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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-II phase directly under the indenter. This electrical
technique is particularly sensitive to the nature and extent of the local Si-I to Si-II 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-II 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, thein 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-II transforms to
less electrically conducting phases of Si. We suggest that, although Si-III and Si-XII are the preferred low
pressure phases during pressure release, as diamond anvil studies show,a-Si is 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.

DOI: 10.1103/PhysRevB.67.085205 PACS number~s!: 62.20.2x, 72.80.Cw, 61.72.2y, 62.20.Fe
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I. INTRODUCTION

The complex mechanisms of mechanical deformation
crystalline silicon have been a topic of extensive resea
over the past decade.1–15 High pressure diamond-anvil stud
ies have shown that Si undergoes a series of phase tran
mations under isostatic loading.1,2At a pressure of 11.3–12.
GPa, diamond-cubic Si-I undergoes a 22% increase in d
sity to form ab-Sn phase, Si-II.1 Si-II is a metallic phase of
Si and hence has the electonic and mechancial properties
metal and not a semiconductor. This phase is not stabl
ambient pressure and, hence, will transform to another f
of Si on pressure release.2 Diamond-anvil studies have re
ported the formation a rhombohedral~r8! Si-XII phase and a
body-centered-cubic~bc8! Si-III structure after quenching
from Si-II. The final structure of the remnant phase has b
found to depend on the rate of pressure release.1,2

Nanoindentation can induce pressures of the magnit
needed to cause phase transformations in Si.3–7 However, in
contrast to diamond-anvil cell measurements, indenta
loading also induces high shear stress which has been
ported to lower the threshold for the onset of a pha
transformation.16 Furthermore, nanoindentation load-unlo
data of crystalline Si has been reported to show disconti
ties in both the loading and unloading sections of
curve.5–11A discontinuity on loading~a ‘‘pop-in’’ event! has
only been conclusively observed for indents made w
spherical indenters.6–9 In contrast, a discontinuity on unload
ing ~a ‘‘pop-out’’ event! has been reported for both spheric
0163-1829/2003/67~8!/085205~9!/$20.00 67 0852
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and pointed indenters.5–11 Although nanoindentation dat
contains much information regarding the physical deform
tion mechanisms occurring during loading and unloadi
the interpretation of this data is not straightforward. Inde
the physical cause of the pop-in and pop-out events has
been unambiguously resolved.5–11 Therefore, in order to
more fully understand the deformation processes, additio
characterization techniques, that probe the structure
phase of the deformed material, have been used.

After indentation, the surface of residual indent impre
sions in crystalline Si has been extensively imaged us
optical microscopy, atomic force microscopy~AFM!, and
scanning electron microscopy~SEM!.3–7 These measure
ments have reported the observation of extruded mate
around the indent suggestive of the fact that a ductile S
phase may flow under load. Moreover, the microstruct
beneath the surface has been examined using transmi
electron microscopy~TEM!, and phase transformed region
have been observed directly under the surface of
indent.3,8–10,14,15Furthermore, Raman microspectroscopy h
been used to analyze the residual indent impressions and
identified a number of high pressure phases a
indentation.9,11–13We have previously correlated both cros
sectional transmission electron microscopy~XTEM! and Ra-
man microspectroscopy observations with nanoindenta
data in order to improve the understanding of both the e
lution of and mechanisms involved in the deformation
Si.8,9 Using XTEM we observed small regions of pha
transformed material in indents made at loads below
©2003 The American Physical Society05-1
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pop-in threshold.9 Similar experiments using both Rama
microspectroscopy and XTEM have shown a correlation
tween the unloading rate and the structure of the remn
phase. Si-III and Si-XII were identified on slow rates of u
loading and an amorphous-Si (a-Si! phase under rapid un
loading conditions.8,11–13Although the correlation of nanoin
dentation with AFM, SEM, XTEM, and Rama
microspectroscopy has provided further insights into the
formation of Si, these techniques are allex situand hence
characterize only the final structure after deformation is co
plete.

