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Abstract- Inductively coupled plasma enhanced chemical 
vapor deposited (ICPCVD) a-Si is used as a structural 
material in many microelectromechanical systems (MEMS).  
For a-Si to function as a sound structural component, the 
material must display long term mechanical stability. This 
paper evaluates the Young’s modulus, hardness, and residual 
stress of a-Si under prolonged heat treatment. It is found that 
Young’s modulus and hardness are not impacted by heat 
treatment, while the residual stress becomes more tensile with 
increased annealing time.  Increased tensile stress is a result 
of hydrogen offgassing which can lead to improved film 
stability [1]. 
 
Index Terms—ICPCVD, Young’s modulus, hardness, 
residual stress, bi-layer, thin film, a-Si 
 

I. INTRODUCTION 

A popular material for microelectromechanical systems 
(MEMS) is a-Si, both for structural and optical applications. 
The majority of studies for Si-based thin films focus on SiNx 
or SiC [2, 3]. Extensive studies of SiNx long-term stability 
have been conducted by others [2-5], as well as for crystalline 
Si.  However, the body of work done on a-Si (a-Si:H or pc-
Si:H) is sparse.  

The research for a-Si thin films focuses primarily on the 
deposition conditions and how they relate to hydrogen 
concentration in the resultant film [6-8], or the optical and 
electron transport properties of the film [9-18]. Some papers 
have also reported on thermomechanical properties [19] and 
residual stress [1, 20].  However, the long-term stability of a-
Si thin films as a structural component for MEMS is largely 
unreported. 

The deposition conditions for this study have been 
preselected as giving a film with desirable optical properties 
for subsequent use as a structural and optical layer in 
microspectrometer concept developed at the University of 
Western Australisa [21].  The study focuses on the long-term 
stability of these films as evaluated through the elastic 
modulus, hardness, and residual stress. 
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II. EXPERIMENTAL 

Samples were deposited in a SenTech SI 500 D ICPCVD 
tool. Three samples of a-Si on 300 um Si (100) substrate were 
used for nanoindentation studies. Twenty samples of a-Si on 
70 um Si (100) substrate were used for the thin film induced 
substrate bending analysis. The deposition conditions are 
given in Table I.  The resultant films were 1 um in thickness. 
Samples were annealed using a conventional annealing oven 
in an Ar atmosphere for times ranging from 5 minutes to 48 
hours. 

A. Nano-indentation 
Nano-indentation, performed using a Hysitron 950 

TriboIndenter with a Berkovich tip, was used to evaluate the 
Young’s modulus and hardness of the deposited a-Si films.  A 
series of 49 indentations (a 7 by 7 array of points with 20 um 
spacing) was used to indent a standard fused quartz sample 
throughout the data collection. A standard indentation load 
profile was used. The maximum load ranged from 500 uN to 
11,500 uN. Indentation into the standard was used to calculate 
the tip area function, with regular calibration of the tip area 
function performed to aid qualitative data analysis. 

Nano-indentation was also performed (in the same manner 
as described above) on the test samples. These samples 
consisted of: a bare, 300 um thick, Si (100) wafer; a-Si 
samples with annealing times of 60 minutes, 1440 minutes; 
and a control a-Si sample that underwent no annealing. 

The reduced modulus and hardness is calculated by the 
Hysitron analysis software using the middle 20% to 95% of 
the unload curve. The unload data is analyzed following the 
Oliver-Pharr method [22]. 

The hardness, H, is calculated using 
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 , (1) 
 
where A(hc) is the calibrated contact area and Pmax is the 
maximum indentation load. 

The reduced modulus, Er, is calculated using 
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which can be used to extract the Young’s modulus of the 
sample using known values for the sample’s Poisson ratio and 
indenter parameters. For a diamond indenter Young’s 
modulus is 1140 GPa and the Poisson ratio is 0.07 [23].  
Poisson ratio for Si is typically 0.27 [24]. 
 
 

978-1-4799-6868-8/14/$31.00 © 2014 IEEE COMMAD 2014160



TABLE I 
DEPOSITION CONDITIONS FOR ICPCVD a-Si 

Gas flow Temperature Pressure Power 
SiH4: He:    
5 sccm 95 sccm 300 °C 4 Pa 26 W 

 

B. Thin film induced substrate bending 
Thin film stress was deduced via measurements of thin film 

induced substrate curvature. Substrate curvature was 
measured using a Zygo optical profilometer on the 70 um Si 
(100) wafers prior to deposition. After the films were 
deposited curvature was again recorded.  Finally, samples 
were annealed for times ranging from 5 minutes to 48 hours 
and curvature data recorded for a third time.   

The residual film stress was evaluated from the substrate 
curvature using the Stoney equation [25], 
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 , (3) 
 
where Es is the Young’s modulus of the substrate, νs is the 
Poisson ratio of the substrate, R0 is the change in radius of 
curvature, and ts and tf are the substrate and film thickness, 
respectively. 
 

