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ABSTRACT

A nanoindenter was used to compress individual particles of hydrogenated amorphous silicon (a-Si:H) ranging in diameter from 290 nm to
780 nm. The colloidal synthesis used to produce the particles enables the hydrogen content to be manipulated over a wide range, from
about 5 at. % to 50 at. %, making these a-Si:H particles promising for applications in lithium ion batteries, hydrogen storage, and optical
metamaterials. Force-displacement curves generated using a tungsten probe flattened with focused ion beam exhibited elastic and then
plastic deformations, followed by fracture and crushing of the particles. For particles with 5% and 50% H, Young’s moduli, yield strengths,
and compressive strengths were 73.5(±19.5) GPa, 5.8 GPa, and 3.2(±0.1)–9.3(±0.6) GPa and 31.2(±9.0) GPa, 2.5 GPa, and 1.8 (±0.3)–5.3
(±0.8) GPa, respectively. Particles with more hydrogen were significantly more compliant and weaker. This is consistent with atomistically
detailed molecular dynamics simulations, which revealed compression forms of an interphase of H atom clusters that weakens the material.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5117282

I. INTRODUCTION

Colloidal particles of hydrogenated amorphous silicon (a-Si:H)
can be synthesized with a spherical shape and a uniform diameter
from about 280 nm to more than 1 μm, with hydrogen content
that can be varied widely from a few percent to nearly 60 at. %.1,2

The optical gap of a-Si:H depends on the hydrogen content and
the extent of amorphization, making it possible to tune the color of
the colloids from bright yellow to orange to red to dark brown/
black.2 The high refractive index of Si and the absence of long
wavelength light absorption typical of metals make them especially
interesting for photonic applications and metamaterial assembly.3–6

The particles might also be useful for H storage or fuel cells2 and
have been studied as negative electrode materials in lithium ion
batteries (LIBs).7,8 For LIBs, the particles have been observed to
undergo significant expansion and compression during each lithia-
tion and delithiation cycle without pulverization;8 however, the

mechanical properties of these particles have not yet been
measured.

Here, we report the first mechanical property measurements
of individual colloidal a-Si:H particles with submicrometer size. For
these measurements, we initially considered using an atomic force
microscope (AFM), as it provides a convenient way to find
individual particles on a substrate and has actually been used to
study the mechanical properties of other materials with nanoscale
resolution, including various kinds of nanowires/nanofibers,9–11

thin films,12–15 and organic/biomaterials.16–19 Those materials,
however, are all relatively soft compared to a-Si:H particles, and the
load capacity of an AFM was not sufficient to make the measure-
ments. For instance, a-Si and crystalline Si (c-Si) are relatively stiff
and strong materials, as bulk a-Si and thin films have Young’s
moduli ranging from 60 to 140 GPa,20–23 and bulk crystalline Si
(c-Si) and a-Si:H thin films have ultimate compressive strengths of
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15–25 GPa24,25 and ∼1 GPa,22,26,27 respectively. We found that
mechanical compression tests could be carried out on individual
a-Si:H particles using a nanoindenter equipped with a stiff tungsten
(W) probe with a flattened tip of 10 μm diameter. The force-
displacement (F-D) curves showed regimes of elastic deformation,
plastic deformation (yielding), and fracture (or crushing). Young’s
modulus, yield strength, and ultimate compressive strength were
found to decrease when more hydrogen was incorporated in the
particles. The mechanical response of the particles was modeled
using atomistically detailed molecular dynamics (MD) simulations.
These simulations revealed that mechanical compression leads to
the formation of an interphase of clustered H, which appears to be
responsible for the observed softening and weakening of the mate-
rial with increased H content.

II. EXPERIMENTAL DETAILS

A. Materials

Trisilane (Si3H8, 100%) was purchased from Voltaix. (Caution:
Trisilane is a pyrophoric liquid and should be stored and handled
with caution under an inert atmosphere. When used in a glove box,
the oxygen level should be <1 ppm). Chloroform (CHCl3, 99.9%)
and n-hexane (C6H14, anhydrous, 95%) were purchased from
Sigma-Aldrich and p-type boron-doped Si wafers (100) (resist:
9–10Ω cm) were purchased from University Wafer. All chemicals
were used as received.

