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ABSTRACT 

Title of Thesis: A Microengineered Beam Diaphragm Structure for the High 
Performance Pressure Sensor 

Alkesh Shah, Master of Science, Electrical Engineering Department, 1991 

Thesis directed by: Dr. D. Misra, Assistant Professor 

The thesis details the design for a novel microengineered beam diaphragm struc-

ture for piezoresistive pressure sensor applications. The beam diaphragm structure 

is used as a pressure sensing device, within a Wheatstone bridge circuit. The single 

crystal silicon with [100] orientation is used for the beam diaphragm structure. 

It has the advantages of high sensitivity(2.56 v/v/mm of Hg), good linear-

ity(3Kpa to 1.4 Mpa) and overpressure protection with the help of the bosses. 

It's protection range is about 400 times the standard pressure range. The beam 

diaphragm structure has two rectangular bosses which are formed by anisotropic 

etching. Two pairs of diffused piezoresistive elements are located on the top sur-

face of the diaphragm such that higher sensitivity can be obtained. Finite Element 

Method is used to analyse the load deflection behavior of the beam diaphragm struc-

ture. Results of the Finite Element Method using ANSYS program are presented. 

Analytical results are compared with FEM results and verified. The micromachin-

ing process for the fabrication is also described. 
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Chapter 1 

Introduction 

1.1 An Overview 

The rapid progress in VLSI semiconductor technology has increased the capabilities 

of realizing solid state microsensors. Mechanical sensors, pressure sensors, temper-

ature sensors and magnetic sensors are recently being used in Research. There is 

now growing demand for small, reliable and low cost solid state sensors capable of 

interfacing with natural events. Pressure measurements are essential in many areas, 

including biomedical research and clinical care, as well as automobiles and industrial 

process control. Therefore the pressure transducer is one of the most widely used 

physical transducers. A variety of commercial pressure transducers are available to 

meet the present needs, but continuous efforts have been made to seek new minia-

ture, long term stable and sensitive devices for specialized applications. Three basic 
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types of silicon pressure transducers have been reported:piezojunction[1], piezoresis-

tive[2], and capacitive pressure transducers[3]. Of these three basic types of silicon 

transducers, the piezoresistive device is presently the most widely used pressure 

transducer because of its high performance and ease of design and fabrication. 

In many applications, it is highly desirable to obtain both high sensitivity to 

low values of applied pressure and tolerance to very high pressure without failures. 

Although the strength of silicon is very high, the thin diaphragm of a conventional 

silicon pressure sensor will typically fail at pressures in the range of 10-30 times 

rated full scale pressure. Very high overpressure tolerances are impossible using 

conventional sensor structures in which the diaphragm is suspended at its edges, 

such that its deflection increases unimpeded as pressure increases. 

In order to solve this difficulty a novel micromachined beam diaphragm structure 

for the pressure sensor application is developed. The beam diaphragm structure 

represents a new class of structure which has beams connected with diaphragm 

for utilizing the maximum stress concentration area. Overpressure protection is 

obtained for this type of sensor, since the diaphragm can only deflect by a distance 

set by the bosses before reaching and being stopped by the silicon bottom. The 

sensor is a piezoresistive bridge diffused on a (100) oriented wafer. By proper 

selection the diaphragm geometry, the bridge output is linear with pressure and 

more reproducible than previous designs. 

The thesis is organised in five parts. The first part chapter2 describes different 

diaphragm structures which are used for the pressure sensor applications. Their 

advantages and disadvantages are also discussed. Chapter3 discusses the analytical 

and finite element model for the film deflection. The ANSYS program for simulation 

is also explained. Chapter4 contains the results obtained from the simulation. The 

most of the results are explained by figures. The design of the piezoresistive pressure 
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sensor is described in the chapter5. It contains the theory of piezoresistors and 

calculation of diaphragm parameters. Chapter 6 details the conclusion, various 

applications and also suggests some helpful improvements which will further enhance 

the viability of this work. The ANSYS input-output file is given in Appendix. 

3 



Chapter 2 

Diaphragm Structures 

2.1 Introduction 

The basic structure of a solid state pressure sensor is shown in fig. 2.1. The main 

structure is a silicon diaphragm in to which silicon resistor tracks are introduced by 

ion implantation. Pressure exerted on the diaphragm causing it to expand results 

in change in resistance on the principle of piezoresistive effect. Most silicon piezore-

sistive pressure sensor comprise a bridge of four piezoresistors or a Hall-type strain 

gauge on a silicon diaphragm. The diaphragm is essentially a mechanical structure 

that converts the applied pressure to either tensile or compressive stress. It has 

become more and more clear that this conversion plays a very important role in 

deciding the performance of pressure sensor. The configurations of the diaphragms 

so far being used are a circular diaphragm , square diaphragm and a rectangular 
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Figure 2.1: Basic structure of a piezoresistive pressure sensor. [Ref. 4] 

diaphragm. 

