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A B S T R A C T   

Hexagonal silicon (Si-IV) has recently attracted considerable research interest due to its extraordinary optical 
properties and possibility to convert into a direct semiconductor under strain with great potential for applica-
tions. However, the mechanical properties of Si-IV, which are critical for its applications, have not been 
experimentally studied yet. In this study, combining nanoindentation and in situ high-pressure synchrotron X-ray 
diffraction, we thoroughly investigated the mechanical properties of Si-IV. The results suggest that the elastic 
moduli and hardness of Si-IV are close to those of the common diamond cubic silicon. The similar mechanical 
properties of Si-IV and diamond cubic silicon are beneficial for integrating Si-IV into conventional Si-based 
devices using similar industrial processing and for its photovoltaic and optoelectronic applications.   

Hexagonal silicon (Si-IV, also known as lonsdaleite or wurtzite Si) 
has attracted considerable research interest recently due to its extraor-
dinary optical properties and potential key role in Si-based optoelec-
tronics and photovoltaics [1–7]. Si-IV shows a remarkable enhancement 
in light absorption in the visible range compared with that of the com-
mon diamond cubic silicon [4,5]. In addition, it has strong photo-
luminescence emission in the visible region, with the emission peak 
centered around 750 nm [4,5]. More interestingly, ab initio calculations 
suggest that the indirect bandgap of Si-IV would convert to a direct 
bandgap with strain [6]. Furthermore, tunable direct bandgaps were 
achieved by introducing Ge to form various hexagonal SiGe alloys [8]. 
The hexagonal SiGe alloys show light emission with continuously 
changed wavelength over a broad range, with emission yield compara-
ble to direct bandgap III-V semiconductors. Therefore, it would be 
possible to unite electronic and optoelectronic functionalities on a single 
chip [8]. 

Although Si-IV has been obtained by chemical vapor deposition or 
epitaxial growth on gallium phosphide nanowires [7,9], synthesizing 
pure Si-IV through chemical reactions is quite challenging. [4] Fortu-
nately, Si-IV can also be synthesized through solid-state phase transi-
tions under high pressure [4,10–12]. The common diamond cubic 

silicon (Si-I) transforms to a β-Sn phase when compressed to ~ 12 GPa, 
and the β-Sn phase would transform to body-centered cubic silicon 
(Si-III) after full release of pressure through an intermediate rhombo-
hedral phase (Si-XII) [13–16]. Phase pure Si-IV can then be achieved by 
annealing the Si-III at 200–600 ◦C [4,11]. In addition, another study 
found that pure hexagonal silicon could also be synthesized by heating a 
recently discovered Si24 allotrope [1]. Despite many theoretical studies, 
the structure and many basic properties of Si-IV are still not 
well-explored experimentally due to the difficulties in the synthesis of 
pure Si-IV [2–4,6]. For instance, recent synchrotron X-ray diffraction 
(XRD) and transmission electron microscopy studies suggest that Si-IV 
has a 4H structure instead of a 2H structure [1,4]. Due to the chal-
lenges in measuring the mechanical properties of tiny samples synthe-
sized under high pressure, the mechanical properties of Si-IV, which are 
crucial for its future applications, have not been experimentally studied 
yet. 

In this study, we utilized high pressure to synthesize pure Si-IV and 
then combined in situ high-pressure synchrotron X-ray diffraction (XRD) 
and nanoindentation technique to determine Young’s modulus, bulk 
modulus, and hardness of Si-IV. The shear modulus and Poisson’s ratio 
were then calculated based on the experimental results. The results 
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would provide essential information for designing and developing novel 
silicon devices based on Si-IV in the future. 