B. a-Si:H particle synthesis and characterization

Colloidal particles of a-Si:H were synthesized by thermal
decomposition of trisilane in supercritical n-hexane at 34.5 MPa
(5000 psi).1,2 The reaction temperature determines that the H
content was varied from 380 °C to 470 °C to make the samples.2

All reactions were carried out in a sealed high pressure titanium
reactor with a volume of 10 ml. Trisilane (21 μl) and n-hexane are
added to the reactor in a nitrogen-filled glove box. The amount of
n-hexane added for each reaction is determined by the reaction
temperature based on its phase diagram in order to maintain a
reaction pressure of 34.5 MPa.28 For example, reactions at 380 °C
and 470 °C require 6.4 ml and 5.5 ml of hexane, respectively. After
sealing the reactor, it is removed from the glove box and placed
into a heating block and then heated at about 70–90 °C/min to
reach the target temperature. The reaction is held at the desired
temperature for 5 min and then immersed in an ice bath until it
has cooled enough for handling—usually about 20 min. The crude
reaction product is then centrifuged at 8000 rpm (8228 rcf ) for
5 min to isolate the particles from soluble reaction byproducts. The
supernatant is discarded and the precipitate is redispersed in 20 ml
of chloroform. The particles are washed two more times by centri-
fugation at 8000 rpm (8228 rcf ) for 5 min and redispersion of the
precipitate in 20 ml of chloroform. The final product of colloidal
a-Si:H particles is dispersed in chloroform and stored at room tem-
perature in air.

Powder X-ray diffraction (XRD) data were acquired using a
Rigaku R-Axis Spider diffractometer operated at 40 kV and 40 mA
with X-ray from a Cu Kα source (λ = 1.54 Å). A few drops of col-
loidal dispersion are dried on a glass substrate and then particles

are collected onto a 0.5 mm nylon loop dipped into mineral oil to
facilitate particle collection. The sample was rotated at 5 deg s−1.
Background subtraction and data processing were carried out using
Rigaku 2DP software.C.

C. Nanoindentation

Mechanical compression tests were performed using an MTS
NANO Indenter XP, KLA-Tencor. The nanoindenter probe was
prepared in two steps. A 250 μm diameter W wire was electrochem-
ically etched in a 1M KOH solution to generate a tip with a radius
of curvature of ∼200 nm.29 The tip was then cut in an FEI Strata™
DB235 dual beam system with gallium ions (1 nA, 30 kV) to obtain
a flat end with 10 μm diameter and then polished using beams with
gradually reduced currents of 500 pA, 300 pA, and 100 pA.

Samples were prepared by casting a-Si:H particles onto a
1 × 1 cm2 Si (100) wafer from a colloidal dispersion in chloroform
with a concentration of ∼50 μg/ml. Before depositing the particles,
the Si wafer was sonicated in chloroform for 5 min and dried with
compressed air. Individual particles were found for testing using
SEM imaging (Zeiss Supra 40 SEM). To avoid indenting more than
one particle at a time, the target particle had to be at least 10 μm
away from any other particles. Measurements were taken using a
tip approaching speed of 30 nm/s and a stiffness sensitivity of
125 N/m.

