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Determination of Strain Fields at the Nanometer Scale with Applications to 

MEMS Design and Micromechanics 

ABSTRACT 

The following summarizes progress on the program made in the period of August 1998 until 

September 1999. Several aspects of the material behavior and characteristic were addressed such 

as the material constants, the surface condition and the material behavior after long treatment by 

an etchant, an improvement on the loading device of the test setup and work on potential fracture 

mechanics specimen geometries. In the past year, modifications have been made to the STM to 

improve the performance of different components of the STM system. At the same time, an error analysis 

on the Die has been conducted, and a new approach to STM/DIC error analysis has been examined. 

1. OBJECTIVE 

This project is focused in the determination of mechanical properties of thin fihns manufactured 

by polycrystalline silicon using the surface micromachining method. In addition to the 

measurement of the mechanical properties by use of an Atomic Force Microscope (AFM) or a 

Scanning Tunneling Microscope (STM) with the aid of the Digital hnage Correlation Method 

(DIC) several other aspects of the firacture behavior are addressed such as the effect of surface 

roughness, effects of notches to the firacture of the specimen in conjunction with grain size, etc. 

The STM, DIC have been re-evaluated to determine their capabilities and proceed with 

refinements on the instrument and the correlation method as well as identification of their 

limitations. 

2. APPROACH 

The main research focus was the experimentation with specimens manufactured by the Center of 

Microelecronics in North Carolina (MCNC) during MUMPsl9 and MUMPs21 runs (figure 2). 

The test device is a miniature tensile tester designed in house (Figure 1) and the method that has 

been used so far to extract mechanical property values fi-om experimental data utihzes a hnear 
spring model to evaluate the experimental data. A thorough record of the specimens' condition 

before and after testing was conducted by means of an optical and an Atomic Force microscope. 

In this way, additional information such as grain size, undercut dimensions, surface roughness, 

etc. with respect to the etching time has been determined. A Finite Element Model (FEM) of the 

complete test structxire developed for ABAQUS has been used to evaluate computationally the 



experimental results and determine the contribution of the convergent sections of the paddle to 

the value of the total displacement (see figure 2). The tensile tester was initially designed to take 

advantage of the electrostatic forces that can be exerted between two conductive surfaces that are 

separated by a non-conductive medium. The method has been used for the data obtained so far 

but due to certain voltage-friction limitation, a new, more efficient gripping method has been 

developed that makes use of Ultraviolet (UV) adhesive. Electrostatic forces are applied in order 

to force the thin polysilicon film to He flat on the substrate (due to the residual stresses in the 

released fihn it is bent up or down (figure 3,4)). It is then approached by a transparent glass grip 

(is chosen to be transparent so that the UV Hght will pass through it and cure the underlying glue 

layer) to the fihn surface (figure 5). Then the two surfaces of the substrate and the specimen 

paddle which electrostatically adhere, are repelled by charging both with the same charge so that 

the film is repelled from the substrate surface and adheres to the grip that is covered by a thin UV 

adhesive layer. A two-minute UV cure of the adhesive follows. 

3. PROGRESS 

1. The experimental resuhs in conjunction with the finite element analysis of the specimen 

geometry provided an accurate value of the elastic modulus without any assumptions. The 

Young's modulus value was found as 165.9 ±5.2 GPa and the value for the fracture strength 

as 0.96 ±0.1 GPa. These values are in agreement with previous reports from other 

laboratories that applied different methods. 

2. A diffraction analysis has been preformed on the specimens and has shown two particular 

orientation patterns of the top surface of the specimens with (111) and (110) dominating 

diffraction planes. There is definitely an orientation preference in the texture but this is not 

very sfrong. This finding may be an explanation for the fact that the values of modulus are in 

the middle of the acceptable range (131 GPa - 189GPa) of values for the specific 

crystallographic orientations and close to the elastic constant (168 GPa) in the [110] 

direction. 

3. The value of the fracture strength for MUMPs21 is considerably higher than that measured 

for MUMPsl9 in a previous work. It has also been identified that the low strength of 

specimens from MUMPsl9 can be attiibuted to the long exposure time in hydrofluoric (HF) 

solution (to release them) when compared with the time used for the MUMPs21 specimens. 

The value of fracture sfrength for MUMPs21 specimens is lower than that reported by other 

researchers and can be directly attributed to the fact that the etching time was longer than that 

the others have reported. Thus the effect of the HF release time on specimen quality is not 

negligible. Further study, using an AFM, shows that the surface roughness and texture are a 



strong function (figure 6) of specimen exposure to HF. An increased HF exposure results in 

increased non-uniform surface roughness and the appearance of deep depressions (figure 7) at 

individual areas, but not uniformly over the whole surface. Those grooves occur at the grain 

boundaries that are etched more readily and faster than the grains themselves. This implies 

that the knowledge of the actual surface roughness of the sample depends on parameters that 

are independent of the manufacturing process. It is the release process that reveals the grains 

and causes the deep etching of the grain boundaries. 
The deep surface grooves act as micro-notches and can thus initiate fracture. This is probably 

the reason why the fracture strength is very low after long etching times. Observations have 

also shown that stiction phenomena can cause long-term problems to the specimens: this 

stiction facilitates HF encapsulation under the film so that the etching process can continue 

with slow rates. The surface roughness change under different exposure times in HF has been 

studied to the extent that measurements were possible. 