In situ electrical measurements were first performed
Gridneva et al.17 In these experiments, the resistance b
tween metal contacts evaporated onto the surface of cry
line Si was measured during indentation. The resistance
found to decrease during loading and recover to its ini
value on unloading. It was proposed that the decrease in
resistance during loading was due to the formation of
metallic Si-II phase which electrically connected the two m
tallic contacts allowing increased current flow. Similar e
periments by Clarkeet al.3 showed that it was not necessa
to make bridging indents between the contacts in orde
achieve a drop in the resistance. Simply indenting on
contact would also cause a drop in resistance. It was
posed that the formation of metallic Si during loading fac
tated the conversion of the contact from Schottky~rectifying!
to Ohmic.3 Further work by Pharret al.5 showed that the
change in the resistance of Si during indentation could
dominated by changes in contact resistance rather than p
transformation to a metallic Si phase. Simulations of nano
dentation loading in crystalline Si were recently perform
by Smithet al.18 In these simulations, phase transformatio
and changes in the electrical resistance during loading w
shown to agree well with the experimental results of Pharet
al.5 In addition, furtherin situ electrical measurements we
recently reported by Mannet al. using a conductive indente
tip.10 This work showed that the transformation from
Schottky to an Ohmic contact during loading was consist
with the formation of the metallic Si phase from the nano
dentation data. The assertion was also made that the rev
transformation from the metallic Si-II phase was not insta
taneous but, rather, was quite sluggish.

Despite the abovein situ measurements, to date it has n
been possible to correlate the detailed features of the nan
dentation load-unload data with changes in electrical prop
ties during indentation. In this paper we employ anin situ
electrical characterization technique that is particularly s
sitive to the nature and extent of phase transformations
curring in crystalline Si under the indenter. Our techniq
specifically relies on the conversion of an Al-Si contact d
ing indentation from Schottky to Ohmic due to such tran
formations. The Si structure used consists of a high resis
ity epitaxial layer on a substrate with a low resistivity and
large area Al-Si Schottky contact fabricated on the epita
layer. This structure provides particular sensitivity to the o
set of a phase transformation directly under the indenter.
detailed electrical measurements during indentation are
related with nanoindentation data and previously repor
Raman and XTEM measurements in order to more fully
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derstand the deformation processes that occur during
nanoindentation of Si.

II. EXPERIMENTAL

The~100! Si samples used in this study werep-type boron
doped. The structure of the samples consisted of a;7 mm
epilayer of high resistivity (5V cm) Si on a substrate with a
low resistivity (631023 V cm). Aluminum layers were
evaporated onto both the front and back surfaces of
sample. During Al evaporation, the edges of the Si w
covered using a mask to avoid conduction around the s
of the sample. The thickness of the Al layers were typica
in the range of;20 and;100 nm for the front~epilayer!
and back~substrate! side of the sample, respectively. Subs
quent electrical characterization confirmed that a Scho
~rectifying! contact was formed at the Al-to-epilayer inte
face. Schottky contacts form as a result of the lightly dop
epilayer that produces a significant depletion layer thickn
under the contact and hence acts as a barrier to current
~in reverse bias!. In contrast to the Al-to-epilayer interface
the Al-to-substrate interface formed an Ohmic contact
cause of the much higher carrier concentration in the s
strate compared to that of the epilayer.

The Si structure was placed in series with a 1 kV resistor
(Rm) as shown in Fig. 1. A dc voltageVa ~typically set to 1
V! was applied across the circuit so that the Schottky con
~on the epilayer! was placed under reverse bias. Prior to
dentation loading, the effective resistance across the sam
~under reverse bias of 1 V! was ;75 kV and the voltage
acrossRm (Vm) had a value of;0.01 V. The magnitude of
Vm increases as the sample resistance decreases, with a
responding increase in the current flow across the sam
Hence,Vm is effectively a measure of the total circuit curre
I m . During indentation this value was monitored as a fun
tion of time.

The area of the Schottky contact~front side! was
;0.75 cm2. During indentation loading at a typical load o
100 mN, the area of contact between the spherical inde
we used and the sample was in the order of;4 mm2. There-
fore, due to the large ratio between the area of the Scho
contact and the indenter contact area, our measurement
sensitive only to dramatic changes in the electronic~contact!
properties of the small region of material under the inden

FIG. 1. Schematic of experimental setup. The Si structure c
sists of a;7 mm epilayer of high resistance Si (5V cm) grown on
bulk Si with a very low resistance (631023 V cm). Al was evapo-
rated onto both sides and a circuit was connected across the sa
5-2
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In situ ELECTRICAL CHARACTERIZATION OF . . . PHYSICAL REVIEW B 67, 085205 ~2003!
The transformation of a small region of the Schottky cont
to an Ohmic contact would provide such a dramatic effe
Following a phase transformation of the semiconducting S
to the metallic Si-II phase under the indenter, if the cont
region was converted to an Ohmic contact, the current d
sity in this region would be expected to increase by order
magnitude~as we show later!. Hence, the total currentI m
would increase significantly.

