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      Abstract-The mechanical properties of Si1-xGex thin films 
are studied via nanoindentation. The Si1-xGex thin films are 
prepared with a biased target ion beam deposition (BTIBD) 
method. We investigate the effect of varying the Si to Ge 
composition ratio on the elastic modulus and hardness of the 
resulting alloyed films. In comparison to pure BTIBD Si (ESi 
= 154GPa, HSi = 9.9GPa), for Si1-xGex a decreasing trend in 
Young’s modulus and hardness is observed to be associated 
with the increase in Ge content, and for Si0.5Ge0.5 the values 
of 139 GPa and 8.4GPa are found to represent the Young’s 
modulus and hardness, respectively. 
 

Index Terms—amorphous silicon, BTIBD, germanium,  
hardness, nanoindentation, young’s modulus 
 

I. INTRODUCTION 

    Si and Ge are two thin film materials frequently used in 
electron transport devices. Incorporation of Ge with Si to 
form the Si1-xGex alloy has found applications as a novel 
high-speed Si-system material with the aim to improve the 
electron and hole carrier mobilities for many devices such as 
metal-oxide semiconductor field effect transistors 
(MOSFETs), modulation-doped field effect transistors 
(MODFETs), and doped- channel field effect transistors 
(DCFETs). Si1-xGex /Si1-yGey hetero-structures are also used 
in quantum effect devices such as resonant-tunneling diodes 
(RTDs), which show the potential to become the next-
generation high-speed Si-system devices. However, 
application of this material system towards micro-electro-
mechanical systems (MEMS) has received little attention. 
This is desirable since varying the Si to Ge composition ratio 
allows for controlling the thin film stress, which is a very 
important aspect for MEMS. For such applications, it is 
essential to grow high quality Si1-xGex thin films and have a 
good understanding of their fundamental mechanical 
properties, such as Young’s modulus and hardness. 

A variety of methods have been used to deposit thin 
films, such as vacuum evaporation [1-2], magnetron 
sputtering [3-4], ion beam deposition [5-8], chemical vapour 
deposition (CVD) [9], and molecular beam epitaxy (MBE) 
[10]. Among these methods, ion beam deposition is widely 
used. 

    Mechanical properties of materials significantly influence 
device robustness and stability and are very important for 
device operation. Instrumented nanoindentation is a simple 
technique that can be used to study quantitatively the basic 
mechanical properties of thin films grown on substrates, such 
as elastic modulus and hardness [11-15]. In this paper, we 
present a study of the fundamental mechanical properties of 
SiGe thin films deposited using BTIBD [16]. 
Nanoindentation technique is used to study the elastic 
modulus and hardness of the SiGe thin films as a function of 
relative Si and Ge content. 

II. EXPERIMENTAL 

    Elemental sputtering targets of pure Si and Ge were used 
as source material for film deposition. The targets were 4” in 
diameter and 6 mm in thickness. Films were deposited on to 
300μm-thick, Si <100> p-type wafers. All substrates were 
cleaned ultrasonicly in subsequent baths of acetone, methanol 
and isopropanol. The sputtering and base pressures were 
maintained at 4.8×10-4 Torr and 8.0×10-8 Torr, respectively. 
The Si to Ge composition ratio was controlled via sputtering 
rates from individual targets that were controlled via target 
bias duty cycles as described previously in Ref. [17]. The 
thickness of all deposited films was 500nm.    
    The Young’s modulus and hardness of thin films were 
determined using nanoindentation technique, which were 
conducted by a Hysitron TriboScope (Hysitron, Minneapolis, 
MN) nanomechanical testing instrument using a Berkovich 
indenter tip. The diamond Berkovich tip had a radius of ~100 
nm. For each specimen, over 30 indents were performed at 
loads ranging from 500 N to 10,000 N. Determinations of 
elastic modulus and hardness were made from the load–
displacement (P-h) curves according to the Oliver and Pharr 
method [12] over indenter penetration depths ranging from 
50 to 240 nm. 

III. RESULTS AND DISCUSSIONS 

    Figures 1 (a), (b) and (c) show sample load-displacement 
curves of silicon, Si0.5Ge0.5 and germanium thin films on Si 
substrates, respectively. It can be observed in Fig. 1, that for 
Si and Si0.5Ge0.5 the successively deeper indentation curves 
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overlay each other very well. We present sample curves in 
Fig. 1, however, we have observed this behavior for all the 
curves for both Si and Si0.5Ge0.5 materials as well as for 
Si0.6Ge0.4, Si0.7Ge0.3, Si0.8Ge0.2, and Si0.9Ge0.1 thin films. This 
indicates repeatability and material uniformity. However, the 
P-h curves for pure germanium thin film (see Fig. 1(c)) do 
exhibit significant scatter.  
    The reduced modulus measured during nanoindentation, Er,  
is a factor of both the film and the indenter tip. It is given by 
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From Er we can calculate the Young’s modulus, E, for our 
thin film and it is influenced by the value of the Poisson ratio, 
���adopted for the sample. During calculations we used the 
following values [18] 

GPa1140E07.028.0 iisilicon ���� ��  
and the calculated E values for Si, Si0.5Ge0.5, and Ge thin 
films are plotted as a function of the contact depth in Fig. 2. 

