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Abstract. Fracture toughness of SiC on Si thin films of thicknesses of 150, 750, and 1500 nm were measured
using Agilent XP nanoindenter equipped with a Dynamic Control Module (DCM) in Load Control (LC) and
Continuous Stiffness Method (CSM) protocols. The fracture toughness of the Si substrate is also measured.
Nanovision images implied that indentations into the films and well deep into the Si caused cracks to initiate at the Si
substrate and propagate upward to the films. The composite fracture toughness of the SiC/Si was measured and the
fracture toughness of the SiC films was determined based on models that estimate film properties from substrate
properties. The composite hardness and modulus of the SiC films were measured as well. For the DCM, the hardness
decreases from an average of 35 GPa to an average of 13 GPa as the film thick increases from 150 nm to 1500 nm.
The hardness and moduli of the films depict the hardness and modulus of Si at deep indents of 12 and 200 GPa
respectively, which correlate well with literature hardness and modulus values of Si. The fracture toughness values of

the films were reported as 3.2 MPav/m.
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1. Introduction

SiC thin films are sought in high-power and high-temperature applications and in the use of
microelectromechanical systems (MEMS) due to their superb mechanical and electrical properties
(Mehregany et al. 2000, Sarro 2000, Fu et al. 2011). SiC exhibits excellent chemical, physical,
mechanical and thermal properties with multiple potential applications such as in electronic
materials, microwave absorber, furnace heating elements, abrasives, electronic packaging, and heat
exchanger (Rafaniello et al. 1981). SiC has been recognized as an ideal material for these
applications because they possess superior mechanical properties such as hardness, elastic
modulus, and fracture toughness (Borrero-Lopez et al. 2010, Chen 2012). SiC also possess high
resistance to radiation damage due to its small-neutron capture cross section (Snead et al. 2007,
Swaminathan et al. 2010). Another property that makes SiC a high temperature structural material
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is its excellent oxidation, corrosion, and creep properties (Rafaniello et al. 1981, Chu et al. 2012).
It is also noted that for fuel particles in the nuclear industry, SiC coatings are also desirable due to
their strong covalent-ionic bonding which produces long term resistance to irradiation and strong
mechanical properties (Zhang et al. 2012). In order to improve the mechanical properties of SiC
such as fracture toughness, hardness, and modulus, it is highly desirable to have some ceramic
materials form complete solid solution with SiC. Das et al. (2019) produced fine grain Sic-AlIN
interfacial solid solution layer which helped in crack deflection and improved fracture toughness.
Finite element simulations we performed on SiC and low dielectric constant (low K) SiCO based
multi-layer films to evaluate the nanoindentation hardness, modulus, and fracture toughness (Deng
et al. 2019). An interfacial layer is added to the SiICO/SIiCN and SiCN/Si to improve the accuracy
of the model (Deng et al. 2019). The addition of the interfacial layer produced results that correlate
well with the experimental data and the mechanical behavior relating to interfacial delamination
was successfully captured (Deng et al. 2019).

Although SiC films provide a wide range of applications in industries, there are still
uncertainties surrounding their resulting mechanical and structural properties specifically hardness,
modulus, and fracture toughness measurements. The resulting mechanical properties suffer from
proper measurements and accurate determination due to the substrate effect. Therefore, there exists
a critical need for examining the hardness, modulus, and fracture toughness of SiC films using
nanoindentation technique and simulations to account for the substrate effect. In this research, we
examine the hardness, modulus, and fracture toughness of SiC films of thicknesses of 150, 750,
and 1500 nm on Si substrate. We use analytical simulations with experimental measurements to
properly address the substrate effect especially for the 150 nm film.

We tested three samples of 150, 750, 1500 nm film thickness in addition to a pure silicon
sample for the mechanical, structural properties, and fracture toughness. These properties were
investigated using nanoindentation. The composite hardness and modulus of the SiC films of
thicknesses of 150, 750 and 1500 nm are measured using Agilent XP and DCM Il nanoindenter in
Continuous Stiffness Method (CSM) and Load Control (LC) protocols respectively. In addition, X-
ray diffraction (XRD), and scanning electron microscopy (SEM) were used to investigate the
structure and morphology of the films.

Traditional models estimate composite fracture toughness of a film/substrate system and
commonly do not provide information about the fracture toughness of the film alone from
measurements. In this work, we developed a generalized fracture toughness model to determine
fracture toughness of a film independent of the substrate effect. A particular model for SiC thin
film is proposed based on the generalized model and we demonstrated the effectiveness by
determining the SiC thin film’s fracture toughness value independent of the substrate effect. This
model covers a wide range of film thicknesses and it is tested for a hard film on a soft substrate
such as SiC/Si.