2.2 Circular Diaphragms 

In 1960s, circular flat diaphragms[5] processed by mechanical drilling and isotropic 

chemical etching were commonly used. The circular diaphragm is mainly used 

in biomedical applications on the tip of the catheter. Although they have wide 

applications, the circular diaphragm has poor controllability and accuracy. In order 

to enhance the sensitivity of these pressure sensor, the silicon diaphragm has to be 

made very thin. Because of the large deflection of the thin diaphragm due to the 

applied pressure, the nonlinearity is incresed by few percent. The fig. 2.2 shows the 

simple circular diaphragm which generally used for the biomedical applications. 

For a flat diaphragm with a lateral dimension a and thickness h, it is well known 

that [6] the stress(T) is proportional to P(11)2, where P is the applied pressure. 

It seems that a very sensitive pressure sensor can be produced by making 'I, large 

enough. However, as the nonlinearity of the pressure to stress conversion is pro- 
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Figure 2.4: Twin island diaphragm structure. 

portional to P(I04  [7], severe nonlinearity might make a high sensitivity device of 

little practical when l'i, is beyond a certain limit. Making a pressure transducer 

with both high sensitivity and good linearity was of main goals of many innovations 

made in 1980s. Shimazoe et al. [8] proposed a circular diaphragm with a concentric 

island on the back of the diaphragm, as shown in Fig. 2.3. By this structure, they 

developed an accurate pressure transducers for the low pressure range. 

In this structure, the thin diaphragm is a ring on which stress changes rapidly 

from a positive maximum on one side to a negative maximum on other side, zero 

near middle. To accommodate two pairs of radial resistors on the ring area, the 

tolerance for double sided alignment is tight and the chip can hardly be miniaturized. 

The Endevco Co.[9] used a structure combining a diaphragm with two islands, as 

shown in fig. 2.4. By this design, high sensitivity and good linearity could be 

achieved simultaneously because of stress concentration at the narrow diaphragm 

areas and nonlinearity compensation among the resistors all subjected to lateral 

stresses. However this process requires very tight process control. 
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Figure 2.5: The layout of the rectangular diaphragm. 

2.3 Square Diaphragms 

In 1970s square and rectangular flat diaphragms processed by anisotropic chemical 

etching prevailed. Compared to square diaphragm, it seems the circular diaphragm 

is inferior in aspects such as sensitivity, symmetry and simplicity of processing. 

Both the square diaphragm and rectangular diaphragm have some advantages and 

disadvantages. Theoratically higher sensitivity can be achieved by using the square 

diaphragms. However, the pressure sensitivity drops dramatically when position of 

the resistors shifts from the edge, due to alignment error or back etch, or when the 
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Figure 2.6: Typical geometries for low pressure sensors. [Ref. 10] 

the resistors extend towards the center area due to an increased width for better 

symmetry. Fig. 2.5 shows the layout of rectangular diaphragm for the pressure 

sensors. For the low pressure applications and in order to achieve acceptable lin-

earity, a number of geometries have been employed by several investigators. These 

includes square bossed, double bossed square and convoluted structure which are 

shown in fig. 2.6. The die size of this devices are approximately3 x 2.5mm. Typ-

ical diaphragm thicknesses vary from 2 to 12um for ipsi ranges and below. To 

obtain the required precision, one of the several available etchstop techniques must 

be employed. 

2.4 Beam Diaphragm Structure 
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To achieve excellent performances on sensitivity and linearity but without the draw-

backs of circular and square diaphragms, novel beam diaphragm structures[11] are 

proposed. It has advantages in all aspects over the existing structures, while having 

the advantages of high sensitivity and good linearity as double island diaphragm 

structures. The additional advantages of the new structure designed as a part of 

this work are overpressure protection and ease of double sided alignment. Further-

more selective chemical etching can be adapted to process thin diaphragms and 

back islands are provided for overpressure protection. 

