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ABSTRACT 
 

Nanoindentations were made on a (100) single crystal Si wafer at room temperature with 
a series of triangular pyramidal indenters having centerline-to-face angles ranging from 35° to 
85°. Indentations produced at high (80 mN) and low (10 mN) loads were examined in plan-view 
by scanning electron microscopy and in cross-section by transmission electron microscopy. 
Microstructural observations were correlated with the indentation load-displacement behavior.  
Cracking and extrusion are more prevalent for sharp indenters with small centerline-to-face 
angles, regardless of the load. At low loads, the transformed material is amorphous silicon for all 
indenter angles. For Berkovich indentations made at high-load, the transformed material is a 
nanocrystalline mix of Si-I and Si-III/Si-XII, as confirmed by selected area diffraction. Extrusion 
of material at high loads for the cube-corner indenter reduces the volume of transformed material 
remaining underneath the indenter, thereby eliminating the pop-out in the unloading curve. 
 
 
INTRODUCTION 
 

The generally recognized sequence for pressure-induced phase transformation of silicon as 
established in diamond anvil tests is that normal diamond cubic Si (Si-I) transforms to the 
metallic β-tin structure (Si-II) at a hydrostatic pressure of 11GPa, or at lower pressures when 
aided by shear stresses [1]. Upon decompression, the β-tin structure transforms to amorphous 
silicon (a-Si) at high release rates, or to a variety of metastable crystalline forms at low rates 1.  
Nanoindentation has also proven useful in the characterization of the pressure induced phase 
transformations of Si [2-14].  Since the hardness of Si is dominated by the pressure needed to 
induce the phase transformations, metastable phases are frequently observed within and around 
nanoindentation hardness impressions.  

Indentation-induced phase transformations in Si have been studied mostly with spherical 
indenters and the Berkovich indenter - a triangular pyramid with a centerline-to-face angle of 
65.3°. For these indenters, there is general agreement that the "elbow" observed in unloading 
curves at relatively low maximum loads is caused by the formation of amorphous silicon, 
whereas the "pop-out" observed at higher loads results from the nucleation and growth of 
metastable crystalline phases such as Si-III and Si-XII.  Numerous studies have documented the 
post indentation structures of the deformed region of spherical, Vickers and Berkovich 
indentations using plan-view and cross-sectional TEM [5-13]. 

Recently, a systematic study by Jang et al. revealed that pop-out is absent when very 
sharp triangular pyramidal indenters are unloaded from high loads (figure 1a), even though the 
Raman spectra provide evidence for the existence of crystalline Si-III and Si-XII in the indent 
(figure 2) 14.  This new finding led us to begin a detailed TEM study of the effects of indenter 
angle on the deformation structures of Si. Initial results of that study are reported here.   
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Figure 1. Load-displacement curves for nanoindentations made with triangular pyramidal 
diamonds with centerline-to-face angles varying from 35° to 85° at a constant loading/unloading 
rate of 5 mN/s: (a) Pmax = 80 mN; (b) Pmax = 13 mN [14].  
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Figure 2. Raman spectra from nanoindents made with different indenters at Pmax = 80 mN [14]. 
 
 
EXPERIMENTAL 
 

Nanoindentation was conducted at the SHaRE User Center of the Oak Ridge National 
Laboratory using a Nanoindenter XP (MTS Systems, Oak Ridge TN).  Undoped (100) single 
crystal Si wafer samples were indented at room temperature using a series of triangular 
pyramidal indenters with centerline-to-face angles of 35.3° (cube-corner), 45°, 55°, 65.3° 
(Berkovich), 75° and 85°.  Two peak loads - 10 mN and 80 mN - were chosen to explore 
indenter angle effects at relative high and low loads. The loading/unloading rate was fixed at      
5 mN/sec to eliminate complications brought about by rate effects.  Cross-sections of the 
indentations were prepared utilizing a dual beam focused ion beam (FIB) mill. Cross-sectional 
transmission electron microscopy (TEM) and high resolution electron microscopy (HREM) were 
performed using FEI/Philips Tecnai20 and CM200FEG instruments at the SHaRE User Center. 
All the observations were made at 200kV.  
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RESULTS AND DISCUSSION 
 
A. Indenter angle effects at low load 
 

Figure 3 shows general SEM and TEM observations for indentations made at 10 mN with 
the 35°, 45°, 55°, and 65° indenters. Results for the 85° indenter are not included because it 
produced entirely elastic deformation (see figure 1). Cross-sections for the 75° indenter are 
currently in preparation.  From the SEM plan views of the indentations, it is clear that residual 
depth increases as the indenter angle increases, in agreement with the indentation load-
displacement curves (figure 1b).  The surface radial cracking is most pronounced for the sharper 
indenters but is not present for indenter angles of 65° and above.  The most notable feature is that 
the 35° cube-corner indenter shows not only the deepest hardness impression, but the 
transformed material also extrudes from underneath it to form a thin wispy layer on the surface.  
The cross-sectional TEM images reveal that the shape of the transformed zone is approximately 
the same for all indentations; however, the amount of transformed material in the zone decreases 
for the sharper indenters. For the Berkovich indenter (65°), the transformed material remains 
entirely beneath the indenter because the transformed zone does not extend beyond the edge of 
contact. The Berkovich indent shows no evidence of radial or median cracking, either in plan 
view or in cross-section.  Cracks are observed for all other indenter angles, and material from the 
transformed zone flows into the median cracks.  For the cube-corner indentation, the region of 
transformed material under the hardness impression is smaller than the others due to the 
extrusion of material to the surface.  