Bulk Si-IV samples were firstly synthesized through high-pressure 
and high-temperature treatment on Si-I. Specifically, a Si-I flake (~50 
μm thick) was loaded in a symmetrical diamond anvil cell (DAC) 
together with tiny ruby balls as the pressure calibrant [17]. 
Methanol-ethanol mixture (volume ratio of 4:1) was used as the pressure 
transmitting medium for all the high-pressure experiments [18]. The Si-I 
sample was compressed to 16~20 GPa at room temperature, followed 
by decompression to ambient pressure. The recovered sample was then 
removed from the DAC for annealing at 300◦C for 30 min in a pure Ar 
atmosphere. The crystal structure of the synthesized Si-IV sample was 
checked by synchrotron XRD at the beamline 15U1 of Shanghai Syn-
chrotron Radiation Facility (SSRF), with a focused X-ray beam with size 
of 3 μm ×3 μm and a wavelength of 0.6199 Å. Two dimensional 
diffraction images were collected using a MAR165 CCD detector and 
then integrated to one dimensional XRD patterns using the software 
Dioptas and further analyzed with GSAS-II [19,20]. 

Nanoindentation is a powerful and handy tool to determine the 
mechanical properties of tiny samples. Reliable nanoindentation mea-
surements require firmly mounting of samples, which is critical and 
usually challenging for tiny samples. Therefore, a Si-IV sample (around 
~50 μm thick) with flat surfaces was tightly fixed on a substrate using 
epoxy under a stereomicroscope for the nanoindentation tests. A (100)- 
oriented single-crystalline Si-I sample with a similar size was also fixed 
using the same approach for comparison. Nanoindentation tests were 
performed using KLA G200 Nano-indenter equipped with a Berkovich 
indenter, with the continuous stiffness measurement (CSM) technique 
[21]. The maximum indentation depth was 300 nm, far below 1/20 of 
the sample thickness, and the loading/unloading strain rate was 0.05 
s− 1. The allowable thermal drift rate was 0.05 nm/s, and the actual 
thermal drift was measured and corrected at 90% unload. 

One synthesized Si-IV sample was re-loaded into a symmetrical DAC 
for in situ high-pressure XRD. The experiments were performed at the 
beamline 13IDD of Advanced Photon Source (APS), Argonne National 
Laboratory (ANL), with the X-ray wavelength of 0.3344 Å and beam size 
of 3 μm × 4 μm. The sample chamber was a hole with a diameter of 
~120 μm drilled in the center of a pre-indented (~20 GPa) rhenium 
gasket. Gold foil (4 μm thick) was used as the pressure calibrant, and the 
pressure was estimated according to the equation of state of gold [22]. 
The 2D diffraction images were collected using a PILATUS CdTe 1 M 
detector and integrated into 1D XRD patterns using the software Dioptas 
[20]. 

Fig. 1a and 1b show the optical microscope images of an initial 
(100)-oriented single-crystalline Si-I sample loaded in a DAC and the 
recovered sample after high-pressure treatment followed by annealing 
at 300◦C, respectively. The crystal structure of the recovered sample was 
determined by synchrotron XRD. The initial single crystalline Si-I sam-
ple transformed into a polycrystalline phase as evidenced by the smooth 
powder diffraction rings shown in the inset of Fig. 1c. The XRD pattern 
(as shown in Fig. 1c) could be well refined (Rwp = 6.51%) using a 
hexagonal structure (space group: P63/mmc) with lattice parameters of 
a = 3.815 Å and c = 6.348 Å, which are consistent with previous studies 
and confirm the synthesized sample is purely Si-IV [11,13]. Then the 
density of Si-IV is estimated to be 2.324 g/cm3, almost the same with 
that of Si-I (2.33 g/cm3) considering the experimental error. It should be 
mentioned that, Si-IV is recently proposed to have a 4H structure, whose 
XRD is slightly different from that of a 2H structure [1,4]. The diffused 
diffraction rings and the broad XRD peaks of our sample make it rather 
difficult to determine whether it has a 2H or 4H structure. In this study, 
we mainly focused on the properties of Si-IV. 