Fig. 2.7 shows the geometry of the new beam diaphragm structure. It has four 

beams, one on each side of the diaphragm. Beams are etched for the purpose of the 

good linearity and high sensitivity. Fig. 2.7 shows the topview of the geometry as 

well as the section XX. Regions A3 and A4 has a support from the structures which 

are adjacent to them. The square diaphragms with beams on the each side can be 

processed by micromachining technique [10]. A deep back anisotropic etching can be 

used to form the bosses. A variety of etchants like KOH, EDP and electrochemical 

can be employed to achieve the geometry. Diaphragm thickness can be varied 

from 4um to 12um. When the pressure is applied to the diaphragm Al and A2 

will experience a tensile stress where as center part of the diaphragm will have 

compressive stress. The stress is first concentrated from the diaphragm to the 

beam due to thickness difference. The stress is further concentrated at the narrow 

regions of the beam due to difference in width. The typical parameters for the beam 

diaphragm structure are H=5µm, H1=63µm, h=10µm, h1  = 100µm, a=300µm 

al  = 300µm, a2  = 450µm, b1  = 35µm, b2  = 382µm, b3  = 15µm. Following chapters 

will give the detail design of the beam diaphragm structure. 
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Chapter 3 

Modeling of Beam Diaphragm 
Structure 

3.1 Introduction 

In this chapter the analytical and Finite Element Method(FEM) model for the 

load deflection behavior of the suspended film is developed and applied to the 

beam diaphragm structure. The purpose for this analysis is to find the functional 

form of the relationship between pressure and deflection. That is, the analytical 

solution provides formulas for the relationship between pressure and deflection. 

FEM provides more accurate deformed shapes. 

Over the past two or three years, numerical modeling of the sensors and mi-

crostructures has gradually been developed as an integral part of the microsensor de-

sign process. Recent achievements [12] in successful finite element modeling(FEM) 
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of fabricated devices could play a major role in further adoption and implementation 

of numerical modeling through the sensor and micromachining field. 

In section 3.2 Beam's equation for the deflection of the thin film is explained. 

In section 3.3 the models for the square films are derived. In this thin film model 

membrane like behavior is assumed. That is, the bending effect at the edge of the 

deformed film is neglected. However as the films get thicker, the bending effect has 

to be considered. In section 3.4 analytical model for the beam diaphragm structure 

is developed. The results of the models shows the relationship between pressure 

and deflection for the square films. Section 3.5 describes finite element modeling 

for the film deflection. It contains the information regarding the basic concepts and 

type of element used for the simulations. Section 3.6 discusses the ANSYS program 

used for the FEM. 

3.2 Beam's Equation 

A mechanical model for deflection of thin film has been developed by Beams [13]. A 

typical cross section of a deflected film under lateral pressure is shown in Fig. 3.1. 

In Beam's equation, the relationship between pressure P and stress T is assumed 

first that 



Figure 3.1: Cross section of a suspended film undergoing a center deflection d at an 
applied pressure P. 

where £ is the average strain of the film, E is young's modulus, v is inplane Poisson 

ratio, and ao  is residual stress. By substituting Eq. 3.2 into 3.1 and solving, 

3.3 Simply Supported Square Plates 

A mechanical model for deflection of the square films is developed. A typical top 

view of a square film is shown in Fig. 3.2(a). A deflected film under lateral pressure 

14 



Figure 3.2: The displacement and forces in the deflection of a square film (a) the 
geometry of the film; (b) the displacement u and w; (c) the force balance in film 
deflection. 

under lateral pressure is shown in Fig. 3.2(b). In this section, an energy minimiza-

tion approach for the film deflection is used. Several assumption are made in this 

mechanical analysis of the film deflection.' First it is assumed that the thickness of 

the film is very small compared to the size of the diaphragms. The bending energy 

of the deflected membrane is neglected under this assumption. Third, plane stress 

is assumed. That is, stress is entirely in the plane of the film as the film is deflected. 

Forth, the residual stress of the film due to the manner of fabrication is a constant 

and is biaxially distributed in the plane of the film. Residual stress is also assumed 
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uniform throughout the thickness of the film [15]. Fifth, the film is assumed in the 

linear elastic regime as it is deflected. The functions of the displacements of the 

deflected membrane are assumed as[16]: 

Where u, v and w are the displacements along the X, Y and Z axes respectively, 

c and d are the constants to be determined. 2a is the size of the diaphragm. Here w 

fits the boundary conditions that the zero at the edge and maximum at the center. 

Also the displacement u and v fit the boundary conditions that zero at both the 

center and the edge of the membrane. 