2. Experimental details

Three SiC films were deposited onto prime silicon substrates using an industrial PVD system
equipped with a planar magnetron sputter source and 99.99% pure silicon carbide target. The
samples were provided by Nanomechanics Inc. of Knoxville, TN. No more details were provided
on the preparation of the samples.

To investigate the Hardness and modulus of different SiC films on Si samples, XP CSM DCM
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Il Basic load control (LC) tests were performed. The CSM test provides the load, hardness,
modulus properties as a continuous function of depth of penetration. Each of the XP and DCM I
modules uses a separate three-sided diamond Berkovich indenter tip. The XP Standard Hardness,
Modulus, and Tip Calibration (SHMTC) in continuous stiffness methods (CSM) method was
employed for testing. The SHMTC CSM method generates hardness and modulus results as
continuous functions of the penetration depth into the test specimen. This method is used when
examining hard materials such as fused silica, glass, ceramic, metals and SiC, which is the subject
material of this study. The G-Series DCM Il Basic Hardness, Modulus, Tip Cal, Load Control
method with 5steps of loading and unloading was employed with maximum load used as 0.5 mN,
5 mN and 10 mN for the SiC samples of 150, 750 and 1500 nm film thickness respectively.

In order to study the fracture toughness, a systematic test approach was followed to measure the
crack lengths generated due to indentation made at different maximum loads. A three-sided
diamond Cube Corner tip was used for this purpose. A series of displacement-controlled indents
using G-Series XP CSM Nanovision Indent and Scan method in NanoSuite was employed to
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Fig. 1 Residual impression of a cube corner nanoindents using a G-Series XP CSM nanovision Indent and
Scan method 05n SiC films on Si substrate: (2) a 750 nm indent on a 150 nm thick film resulting in
an average crack length of 2.20 um, (b) a 1750 nm indent on a 750 nm thick film resulting in an
average crack length of 5.96 um, and (c) a 2300 nm indent on a 1500 nm thick film resulting in an
average crack length is 9.71 pm
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perform the indents and image the crack length. Nanovision investigation for various depths of
indentation suggests that cracks initiate at the film/substrate interface and propagate radially to the
surface of the three samples tested. Figs. 1(a)-1(c) depict indents of 750, 1750, and 2300 nm on the
150, 750, and 1500 nm thick films respectively. The crack length, C; is measured from the center
of the indent to the tip of the radial crack as shown in Fig. 1(c). To take into account the substrate
effect, modeling and simulations were performed to isolate the films properties from the substrate.
The measured crack lengths and the corresponding maximum load were subsequently used for
calculating the fracture toughness at different depth (or load).

3. Results and discussion
3.1 XRD results

Fig. 2 shows the X-ray 20 diffraction patterns of the cubic three SiC thin films grown onto
prime silicon substrates using an industrial PVD system equipped with a planar magnetron sputter
source and 99.99% pure silicon carbide target. From Fig. 2, we can see that the 150, 750, and 1500
nm SiC thin films have an amorphous structure.

3.2 Nanoindentation results

Prior to the measurements, the tip was calibrated using a standard fused silica sample. The
hardness as a function of depth of indentation normalized to the film thickness is shown in Fig. 3.

The Meyer hardness is defined as the maximum load (from the load-depth curve) over the
projected area. The hardness is given by

H:Z (1)

where L is the indentation load, and A is the projected contact area. Since the unloading portion
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Fig. 2 X-Ray diffraction patterns of 150, 750, and 1500 nm SiC thin films grown on Si(100) substrates
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Fig. 3 Hardness versus depth of indentation normalized to the film thickness

of the load-displacement curve is characterized by elastic displacement, it is always possible to
determine the elastic modulus of the material being tested from the slope of the unloading curve.

For a uniform specimen, the reciprocal of the slope (the unloading compliance, C) is related to
the elastic properties. Therefore, the unloading compliance can be written as (Oliver and Pharr
2004)

Vr
= 2)
22 B ENA
where g isaconstant. § = 1.0 (Oliver and Pharr 2004).
E. is the reduced modulus defined as
1 1-v2 1-v;
—=— ©)

Er Es Ed

Es and Eq are Young’s moduli and vy and v4q are Poisson’s ratios of the specimen and the
indenter, respectively. The diamond tip Poisson’s ratio and modulus are vqg = 0.07 and E4 =
1137 GPa respectively.