Indentations were made with an Ultra-Micro Indentati
System-2000~UMIS! on the Schottky contact as shown
Fig. 1 at ambient pressure and room temperature. An S
was used to characterize both a spherical~radius;4.2 mm)
and a pointed~Berkovich! indenter. The UMIS was cali-
brated using fused silica of known material properties.
series of indentations was made on the silicon sample w
both spherical and Berkovich indenters at loads of up to
mN. Two loading routines were used: a continuous lo
unload cycle, and the load partial-unload method develo
by Field and Swain.19 During indentation, the load applie
by the UMIS was measured together with the currentI m as a
function of time. This allowed the electrical characterist
and nanoindentation measurements to be accurately c
lated. Subsequent SEM examination of the residual ind
impressions showed no evidence of delamination, crack
or rupture of the thin Al layer after indentation.

III. RESULTS

The mechanical response of the Al/Si structure to nano
dentation loading is shown in Fig. 2. This plot shows t
load versus penetration depth for an indent made wit
spherical indenter of;4.2 mm radius loaded to 100 mN
There is essentially no difference between the loading beh
ior shown in this figure and that made on bare Si except
a slight increase in the maximum depth of penetration for
Al/Si system (,20 nm) as a result of deformation of th
extremely soft but thin Al layer. Discontinuities can be se
in both the loading and unloading sections of this plot. T
pop-in event on the loading section of the curve occ
;25 mN ~Ref. 20! and the pop-out event on unloading
;35 mN.

The increase in the current though the Al/Si structure d
ing indentation loading is shown in Fig. 3. This figure sho

FIG. 2. Load-unload curve of;20 nm of Al on crystalline Si
showing ‘‘pop-in’’ and ‘‘pop-out’’ events. Loading conditions
Maximum load 100 mN, 40 steps, spherical indenter of;4.2 mm
radius.
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both the applied indentation load and current (I m) as a func-
tion of time for a continuous load-unload cycle with a sphe
cal indenter loaded to 100 mN. The load versus time p
~top curve! shows the details of the continuous loading cyc
At each step in the cycle the load is first sharply increased~or
decreased! and then held at a constant magnitude for;2 s
until the next increment. Despite the fact that this is actua
a somewhat discontinuous loading process we will refer t
as the continuous load cycle. This Fig. 3 shows the lo
increasing to a maximum of 100 mN in 10 steps~loading!,
and then decreasing to zero applied load in a further 10 s
~unloading!. Corresponding to these loading increments,
magnitude of the current can be seen to increase with
applied load in clearly definable steps. This observed
crease in current is quite significant when the small area
the indentation is considered. From absolute current m
surements, the current density is;231022 mA/cm2

through the large area Schottky contact and;2
3106 mA/cm2 through the small area of the indent aft
transformation.

Figure 3 also shows that, for most loading increments,
current through the sample exhibits an initial sharp incre
~spike!, during the loading portion of the load step, and th
a slight decrease during the constant load part of each lo
ing increment. This behavior was observed to occur for e
loading increment with the possible exception of the init
step. Creep~i.e., an increase in depth with constant loa!
measurements showed that holding the maximum load~100
mN! for 20 sec resulted in,0.5% decrease in the mea
contact pressure. Therefore, creep is not the reason for
decrease in the current following the intial spike as the lo
is held constant. Alternative explanations for this effect w
be discussed later in the paper. In addition, Fig. 3 shows
the onset of additional current throught the sample occur
a load of;15mN, i.e., before the pop-in event has occurre
In constrast to the loading part of the cycle, on unloading,
magnitude of the current falls dramatically with decreas
load. At a load of;50 mN ~well before the pop-out even
has occurred! the current returns to a value close to th
before loading. It is interesting to note that, during unloa
ing, the magnitude of the current is relatively constant b

FIG. 3. Applied load and current as a function of time duri
indentation loading in crystalline Si. Loading conditions: Contin
ous load-unload cycle, maximum load 100 mN, 10 steps, sphe
indenter of ;4.2 mm radius. The load at which the pop-in an
pop-out events occur is indicated. The current is shown on a lin
scale with arbitrary units.
5-3
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tween unloading steps. This is in contrast to the beha
observed on loading, where a noticable spike in the ma
tude of the current occurs at each step.