Using the energy minimization method, based on Eqs. 3.6-3.8, pressure deflec-

tion relation can be derived. The details of the calculation is shown in reference [16] 

and only the result is presented here. For the square membrane of the side length 

2a, the load-deflection relation is: 

P is a applied pressure, E is the young's modulus, -1.--E—'i;  is the biaxial modulus, oo  is 

the residual stress, v is the poisson ratio , h is thickness, and d is the deflection at 

the center of the diaphragm. 
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3.4 Beam Diaphragm Structure  

For the beam diaphragm structure, the thickness of the diaphragm is not constant 

between the two edges as shown in Fig. 2.7. At the center of the beam diaphragm 

structure considering li and h both, the load deflection relation is: 

For single crystal silicon, v= 0.42 [18] 

Using this value, the values of the constants are: 

Comparing this equation with Beam's equation(Eq. 3.5), several similarity are 

worth mentioning. First of all C2 is not a function of poisson's ratio in Beam's equa-

tion, while it is linearly Poisson ratio dependant in Eq. 3.12. Second both equations 

shows that the general form for the relationship between pressure and deflection 

which has two terms: biaxial modulus term(-3-:57) and residual stress term(cro). 

3.5 Finite Element Method For Film Deflection 

In the design of silicon sensors and microstructures, a multitude of thin films, such as 

oxide and metal, are grown and deposited at different process steps to achieve certain 

mechanical and physical geometries and functions. Due to certain mechanical and 

physical properties of these films the device usually experiences various thermal 

and mechanical loads resulting in displacements and stresses which are often not 

easy to predict by analytical approaches. This becomes more critical as the device 

become smaller and more mechanically complex, while related sub-components( 
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beams, diaphragms, etc.) become thinner. Accurate prediction of the behavior of 

these type of the structures could benefit process design, device performance and 

demonstrate its limits imposed by undesirable environmental factors. Finite element 

modeling (FEM) has been a standard numerical modeling technique extensively 

utilized in structural engineering discipline for structure and component design. 

The application of this technique is gaining popularity and is becoming a standard 

design process in sensor industry. 

The finite element method (FEM) is introduced here for the simulation of the 

load deflection behavior of the beam diaphragm structure. This simulated load 

deflection relationship was used for calculating the geometry and Poisson ratio de-

pendent constants in the mathematical model. It is believed that the constants 

calculated using FEM are more accurate than using analytic solution due to more 

accurate deflected shapes predicted by FEM simulations. 

3.5.1 Basic Concept of Finite Element Method 

The finite element method(FEM) is generally applicable for numerical solutions. 

Problems of continuum mechanics, electric fields, heat transfer, and fluid flow have 

been solved using FEM [17]. In this study, FEM is used solely for mechanical analy-

sis of the film deflection. The FEM used in this study is the commercially available 

ANSYS program (Swanson Analysis Systems, Inc.) which was run on SUN 3/60 

workstation. The basic concepts of FEM are summerised and only the most general 

situation is described here. To solve a general problem of solid mechanics using 

FEM, several steps are followed: 

• Discretize the body of solid. 

• Select an interpretation model for elements. 

• Calculate the element stiffness matrices and overall equilibrium equations. 

18 



• Calculate stresses. 

In the first step, the actual body of solid(the film) is represented as a group 

of subdivisions called finite elements. These elements are considered to be inter-

connected at the specified joints called nodes or nodal points. The nodes are usu-

ally distributed on element boundaries and inside the elements. The nodes on the 

boundaries are shared with adjacent elements. The choice of type, number, size, 

and arrangement of the elements depends on the characteristics of the problem. 

Next, it is assumed that the variation of the field variable(e. g. displacement, 

stress, etc.) inside a finite element can be approximated by a simple polynomial 

function(called interpolation model). For example, if the displacement is assumed, 

the model is called the assumed displacement model. In the third step, using 

the assumed displacement model and equilibrium equations, the element stiffness 

matrices and load vectors are assembled to form the overall equilibrium equations 

for the entire body. 

Fourth, the overall equilibrium equations for the whole body are then incorpo-

rated into boundary conditions. At this point, a set of simultaneous equations(in 

matrix form) are generated. By solving these equations, the nodal values of the 

field is known, other field variables (such as stress, strain, etc.) throught the whole 

group of elements can then be calculated. 

3.5.2 Type of Elements 

In this study, deflections of thin films by lateral pressure was simulated by FEM. 

The type of element used for simulation of beam diaphragm structure is STIF 82. 

It is a 2D 8-node isoparametric solid element. The 8-node elements have the 
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displacement shapes and are well suited to model curved boundaries. The 8-node 

element is defined by eight nodal points having two degrees of freedom at each node: 

translations in the nodal X and Y directions. The element may be used as a biaxial 

plane element or as an axiammetric ring element. The element has plasticity, creep, 

swelling and stress stiffening capabilities.  

The geometry, nodal point locations, face numbers, loading and coordinate sys-

tem for this element are shown in Fig.3.3(a). The element coordinate system is 

parallel to global cartesian coordinate system. Midside nodes may be removed(with 

zero node number) to form a pattern compatible with other element types. The 

geometric locations of midside nodes automatically calculated, if not supplied. 