D. Molecular dynamics simulations

Atomistically detailed molecular dynamics (MD) simulations
of the structure and mechanical properties of a-Si:H with 5%, 10%,
20%, 30%, and 50% hydrogenation (atomic fraction) were carried
out. Thirty-thousand Si atoms were placed on a diamond-cubic
lattice with a density of 2.32 g/cm3 in a periodic box. Interatomic
interactions between Si-Si, Si-H, and H-H atoms were determined
using the Tersoff potential,30,31 which takes account of three-body
interactions in the calculation of the potential energy of the system.
Following methods used in MD simulations of various glass-
forming materials,32,33 c-Si was heated to T > 1800 K in an
isothermal-isobaric ensemble (constant number of atoms, pressure,
and temperature, i.e., NPT ensemble) to liquid Si. The system was
quenched with a rate of 50 K/ns to an amorphous structure at
T = 300 K and P = 1 bar. The pair distribution function was used
to ensure that the final structure is a glass (see Fig. S8b in the
supplementary material). Hydrogen atoms were added to Si sites
with a dangling bond, i.e., coordination number less than four, to
generate a-Si:H. Starting with atoms with a single dangling bond,
H atoms were added to preserve the tetrahedral bonding of the Si
atoms at a distance of 1–1.2 Å as suggested by Biswas et al.34 All of
the equilibrium MD runs were performed with 1 bar pressure and
time steps of 0.1–1 fs using the LAMMPS package.35 Systems with
60 000 and 120 000 atoms also lead to similar results.

Structures of a-Si and a-Si:H equilibrated at T = 300 K and
P = 1 bar were used to characterize the effect of hydrogenation on
the mechanical properties of these systems. Before applying tensile
deformation to the MD sample, we ensured that residual stress was
removed by applying a short NPT ensemble simulation with a
constant number of atoms, pressure, and temperature for the
periodic box lengths to relax independently at 1 bar of pressure.
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This simulation was then followed by a uniaxial deformation. The
faces perpendicular to the applied strain were subjected to 1 bar;
the lengths of these faces perpendicular to the applied strain are
allowed to change under the tensile deformation. Maximum strain
(εmax) values of 0.05 and 0.5 were used to perform the tensile
deformation in a-Si and a-Si:H systems, respectively. This simula-
tion was followed by a uniaxial deformation, in which one dimen-
sion of the box was deformed with a rate of 108 s−1. Compressive
deformation produced similar values of Young’s modulus.

III. RESULTS AND DISCUSSION

A. Synthesis of a-Si:H particles

Colloidal particles of a-Si:H were synthesized by the thermal
decomposition of Si3H8 in supercritical n-hexane as shown in
Fig. 1(a). Three different samples were made for this study, with
[H]/[H + Si] contents of 5%, 10%, and 50%. Figure 1(b) shows pho-
tographs of the a-Si:H samples dispersed in chloroform. Their

color depends on the H content of the particles.2,36,37 Particles with
very high H content appear yellow, whereas the particles with the
least amount of H appear nearly black and particles in the middle
have a red hue to them. The H content also affects the refractive
index of the particles and shifts the scattering spectral features
toward visible wavelengths.6 The reaction temperature used to
degrade trisilane determines the extent of hydrogen loss from the
reactant and the hydrogen content of the product. Nearly complete
removal of H occurs at the highest reaction temperature of 450°C,
but there is still not enough thermal energy to crystallize the Si.
Figure S1 in the supplementary material shows XRD data for the
particles, confirming their amorphous structure. At the lowest reac-
tion temperature of 380°C, very little H is lost during particle
nucleation and growth.

The a-Si:H particles formed by this colloidal approach are
spherical and uniform in size. Figures 1(c)–1(e) show SEM images
of the a-Si:H particles used in this study. The H content of the a-Si:
H particles reported here is an estimate based on their color using