    Common trends in the data shown in Fig. 2(a) and Fig. 2(b) 
can be observed. We note that there is an abrupt decrease of 
Young’s modulus values as the contact depth decreases 
below 50nm. We attribute this to the limitations of the 
measurement technique associated with the non-idealities in 
the tip area function used in the analysis and do not use the 
data in the contact depth range from 0 to 50nm in further 
analysis and discussion. We also observe that the values of 
Young’s modulus for indentations exceeding 100nm show an 
increasing trend with increasing contact depth. We attribute 
this to the influence of Si substrate. The Young’s modulus 
value associated with the plateau observed in the contact 
depth range between 50 and 100nm is taken to be the value 
representative of the thin film properties. We found these 
above described trends common to all data obtained for Si 
and Si0.5Ge0.5, as well as for Si0.6Ge0.4, Si0.7Ge0.3, Si0.8Ge0.2, 
and Si0.9Ge0.1 thin films. The experimentally observed 
Young’s modulus and hardness for our Si substrates were 
167GPa and 10.9GPa, respectively. 
    However, as seen in Fig. 2(c) the values of Young’s 
modulus obtained for pure germanium thin films exhibit 
significant scatter as a function of contact depth. This could 
be representative of factors associated with material non-
uniformities and/or surface roughness and is the topic of 
subsequent investigations. 
    The correlation of values obtained for thin film hardness 
with contact depth is shown in Fig. 3 for Si, Si0.5Ge0.5, and 
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Fig. 1. Nanoindentation load-displacement curves for BTIBD (a) Si, 
(b) Si0.5Ge0.5 and (c) Ge thin films.   
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Fig. 2.  Young’s modulus as a function of the contact depth for BTIBD 
(a) Si, (b) Si0.5Ge0.5, and (c) Ge thin films on silicon substrates. 
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Ge. We observe similar trends as in the case of the 
correlation of values for Young’s modulus with contact 
depth. Below 50nm the data is impacted by the limitations of 
the tip area function, and as the contact depth increases 
beyond 100 nm the hardness values increase due to the 
influence of Si substrate. We found this to be common to all 
data obtained for Si, Si0.5Ge0.5, Si0.6Ge0.4, Si0.7Ge0.3, Si0.8Ge0.2, 
and Si0.9Ge0.1 thin films. As in the case of the Young’s 
modulus the hardness value associated with the plateau 
observed in the contact  
depth range between 50 and 100nm is taken to be the value 
representative of the thin film properties.  
    Similarly as it was observed for Young’s modulus values 
obtained for Ge, the hardness values obtained for Ge (see 
Fig. 3(c)) also exhibit significant scatter as a function of 
contact depth. The averaged value for measurements in 
contact depth range between 50nm and 100nm is taken as 
representative of the Ge film properties. 
    Fig. 4(a) and Fig. 4(b) show the Young’s modulus and 
hardness, respectively, as a function of percentage of Si 
content in the investigated Si1-xGex thin films. Since the data 
for Ge presented in Fig. 2(c) and Fig. 3(c) show significant 
scatter the points in Fig. 4 associated with Ge have 
significantly greater error bars in comparison to points 
associated with other compositions, where standard 
deviations are typically less than 3%. A common trend as a 
function of film composition for both Young’s modulus and  

hardness can be observed in Fig. 4. It is found that Si thin 
films prepared using BTIB are characterized by Young’s 
modulus and hardness values of E = 154GPa and H = 
9.9GPa, respectively; which is respectively 92% and 91% of 
the Young’s modulus and hardness values found for (100) 
single crystalline Si substrates. In comparison to pure BTIBD 
Si, the values of Young’s modulus and hardness obtained for 
Si1-xGex exhibit a decreasing trend with the increase in Ge 
content. The values for Young’s modulus and hardness for        
Si0.5Ge0.5 have been found to be 139GPa, and 8.4GPa, 
respectively. Alloys of Si1-xGex with Ge content below 50% 
were not prepared and not subject to current investigation 
(apart from pure Ge).   

IV. CONCLUSIONS 

    The mechanical properties of Si1-xGex thin films prepared 
using BTIBD were studied via nanoindentation as a function 
of thin film Si to Ge relative content. It is found that Si thin 
films prepared using BTIBD are characterized by Young’s 
modulus and hardness values that are below the values for 
bulk silicon, and amount respectively to 92% and 91% of the 
Young’s modulus and hardness values found for (100) single 
crystalline Si substrates. In comparison to pure BTIBD Si 
(ESi = 154GPa, HSi = 9.9GPa), the values of Young’s 
modulus and hardness obtained for Si1-xGex exhibit a 
decreasing trend with the increase in Ge content. It was 
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Fig. 3.  Hardness as a function of the contact depth for BTIBD (a) Si, (b) 
Si0.5Ge0.5, and (c) Ge thin films on silicon substrates. 
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observed that in comparison to other compositions studied, 
the nanoindentation data obtained for pure germanium are 
significantly scattered. This could be representative of factors 
associated with surface roughness and/or material non-
uniformities.  
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