The triangular shaped element may be formed by defining the same node number 

for nodes K, L and 0. Besides node, the element input data includes a thickness and 

material properties. The element stress directions are shown in Fig. 3.3(b). The 

directions are parallel to the global cartesian coordinate system. Surface stresses 

are defined parallel and perpendicular to the IJ face (and KL face) and along the 

Z axis for a plane analysis or in the loop direction for an axisymmetric analysis. 

3.6 ANSYS Program 

The ANSYS program is a self contained general purpose finite element program 

developed and maintained by Swanson Analysis systems, Inc. This program is 

designed to be user oriented and can be applied to wide variety of engineering 

problem. The program has numerous capabilities and options. In addition, the 

program flexibility allows various methods of arriving at the same solution. The 

program contains many routines, all inter related and all for the main purpose 

of achieving a solution to an engineering problem by finite element method. An 

engineering problem is usually solved in three phases. (1) preprocessing (2) solution 
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Figure 3.3: STIF 82 2-D 8-node element. (a) Geometry of the element (b) Element 
stress directions 
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Figure 3.4: Modes of operation 

(3) postprocessing 

Preprocessing is the set of input lines related to defining a model and associated 

boundary conditions is given in this program. Once the preprocessing phase has 

been completed the user may progress through various analysis(same model) in 

solution phase. Finally the postprocessing operation is done, which analyse the 

solution data. 

ANSYS program supports two modes: (1) Interactive (2) batch. The pre and 

post processing is done most efficiently in interactive mode and solution is carried 

out in batch mode as shown in Fig. 3.4. This software supports the graphics to 

view the geometry, displacement, deformed shape , and nodal stresses and the stress 

variation along the depth of the beam. 

3.6.1 Preprocessing 

For the simulation purpose static analysis is used. The static (KAN=O) analysis is 

used to solve for the displacement, stresses, strains and forces in structures under the 

action of applied loads. The result shows the displacements and the stress analysis 

of the diaphragm structure. In a preprocessing process a uniformly distributed load 

is applied to a span of 600µm . In order to see the variation of stress along the 
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depth of the beam diaphragm structure it would be necessary to use 2-dimensional 

elements. In our case STIF 82 2-dimensional elements are used. 

3.6.2 Solution Phase 

In solution phase, element stiffness matrices for all elements are assembled to form 

structure stiffness matrix. Rows and columns corresponding to known displacement 

are eliminated before solution of simultaneous equations. 

The relationship, 

[K][D] = [F] 

is then solved for unknown displacement matrix [D] according to 

[D] = [K]-1[F] where [K]= structure stiffness matrix. 

and [F]=structure force matrix. 

For inverting [K] frontal technique is used. This mode is carried out in batch mode. 

3.6.3 Post Processing 

The strains are calculated from displacement and stresses are calculated from strains 

using concept of theory of elasticity. With the help of ANSYS graphics the stresses 

and deformed geometries of the beam diaphragm structure can be viewed. The 

input and output file for the beam diaphragm structure with square diaphragm of 

size 600 x 600µm and a 10µm thickness is given in the appendix. 
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Chapter 4 

Simulation Results 

4.1 Results of ANSYS Simulations 

The beam diaphragm structure consists of a thin square diaphragm with two rigid 

bosses as shown in Fig. 2.7. The density of elements is higher in the thin sensitive 

regions of the diaphragms, in order to get the exact location of the highest stress 

points. The applied pressure on a diaphragm creates in plane local bending moments 

proportional to local displacement and related curvature which, in turn, generates 

in plane tensile and compressive stresses. For positive pressure normal to a given 

surface, bending tensile stresses are near the diaphragm edges, while the bending 

compressive stresses are created at the diaphragm center which are shown in fig. 

4.3 and 4.4. These are the location of stress sensing elements. 

The presence of the rigid bosses on diaphragm causes the thin regions to with-

stand relatively high curvature, resulting in high bending moments and stresses in 

the thin film regions. The geometry of a double boss structure can be designed to 

give tensile and compressive stresses of equal magnitude, a property highly desir-

able for piezoresistive devices. Here the values of tensile stress is 570kg/rnm2  and 

compressive stress is 617kg/mra2  which are very close. The edges of the suspended 

beam diaphragm structure were considered to be clamped edges and the boundary 
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conditions were fixed at the film edges for zero degree of freedom. The following 

figures describes the stress analysis, location of piezoresistors and sensitivity of the 
• 

structure. 

Fig. 4.1 is the ANSYS output which shows how the nodes and elements are 

generated in the beam diaphragm structure. The elements are shown by different 

colors. 