From Fig. 3, the measured hardness increases monotonically from an average of 12 GPa for
deep indents measured using XP CSM to an average of 25 GPa measured using the DCM |1 head
in LC modules. The average hardness of the Si substrate is 12 GPa which agrees well with
reported hardness values of Si from the literature (Mishra et al. 2008).

The modulus versus depth of indentation normalized to the film thickness is shown in Fig. 4.
There are insignificant variations between the measurement results using the DCM Il and the XP
head for the 750 and 1500 nm thick films at shallow depth of indentation whereas in the case of
the 150 nm thin film, the modulus varies for the CSM and LC due to the high noise level in the
CSM at shallow depth of indentation. The average modulus of the film is 420+60 GPa whereas for
the substrate the average modulus is 180 GPa, which is considered higher than the average
modulus for cubic Si reported in the literature due to pile-up (Mishra et al. 2008).

3.3 Fracture toughness from crack length measurements

The fracture toughness, K¢ can be determined from the radial crack length measurement using
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Fig. 4 Modulus versus depth of indentation normalized to the film thickness

the following equation (Lawn et al. 1980)

o= [0

where P is the maximum indentation load, E and H are the modulus and hardness of the material,
respectively, and a is an empirical constant which depends on the geometry of the indenter (a =
0.04 for a cube-corner tip) (Pharr 1998). We plot the crack length, C3/2 versus the maximum load,
P in Fig. 5. The lengths increase with increasing the maximum indentation loading for each of the
four samples. The SiC 150 nm samples depict early crack emergence for shallow indentation loads
whereas the SiC 750 nm and SiC 1500 nm samples experienced crack emergence with indentation
loads higher than 100 and 200 mN respectively. This is obvious because cracks initiate at the Si
substrate and propagate upward to the films. The average crack lengths were measured by imaging
the indentations using Nanovision scanning. In Fig. 6, we plot the fracture toughness versus
maximum load divided by the crack length to the 3/2 power from Eq. (2). The data from the four
samples collapsed to form a linear relationship. From this plot, the average fracture toughness
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Fig. 5 Crack length to the power 3/2 versus maximum load
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Fig. 6 Fracture toughness versus maximum load divided by the crack length to the power 3/2

of the Si(100) substrate is 0.84 + 0.08 MPa+y/m, which agrees well with literature published values
(Pharr 1998). For the SiC 150, 750, and 1500 nm we noticed that the fracture toughness values
vary with the maximum applied load due to the Si substrate interaction. This necessitates
developing a model to address the fracture toughness of the films independent of the substrate
influence.

3.4 Simulation results

To appropriately address the influence of the substrate especially for the 150 nm thin films, we
complement the measurements with analytical simulations. It is observed that the radial crack
initiates at different depths of indentation which exceeds the film thickness for samples with
varying film thickness. Subsequent to penetration into the film and deep into the substrate, cracks
emerge on the film’s surface suggesting that the substrate influences the measured fracture
toughness. The measured fracture strength decreases with the increase of indentation depth and
saturates at the substrate demonstrating that the substrate constantly influenced the measured
fracture strength as a function of displacement into surface. It is also noted that measured fracture
toughness K¢ sharply rise prior to the emergence of the radial cracks suggesting that the cutoff
regions of K¢ calculation is based on the occurrence of the radial cracks. For shallower depths of
indentation (within 10% of the film thickness) no cracks have been detected. Therefore, it is
conceivably that the calculated K. might not represent the true fracture toughness of the film.
The emergence of the cracks on the surface of the film is dictated by a combination of
elastic/plastic deformation of the film and substrate. To accurately estimate the fracture toughness
of the film, KE from the fracture toughness of the composite, K¢, and account for the fracture
toughness of the substrate, Kg, a proper simulation approach must be implemented.

