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ABSTRACT 

Exposed to mechanical stress, semiconductor materials may phase transform, resulting in changes of crystallographic 

structure and material properties, rather than deform by plastic flow. As a consequence, prediction of the state and 

distribution of strain in semiconductors has become crucial for the evaluation of performance and reliability of structures 

made of these materials. Indentation-induced phase transformation processes were studied by in situ Raman imaging of the 

deformed contact region of silicon, employing a Raman spectroscopy-enhanced instrumented indentation technique (IIT). 

This is, to our knowledge, the first sequence of Raman images documenting the evolution of the strain fields and combined 

changes in the phase distributions of a material under contact load. 
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INTRODUCTION 

Silicon (Si) in its pristine diamond cubic (dc) phase can be transformed to different crystallographic structures through the 

application of mechanical stress.[1] Given its importance to electronic devices and microelectromechanical systems and 

given that modifications of the Si crystallographic structure are connected to its performance related properties, phase 

transformations have been intensively studied. At hydrostatic pressures of 10 GPa to 16 GPa, Si undergoes a nonmetallic-

metallic transition, as the dc structure of Si-I transforms to the denser body centered tetragonal (bct) β-tin structure of the Si-

II phase.[2-4] Further compression leads to a sequence of transitions to other crystallographic phases according to several 

theoretical studies and quasi-hydrostatic diamond anvil cell (DAC) experiments.[1] Shear stress is critical in the initiation of 

phase transitions [5,6] and has been reported to lower the threshold pressure for the phase transformation in monocrystalline 

Si [7]. Furthermore, it has been speculated that shear stress may promote the formation of phases not observable under 

hydrostatic conditions.[8,9] Simulation studies suggest the crystal lattice of dc Si transforms into various bct structures with 

sixfold (β-tin) and fivefold coordination (bct5) under the presence of shear stress during loading.[10-14]  

Instrumented indentation technique (IIT) has been widely used to investigate the phase transformation of Si under the 

presence of shear stress. However, in conventional indentation experiments on Si, the structure and phase of the material is 

probed only after the completion of the indentation test (ex situ), which leaves the exact path of transformation to conjecture, 

as the presence of intermediate phases cannot be directly observed. In order to analyze the indentation-induced phase 

transformation in situ, auxiliary characterization techniques must be employed in indentation studies. Raman spectroscopy 

has become a versatile tool, enabling determination of the kinetics and physics involved in the mechanical deformation of 

materials at the crystallographic and molecular level (e.g., strain build-up in crystal lattices, phase transformations, and 

changes in crystallinity). The utility of IIT and Raman spectroscopy has led researchers at NIST to explore the combination 

of these methods for in situ measurements, Raman spectroscopy-enhanced IIT, and to develop an indentation device that is 

coupled with a Raman microscope to conduct spectroscopic and optical analysis (probing and mapping) of mechanically 

strained regions of transparent samples under contact loading.[15] 



In this study, Raman spectroscopy-enhanced IIT in a laser scanning Raman imaging configuration is employed to study in 

situ the generation and evolution of the phase transformation of Si under contact load. The experimental findings are 

compared to relevant simulations and contact models. This is, to our knowledge, the first sequence of Raman images of a 

material held under contact load and undergoing phase transformation induced by mechanical deformation. 

 

EXPERIMENTAL DETAILS 

Experimental setup 

The in situ Raman mapping experiments were performed using an instrumented indentation device developed at NIST [15] 

that is coupled with a laser scanning Raman microscope to conduct in situ spectroscopic analyses of mechanically deformed 

regions of optically transparent materials under contact loading.  

The force transducer of the indentation device allows adjustment of experimental parameters, such as indentation loads and 

(un)loading rates. An incorporated displacement sensor allows for collection of force-displacement data comparable to 

conventional IIT devices. The indentation device, along with a specimen holder featuring an aperture in the center, are 

mounted on the X-Y translation stage of an inverted optical microscope that is configured for Raman microscopy, allowing 

optical access to the mechanically deformed regions of transparent samples.  