Although the Berkovich indenter is frequently used for studies of this kind, indentations at 
low loads, e.g. 10 mN, have never been documented using cross-sectional TEM.  The bright field 
image of a 10 mN Berkovich indent in figure 4a exhibits a large transformed zone (gray) with a 
few bright features, bend contours outside the transformed zone, and defects at the bottom of the 
indentation.  Selected area diffraction (SAD) from the transformed zone (figure 4b) indicates  
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Figure 3. SEM plan-view and TEM cross-sectional images of low load indentations (10 mN) 
made with various triangular pyramidal indenters. 
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that material in the zone is mostly amorphous. The spot patterns in the SAD are produced by the 
surrounding untransformed Si-I matrix.  There is dislocation activity underneath the transformed 
zone, which is further revealed by a dark field image (DF) taken with a Si-I (111) reflection 
(figure 4c).  High resolution electron microscopy (HREM) was carried out at the crystalline-to-
amorphous boundary and within the transformed zone (figure 5a).  Microtwins were detected 
that are most extensive under the apex of the amorphous pocket and at the crystalline-to-
amorphous boundary (figure 5b). Nanocrystalline grains of Si-I with typical dimensions between 
5 and 20 nm are observed within the transformed region.  However, observed crystallization of 
a-Si under the beam during HREM (figure 5c) gives rise to the concern that the original 
nanocrystals in the a-Si zone (figure 4a) might be artifacts caused by the ion beam during sample 
preparation.  TEM examination of a low-load cube-corner indent is currently in progress. 

 
 

 
 

(b) (c)(a) 

Figure 4. Cross-sectional TEM of a low load (10 mN) Berkovich indent: (a) bright field image; 
(b) SAD from the transformed zone; (c) dark field image from a Si-I (111) reflection. 
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Figure 5. High resolution TEM of a low-load (10 mN) Berkovich indent: (a) bright field TEM 
image; (b) microtwins at the crystalline-to-amorphous boundary; (c) crystallization in the 
amorphous transformed zone induced by the electron beam. 
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B. Indenter angle effects at high load 
 

Unlike the low-load condition, both the high-load Berkovich and cube-corner indentations 
made at 80 mN show radial cracks, lateral cracks, and median cracks (figure 6).  The Berkovich 
indentation exhibits a well-capped transformed zone that is generally nanocrystalline in nature 
(figure 6b).  The structure was confirmed by SAD to be mixture of crystalline Si-I, Si-III/Si-XII, 
which is in good agreement with Raman data (figure 2) and other microscopy results [9-13].  In 
contrast, the high-load cube-corner indentation shows extensive extrusion of the transformed 
material and very little remaining under the hardness impression.  Since it is the volume change 
during phase transformation that gives rise to the pop-out event during unloading, the extrusion 
explains the absence of the pop-out event for the cube-corner indenter. This is a common feature 
for the 35° indenter and is occasionally observed for 45° indentations as well.  It is noted that the 
appearance of the extruded material again strongly indicates the ductile and metallic-like nature 
of the transformed material under pressure.   
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Figure 6. SEM plan-view and TEM cross-sectional images of high load indentations (80 mN):  
(a) and (b) Berkovich indentation; (c) and (d) cube-corner indentation. 
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CONCLUSIONS 
 

Cross-sectional TEM and plan-view SEM observations show that cracking and extrusion 
in (100) Si are more prevalent for indenters with sharp centerline-to-face angles.  At low loads 
(10 mN), the transformed material is confirmed to be amorphous Si for all indenter angles.  
Cracking is not observed when indenting with the Berkovich indenter at low loads, but at high 
loads (80 mN), cracking is observed for all indenters with angles in the range 35°-65°.  Selected 
area diffraction confirms that the transformed material remaining underneath the high-load 
Berkovich indents is a nanocrystalline mixture of Si-I and Si-III/Si-XII. Extrusion of transformed 
material into the median cracks is a common feature for all indenters.  Cross-sectional TEM 
explains the absence of pop-out for cube-corner indenters. Specifically, because the transformed 
zone extends beyond the edge of contact, there is extensive extrusion of transformed material 
and little remains under the hardness impression to reverse transform during unloading.  
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