m|t.e<'j contact range O.f this expe_nmerh;, IS glso found to formed material flows out from under the indenter. This
exhibit azreasonably_ linear relationship with contact areg,, .4 occur when the lateral extent of the transformed re-
(e., Oc.l/r ). Hence, itis unclear at this stage which Of the gion exceeds the diameter of contact between the indenter
terms in Eq.(2) cgntrol; the additional current following and the sample. Furthermore AFM and SEM observations of
phase'trar?sformatlon. Finally, we OPSEVY& as before, that tr\ﬁdent impressions in crystalline Si show extruded material
reductlon in current flow on unloadln_g is extremely gbrupt. t the edge of the residual indent impressiafter the pop-in
This result suggests that the current is turned off rapidly andly ey  This behavior is further evidence for the proposal
IS not sensitive to Fhe sequence of phase chan_ges that P'at this Si-1l transformed material is squeezed out during
sumably occur during unloading. Both the loading and un'loading. We now examine in more detail the loading se-

Iqadlng beha\lnotr) are now dgscl:ussed in terms of otfeer guence and use the details of timesitu electrical data to
situ) structural observations below. support our model.

A schematic of the sequence of events induced under the
indenter is illustrated in Fig. 9. Figure@® shows the early
stages of loading before the pop-in event but after the initia-

On indentation loading, the isostatic pressure induced byion of the transformation to Si-Il in a region under the in-
a spherical indenter is at a maximum directly under thedenter that is totally constrained within the contact diameter.
indenter?” Once this pressure increases pastl GPa the With further loading, the diameter of the transformed region
phase transformation to the metallic Si-ll phase is initiated(Si-1) increases until it exceeds the indenter contact diam-
In our case for an indenter of radius4.2 um analytical  eter. Once this occurs the ductile Si-ll can then flow out from
simulationg® indicate that the maximum isostatic compres-under the indenter as illustrated in Figb® In the extruded
sive stress will exceed 11 GPa when the load reachesegion, the isostatic pressure will immediately decrease and
~15.5 mN. This is in good agreement with the electricalthe Si-Il in this region may then be transformed

B. Loading
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material extrusion is the explanation for the spike, this illus-

trates the sensitivity, of the electrical measurements to time-
dependent changes in the surface area of the metallic Si-lI
phase during each loading step.

In discussing the nature of the subsequent phase that the
extruded Si-1l transforms to, we note that previous observa-
tions of indents made with rapid unloading rates have re-
vealed the formation of an amorphous Si phaseHence,
since the extrusion process involves rapid pressure release,
the resultant phase of this extruded material is likely to be
amorphous. In this regard, it is interesting to note that XTEM
studies of indentation-induced transformations in Si do show
that the edges of the transformed zone are inde&d even
when the main volume of the transformed zaodter un-
loading consists of other phases such as Si-Ill and SiéXII.
Hence, we propose that the extrusion process during loading
will effectively limit the area of metallic Si-Il material to a
zone under the indenter, except for a short time immediately
after loading(the current spike Thus, the extrusion process
after pop-in will cause the Ohmic contact area to closely
correspond to the indenter contact area, further validating the
starting assumption made earlier in the previous section,
namely, that the Ohmic contact area scales with the indenter
radius.

Another significant observation from the electrical data
that warrants further comment is the fact that the loading
step at which the measured current is first observed to in-
crease is not characterized by a spike in the magnitude of the
current. This can be most clearly seen in the load partial-

a-S1/Si-1TI/S1-X11 unload data shown in Fig. Gee arrow in both ploisHere,
the current over the entire duration of the first loading step

FIG. 9. Schematic of the deformation sequence occurring duringfter the onset of transformation remains constant. This is
indentation(a) On loading, initiation of the transformation of semi- most consistent with the expected behavior prior to the
conducting Si-I to the metallic Si-Il phas¢) With further loading  pop-in event, where no transformed material is extruded and
the transformed region expands outside the diameter of constraiphe metallic Si-Il area under the indenter should remain con-
fJf the indente_r resulting in the ex?rusion of mate_rial_ from unde_r thestant with time/see Fig. 8a)]. Furthermore, it suggests that a
indenter (pop-in). (c) After extrusion the material in this region »nqjent capacitance effect which should be observed at all
transforms to an amorphous phagi As unioading commences, - gyonq \which show a current increase, is not the explanation
Fhe met"’.‘”'c Si-II phase begins to transforma®i. (€) As “.”'Oad' dror the current spike. In addition, this behavior prior to the
ing continues the mean contact pressure beneath the indenter de- . . . .
creases to a level at which the bulk of Si-Il is no longer stable. Thé)o.p_m.evem IS n(?t observable forllndents made \.Nlth a Ber}(—
bulk of Si-1l then transforms to eithexSi, Si-lll, or Si-XII depend- ovich mdenfter, since Fhe sm_all _d|amet_er of the Inde_nter tp
ing on the rate of pressure release. qnd the rapidly changlng radial isostatic pressure will effec-

tively negate any significant constraint to extrusion of the

into another low pressure phase since Si-Il is not stable dfansformed volume from under the indenter. Therefore, all
pressures significantly below the threshold for the initiaI_Of the fine details in the electrical measurements during load-

transformatiort:1° This behavior may provide one explana- iNd are entirely consistent with the transformation/extrusion
tion for the “spike” in the measured current that is observed@nd re-transformation model that we propose above.
immediately following each loading step after the pop-in
event. The spike could correspond to the increased area of
the transformed material that is extruded from under the in-
denter. However, the current will immediately drop during  On unloading, the current is observed to fall dramatically
the constant load part of each loading stepe Figs. 3, 5, in clearly defined steps as the indenter is withdraisee
and 6 when some of the newly transformé8i-11) in the  Figs. 3—6. Indeed, as can be seen in Fig. 3, the current drops
extruded region transforms to a low pressure phasg to  back to the preindentation levels well before the pop-out
a-Si) as illustrated in Fig. @). However, a transient capaci- event occurs. The pop-out eveftr Si) is widely interpreted
tance effect which could contribute to the current decayto be as a result of the large change in volume that occurs
across a capacitor formed by the &ISi contact might also  with the transformation from the metallic Si-ll phase to less
lead to a current spike. We will return to this issue below. Ifdense phases. For exampteSi is approximately 24% less