FIG. 1. (a) Illustration of the a-Si:H
particle synthesis. The reaction is
carried out at 34.5 MPa at a range of
temperatures. The reaction temperature
determines the extent of hydrogenation
of the particles. (b) A photograph of
colloidal a-Si:H dispersions in chloro-
form made at the indicated tempera-
tures. The difference in color results
from the amount of H incorporated into
the particles. The particles made at
380 °C, 420 °C, and 450 °C have com-
positions of Si0.5H0.5, Si0.9H0.1, and
Si0.95H0.05, respectively. (c)–(e) SEM
images of the a-Si:H particles made at
(c) 380 °C, (d) 420 °C, and (e) 450 °C.
The size histograms of each sample
are included as insets, with average
diameters and standard deviations
about the mean of 287.5 ± 36.1 nm,
782.3 ± 40.6 nm, and 731.5 ± 30 nm.
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the correlation between color and the H content reported in our
previous work.2 Particles synthesized at 380 °C, 420 °C, and 450 °C
have compositions of 50 at. % H (Si0.5H0.5), 10 at. % H (Si0.9H0.1),
and 5 at. % H (Si0.95H0.05), respectively. The average diameters of
these particles were determined by SEM: 287.5 ± 36.1 nm,
782.3 ± 40.6 nm, and 731.5 ± 30 nm. The particles with the highest
H content have a significantly smaller diameter than the particles
with a low H content because it is not possible to independently
control both size and H content during the reaction.

B. Nanoindentation of individual a-Si:H particles

An SEM image of a W probe with a flat, polished tip used to
compress the particles is shown in Fig. 2(a). Figure 2(b) illustrates
the compression experiment, and Fig. 2(c) shows an SEM image of
one of the a-Si:H particles that were compressed on a Si (100) sub-
strate. This particle is 1.04 μm in diameter with a composition of
Si0.95H0.05.

Figure 3 shows SEM and optical microscopy images of an
individual a-Si:H particle before and after nanoindentation. A com-
bination of SEM and optical microscopy was used to identify and
locate particles for testing. SEM was then used again to confirm
that only the one particle of interest was compressed during the
experiment. Figure 3(a) shows an SEM image of a region of a-Si:H
particles that was identified as a reference spot, large enough to
find under the optical microscope attached to the nanoindenter,
that served as a spatial reference to map the location of the individ-
ual, isolated particle to be tested. For these experiments, the collec-
tion of a-Si:H particles needed to cover a substrate area of about
200 × 200 μm2 to be easily identified under the microscope. Once
the cluster or region of aggregated particles was found, an isolated
particle separated from the group was identified as highlighted with
the box in Fig. 3(b). Once the particle of interest was found, several
SEM images were taken to map precisely its position so it could
be located under the optical microscope on the nanoindenter.

FIG. 2. (a) SEM image of a W nanoindenter tip used to carry out single particle
compression tests. (b) Illustration of the single particle experiment. The tip has a
diameter of 10 μm, and the particle diameters ranged from 290 nm to 780 nm.
(c) SEM image of a 1.04 μm diameter a-Si:H particle (Si0.95H0.05) that was
tested.

FIG. 3. Locating a single particle and performing nanoindentation. (a) SEM image of a cluster of a-Si:H particles covering a substrate area of 200 × 200 μm2. (b) An SEM
image showing an isolated particle (in the yellow box) that was identified for mechanical testing. (c)–(d) Images from the optical microscope on the nanoindenter corre-
sponding to the cluster of particles in the SEM image in (a). In (d), the particle identified for mechanical testing is indicated with the red cross. The red cross indicates the
exact spot for nanoindentation. This is the particle indicated by the yellow box in (b). (e) and (f ) SEM images of the fractured particle after indentation.
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Figures 3(c) and 3(d) show the images of this cluster of particles
obtained under the optical microscope on the nanoindenter. The
map created by SEM was then used to determine the position of
the individual particle and to position the nanoindenter. Often,
multiple individual particles were labeled if they satisfied the dis-
tance requirement, so several particles could be studied during each
run. By referring to the SEM images with individual particle labels,
each individual particle could be found, and the particle position
was recorded as the nanoindentation coordinates, which is the red
cross in Fig. 3(d). After performing the experiments, the Si wafer
was imaged by SEM to confirm that only an individual particle was
indented and completely fractured. Figures 3(e) and 3(f ) show
SEM images of the particle found in Fig. 3(b) after crushing it in
the compression test. The shape of the force profiles also provided
confirmation that only a single particle had been tested. When
multiple particles were positioned under the tip, the force profile
exhibited discontinuities, signaling that multiple particles were
compressed by the tip (see Fig. S2 in the supplementary material).