There are several models in the literature that discuss fracture toughness of thin films and
coatings. These models can be divided into two groups. In the first group, the fracture toughness is
derived from a release energy formulation (Li et al. 1997, Xia et al. 2004) whereas the second
group used the classical fracture toughness method (Zhang et al. 2012, Lawn et al. 1980, Pharr
1998, Sun and Tong 2007, Anstis et al. 1981, Laugier 1985, Mullins et al. 2007, Lee et al. 2012) .
An example of the first group is Li et al. (1997) model. Li et al. (1997) proposed a fracture
toughness model for thin films and coatings based on the release energy rate and approximated the
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fracture toughness to be dominated by Mode | cracks due to crack opening. The release energy
was calculated based on pop-in (step) events during the loading cycle of the load-depth curves in
indentation. Zhang and Zhang (2012) concluded that extraction of the release energy from the step
is controversial. In our nanoindentation experiments of the SiC films, we have not experienced the
pop-in events within the applied maximum loading and therefore based on this we cannot use their
energy release model. In second group, several models proposed a fracture toughness model that
takes into account the residual stresses and the plastic zone size for thin films (Pharr 1998, Xia et
al. 2004, Lee et al. 2012, Jungk et al. 2006, Ponton and Rawlings 1989, Chicot et al. 2009).
However, to the best of our knowledge no model has been reported so far that calculates the
fracture toughness of thin films based on hardness measurements taking into account substrate
effects. Therefore, in this work we propose a model to evaluate thin films’ fracture toughness from
the measured composite fracture toughness.

The literature is rich in models that describe empirical and analytical expressions to isolate
thin films’ hardness and elastic modulus from the composite hardness and modulus as a function of
indentation depth (Maitre et al. 2005, Lemoine et al. 2007, Pulecio et al. 2010, Bhattacharya and
Nix 1988, Doerner and Nix 1986, King 1987, Burnett and Rickerby 1987a, b, Jonsson and
Hogmark 1984, Gao et al. 1992, Stone 1990, Yu et al. 1990). The earliest model of the composite
film/substrate hardness was proposed by Buckle (1973). Some of the previously cited authors used
Buckle’s hardness model to expand it to define a model that describes the modulus of elasticity.
Buckle’s model divides the hardness into two portions based on the boundary conditions. One due
to the substrate effect and another one based on the film substrate interaction. The two hardness
portions add linearly according to the following relation

H. = Hg + a(H; — H;). (5)

The boundary conditions are H. = Hg when o = 0 at d./t¢ > 1, and H. = H; when a =
1at d./t; = 0; where H., H¢, and Hg represent hardness for the composite, film and substrate
respectively. The weight parameter, a is a function of the film thickness (t;) and the contact depth
(d.) or the displacement into the surface, (h).

Based on Buckle’s model, we developed a fracture toughness model that call for the fracture
toughness of a film/substrate system and a film/substrate interaction to add linearly. The general
form of the model is given below

KE =K + E{Ké (1—’2) ~ K/ } (6)

The boundary conditions are K& =KL, when £€=1, and v¢ (film's poisson’s ratio) =
Vs (substrate Poisson’sration) at h/t; » 1,and K¢ = KE when &=0at h/ty=0, where
¢= K, and K¢ represent fracture toughness for the composite, film and substrate respectively.
The weight parameter, & is a function of the film thickness (tf) and the contact depth (d.) or the
displacement into the surface, (h). The weight parameter, § is obtained from the best fit to the
experimentally measured fracture toughness data and is expressed by the following relation

3 expA(V%) — 1

. E— 7
epr(%) +B 7
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where x = h/t; represents the displacement into the surface or the contact depth normalized to
the film thickness. The coefficients A and B can be defined in terms of the film and substrate

properties as
H P1 a1
A =E(_f) (E) , ®)
n HS Ef

-3 (5

and

and therefore & can be rewritten as

eXp(Hf/HS)ZJ(ES/Ef)3<n\/(h/tf)/2nn>

- (Hr/Hg)"|( )3<" (n/t;) ) (10)
Hf/HS Es/E h/t;)/2nn
exp r 7 +(H F/H ) (Eo/E)/n
Finally, the fracture strength model for SiC/Si system takes the form
c f < (VF ; eXp(Hf/Hs) (Es/Ef) < (h/tf)/21m> .
ke =k{ +{ke (1) - /] (11)

\exp(Hf/HS) (Es/Ef) < (h/tf)/Zﬂn> + (Hf/HS)Z(ES/Ef)/n)

where 8, p1,P2,q1,and q, are fitting parameters whose values are chosen as 1/2x, 2, 2, 3/2, 1
respectively. E¢ and E¢ are the composite and film elastic moduli. The fitting parameter n is
calculated as the ratio of the offset displacement to the film thickness, n = h,/t¢. The offset
displacement (h,) of 116.8, 420, 430 nm used for the 150, 750 and 1500 nm thick SiC films
respectively resulted in n values of 0.779, 0.560, 0.287 respectively and resulted in a linear fit for
n with film thickness given by Eq. (10) and represented by the plot of Fig. 7

n = (-3.64 x 107*)t; + 0.83. (12)

Radial cracks emerged at different penetration depths and propagated from the substrate to the
surface for the three SiC films. Fracture occurred when the penetration depth reached 550, 1250,
and 1500 nm for the 150, 750, and 1500 nm SiC films respectively. When the crack length is
plotted versus the reduced displacement (x, = h — h, ) the data corresponding to the 150, 750,
and 1500 nm films collapsed to a single line represented by a polynomial fit with the Si substrate,
Fig. 8. This clearly demonstrates that the cracks initiated at the substrate and propagated upward
towards the film.