The current through the sample (I m in Fig. 1! versus ap-
plied load during indentation is shown in more detail in F
4. In this plot the maximum load of 100 mN is applied in 4
increments in order to highlight the comparison of electri
characteristics with load. Note that this is the same load
condition used for the load-unload curve shown in Fig. 2.
the load is increased, the current only increases significa
above a threshold load of;17 mN. Note a subsequent dro
in the magnitude of the current at;24 mN ~indicated in this
figure by an arrow!. This is very close to the load at whic
the pop-in event has been observed to occur~see Fig. 2!, the
significance of which is discussed later in the paper. As lo
ing continues, the current can be seen to increase with e
loading step noting the ‘‘spike’’ at the onset of each loadi
increment. On unloading, the current can be observed to
consistently as the indenter is withdrawn, reaching its p
load value at;60 mN.

In Fig. 5 we examine the effect of the indenter geome
on the electrical properties of indented Si. Figures 5~a! and
5~b! show the current and load as a function of time fo
spherical and Berkovich indenter, respectively. Both inde
were made using a continuous load-unload cycle, with
steps to a maximum load of 100 mN. Spherical indentat
exhibits an initial increase in current at a load of;22 mN
while, in the case of the Berkovich indenter, the change
curs almost immediately after loading (,5 mN). On un-
loading, the current decreases to the preindentation lev
similar loads (;65 mN).

Figure 6 shows the applied load and resulting change
current for a load partial-unload indentation cycle loaded t
maximum of 100 mN. Figure 6~a! treats an indent made wit
unloading to 50% of the load at each step and Fig. 6~b! the
case of unloads to 80%. On each partial unloading step,
current can be seen to fall rapidly as the load is decrea
When the unloading fraction is set to 50%@Fig. 6~a!#, the
current returns to the preindentation level at each unload
step. In contrast, this is not observed when the unload f
tion is set to 80%@Fig. 6~b!#, with the current remaining
above preloading levels during each unloading step. As

FIG. 4. Current versus applied load during indentation of
Loading conditions: Continuous load-unload cycle, maximum lo
100 mN, 40 steps, spherical indenter of;4.2 mm radius. The arrow
indicated the load at which the pop-in event was observed to oc
The current is shown on a linear scale with arbitrary units.
08520
r
i-

.

l
g
s
tly

-
ch

ll
-

y

ts
0
n

-

at

in
a

he
d.

g
c-

is

type of loading cycle is a form of cyclic loading, these r
sults highlight the reversibility of the phase transformati
~as we discuss later!. In addition, it is interesting to note tha
there is no observed spike in the magnitude of the curr
during the first step in the current in both plots~denoted by
arrows!, in contrast to the subequent loading increments
feature we will also discuss later in the paper. Indeed, i
separate measurement we observed that reindentation on
viously indented spots showed that the current always
creases again on loading~although the inital increase is at
higher load for subsquent indents! and decreases to back
ground levels on unloading even after repeated indentatio
the same position on the sample.

IV. DISCUSSION

A. Electrical behavior

Before discussing the details of the indentation-induc
deformation of Si, we will first attempt to interpret the ele
trical behavior. Prior to indentation, a Schottky contact w
formed at the Al-to-epilayer interface, preventing significa
current flow through the circuit under reverse bias con
tions. An equivalent circuit representing this configuration
shown in Fig. 7 where the right branch across the sam
indicates the reverse bias situation in which the reverse
rent is limited by a large effective resistanceRrev defined by
Eq. ~1!

Rrev5RSc1S rete

Arev
D1S rsts

Arev
D . ~1!

.
d

r.

FIG. 5. Applied load and current as a function of time duri
nanoindentation of a single indentation. Loading conditions: C
tinuous load–unload cycle, maximum load of 100 mN, 20 steps.~a!
Spherical indenter of;4.2 mm radius.~b! Berkovich indenter. The
current is shown on a linear scale with arbitrary units.
5-4
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In situ ELECTRICAL CHARACTERIZATION OF . . . PHYSICAL REVIEW B 67, 085205 ~2003!
Here,RSc is the effective Schottky resistance under reve
bias and the following terms are the series resistance of
epilayer and the underlying substrate, respectively. In
equation,r is the resistivity,t is the thickness of the layer,A

FIG. 6. Applied load and current as a function of time duri
indentation loading in crystalline Si. Loading conditions: Part
load-unload cycle, maximum load 100 mN, 10 steps, spherica
denter of;4.2 mm radius.~a! Partial unload to 50% of each load
ing step showing resistivity increases to background levels on
loading. ~b! Partial unload to 80% of each loading step showi
resistivity remains below background levels on unloading a
;40 mN. The arrows indicate the first step at which the current
be observed to increase. The current is shown on a linear scale
arbitrary units.