C. Elastic deformation

Figure 4(a) shows an example of a force profile obtained from
a single particle of Si0.95H0.05 with a diameter of 730 nm. It also
shows the strain (ε, defined as the displacement divided by the par-
ticle diameter) corresponding to displacement (D) along the top of
the graph. When the particle is compressed, it undergoes elastic
deformation until reaching a yield point when plastic deformation
ensues, defined by a noticeable drop in the slope of the force
profile. The extent of plastic deformation then increased until frac-
ture. A final displacement equal to ½ the particle diameter was set
for all of the measurements. After reaching this value, the tip was
retracted and the fractured particle experienced unloading. The
deformation recovered elastically until the tip had no interaction
with the particle. Figure 4(a) shows a typical force profile for a
semibrittle material, where nonlinear behavior is seen just before
fracture while there is no stress-whitening after fracture.38 The a-Si:
H particles exhibit a significant amount of ductility and plastic
deformation. The maximum strain (fracture strain) in Fig. 4(a) is
much larger than the value for a bulk c-Si (<2.5%).39,40 Table I
provides all of the average maximum strains for the particles that
were tested.

Young’s moduli were calculated from the force profiles using
Hertzian theory.41,42 For Hertzian theory to apply, the contact area
must be small compared to the tip radius, the Si wafer substrate,
and the a-Si:H particle radius, and there can be no friction between
the particle and the two planes in the contact area. Hertzian theory
can usually be applied when the strain is less than 1%–10%.41,43

The contact radius at interface 1, a1, is

a1 ¼
ffiffiffiffiffiffiffiffi
Rδ1

p
¼ 3

4
R
E*

F

� �1=3

: (1)

The interface between the Si wafer and the a-Si:H particle is
noted by the subscript “1.” The subscript “2” is used for the inter-
face between a-Si:H particle and W tip. R is the radius of a-Si:H
particle, δ1 is the deformation on the interface of the Si substrate
and the a-Si:H particle, F is the compressive force, and E* is

FIG. 4. (a) Single particle force profile of a Si0.95H0.05 particle (with a diameter
of 730 nm). The strain, ε, is defined as the displacement divided by the particle
diameter. (Inset) SEM images of the corresponding a-Si:H particle before and
after nanoindentation. (b) F-D3/2 curves of the a-Si:H particle shown in Fig. 4(a).
(c) Distribution of Young’s moduli obtained from all the tests.
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the reduced Young’s modulus. Rearranging Eq. (1) generates
Eqs. (2) and (3),

δ1 ¼ 3
4

F

E*
ffiffiffi
R

p
� �2=3

, (2)

E*¼ 3
4
δ
�3

2
1

Fffiffiffi
R

p : (3)

E* is related to Young’s moduli of the a-Si:H particle and the Si
substrate, Ep and Esub, and their Poisson’s ratios, vp and vsub,

1
E*

¼ 1� ν2p
Ep

þ 1� ν2sub
Esub

: (4)

Poisson’s ratio of 0.22 for amorphous Si was used.23,44 Note
that, in this range, the value of Poisson’s ratio has little impact on
the value of Young’s modulus calculated by Eq. (4).41 Values of
130 GPa for Esub and 0.22 for vsub were used.

41 Combining Eqs. (3)
and (4) gives Eq. (5). Equation (6) applies to the interface between
the a-Si:H particle and W tip (interface 2), and value for Young’s
modulus of W, Ew, was 400 GPa, and Poisson’s ratio of W, vw, was
0.27. δ2 is the deformation on the W tip surface and the a-Si:H par-
ticle interface,

1
E*

¼ 1� ν2p
Ep

þ 1� ν2sub
Esub

¼ 4
3
δ3=21

ffiffiffi
R

p

F
, (5)

1
E*

¼ 1� ν2p
Ep

þ 1� ν2w
Ew

¼ 4
3
δ3=22

ffiffiffi
R

p

F
: (6)