The ANSYS output under the application of load from the top is given in fig. 4.2. 

The value of applied pressure at which the bosses touches the bottom is 1.3kg/mm2. 

The red color indicates the maximum tensile stress which is 570kg/mm2, where as 

blue color indicates the compressive stress which is —617kg/mm2. Fig. 4.3 and 4.4 

are the magnified views of these stresses. 

Fig. 4.5 shows the deformed shape of the beam diaphragm structure after the 

application of pressure. The dotted line shows the original position of the structure. 

Fig. 4.6 has the bar graph for the stress distribution along the lateral surface. 

The X axis has number of nodes along the surface where as Y axis has stress values. 

The maximum and minimum stress point location are clearly determined from this 

bar graph. 

Fig. 4.7 explains how the overpressure protection is obtained for the beam 

diaphragm structure. The simulation was carried out with three values of the gap 

between the bosses and silicon bottom(clearance). The values are 10µm, 15pm, 

and 22p,m. Initially as the pressure increases the diaphragm deflection is linear. 

When the bosses touches the silicon bottom, it stops deflecting, but diaphragm still 

continues to withstand the pressure till the breaking stress point is reached. The 

diaphragm with 22p,m gap has good linearity and it touches the bottom exactly 

when the stress reaches to yield point. 

The values of tensile and compressive stresses are plotted against the pressure in 
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Fig. 4.8. As the values of the pressure increases, the tensile stress increases linearly 

where as compressive stress decreases and is opposite in magnitude. 

4.2 Load Deflection Behavior 

In this section FEM is used to simulate the beam diaphragm structure with different 

thicknesses. The ANSYS program input data for the beam diaphragm structure is 

given in appendix. The pressure deflection data obtained from the output file is used 

to plot the pressure versus deflection curves. The residual stress is also evaluated 

from the P/d versus d2  curve. The procedure of evaluating it is as follows: 

(1) Assume material properties of the structure as input to FEM. 

(2) Obtain FEM results as a set of pressure deflection data. 

(3) Plot the FEM pressure deflection data(P/d versus d2 ) and obtain the values of 

slope and the intercept. 

Fig. 4.9 shows the typical results of the pressure versus deflection. From ana-

lytical model 























obtained from output file. Substituting the values of pressure or deflection in Eq. 

4.1, results are varified with the FEM output. 
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Chapter 5 

Design of Piezoresistive Pressure 
Sensor 

5.1 Introduction 

Four piezoresistive strain gage resistors are diffused in the diaphragm to form a 

fully active wheatstone bridge. The electrical output of the bridge is proportional 

to the input pressure. The outstanding mechanical [18] and electrical properties 

of a single crystal silicon make it ideal for these devices. It precisely returns to 

its original position after a deflection. High piezoresistive sensitivity, well defined 

electrical properties and lack of mechanical hysteresis are a few of the advantages 

of the single crystal silicon over other materials for pressure sensing applications. 
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5.2 Piezoresistance Coefficient 

When silicon, either p or n type, is subjected to stress, causes a change in the 

resistivity. The change in resistance due to stress induced dimensional changes is 

depends on the amount of stress applied to it. 

In semiconductors, the stress causes a change in the number of charge carriers. 

The stress S causes a volume change dV, which in turn causes a change dEg in the 

energy gap between the valence and conduction bands. Because of this, there is a 

change in number of carriers and therefore the resistivity changes. The fundamental 

piezoresistive coefficients of the crystal are denoted by ir11, 1r44 [20]. The 

coefficient rn  is called as the longitudinal piezoresistance coefficient, and 712, is 

referred to as transverse coefficient. r12  gives resistance change in the longitudinal 

direction to the stresses in the transverse direction. Besides these two coefficients, 

there are two simple shear coefficients, of which only one is exceptionally large. This 

is denoted by 744. The approximate values of the coefficients are listed in table 5.1. 

The piezoresitive coefficients are sensitive to several quantities which are as follows. 

(1) Conductivity(p type or n type) 

(2) Orientation 

(3) Temperature 

(4) Doping 

Conventional processing is more compatible with p-type diffused resistors. The 

dependance of the piezoresistive coefficients on impurity concentration at given 

temperature is given in fig. 5.1 and 5.2. P(N, T) is the piezoresistance factor 

and is a function of fermi integral. The above graphs are plotted as the function 

of impurity concentration ranging from 1016  to 1020  cm-3  and the temperature is 

ranging from -75 to 175°C with 25°C interval. In addition the piezoresistive factor 
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MATERIAL RESISTIVITY 

(ohm-cm) 

7r11 n12 x44 

—12 2 
10 (cm /dyne) 

n-Ge -1 -138 

p-Ge -1 -97 

n-Si 
-12 -102 -53 

p-Si 
-8 3 -1 

+138 



Figure 5.2: Piezoresistance factor P(N,T) as a function of impurity concentration 
and temperature for p-Si. [Ref. 24] 

also depands on the crystal orientation. [24]. 