The Raman microscope has been described in considerable detail elsewhere [15], only a brief discussion of the general set up 

of recent modifications will follow. Laser scanning capability has been added that enables the acquisition of Raman images 

of the specimen while held under constant load. These images are generated by raster scanning the beam across the sample 

region of interest while acquiring Raman spectra at each pixel. Image maps can then be constructed on the basis of 

parameters of particular spectral features (e.g., peak width or amplitude). The optical arrangement used is conventional for 

laser scanning microscopes in which two galvanometer scan mirrors (X,Y) are co-located at a plane conjugate to the 

microscope objective pupil in a conventional 4f imaging system. It is worth noting that this approach, the principal advantage 

of which is the rapid scan speed, is unusual in Raman microscopy where slow spectral acquisition times are the typical 

bottleneck.  In this case however, the advantage of scanning the laser beam lies in the avoidance of moving the sample and 

indenter as would be required in a sample scanning configuration. Such movement would undoubtedly compromise the 

measurement stability and the quality of the force and displacement measurements. The conversion between the angular 

motion of the galvanometer and the beam displacement in the focal plane is calibrated using a Ronchi grating. A Labview 

[16] program is used to coordinate the motion and hold periods for the galvanometers and the spectral acquisition by the 

CCD (charge-coupled device) camera.     

Test specimen 

The in situ mapping experiments were performed on a Si on sapphire (SoS) specimen (manufacturer: Valley Design Corp., 

Vera Cruz, CA) [16], which is comprised of a Si(100) film epitaxially grown on a sapphire (r-plane) substrate with both sides 

polished. The thicknesses of film and substrate were 600 nm ± 60 nm
1
 and 530 µm ± 50 µm

1
, respectively. The 001

direction of the Si film was rotated away from the substrate normal by 5° ± 1°
2
. The sample (20 mm x 20 mm) was cut from a 

SOS wafer along with a slight misalignment of 3.5° ± 1°
2
 with respect to the directions 110  and 011 of the film, as 

shown by electron backscattering diffraction measurements.  

Mapping experiment 

A series of Raman images from the contact region between indenter tip and SoS sample were collected for increasing contact 

loads in stepped indentation experiments. In these tests, the indenter probe was brought into contact with the sample and a 

load of 40 mN applied and held constant for the time required to collect the Raman image of the region of interest (ROI). The 

applied indentation force was then increased (loading rate 6 mN/s) to 80 mN and a second Raman image of the same ROI 

was acquired. The indentation loads were further increased twice more (to 120 mN and 200 mN, loading rate 6 mN/s) and 

another Raman image was recorded each time. The indenter probe used in the experiments was a conospherical tip made of 

diamond. The effective radius of tip curvature as a function of indentation depth was determined prior to the mapping 

experiments based on to the procedure described in ref.[17]  

To collect a Raman image, an ROI of 10 µm x 10 µm was scanned. Twenty individual spectra were collected at evenly 

spaced locations along the 10 µm scan range in each direction, generating a 20 pixels x 20 pixels Raman image. The 

collection time for an individual Raman spectrum was set to 15 s. Although these images may take several hours to acquire, 

tests of displacement and force stability have been performed that indicate that the system is sufficiently robust to perform 

such measurements. The estimated depth of field for the collection of Raman photons was about 10 µm. The illumination 

power of the 785-nm light source was set to 5 mW at the sample surface. 

                                                           
1
 Uncertainties represent manufacturer specifications. 

2
 Uncertainties represent intrinsic measurement errors and mounting errors. 



Analysis of Raman spectra 

The individual Raman spectra (examples are shown in Fig. 1) were fitted employing a multiple-peak model with Pearson VII 

functional form for the observed peaks and an iterative optimization routine available in the Peak Analyzer function of the 

commercial software OriginPro 9 [16] to determine position of the center frequency, height and FWHM (full width at half 

maximum) of the various peaks. To facilitate the fitting procedure, the bounding conditions summarized in Table 1 were 

applied to the multiple-peak model. 

Determination of the contact pressure and indentation strain  

To facilitate the analysis of the experimental data, it is necessary to convert the indentation force (specific to the experimental 

set-up) to the more “generalized” parameter of average contact pressure. The mean contact pressure pi at the indentation force 

Fi (at which a Raman image was recorded) was calculated using the following equation: 

pi = Fi/ (π · ac,i
2
)            (1) 

where ac,i is the radius of the circle of contact at the force Fi. The contact radius ac,i was determined at a specific indentation 

force according to the approach employed by Weppelmann et al.[18]  

     √  
  (       )

 
           (2) 

where Ri is the effective radius of indenter tip curvature and hp,i  is the plastic deformation at the indentation force Fi. The 

plastic deformation hp,i at the indentation force Fi was calculated with the following equation: 

        
  

 
            (3) 

where hi is the total displacement  and δi is the elastic deformation at the indentation force Fi. The elastic deformation δi at the 

indentation force Fi was calculated with the following equation: 

                      (4) 

where hi is the total displacement and hr,i is the residual displacement at the indentation force Fi. The values for Fi, hi and hr,i 

were determined from the force displacement data recorded during the indentation test. 