The displacement, D, is the sum of the deformation at both
interfaces, δ1 and δ2. By combining and rearranging Eqs. (5) and (6),

F ¼ 4
3

ffiffiffi
R

p 1� ν2sub
Esub

þ 1� ν2w
Ew

� ��1
δ1
D

� �3=2

� δ2
D

� �3=2
" #

D3=2, (7)

δ1 þ δ2 ¼ D: (8)

Equation (7) shows that F is proportional to D3/2, provided that
the deformation of each interface, δ1 and δ2, is proportional to the
total deformation, D. Figure 4(b) shows the force profiles in Fig. 4(a)

replotted as F vs D3/2. The resulting curve is initially linear, as
expected based on Eq. (7), and suggests that the behavior is elastic
at the beginning of the compression experiment. Further evidence
of this initially elastic response is provided by experiments that
were conducted with loading and unloading the Si particles to a
smaller depth, as shown in Fig. S3 in the supplementary material.
In the linear range of F-D3/2 curves, the particles are undergoing
elastic deformation. Young’s modulus of the particles was calcu-
lated from the slope of the curves in the linear regime where
Hertzian theory is valid. Table I summarizes the values obtained
by averaging the measurements of at least 10 particles per sample.
The force profiles for all these particles are given in the
supplementary material. Figure 4(c) shows Young’s moduli distri-
bution that was obtained from all the tests.

D. Plastic deformation

Deviation from linearity in the F vs D3/2 curves indicates that
the material begins to undergo plastic (nonreversible) deformation.
Figure 5 shows the force profiles from three representative measure-
ments of the Si0.5H0.5, Si0.9H0.1, and Si0.95H0.05 particles. The yield
point was estimated by comparing the experimental data with the
Hertzian model [Eq. (7)] for the elastic response. The threshold for
divergence was set to a 10% difference in the slopes of the two
responses. After identifying force and displacement values for the
onset of yield, the mean contact pressure, p, could be obtained, as
shown in the following equation:

p ¼ F
πRD=2

: (9)

Note that the contact area used here is still the one predicted
by Hertzian theory, which is underestimated since the strain has
exceeded the elastic deformation regime.41 Then, the Tresca crite-
rion was used to correlate the mean contact pressure and the yield
strength, Y. The Tresca criterion assumes that yielding occurs when
the maximum shear stress (τmax) has been reached.45 According to
the Tresca criterion, the relationship between the yield strength (Y),
τmax, and the principal stresses (σ1, σ2, and σ3) is given by

Y ¼ max{jσ1 � σ2j, jσ2 � σ3j, jσ1 � σ3j} ¼ 2τmax: (10)

Then, the principal stresses and the maximum shear stress
were calculated using Huber’s method,46 in terms of the mean
contact pressure (p) (see Fig. S7 in the supplementary material for

TABLE I. The diameter, maximum strain, and mechanical properties of a-Si:H particles with three different H contents, a-Si thin films, and bulk c-Si.

Diameter
(nm)

Maximum
strain (%)

Young’s modulus
(GPa)

Yield strength
(GPa)

Compressive strength
(min) (GPa)

Compressive strength
(max) (GPa)

Si0.5H0.5 287.5 ± 36.1 36.7 ± 4.8 31.2 ± 9.0 2.5 1.8 ± 0.3 5.3 ± 0.8
Si0.9H0.1 782.3 ± 40.6 39.1 ± 1.8 46.5 ± 7.6 4.6 2.7 ± 0.1 7.6 ± 0.4
Si0.95H0.05 731.5 ± 30.0 34.0 ± 1.4 73.5 ± 19.5 5.8 3.2 ± 0.1 9.3 ± 0.6
a-Si thin films … … 60–14021–23 ∼147 ∼122,26,27

Bulk c-Si … <2.539,40– 120–19048,49 750 15–2524,25
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an example). The detailed calculation of the principal stresses and
the maximum shear stress are also given in the supplementary
material. The result is given in Eq. (11) where p and Y are related.
The values of yield strength for three samples are listed in Table I,