The fracture toughness weight parameter, & quantifies the influence of the substrate on the
composite fracture toughness. The parameter, & is evaluated using the fitting parameters
B,p1, P2 91,and g, in addition to the measured hardness and modulus as described by equation
10 and shown in Fig. 9 as a function of displacement into the surface normalized to the film
thickness. It is evident that for very thin film such as 150 nm the weight parameter & could not
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reach the limiting value of 1 at h/t; > 1 because of the severe fracture that affects the actual
contact surface area during nanoindentation and ultimately impacted the hardness and elastic
modulus.

The fracture toughness of the composite normalized to the fracture toughness of the substrate
data are plotted versus the displacement into the surface normalized to the film thickness in Fig. 10.
The experimental data are shown in symbols whereas the simulation data are presented in
continuous lines. The experimental data were produced using Eg. (4) and the simulation data were
generated using Eg. (11). Since the experimentally measured fracture toughness values were
calculated based on the composite behavior, therefore the measured hardness and modulus of the
composite were used to calculate the fracture toughness as given by Eq. (4). The influence of the
substrate on the measured fracture toughness of the composite film/substrate system depends on
the film thickness. The proposed fracture toughness model (Eq. (11)) that estimates the fracture
toughness from a film/substrate system with known hardness, elastic modulus, and Poisson’s’ ratio
of the film and the substrate demonstrates a capability to capture the trend in the experimental data
for a wide range of indentation depth. This model is thus capable of predicting the appropriate
fracture toughness values of a film taking into account the influence of the substrate. In other
words, one can estimate the fracture toughness for any film thickness on a substrate by fitting the
experimentally measured composite fracture toughness data to generate the corresponding, K¢ as
KfC when h = 0. It can also be noted that the fracture toughness for a film/substrate system will
only converge to the substrate's fracture toughness values measured from sufficiently deep indents
when vy = v¢ . Fundamentally, the fracture toughness property of the film is independent of the
film thickness. However, the higher the film thickness necessitates higher stress level to induce
cracks on the film/substrate composite material.

Xia et al. 2004 energy-balance-based model also estimates the substrate independent fracture
toughness of the film (Xia et al. 2004). In this this model, we observe heavy dependence on the
residual stress and less contribution of the crack length on the estimation of the fracture toughness
values. However, we made an effort to use this model and estimate the fracture toughness values
based on our measured crack lengths. This seemed to result in different fracture toughness values
for films with different film thickness, the higher the film thickness the higher the fracture
toughness values of the film. This indicates that Xia et al. (2004) model which is based on
microindentation tests with a maximum load of 1 kg on a specific film thickness might require
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Fig. 10 Normalized fracture toughness versus normalized displacement into surface
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more investigation of a film/substrate system with multiple film thickness. Another model that
heavily depends on the residual stress to calculate the fracture toughness is Jungk et al. (2006)
model (Jungk et al. 2006). This model also estimates the fracture toughness of a film independent
of the substrate effect. We also used this model to predict the fracture toughness values based on
our measured crack lengths. Based on this model, the fracture toughness results depict some
dependency on the film thickness. Lee et al. (2012) demonstrated that the residual stress is already
included in Eq. (4) (Lee et al. 2012). Therefore, we conclude that the present model is sufficient to
accurately predict the fracture toughness of thin films in a film/substrate system with any level of
residual stress and a wide range of film thickness using nanoindentation.

4. Conclusions

The influence of the substrate on the measured fracture toughness of the composite
film/substrate system depends on the film thickness. However, the fracture toughness property of
the film should be independent of the film thickness. We developed a generalized fracture
toughness model that integrates experimental and simulation data to predict the fracture toughness
of thin films in a film/substrate system. A particular model for SiC thin film is proposed based on
the generalized model. This model covers a wide range of film thickness and it is tested for a hard
film on a soft substrate such as SiC/Si. The proposed fracture toughness model estimated the

fracture toughness values of the SiC films as 3.2 MPaym.
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