III. RESULTS & DISCUSSION 

IV. Residual Stress 
Radius of curvature data collected after ICPCVD of the Si 

films prior to any annealing, were used to evaluate the 
distribution of as-deposited residual stress. Fig. 1 shows a 
histogram of the 20 deposited films, as well as the calculated 
normal distribution. The normal distribution had a mean 
residual stress value of -27 MPa and standard deviation of 
9 MPa. For the data reported +’ve is indicative of a tensile 
stressed film and –‘ve is indicative of a compressive stressed 
film.  The as-deposited films were slightly compressive. 

 
Fig. 1.  Histogram of the post deposition stress in 1 um-thick ICPCVD a-
Si films.  The red line indicates the Normal distribution, with a mean of  -
27.02 MPa and a standard deviation of 9.11 MPa. 

Radius of curvature data were collected after the samples 
were annealed in Ar at 300 °C for times ranging from 5 
minutes to 48 hours.  Fig. 2 plots the stress (as calculated via 
equation 3 from the thin film induced substrate curvature 
measurements) versus annealing time for a-Si on 70 um 
Si (100) substrate. The figure shows the films becoming more 
tensile with anneal time.  The data appears to be saturating 
with annealing time at a maximum tensile film stress value of 
approximately 400 MPa.  However, the films annealed for 48 
hours cracked and delaminated. This indicates that between 
24 and 48 hours the stress in the films continued to increase, 
but further study is required to confirm this. 

 
A. Elastic modulus and Hardness 

Indentation data collected on the standard fused quartz 
sample (Fig. 3) shows stable measurement.  The limitations of 
the indenter can also be seen in this data.  The hardness shows 
a trailing off at a contact depth of approximately 50 nm.  This 
trailing is attributable to the indentation size effect.  
Therefore, in this study we will limit the reporting to 
indentations deeper than 50 nm. 

 

 
Fig. 2.  Plot of stress versus annealing time.  Stress is calculated using 
thin film induced substrate bending.  The trend appears to be saturating at 
a maximum residual stress value of 400 MPa. 

 

 
Fig. 3.  Indentation of fused quartz sample used to calibrate the tip area 
function.  Indentations taken before, during and after indentation of 
ICPCVD Si sample do not drift indicating reliable data for the Si samples 
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The indentation data for the ICPCVD a-Si on 300 um 
Si (100) wafers are reported in Fig. 4 and Fig. 5.  The 
Young’s modulus (calculated from the reduced modulus via 
Equation 5) as a function of contact depth is shown in Fig. 4.  
The average Young’s modulus of the Si substrate is 
175 GPa ± 3 GPa, The average Young’s modulus for as-
deposited a-Si (excluding the tail region of the data from 
0 nm to 50 nm contact depth) ranges from 124 GPa ± 5 GPa 
to 133 GPa ± 4 GPa. All results are reported in Figure 6.  A 
slight increase in Young’s modulus with anneal is observed, 
but the variation is within the error of the measurement. 

Fig. 5 plots the Hardness versus contact depth for the 
ICPCVD Si films.  The hardness for the 300 um Si substrate 
is 11.4 GPa ± 0.2 GPa.  The average hardness for the as  
 

 
Fig. 4.  Plot of Young’s modulus versus contact depth for bare 300 um Si 
(100) substrate and ICPCVD a-Si.  The Young’s modulus, calculated 
from the reduced modulus via Equation 5, is 175 GPa for Si (100) 
substrate and approximately 130 GPa for the deposited a-Si 

 

 
Fig. 5.  Plot of hardness versus contact depth for both the bare 300 um Si 
(100) wafer and ICPCVD a-Si. The hardness of Si (100) wafer is 11.4 
GPa while that of the deposited a-Si is approximately 10 GPa. 

 
 

 

 
Fig. 6.  Plot of Young’s modulus (top) and hardness (bottom) versus 
annealing time for bare 300 um Si (100) substrate and ICPCVD a-Si.  The 
Young’s modulus, calculated from the reduced modulus via Equation 5, 
is 175 GPa for Si (100) substrate and ranges between 133 GPa  and 124 
GPa for the deposited a-Si. 

 
deposited a-Si, calculated from results with contact depths 
greater than 50 nm, ranged from 9.5 GPa ± 0.5 GPa to 
10.3 GPa ± 0.4 GPa.  All results are reported in Figure 6.  The 
data shows a slight trend towards reduced hardness with 
annealing time.  However, this trend is within the 
experimental error. 

V. CONCLUSION 

The results of this annealing study show that the primary 
instability associated with long-term exposure to heat of 
ICPCVD a-Si, is in the residual film stress.  The 
nanoindentation showed that the Young’s modulus and 
hardness of ICPCVD a-Si are not significantly changed by 
exposure to elevated temperatures in an Ar atmosphere.  

The residual film stress changed significantly after only 
5 minutes at elevated temperatures.  The residual stress in the 
films appeared to be saturating at a maximum tensile stress 
value of approximately 400 MPa. 

It is believed that this effect of changing residual stress is 
attributed to Hydrogen outgassing from the sample [1].  
Because the samples were in an Ar atmosphere, oxygen 
entering the films is not a likely reason for the change in film 
stress.  Further evaluation of ICPCVD a-Si in air and oxygen 
atmospheres is required to confirm this. 
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