5.3 Piezoresistive Beam Diaphragm Structure 

The design of the diaphragm and piezoresistors plays an essential part in the sensor 

performance. Normally, four resistors on a [100] silicon diaphragm are used for a 

silicon IC piezoresistive pressure sensor. In silicon diffused piezoresistive diaphragms 

the strip of low resistivity material is formed by impurity diffusion. These strip then 

function as electrical resistance stress gauges such that when diaphragm is deformed 

by a differential pressure, the resistance of the diffused strip changes in. response. 

This is an "integrated beam diaphragm". Since the electrical resistance gauge is an 

integral part of the diaphragm, i. e. strip is not bonded to the diaphragm. 

The piezoresistive coefficient relates the fractional change in resistance to the 

applied stress. For a diffused resistor subjected to parallel and perpendicular stress 
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Hence resistance oriented parallel and perpendicular to [100]diaphragm edge, the 

resistance change will be opposite and nearly equal. By making a full bridge , the 

temperature coefficients of the individual resistors are eliminated in the differential 

bridge output voltage. 

5.4 Size of Resistors 

In any real device, resistor size represents a tradeoff between reproducibility, which 

improves as the resistor size increases, and pressure sensitivity, which decreases with 
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DOPING 

-3 
(cm ) 

RESISTIVITY 

(ohm-cm) 

P-Si 

SHEET RESISTIVITY 

(ohm / sq.) 

L/W 

18 
1X10 

, 
-2 

2X10 100 
1.5 

18 
5X10 

-2 
10 

50 3 

19 
1X 10 8X 10

-3 40 3.75 

19 
5X 10 

-3 
2X 10 

10  15 

8X 1019 
 

10
-3  5 25 



DISTANCE FROM 
THE CENTER 

(µM) Kg/mm 

III 
2 

(71 
2 

Kg/mm 

SENSITIVITY 

V/V mm of Hg 

160 153 26 0.482 

185 388 19 1.375 

211 623 12.1 2.56 

236 316 15 1.249 

Table 5.3: Values of sensitivity with different location of the resistors. 

45 



Figure 5.4: Variation of sensitivity with different location of resistors. 
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pressure for which the diaphragm senses is 3 kpa. Therefore the linear range of 

operation is 3 Kpa to 1.4 Mpa(2000psi). 

5.6 Micromachining Process 

It has become common practice to group under the title of "micro-machining" all 

the processes of the type and used in microelectronics but more specifically used to 

manufacture three dimensional micro-mechanical components. The strength of this 

technique lies in the systematic use of 'batch processing', the physical and chemical 

process, with well known advantages; 

• Very low production cost. 

• No theoretical limit to the possible miniaturization. 

• Very precise control of material structure and composition. 

• Use of small quantities of material, which can be rare or pure. 

• The only possible method that can provide access to some physical phenom-

ena(elastic limit of single crystals, field effect etc.). 

Two major categories of micromachining techniques have been developed: orien-

tation dependent chemical etching of the crystalline silicon substrate (bulk micro-

machining), and selective chemical etching of the multilayer depositions of thin 

films(surface micromachining). 

5.6.1 Bulk Micromachining 

The first micromachined device, a silicon diffused element piezoresistive diaphragm 

was fabricated using bulk technology. This technology has evolved over two decades 

and as a result of which it has been used extensively to fabricate complex microma-

chined structures. As noted earlier, this technique involves anisotropic etching of the 

silicon substrate. Several orientation dependent etchants such as KOH(potassium 
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hydroxide), EDP(ethlene diamine-pyrocatechol) and hydrezine etch heavily boron 

doped silicon very slowly. This property has been exploited to make a variety of 

micromechanical structures, such as diaphragms, cantilever beams and recording 

probes for neuro-physiology. KOH is used in near saturated solutions(1:1 in water 

by weight) at 85°C to produce a uniform etch and bright surface. Usually this 

type of etch is preferred for shallow cavities where uniformity is important. It at-

tacks silicon dioxide at a rate of about 60A°/min. EDP is better suited for deep 

etching since its oxide etch is negligible(5A°/min). Hydrazine has the advantage of 

not etching aluminium but it has other disadvantages such as: it tends to produce 

rough surfaces and is very dangerous to handle. 