The indentation strain εi was estimated using the following equation: 

εi = hi/t             (5) 

where hi is the indentation depth at the indentation force Fi and t is the film thickness.  

As can be seen from the calculated values for pi and εi given in Table 2, the strain increases significantly with greater 

indentation forces, whereas the average contact pressure changes only slightly. 

 

RESULTS AND DISCUSSION 

Figure 1 shows two Raman spectra, one of which is taken outside the contact zone between indenter probe and sample and 

the other inside the contact zone under the first contact load. The spectrum taken outside the contact zone is representative of 

the pristine SoS featuring three peaks. Peak 1 observed at 522 cm
-1

 is associated with first-order phonon of the dc phase of 

Si.[19,20] The peaks located at 378 cm
-1

 and 418 cm
-1

 (peaks 2 and 3) can be assigned to the Eg and A1g modes of the 

sapphire substrate, respectively.[21] In the center of the contact region, significant changes in the Raman spectrum of the SoS 

sample were observed: Peak 4 appeared in the spectrum at 535 cm
-1

 and formed a shoulder on the right-hand side of the dc 

peak. Peak 5 emerged at around 370 cm
-1

 forming a shoulder on the left-hand side of the sapphire Eg mode. As neither of 

those peaks seems to be associated with the dc Si structure or sapphire, their presence is a manifestation of phase 

transformation processes in the contact zone at the first contact load (pi: 5.8 GPa, εi: 0.25). The contact pressure of 5.8 GPa is 

much less than the values (10 GPa to 16 GPa) for the primary phase transformation of single crystal Si reported in quasi-

hydrostatic DAC tests.[2-4] However, it confirms previous suggestions that a combination of isotropic compressive and shear 

strains (as in case of indentation) induces phase transformation at much smaller stresses than those required for compression 

alone (as in DAC test) in semiconductors.[2,7] Also, our observation is in good agreement with a recently published model 

for the stress-induced phase transformation of micro-crystalline Si films, which predicts a primary phase transformation event 

at a contact stress of 6.4 GPa and contact strain of about 0.2.[22] 

In a previous study [23], the shift of the Raman peaks 4 and 5 as a function of contact pressure were investigated and 

compared to data available in the literature. In this comparison, the wavenumber shift for peak 5 aligned reasonably well with 

data for the transverse optical (TO) mode of β-tin reported for quasi-hydrostatic compression.[24-27] However, in indentation 

simulations (compressive stress + shear strain), the formation of another phase, bct 5 was observed. [11-14] Two Raman-

active modes with Eg and A1g symmetries were predicted for the bct5 phase with wavenumbers of 520 cm
-1

 and 340 cm
-

1
.[8,28] The calculated Eg frequency for the bct5 phase is in the wavenumber range of peak 5, suggesting the formation of 

this phase in the contact zone. The wavenumbers for the A1g mode of bct5 and the TO mode of β-tin are similar, which makes 

an unambiguous assignment of peak 5 to either of these phases extremely difficult. It was assumed that both phases were 

present in the contact zone, as recent simulations predict the concurrent transformation of the dc phase to β-tin and bct5 

structures during indentation loading.[10-14] To determine unequivocally the formation of β-tin in the contact region, the 



occurrence of the longitudinal optical mode for β-tin has to be verified, which is located at around 120 cm−1 [24,27] and 

currently outside the detection range of the experimental set up.  

Images assembled from the hyperspectral Raman data cube are summarized in Figure 2 for peak 1 (amplitude and 

wavenumber) and peaks 4 and 5 assigned to the newly formed, high-pressure phases (wavenumber only) for the different 

contact loads. Peak 2 and 3 originating from the substrate were considered as not being relevant for this study. As can be seen 

in Figure 2, the center of the contact region was not exactly aligned with the center of the scan area, so that, unfortunately, the 

affected region was not entirely mapped, especially at greater indentations forces (strains). However, important conclusions 

and insights can be drawn from these partial maps. 

The low intensity of peak 1 indicates where the phase transformation from the dc phase to high-pressure phases has taken 

place, as it correlates with the occurrence of peaks 4 and 5 in the wavenumber maps.
3
 The wavenumber maps also show a 

circular, isotropic distribution of the high-pressure phases (at least in lateral direction) for the indented polycrystalline Si, 

which is different from the pronounced anisotropic phase distribution found in residual indentations on monocrystalline Si. 

[6] The phase (bct5) associated with peak 4 covers a larger portion of the contact area than the phases associated with peak 5 

at the first contact load, which is presumably due to the fact that the bct5 phase is formed earlier than the β-tin phase [23,29]. 