Due to the limited size of the Si-IV sample (size around or below 100 
μm, thickness around 50 μm, see Fig. 1b), nanoindentation is an 
appropriate method to measure the hardness and Young’s modulus (E) 
of the sample. Fig. 2a shows the load-displacement curve of the Si-IV 
sample. The curve is continuous during loading and shows a "pop-out" 

during unloading. Pop-out has been observed in many nanoindentation 
experiments of Si-I [23–25]. In these nanoindentation experiments, Si-I 
transforms to Si-II during loading, and Si-II changes to Si-XII and/or 
Si-III during unloading [23,25]. The pop-out is attributed to the volume 
expansion associated with the Si-II → Si-XII/Si-III phase transitions. 
Therefore, the pop-out in the unloading curve of Si-IV might be attrib-
uted to phase transition as well. The Raman spectrum collected on the 
indent of Si-IV (with a loading force of ~90 mN) is consistent with that 
of Si-XII/Si-III phase which were observed in the indents of Si-I [23,26], 
implying similar phase transitions during the unloading of nano-
indentation tests of Si-IV. The details of the phase transition call for 
further study in the future. 

CSM technique was used for the nanoindentation tests during 
loading [21,27], and Young’s modulus and hardness of these two sam-
ples as a function of displacement could be obtained (see Fig. 2b and c). 
Both Young’s modulus and hardness are mostly constant over the 
100–200 nm range, implying that the test results herein were not 
affected by the substrate [21]. The Young’s modulus and hardness of the 
samples were then obtained by averaging these data. These results will 
be discussed later together with the bulk modulus derived from in situ 
high-pressure XRD experiments. 

Fig. 3a shows the in situ high-pressure XRD experiments of Si-IV. All 
the diffraction peaks of Si-IV shift toward higher 2θ with increasing 
pressure, and no new peaks were observed, indicating the Si-IV phase 
remains stable up to 10.4 GPa. The unit cell volume of Si-IV at different 
pressures was determined from the refinement of the XRD patterns, and 
the pressure-volume data were fit to a third-order Birch-Murnaghan 

Fig. 1. (a) An optical microscope image of a single crystalline Si-I sample 
loaded in a DAC for high-pressure experiments. (b) An optical microscope 
image of the synthesized Si-IV sample. (c) The synchrotron XRD pattern of the 
polycrystalline Si-IV sample (black circles) at ambient conditions. The red and 
the blue lines represent the Rietveld refinement result and the fit residual, 
respectively. The X-ray wavelength was 0.6199 Å. The inset shows the 2D 
diffraction image of the Si-IV sample with smooth diffraction rings, and the 
diffraction spots from the substrate are masked (red circles). 
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isothermal equation of state (BM-EOS) (see Fig. 3b) [28]. With the 
pressure derivative B’ fixed at 4, the bulk modulus of Si-IV was derived 
from the fitting, i.e., B0 = 91.8 ± 3.0 GPa. This value is very close to the 
92.8 GPa predicted in previous ab initio calculations [6]. The unit cell 

volume at ambient pressure (V0) derived from the EOS fitting was 80.3 
± 0.1 Å3, which is consistent with our XRD results of Si-IV at ambient 
pressure (V = 80.0 Å3) and indicates the high quality of the 
high-pressure XRD data. 

With the bulk modulus derived from the high-pressure XRD experi-
ments and Young’s modulus determined in the nanoindentation exper-
iments, the shear modulus (G) and Poisson’s ratio (υ) can be further 
derived from bulk modulus (B) and Young’s modulus (E) using the 
following relations, as the polycrystalline Si-IV can be approximated to 
be isotropic: 

E = 3B(1 − 2υ) (1)  

E = 2G(1+ υ) (2) 

All the results are summarized in Table 1 in comparison with the 
elastic moduli and hardness of polycrystalline Si-I from the literature [6, 
27,29–33]. The Young’s modulus and hardness of (100) Si-I are 
consistent with those from previous nanoindentation studies, with the 
difference around or less than 5% [27,34], which is a good indicator of 
the reliability of our tests on tiny samples. 

As shown in Table 1, all of the elastic moduli of Si-IV, including the 

Fig. 2. (a) A representative load-displacement curve of the Si-IV sample ob-
tained by nanoindentation experiment using CSM. The maximum indentation 
depth is 300 nm, and the strain rate is 0.05 s− 1. Young’s modulus (b) and 
hardness (c) as functions of displacement of polycrystalline Si-IV (red circle) 
and (100)-oriented single-crystalline Si-I (blue square) in the range of 100 nm 
to 200 nm. 