C. Unloading
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densdthan Si-l) and Si-lll is 14% less dense compared with rier to nucleation of such phases. A manifestation of such a
Si-ll. This transformation from Si-ll to a less dense phasenucleation-limited behavior may be that, if the pressure re-
will be favored when the mean contact pressure under thiease is too fast, the random low-pressure phas®i, will
indenter drops to a level at which Si-ll is no longer result instead. The implication here is that there may not be a
stable®~81%1t is clear therefore that our electrical measure-nucleation barrier fom-Si within Si-Il. However, if Si-Ill
ments are not sensitive to the large volume changes that apnd Si-XIlI phases do nucleate, their growth will be rapid at
pear to characterize the phase transformation on unloadingpwer pressures where Si-1l is unstable, thus giving rise to
Nevertheless, the transformations to lower density phases dhe observed pop-out event on unloading. This proposed be-
unloading might be expected to begin in regions in which thehavior may also explain the absenceae®i in diamond anvil
isostatic pressure first drops below the critical level for sta-experiments, where the much slower pressure release rate per
bility of metallic Si-Il. The interface between the metallic unit volume of Si-ll may readily allow nucleation of the
Si-Il and the underlying Si-I epilayer is where this may first preferred (lower free-energy crystalline Si-Ill and Si-XII
occur during the inital stages of unloading. This is illustratedphases.
schematically in Fig. @), which shows a thin continuous
layer of a low pressure phase, most likahsi as we disucss
below, that disconnects underlying Si-l from metallic Si-II.
When such a continuous layésf a higher resistivity phase
reaches a critical thickness, the contact may no longer ex- — N
hibit Ohmic behavior and the magnitude of thgcurrentgacross The .S' epllayer gtruqture used. in this §tudy has enabled a
the sample will revert to its value before loading com- deta}lledln sﬂuexqmmapon of the mdgntaﬂon-mduced defor-
menced. Hence, only a small fraction of the volume of themaﬂpn of _crystalllne Si. Tr_le sensmwty_ of our expe_rlmental
Si-Il need transform to a continuous, nonmetallic phase beconfiguration to changes in the electrical properties of the
fore the current reverts to its preloading levels. sample during loading was exploited to explore fine detail in
Further evidence that the Subsequent transformation prdhe nanoindentation data. On |0ading, the onset of the trans-
cess(i.e., resultant structure after the transformation fromformation to the metallic Si-Il phase was consistently de-
metallic Si-Il to lower pressure phageseverely impedes the tected prior to the observation of the pop-in event. This sug-
current flow was obtained from sequential indentations madgested that the pop-in event may be caused by the sudden
on the same position on the sample. It was noted that thextrusion of the ductile metallic Si-ll phase once this trans-
onset of current increase observed during subsequent loadifigrmed region extends beyond the constraint of the indenter.
cycles occurred only when a higher load was reached. Thi€onsistent with this transformation and extrusion model, fine
suggests that the majority of the retransformed material frometails in the electrical data such as the spike in the current
the previous loading cycle needed to be transformed back tebserved at each loading increment after pop-in, were corre-
metallic Si-Il before our electrical measurements were sengated with transformations between Si-I, Si-ll, and high re-
sitive to the presence of any metallic Si-Il phase. Hencegistivity phases. The load-partial-unload measurements
whereas our experimental setup is extremely sensitive t0 dgjearly show that the indentation-induced changes in the
tails of phase transformations during loading of Si-l, it iS notgjectrical properties are reversible during further loading
particularly sensitive to behavior on unloading. We need now.y cjes. |n addition, the extrusion process was found to effec-

to explore how the transformation to the lower pressurgge|y jimit (after the pop-in eveithe region of transformed

phases subsequently evolésg. 9e)]. metallic Si-ll to the indenter contact area. As the indenter

From load-unload and electrical data, Maginal 1° con- ) .
cluded that the transformation from the metallic Si-II phaseWas withdrawn, a sharp decrease in the current flow was

on pressure release is slow compared with the unloading ratglbs_etr_vid, Ias a thin Iaye;] of Skl traqs?rmltled to a high-
Others have noted that both the observation of the pop-odfS/SUVIY, low-pressure, phase sucheaSi. Finally, we sug-

event and the nature of the end phases depend on the unlo&£St that the pop-out event on unloading occurs when crys-

ing rate® 1113 For example, the Raman study of Domnich taIIi.ne Si-lll and Si—XII.phases spontaneously nucIeat_e and
et alX! found that no pop-out event was observed when thé@pidly grow on unloading. We propose that the formation of
remnant microstructure of the indents was amorphous. Bas¢€S€ phases is nucleation limited. Hence, the pop-out event
partly on these earlier observations and partly on our preseff@" Pe suppressed if the unloading rate is fast resulting in the
data, we propose the following. As soon as unloading begindormation of only the randora-Si phase.

the Si-1l material starts to transform to a less dense phase

that is initially a-Si. If the unloading rate is fast, the Si-Il can

transform entirely to amorphous Si in a relatively continuous ACKNOWLEDGMENTS
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V. CONCLUSIONS
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