The structure associated with peak 4 continues to occupy a larger portion of the deformed area than the Si phases associated 

with peak 5 even as the indentation experiment progresses, making it the predominant of the high pressure phases.  

With increasing indentation strain (the average contact pressure changes only marginally), the region of reduced peak-1 

intensity and the areas where peaks 4 and 5 were detected, grow larger, indicating that an increasing portion of the dc 

structure in the contact area was transformed to high pressure phases. This seems to give experimental evidence for previous 

predictions regarding the shear strain being the critical factor in initiating phase transformation rather than the compressive 

stress.[5,7]  

As shown in Figure 2, the wavenumbers of the analyzed Raman modes shifted (significantly) within the deformed area. The 

wavenumber of the dc Raman peak is shifted to larger wavenumber within the center of the contact zone, indicating the 

exposure of this phase to compressive stress.[30] However, with greater contact loads, the dc phase seems to relax (less 

compressively stressed) as the relative Raman shift of this phase decreases in the contact zone. At the same time, the relative 

Raman shifts for peaks 4 and 5 increases, as the further indentation-induced stresses and strains are compensated by the 

deformation of the expanding, newly formed phases rather than the diminishing dc structure in the contact zone. As result, 

the region of the highest Raman shifts of the high-pressure phases enlarges in the center of the contact zone. For peaks 4 and 

5, the Raman modes harden from the edge towards the center of the contact area.  

 

CONCLUSION 

Indentation-induced phase transformation processes were studied by in situ Raman imaging of the deformed contact region of 

Si, employing a Raman spectroscopy-enhanced instrumented indentation technique (IIT). The evolution of the stress field 

and the distribution of the high-pressure phases generated in the transformation processes were qualitatively analyzed as a 

function of the contact conditions. The reported in situ experiments provide insights to the transformation processes in Si 

during loading, confirming and providing the experimental evidence of some of the previous assumptions made on this 

subject. In this context, the developed experimental setup coupling indentation with in situ Raman microscopy has shown its 

potential in advancing the understanding of the deformation mechanisms. 
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TABLES 

 

Table 1: Bounding conditions applied in fitting model of the Raman spectra. 

Fitting parameter Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 

Frequency  (cm
-1

) 510 to 530 290 to 310 415 to 420 375 to 380 525 to 550 340 to 380 250 to 300 

FWHM 1 to 50 1 to 50 1 to 20 1 to 20 1 to 50 1 to 50 1 to 300 

 

Table 2: Values for average contact pressure pi and indentation strain εi calculated from the indentation data at indentation 

forces Fi, at which Raman images were collected.  

 Image 1 Image 2 Image 3 Image 4 

Fi (mN) 44 83 122 201 

pi (GPa) 5.8 6.3 6.4 6.4 

εi 0.25 0.38 0.51 0.72 

 

 

FIGURE CAPTIONS 

 

FIG 1: Grey scale image showing the distribution of the intensity of peak 1. The dark colored circular area marks the contact 

region between indenter tip and SoS sample. Raman spectra taken at the indicated spots show the difference in the Raman 

modes observed outside the contact region and inside the contact region. The spectra are offset along the intensity axis for 

better illustration.  

 

FIG 2: Raman maps imaging the distribution of intensity (peak 1 only) and wavenumber of particular Raman bands as a 

function of contact load (expressed in indentation force Fi, contact pressure pi and indentation strain εi) (a) Fi: 44 mN, pi: 5.8 

GPa. εi: 0.25, (b) Fi: 83mN, pi: 6.3 GPa, εi: 0.38, (c) Fi: 122 mN, pi: 6.4 GPa, εi: 0.51 , (d) Fi: 180 mN, pi: 6.4 GPa, εi: 0.72. 

The scan size is 10 µm x 10 µm. The black colored areas in the maps for peak 4 and 5 indicate the absence of the particular 

Raman band in the collected spectrum. 
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FIGURE 1 
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FIGURE 2 

 

 

 

 

 

 

 

 

 

Peak 1: 
Intensity (arb.)

Peak 1:
Wavenumber  (cm-1)

Peak 4:
Wavenumber (cm-1)

Peak 5: 
Wavenumber 

(cm-1)
150.0331.8513.6695.5877.31059124114231605178619682150

150     1060     2150
522.7 522.9 523.1 523.3 523.5 523.6 523.8 524.0 524.2

522.5     523   524.5
525.0527.5530.0532.5535.0537.5540.0542.5545.0547.5550.0

525     537.5     550
350.0352.5355.0357.5360.0362.5365.0367.5370.0372.5375.0

350     362.5     375

(a)

(b)

(c)

(d)