Fig. 3. (a) In situ high-pressure XRD patterns of Si-IV up to 10.4 GPa. (b) The 
unit cell volume as a function of pressure. The dashed line shows the fitting 
result using a third-order BM-EOS. The error bars are smaller than the symbol 
size. The X-ray wavelength is 0.3344 Å. The peaks from pressure standard gold 
are marked by the asterisk symbols. 
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bulk modulus, Young’s modulus, and shear modulus, are only slightly 
lower (around or less than 10%) than those of polycrystalline Si-I. The 
atoms in both Si-IV and Si-I are connected through sp3 hybridized co-
valent bonds. According to the Rietveld refinement results, the Si-Si 
bonds in Si-IV have two lengths, i.e., 2.37 Å and 2.34 Å, close to the 
2.35 Å in Si-I. The similar elastic moduli of Si-IV and Si-I are reasonable 
given these similar features in their atomic bonds. The relatively lower 
elastic moduli of Si-IV can be mainly attributed to the nanometer-sized 
grains of the sample, which introduces a considerable amount of grain 
boundaries with disordered structures [35]. 

In addition, the hardness of polycrystalline Si-IV and Si-I are also 
close. The Si atoms in Si-I are connected through strong, directional 
covalent bonds; hence the dislocation activities in Si-I are largely 
inhibited at room temperature due to the high Peierls barrier, and the 
hardness and plastic deformation of Si-I are mainly controlled by the 
pressure-induced phase transitions and the ductile high-pressure phases 
[24,36–38]. The fact that Si-IV has a hardness close to that of Si-I implies 
it is also a brittle phase in which the dislocation activities are suppressed 
at room temperature. This is consistent with the previous discussion that 
the features of Si-Si bonds in Si-IV are similar to that of Si-I. As 
mentioned before, a pop-out was observed in the unloading curve of 
Si-IV. As a consequence, it can be inferred that the plasticity of Si-IV is 
also mainly contributed by the pressure-induced phase transition from 
Si-IV to a ductile phase (maybe Si-II) above critical stress. 

In summary, by combining in situ high-pressure synchrotron XRD 
and nanoindentation technique, we fully investigated the mechanical 
properties of Si-IV. The elastic moduli, Poisson’s ratio, and hardness of 
Si-IV were obtained from experiments for the first time, i.e., Young’s 
modulus 152.4 ± 3.2 GPa, bulk modulus 91.8 ± 3.0 GPa, shear modulus 
~62.3 GPa, Poisson’s ratio ~0.223, and hardness 12.0 GPa ± 0.2 GPa. 
All the elastic moduli of Si-IV are slightly lower than those of Si-I, and 
the hardness of the two phases are quite close. Overall, the mechanical 
properties of Si-IV are quite similar to those of Si-I, which is beneficial 
for integrating Si-IV into conventional Si-based devices using similar 
industrial processing. These results also demonstrate the feasibility and 
reliability of nanoindentation tests on DAC recovered tiny samples to 
determine their mechanical properties. The accurately determined me-
chanical properties of Si-IV in this work would guide the practical ap-
plications of Si-IV in the future. 
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Table 1 
Mechanical properties of Si-IV in comparison with those of Si-I, including 
Young’s modulus (E), bulk modulus (B), hardness (H), shear modulus (G), and 
Poisson’s ratio (υ).  

Si phase E (GPa) B (GPa) H 
(GPa) 

G 
(GPa) 

υ Notes 

Si-IV       
(polycrystal) 152.4 

± 3.2 
91.8 ±
3.0 

12.0 
± 0.2 

62.3 0.22 This study  

202 92.8 ‒ ‒ 0.167 Simulation 
[6] 

Si-I (100) 178.9 
± 4.6 

‒ 13.5 
± 0.2 

‒ ‒ This study 

Si-I 169 ±
6.15 

– – 69 0.22 Exp [32]. 

(polycrystal) 163.0 
± 2.0 

– – – – Exp [30].  

‒ – 10.5 
± 1.5 

– – Exp [31].  

181 ‒ 12.6 ‒ ‒ Exp [29].  
‒ 97–101 ‒ ‒ ‒ Exp [33]. 

Note: G of polycrystalline Si-I is calculated based on E and υ. 
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