FIG. 7. Circuit simulating the behavior of the Si structure befo
indentation~as shown with switch open! and during indentation
~switch closed!. Rrev is the resistance of the sample in reverse bi
Rc is the resistance of the contact during indentation, and the v
age Vm was measured across the resisterRm . I m is the current
flowing throughRm and hence is the total current in the circuit a
I c is the current flowing thoughRc as indicated.
08520
e
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is the contact area under reverse bias, and the subscriptse’’
and ‘‘s’’ refer to the epilayer and substrate properties, resp
tively. Note that the effective resistance of the backsi
large-area Ohmic contact is considered to be negligib
Equation ~1! assumes that the contact area (0.75 cm2) is
large compared with the sample thickness~0.07 cm! and
hence any spreading~resistance! terms relating to the epil-
ayer and the substrate can be neglected. Under reverse
conditions, according to Eq.~1!, the resistanceRrev is domi-
nated byRSc, since both (rete /Arev) and (rsts /Arev) have
small values of;531023 V and ;631024 V, respec-
tively, whereasRSc has a value of the order of 75 kV. Hence,
the measured value ofRrev'RSc in this case.

As stated earlier, the significant increase in the current
loading must indicate that the Schottky contact is tra
formed to an Ohmic contact in the small region under
indenter. We assume that this behavior is caused b
pressure-induced transformation to the metallic Si-II ph
immediately under the Al layer. In this case, the barr
height between the Al and the underlying metallic Si-II m
terial is now negligible and the Schottky contact is effe
tively converted to an Ohmic contact under the indenter
we assume that there is no effective Schottky barrier betw
different crystalline phases of Si~Si-II and Si-I!, significantly
increased current will now flow under reverse bias if t
resistivity of the Si across the sample is sufficiently lo
Thus, before loading the reverse current is restricted by
high effective resistance (RSc) of the large (;0.75 cm2)
Schottky contact whereas, after phase transformation du
loading, a large increase in current is obtained through
small area under the indenter. As previously stated, the
rent density through the region under the indenter is ord
of magnitude greater than the surrounding nontransform
regions ~from ;231022 mA/cm2 to ;23106 mA/cm2).
Hence, Eq.~1! no longer defines the resistance that contr
the current flowI m in the circuit of Fig. 7.

When an Ohmic contact is formed under the indenter,
can envisage the switch in the left sample branch in Fig
being closed and an additional current to flow, in para
with the reverse-bias current through the large area Scho
contact. We can define an additional resistance,Rc for this
Ohmic branch as given by Eq.~2!:

Rc5ROhm1S re

2pr
tan21

2te

r D1S rs

2pr
tan21

2ts

r D . ~2!

Here ROhm is the specific contact resistance of the Ohm
contact and the second and third terms are the sprea
resistance21 for the epilayer and the substrate, respective
with re , rs , te , ts having the same values as in Eq.~1!, and
r is the radius of the Ohmic contact~i.e., the transformed
region under the indenter!. If we assume that the curren
though the reverse-biased Schottky contact~the right sample
branch in Fig. 7! is unchanged by the formation of a ver
small Ohmic contact under the indenter, then the additio
current on loading flows only through the Ohmic contact a
hence is controlled by the sample resistanceRc as indicated
in Fig. 7. Now, according to Eq.~2! for a situation wherer
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(,2 mm) is smaller than the layer thickness (te'7 mm) the
~spreading! resistance terms are both roughly inversely p
portional to the radius of the Ohmic contact. We note t
these latter two terms in Eq.~2! ~under our experimenta
conditions! will sum to the order of several kV ’s ~at a maxi-
mum load of 100 mN!. Estimation of the magnitude ofROhm
is more difficult and may not be negligible with respect
the spreading terms: we note that the value ofROhm will be
inversely proportional to the contact area~i.e., }1/r 2).