Y ¼ 0:66 p: (11)

E. Ultimate compressive strength

The values of the load and displacement corresponding to
failure of the spheres are relatively easy to identify. However,
obtaining the strength also requires the contact area at failure to be

determined, which is not trivial given the preceding plastic defor-
mation. Nonetheless, the Hertzian contact radius, Eq. (1), provides
an upper bound for the compressive strength as it is an underesti-
mate of the true contact area.41 A different model—the cylinder
model—was used to calculate the lower bound for the compressive
strength.41 In this model, the a-Si:H particle is considered to be a
cylinder sitting on the substrate under compression with the upper
surface fully contacting the flat tip surface, i.e., the contact area is
the surface of the cylinder. During compression, in the cylinder
model, the volume is assumed to be constant during the compres-
sion—the height of the cylinder decreases and the upper and lower
surfaces expand. The contact radius in the cylinder model is

acyl ¼ 2R3

3(R� D)

� �1=2

: (12)

Among various models that can be used to calculate the
contact area, the cylinder model predicts the largest contact area.41

Therefore, the ultimate compressive strength from this model rep-
resents the lower bound. The range for ultimate compressive
strength is shown in Table I.

Table I lists the diameter, maximum strain, Young’s modulus,
yield strength, and compressive strength measured for the three
different a-Si:H samples, and the values reported for a-Si thin films
and bulk c-Si. More than 10 particles from each sample were
indented and fractured (see supplementary material for all of the
force profiles). This decrease in Young’s modulus is probably
because H atoms disrupt Si–Si bonds and lead to more cavities
inside the spheres, thereby reducing the density of the particles,
which is also seen in a-Si:H thin films.20,51,52 Note that the lower
bound of the ultimate compressive strength is smaller than the
yield strength for each a-Si:H particle. This can be attributed to two
reasons. One is that the yield strength obtained from the deviation
of linearity in the F vs D3/2 curves is overestimated since the very
initial plastic deformation may not be noticeable from the curve.
The other reason is that the lower bound of the ultimate compres-
sive strength predicted by the cylinder model is overestimated. To
better understand the relationship between the H content of the
spheres and their mechanical properties, molecular dynamics (MD)
simulations were performed.

E. Molecular dynamics simulation

The details of the system preparation, force law, and simula-
tion procedures are described in Experimental Details. Here, we
focus on the results of the hydrogenation of Young’s modulus of
a-Si:H systems. Young’s modulus of a-Si systems was determined
from the stress-strain curve at small deformation (εmax∼ 0.01)
under tensile deformation (see Fig. S8 in the supplementary
material). Figure 6(a) shows the interphase formed by the clusters
of H atoms in a-Si:H systems with different contents of H at
T = 300 K. Simulation results show that above 30% H content, dis-
persed clusters of H atoms appear that can be considered as voids
in the a-Si matrix. The volume fraction of these voids increases sig-
nificantly only at a very high H content (50%) [see Fig. 6(a)]. The
size of these voids is characterized by determining the size of each
hydrogen cluster. Two hydrogen atoms belong to one cluster if

FIG. 5. Comparison of the experimentally measured force profiles (black hollow
square) with those predicted by Hertzian theory in Eq. (7) (orange dashed line)
for particles with different H content: (a) Si0.5H0.5, (b) Si0.9H0.1, and (c)
Si0.95H0.05.
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their distance is less than 2.5 Å. The distribution of the squared
radius of gyration of hydrogen atoms (Rg

2) is shown in Fig. 6(b) for
different hydrogenation levels. The distribution of Rg

2 becomes
wider as the hydrogen content increases. In Fig. 6(c) (we took a-Si:
H with 50 at. % H content as an example), values of Rg

2 are plotted

against the number of participating hydrogen atoms in each cluster,
and a power-law behavior with an exponent of 0.75 is observed for
Rg
2 as a function of the number of hydrogen atoms in each cluster