4. We have improved the loading device with a preliminary gripping method. Breakdown 

voltage and charging problems that occur due to the nature of the applied electrostatics can be 

resolved by a new approach that is under development. Thus, elecfrostatics are not needed 

and there is no slip between the sample and the grip and no charging during the test due to the 
high voltage. The before-mentioned process eliminates the need of mechanically pressing the 

grip against the paddle and the substrate, and eliminates a potential pre-test specimen 

damage. 

5. A study of two different notched specimen configurations has been preformed to investigate 

the necessary geometrical parameters to design and manufacture fracture mechanics 
specimens at MCNC. The dimensions of the notches were defined by the imposed minimum 

manufacturing requirements by MCNC. For the calculation of the design parameters an 

analytical notch theory was used as a first approximation. However a finite element model 

has also been constructed in order to capture the real sfrain\sfress field on the surface of the 

specimen incorporating any end effects. The particular experiment has been designed to 

capture a possible effect of the grain structure (figure 8) of thin polycrystalline fikns on their 

fracture behavior. AFM data show an influence of the grain structure to the direction of crack 

propagation and a preference for intergranular fracture. 

6. The STM is used to investigate material deformations at the submicron scale. It has a 

resolution ranging from below an angstrom to several tens of nanometers. However, 

problems had been experienced regarding the consistency of the resolution. In addressing 

these problems, modifications have been made on the STM scanning system, the acquisition 

system and the feedback confrol system. 



When the STM was first built, the scanning was performed by one piezo-ceramic actuator. 

The in-plane motion was controlled by applying a voltage difference on the opposite 

electrodes of the piezo-ceramic tube, while the out-of-plane motion was actuated by applying 

a voltage difference on the inner and outer electrodes of the same tube. Consequently, there 

was a coupling problem between the in-plane and out-of-plane motions. To solve this 

problem, a new design was implemented, so that two piezo-ceramic tubes are used to actuate 

in-plane and out-of-plane motions separately. The inner tube, whose aspect ratio is more 

favorable for bending, controls the in-plane movements. It is fixed rigidly through two of 

ceramic connectors to the outer tube, which actuates the out-of-plane motion. Both of the 

piezo-actuators were assembled into the STM head. Scanning with the decoupled piezo- 

actuators showed that the scanning quality was improved. 
Once the tunneling current is acquired, it is ampUfied and converted into voltage. This first 

stage amphfication is accomphshed inside the STM head. Experiments showed that 

considerable noise was introduced at this stage of amphfication. The amplification circuits 

were assessed and a better circuit was designed. The new circuit incorporates three 

amplification stages instead of one and filters out noises fi-om power supphes at each stage. 

Calibrations confirmed that the modified first stage amphfication introduced far less noise 

than the old design. 
The other crucial element of the STM system is the feedback conti-ol system, which keeps the 

tunneling current constant by feeding a voltage correction into the piezo-actuator controlling 

the out-of-plane motion. Each component of the STM control system is known, except for the 

piezo-ceramic actuator. In order to find out the dynamic behavior of the piezo-ceramic 

actuator, a firequency response test was conducted on the actuator and the first stage 

ampUfier. Based on the dynamic response, the controller for the actuator and the amplifier 
was modeled via MATLAB. Both the step response and dynamic simulations for the 

analytical model controller showed that the current sampling jfrequency was set too fast for 

the system to respond. However, the conti-oUer was modeled linearly in, while the real one in 

the STM system is non-linear. Further investigations need to be carried out in this area. 

7. The Digital Image Correlation (DIC) is used to extract the displacements and strains fi-om the 

3-D data of the undeformed and deformed surfaces. In the DIC, a minimum of the least 

square correlation coefficient gives the real in-plane displacements and strains. This method 
was extended to 3-D, and the out-of-plane displacement was included in the correlation 

coefficient. Problems arose from this. An error analysis of the program based on this 

correlation scheme was conducted. The scheme was evaluated, and a different method was 

proposed. 
The current DIC program was evaluated by feeding in computer generated images with 

known strains and displacements. Different parameters for the correlation have been tried to 



estimate the influence on the correlation result. High frequency noises with different 

amplitudes were added in to test the robustness of the program. Results showed that the DIG 

program tends to overestimate the strains. The size for the correlation subset plays an 

important role. Depending on the noise level, the noise is more negligible for larger 

deformations. 

4. PERSONNEL INVOLVED INCLUDING POSITION AND MAN-YEARS 

This project is supervised by Prof W.G. Knauss of Aeronautics and Apphed Mechanics and 

involves two graduate students; loannis Chasiotis and Ying Huang who are currently on the 
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Fig. 5. Successive steps in film gripping 
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