In Fig. 8 we plot the additional current thoughRc ~i.e., I c)
as a function of the indenter contact radius for both the lo
ing and unloading cycle up to a maximum load of 100 m
The linear relationship on loading, noting that the dotted l
in Fig. 8 is a least-square fit excluding the points prior
transformation, may suggest that the current through
Ohmic contact is controlled by the spreading terms in Eq.~2!
~i.e., ROhm is negligible in comparison!. However, over the
limited contact range of this experiment,I c is also found to
exhibit a reasonably linear relationship with contact a
~i.e., }1/r 2). Hence, it is unclear at this stage which of t
terms in Eq.~2! controls the additional current following
phase transformation. Finally, we observe, as before, tha
reduction in current flow on unloading is extremely abru
This result suggests that the current is turned off rapidly
is not sensitive to the sequence of phase changes that
sumably occur during unloading. Both the loading and u
loading behavior are now discussed in terms of other~ex
situ! structural observations below.

B. Loading

On indentation loading, the isostatic pressure induced
a spherical indenter is at a maximum directly under
indenter.22 Once this pressure increases past;11 GPa the
phase transformation to the metallic Si-II phase is initiat
In our case for an indenter of radius;4.2 mm analytical
simulations23 indicate that the maximum isostatic compre
sive stress will exceed 11 GPa when the load reac
;15.5 mN. This is in good agreement with the electric

FIG. 8. Additional current during indentation versus the cont
radius of the indenter with the sample. The contact radius betw
the indenter and the sample was calculated using the radius o
indenter (;4.2 mm) and the depth of penetration. The arrow ind
cates the load at which the pop-in event has been observed to o
Loading conditions: Continuous load-unload cycle, maximum lo
of 100 mN, 20 steps.
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measurements~see Fig. 4! that indicate that the onset of
phase transformation is around 17 mN. We note that
maximum in the isostatic pressure occurs under the inde
at the center of the contact area and decreases radially
ward. Modeling indicates that the area under the inden
that exceeds the critical isostatic pressure~i.e., transformed
area! scales with the contact area.6,22 This in turn would im-
ply that the indenter contact area should correspond to
area of the Ohmic contact, which is basically the assump
made in the previous subsection.

In the Al/Si structure used in our configuration, the tran
formation will occur in the epilayer just beneath the Al laye
Previousex situXTEM and Raman microspectroscopy o
servations of indents made under comparable loading
unloading conditions to those presented here, showed
presence of phase transformed material after indentation8–15

Previous ex situ TEM ~Refs. 3,10,14,15! and Raman
microspectroscopy11–13 observations of indents, showed th
presence of phase transformed material after indentation.
der comparable indenter geometry and loading condition
those presented in this current study, our previous work
shown that the maximum depth of the transformed region
600 nm ~at a load of 80 mN with a spherical indenter
;4.2 mm).8 In addition to the transformed material direct
under the indenter, there are slip bands, attributable to sh
that propagate,2 mm below the surface. Thus, all the de
formation induced by the indentation loading can reasona
be expected to remain confined to the 7mm epilayer of the
Si structure.

Focusing now on details of the electrical behavior, w
observe in Figs. 3 and 4 that the onset of increased cur
and hence the phase transformation is initiated before
pop-in event is observed. This directly supports previo
XTEM studies that showed small regions of phas
transformed material in residual indent impressions loa
below the pop-in threshold.9 Based on this result we previ
ously suggested that the pop-in event occurs when the tr
formed material flows out from under the indenter. Th
would occur when the lateral extent of the transformed
gion exceeds the diameter of contact between the inde
and the sample. Furthermore AFM and SEM observation
indent impressions in crystalline Si show extruded mate
at the edge of the residual indent impression~after the pop-in
event!.9 This behavior is further evidence for the propos
that this Si-II transformed material is squeezed out dur
loading. We now examine in more detail the loading s
quence and use the details of thein situ electrical data to
support our model.

A schematic of the sequence of events induced under
indenter is illustrated in Fig. 9. Figure 9~a! shows the early
stages of loading before the pop-in event but after the ini
tion of the transformation to Si-II in a region under the i
denter that is totally constrained within the contact diame
With further loading, the diameter of the transformed regi
~Si-II! increases until it exceeds the indenter contact dia
eter. Once this occurs the ductile Si-II can then flow out fro
under the indenter as illustrated in Fig. 9~b!. In the extruded
region, the isostatic pressure will immediately decrease
the Si-II in this region may then be transforme
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In situ ELECTRICAL CHARACTERIZATION OF . . . PHYSICAL REVIEW B 67, 085205 ~2003!
into another low pressure phase since Si-II is not stabl
pressures significantly below the threshold for the init
transformation.1,10 This behavior may provide one explan
tion for the ‘‘spike’’ in the measured current that is observ
immediately following each loading step after the pop
event. The spike could correspond to the increased are
the transformed material that is extruded from under the
denter. However, the current will immediately drop duri
the constant load part of each loading step~see Figs. 3, 5,
and 6! when some of the newly transformed~Si-II! in the
extruded region transforms to a low pressure phase~say to
a-Si! as illustrated in Fig. 9~c!. However, a transient capac
tance effect which could contribute to the current dec
across a capacitor formed by the Al-a-Si contact might also
lead to a current spike. We will return to this issue below