NH (i.e., Rg
2∼NH

0.5). The inset of Fig. 6(c) shows the number of
hydrogen atoms in the largest cluster (NH, max) as a function of the

FIG. 6. (a) The interphase (red color) created by the clusters of H atoms in a-Si:H. (b) Distribution of the squared radius of gyration of the hydrogen clusters in a-Si:H with
different H contents. (c) Square of radius of gyration as a function of the number of hydrogen atoms in each cluster. Inset: the number of hydrogen atoms in the largest
cluster as a function of the hydrogen mole fraction. (d) Density (left axis) and volume fraction of H clusters or voids (right axis) as a function of the H mole fraction. (e)
Comparison of Young’s modulus of a-Si:H systems in the MD simulation (black squares), our experimental observation on a-Si:H particles (red circles), and surface acous-
tic wave spectroscopy characterization of a-Si:H thin films done by Kuschnereit et al.20 (blue triangles).
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hydrogen content in a-Si:H MD samples, and as expected, the NH,

max increases with the hydrogen content. The density (ρ) and
volume fraction of these voids (f) are shown as a function of the
degree of hydrogenation in Fig. 6(d) at T = 300 K. Our simulation
results for density of a-Si using the Tersoff potential30,31 show a
value of 2.27 g/cm3, which is in good agreement with the experi-
mental value of 2.285 g/cm3.53 The values of fvoid (right axis)
increase with hydrogenation and in consequence the density (left
axis) of a-Si:H systems decreases with increasing the H content as
expected. In Fig. 6(e), the values of Young’s modulus of the a-Si:H
systems decrease with an increase in the hydrogenation in MD sim-
ulation, this experiment, and a-Si:H thin film experiment reported
by Kuschnereit et al.20 This decrease can be attributed to the emer-
gence of several voids in the structure of a-Si that are created by the
H atoms [see Figs. 6(a) and 6(b)] and the resulting lower densities
as seen in Fig. 6(d). The difference in the MD results, our experi-
mental observation on a-Si:H particles, and surface acoustic wave
spectroscopy characterization of a-Si:H thin films20 can stem from
difficulties in determination of the exact H content, the presence of
impurities, different characterizations, and geometry of a-Si:H
systems. Lastly, although the force law30,31 used in this study pro-
duces an excellent result for the density of the amorphous systems
[see Fig. 6(b)], there still may be some inaccuracies associated with
the force law in Young’s modulus calculations in MD simulations.
Nevertheless, the MD results clearly show that H atoms are capable
of creating clusters in the a-Si phase, and the existence of these
clusters can reduce Young’s modulus of the system.

IV. CONCLUSIONS

The mechanical properties of a-Si:H particles have been char-
acterized using a nanoindenter in conjunction with Hertz contact
theory and MD simulations. The correlation between the mechani-
cal properties and the H content has been found. With 5 at. % H
content, Young’s modulus is 73.5(±19.5) GPa, the yield strength is
5.8 GPa, and the compressive strength is 3.2(±0.1)–9.3(±0.6) GPa.
However, when the H content increases to 50 at. %, Young’s
modulus, yield strength, and compressive strength decrease to 31.2
(±9.0) GPa, 2.5 GPa, and 1.8(±0.3)–5.3(±0.8) GPa, respectively.
Furthermore, the MD simulations were utilized to understand the
underlying mechanism of the decrease in Young’s modulus of the
a-Si:H systems. The simulation results showed that this decrease is
associated with the clustering of the H atoms in a-Si. As the H
content increases, the clusters become larger, and as a consequence,
the density and Young’s modulus of the network decrease. This
work proves that compressing single particles with a nanoindenter
with a flat probe tip is a promising method for the mechanical
characterization of submicrometer-sized particles. Additionally, the
H-dependent mechanical properties of a-Si:H particles can be
important for their future applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for XRD pattern, all nanoin-
dentation curves, calculation of principal stresses, and maximum
shear stress inside the a-Si:H particles; and simulation results.
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