In terms of verticle depth control, the boron etchstop technique has been de-

veloped to allow the etching process to stop at desired depth. This process relies 

on the fact that EDP stops etching when the boron impurity concentration exceeds 

about 5 x 1019cm' in the silicon lattice. 

The main disadvantatge of the bulk technology is non-compability with the con-

ventional IC processing. The main problem is the etch rate of anisotropic etching. 

They are very slow unless they are heated upto certain temperature (85°C-115°C). 

A typical etch rate for KOH at 85°C is 1µm/min [22]. Boron etch stop involves high 

level doping which introduces another problem. The high concentration doping will 

prelude the formation of electronic circuitry. If the devices are formed in epitax-

ial material grown on the top of the etch stop layer(a boron buried layer), there 

are problem with epitaxial film quality and out- diffusion of boron from the buried 

layer. For the fabrication of beam diaphragm structure the anisotropic etching can 

be used for the two bosses from the back. So the bulk micromachining technique is 

recommended. 
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5.6.2 Surface Micromachining 

The second approach, surface micromachining, utilizes the selective etching of thin 

film sandwiches. A sacrificial layer used to offset the structural film from the sub-

strate and is later removed using a selective chemical etchant. Although originally 

demonstrated with metal films[23], this process has been primarily for fabrication 

of polycrystalline silicon(polysilicon) microstructures. 

Recently, the surface micromachining technology is drawing more attention be-

cause this technology avoids some challenging processing difficulties of bulk technol-

ogy, provides better compatability with standard silicon device fabrication sequence 

and offers new degree of freedom for the design of integrated sensors, actuators and 

circuits. The main advantage of this technology is that we can fabricate free stand-

ing polysilicon microstructures by removing the oxide layer on which they are formed 

by hydrofluric acid(HF) etching. Using this technology, various type of structures 

such as rotating and sliding structures, gears, springs and various applications such 

as cross point switching array have been made. 

5.6.3 Proposed Micromachining Process 

The process for the fabrication of beam diaphragm structure is suggested [14] here. 

Figure 5.5 shows the schematic of the process. The [100] n-type silicon wafer is 

the starting material(Fig. 5.5a). The wafer is subjected to a cleaning procedure to 

remove any organic and inorganic residues from the surfaces. The heavily boron 

doped layer(P+ Si) can be formed on the surface of Si wafer by diffusion process(Fig. 

5.5b). Then approximately 1µm silicon dioxide is grown in(Fig. 5.5c) an oxidation 

oven. 

A silicon oxide "window" is open on the backside of wafer by photolithographic 

techniques(Fig. 5.5d). Using an anisotropic etching on the [100] surface of the 
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silicon wafers, the edges of the window created along [110] plane. The wafer is 

then subjected to an etching solution which etches silicon fast but slows down at 

the p+ Si layer(Fig. 5.5e). The etching can be done by using 20 percent KOH 

aqueous solution at 50°C. Then the silicon dioxide is removed (Fig. 5.5f). It is well 

known that the high concentration of boron in silicon slows down the etching rate 

significantly for many chemical etchants. The fig. 5.5g explains how the diaphragm 

structure can be etch from the top. The beams can be formed by EPW etching 

[25]. Then the p-type piezoresistors are made on the beam by ion implantation. 
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Chapter 6 

Conclusion 

As discussed in the previous chapters, the design consists of a beam diaphragm 

structure, piezoresistive coefficients and resistors. This type of structure can be 

used for pressure sensor in industrial and automobile applications. 

This work has been successfully simulated using finite element method. Here, 

the single crystal silicon is used for the microstructure because of the known prop-

erties and high mechanical strength. The proposed design can be fabricated using 

micromachining technology as described in the previous chapters. The load de-

flection behavior of the beam diaphragm structure is derived using mathematical 

formula. The values of the pressure and deflection in the mathematical model are 

again calculated using FEM results and verified. 

The stress distribution illustrated by above chapters provides the basis for un-

derstanding present sensors and trade offs necessary in their design and processing. 
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Further they offer a starting point for the creation of new designs. The arrangement 

would maximize pressure sensitivity while minimizing the effects of nonlinearity. 

The beam diaphragm structure with different clearance of the bosses with silicon 

bottom and thicknesses were simulated by ANSYS program. This program gives 

the stress distribution along the thickness of the diaphragm which gives the values 

of the stresses and it's location in the graphics mode. The following provides a 

summary of these benefits. 

• The linear range of operation is 3 kpa to 1.4 Mpa. 

• High pressure sensitivity by appropriate location of resistors. 

• High pressure overload, i. e. 400 times overpressure protection is obtained. 

• micromachining technique can be used for fabrication. 
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Appendix 

ANSYS Output File 
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