FIG. 9. Schematic of the deformation sequence occurring du
indentation.~a! On loading, initiation of the transformation of sem
conducting Si-I to the metallic Si-II phase.~b! With further loading
the transformed region expands outside the diameter of const
of the indenter resulting in the extrusion of material from under
indenter ~pop-in!. ~c! After extrusion the material in this regio
transforms to an amorphous phase.~d! As unloading commences
the metallic Si-II phase begins to transform toa-Si. ~e! As unload-
ing continues the mean contact pressure beneath the indente
creases to a level at which the bulk of Si-II is no longer stable. T
bulk of Si-II then transforms to eithera-Si, Si-III, or Si-XII depend-
ing on the rate of pressure release.
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material extrusion is the explanation for the spike, this illu
trates the sensitivity, of the electrical measurements to tim
dependent changes in the surface area of the metallic
phase during each loading step.

In discussing the nature of the subsequent phase tha
extruded Si-II transforms to, we note that previous obser
tions of indents made with rapid unloading rates have
vealed the formation of an amorphous Si phase.8,13 Hence,
since the extrusion process involves rapid pressure rele
the resultant phase of this extruded material is likely to
amorphous. In this regard, it is interesting to note that XTE
studies of indentation-induced transformations in Si do sh
that the edges of the transformed zone are indeeda-Si, even
when the main volume of the transformed zone~after un-
loading! consists of other phases such as Si-III and Si-X8

Hence, we propose that the extrusion process during loa
will effectively limit the area of metallic Si-II material to a
zone under the indenter, except for a short time immedia
after loading~the current spike!. Thus, the extrusion proces
after pop-in will cause the Ohmic contact area to clos
correspond to the indenter contact area, further validating
starting assumption made earlier in the previous sect
namely, that the Ohmic contact area scales with the inde
radius.

Another significant observation from the electrical da
that warrants further comment is the fact that the load
step at which the measured current is first observed to
crease is not characterized by a spike in the magnitude o
current. This can be most clearly seen in the load part
unload data shown in Fig. 6~see arrow in both plots!. Here,
the current over the entire duration of the first loading s
after the onset of transformation remains constant. This
most consistent with the expected behavior prior to
pop-in event, where no transformed material is extruded
the metallic Si-II area under the indenter should remain c
stant with time@see Fig. 9~a!#. Furthermore, it suggests that
transient capacitance effect which should be observed a
steps which show a current increase, is not the explana
for the current spike. In addition, this behavior prior to t
pop-in event is not observable for indents made with a Be
ovich indenter, since the small diameter of the indenter
and the rapidly changing radial isostatic pressure will eff
tively negate any significant constraint to extrusion of t
transformed volume from under the indenter. Therefore,
of the fine details in the electrical measurements during lo
ing are entirely consistent with the transformation/extrus
and re-transformation model that we propose above.

C. Unloading

On unloading, the current is observed to fall dramatica
in clearly defined steps as the indenter is withdrawn~see
Figs. 3–6!. Indeed, as can be seen in Fig. 3, the current dr
back to the preindentation levels well before the pop-
event occurs. The pop-out event~for Si! is widely interpreted
to be as a result of the large change in volume that occ
with the transformation from the metallic Si-II phase to le
dense phases. For example,a-Si is approximately 24% less
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J. E. BRADBY, J. S. WILLIAMS, AND M. V. SWAIN PHYSICAL REVIEW B67, 085205 ~2003!
dense~than Si-II! and Si-III is 14% less dense compared w
Si-II. This transformation from Si-II to a less dense pha
will be favored when the mean contact pressure under
indenter drops to a level at which Si-II is no long
stable.6–8,10 It is clear therefore that our electrical measu
ments are not sensitive to the large volume changes tha
pear to characterize the phase transformation on unload
Nevertheless, the transformations to lower density phase
unloading might be expected to begin in regions in which
isostatic pressure first drops below the critical level for s
bility of metallic Si-II. The interface between the metall
Si-II and the underlying Si-I epilayer is where this may fir
occur during the inital stages of unloading. This is illustrat
schematically in Fig. 9~d!, which shows a thin continuou
layer of a low pressure phase, most likelya-Si as we disucss
below, that disconnects underlying Si-I from metallic Si-
When such a continuous layer~of a higher resistivity phase!
reaches a critical thickness, the contact may no longer
hibit Ohmic behavior and the magnitude of the current acr
the sample will revert to its value before loading com
menced. Hence, only a small fraction of the volume of
Si-II need transform to a continuous, nonmetallic phase
fore the current reverts to its preloading levels.

Further evidence that the subsequent transformation
cess~i.e., resultant structure after the transformation fro
metallic Si-II to lower pressure phases! severely impedes the
current flow was obtained from sequential indentations m
on the same position on the sample. It was noted that
onset of current increase observed during subsequent loa
cycles occurred only when a higher load was reached. T
suggests that the majority of the retransformed material fr
the previous loading cycle needed to be transformed bac
metallic Si-II before our electrical measurements were s
sitive to the presence of any metallic Si-II phase. Hen
whereas our experimental setup is extremely sensitive to
tails of phase transformations during loading of Si-I, it is n
particularly sensitive to behavior on unloading. We need n
to explore how the transformation to the lower press
phases subsequently evolves@Fig. 9~e!#.

From load-unload and electrical data, Mannet al.10 con-
cluded that the transformation from the metallic Si-II pha
on pressure release is slow compared with the unloading
Others have noted that both the observation of the pop
event and the nature of the end phases depend on the un
ing rate.8,11,13 For example, the Raman study of Domnic
et al.11 found that no pop-out event was observed when
remnant microstructure of the indents was amorphous. Ba
partly on these earlier observations and partly on our pre
data, we propose the following. As soon as unloading beg
the Si-II material starts to transform to a less dense ph
that is initially a-Si. If the unloading rate is fast, the Si-II ca
transform entirely to amorphous Si in a relatively continuo
matter ~albeit more slowly than the unloading rate!. Under
such a situation, the unloading section of the loa
penetration curve will not exhibit a pop-out event. Howev
if the unloading rate is slow enough, the Si-II may transfo
at a particular~critical! pressure to the thermodynamical
preferred Si-III and Si-XII phases, which may spontaneou
nucleate within Si-II. We propose that there is a kinetic b
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rier to nucleation of such phases. A manifestation of suc
nucleation-limited behavior may be that, if the pressure
lease is too fast, the random low-pressure phase,a-Si, will
result instead. The implication here is that there may not b
nucleation barrier fora-Si within Si-II. However, if Si-III
and Si-XII phases do nucleate, their growth will be rapid
lower pressures where Si-II is unstable, thus giving rise
the observed pop-out event on unloading. This proposed
havior may also explain the absence ofa-Si in diamond anvil
experiments, where the much slower pressure release rat
unit volume of Si-II may readily allow nucleation of th
preferred ~lower free-energy! crystalline Si-III and Si-XII
phases.

V. CONCLUSIONS

The Si epilayer structure used in this study has enable
detailedin situ examination of the indentation-induced defo
mation of crystalline Si. The sensitivity of our experiment
configuration to changes in the electrical properties of
sample during loading was exploited to explore fine detai
the nanoindentation data. On loading, the onset of the tra
formation to the metallic Si-II phase was consistently d
tected prior to the observation of the pop-in event. This s
gested that the pop-in event may be caused by the sud
extrusion of the ductile metallic Si-II phase once this tran
formed region extends beyond the constraint of the inden
Consistent with this transformation and extrusion model, fi
details in the electrical data such as the spike in the cur
observed at each loading increment after pop-in, were co
lated with transformations between Si-I, Si-II, and high r
sistivity phases. The load-partial-unload measureme
clearly show that the indentation-induced changes in
electrical properties are reversible during further load
cycles. In addition, the extrusion process was found to eff
tively limit ~after the pop-in event! the region of transformed
metallic Si-II to the indenter contact area. As the inden
was withdrawn, a sharp decrease in the current flow w
observed, as a thin layer of Si-II transformed to a hig
resistivity, low-pressure, phase such asa-Si. Finally, we sug-
gest that the pop-out event on unloading occurs when c
talline Si-III and Si-XII phases spontaneously nucleate a
rapidly grow on unloading. We propose that the formation
these phases is nucleation limited. Hence, the pop-out e
can be suppressed if the unloading rate is fast resulting in
formation of only the randoma-Si phase.
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