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Abstract: - The paper describes design of a simple microsystem structure of capacity pressure circuit with integrated inductance on a single Si chip. Model system with corresponding software support is utilized for design. Different models were designed for simulation of the properties of the designed structure. Model of the substitute electronic circuit involves active and parasitic elements. The properties of this equivalent model are explored using the SPICE circuit simulator. Mechanical properties of the structure are explored using the CoventorWare program. Distribution of mechanical stress and boundary parameters are the most important ones. The paper describes flow of design software. Tools used for the design of integrated structure are described as well. Parasitic elements influencing resulting parameters are discussed; equivalent circuit connection of the integrated structure including calculation of theoretical numeric values of these elements is designed. Various modifications of integrated structure are designed and realized. The paper is completed with reached results.
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1
Introduction

In the process of design of simple and more complex microsystem structures, various analytic and numeric models are used. The models exist on different hierarchical levels. The range starts with physical-mathematical models, continues with material models, models of structure of elements, models of electronic systems, and finishes with models of system functions of the designed microsystems. Modelling and simulation of microsystems on various system levels are methods that are in standard use at present. For them there have been gradually developed software tools that satisfy needs connected with development of new types of microsystems based on new principles. In addition, their properties are being improved so that they may be used for more precise modelling of real system properties. In simple approximation static or dynamic models of systems and behaviour of their internal functions can be used. microsystems represent an interdisciplinary area (typically interconnection of mechanical and electrical domains). Therefore analogy between quantities from various energy domains is implacable in models. Using analogy, non-electrical quantities can be converted to electrical ones. Solutions of electrical models are well elaborated and very good tools for modelling and simulation of their properties are developed. Development of new microsystem technologies has opened new application areas of microsystems. Microsensors and microactuators realised on "classical" microelectronic substrates, as for example Si, displace large robust types of these elements. Miniature dimensions enable expansion of their applications, e.g. in medicine. Pressure and temperature microsensors keep their dominant position in applications. Development of an integrated resonant circuit with a capacitive pressure sensor has become subject of our interest. From the point of view of precision and reproducibility, the exact dimensions of the membrane manufacturing play the main role. Sensitivity and pressure range are determined above all by its geometry and membrane properties. Different techniques can be used for realisation of precision membranes.
2
Integrated Structure
The core of the designed structure is composed of a capacitor with flexible membrane. The capacity is modulated by pressure. Outside the capacity structure there are placed the coils of the inductance. The capacitor together with the inductance form the resonance circuit. The resonance frequency is modulated by external pressure.

For design and realization of one-chip passive microsensor composed of capacitive pressure sensor and firm integrated planar inductance, we have started from basic properties of these elements in integrated version. For presented measuring principle, an integrated one-chip passive microsensor as resonance circuit has been designed and realised. A capacitive pressure sensor is a part of the resonance circuit. Structure design starts with the component dimension choice, calculation of active and passive capacitances, inductance and LC circuit parameters calculation. The intended application defines the maximum dimensions of the whole integrated circuit. The maximum size can be 3x3 mm. The capacitor area of 1x1 mm is chosen.


Membrane design makes use of the mathematical models presented in [1], [2], and [3]. The maximum allowable pressure acting to the membrane and the maximum size of the edge length of the membrane must be calculated. Thickness of the membrane depends on the technology used. Value of the capacitance can be calculated from the chosen distance S of the electrodes for a reference pressure and ratio of the electrode and membrane area. Finally the capacity value and an approximate value of pressure sensitivity of the sensor is calculated - see Fig. 1.
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Fig.1 The principle of capacity computing


A formula for a circular membrane design can be adapted for a square membrane if the edge length is equal to 2R. The maximum tensile stress on the membrane [3] is
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where σmax is the elasticity; its value is in interval (7.107 ‑ 19.107 Pa) for aluminium. The thickness H of the membrane can be calculated when substituting chosen value of the elasticity σmax = 13.107 Pa into equation (1)
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where pmax is the maximum pressure on the membrane. 
The membrane has been made of aluminium, two values of thickness have been used - 1.2 μm and 3.6 μm. Edge length of the membrane can be calculated for these membrane thickness values and various admissible maximum pressures on the membrane pmax. The membrane deflection W in distance r from the centre is
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The deflection in the centre of the membrane is
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where E=0.67.1011 Pa is the Young's modulus for aluminium, μp=0.33 is the Poisson's ratio for aluminium. The total capacitance C can be determined by integration over the total capacitor area. S is the distance between the electrodes at the reference pressure.
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An "effective deflection of the membrane" [4] can be defined as
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where A is the membrane area. The value of pressure sensitivity of the sensor for small values of measured pressure can be calculated from the simplified formulas presented in [1]. For pressure sensitivity we can write
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Pressure sensitivity depends on the membrane thickness H, electrode distance S at reference pressure and edge length 2R. Maximum dimensions of aluminium membrane for defined maximum pressure pmax at two different values of membrane thickness can be calculated from presented equations. Further, theoretical capacitor parameters can be calculated from the above mentioned equations.


A planar inductor has been chosen for the design. The empirical rule can be used to calculate its inductance L
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where L (μH) is inductance, n (‑) is the number of windings, c (mm) is the wire width, a (cm) is the mean winding length. The inductor L is required to provide high value of inductance, the higher number of winding is required. Because the coil area is limited, the windings of the coil must be thinner. Thinner and longer conductor of the coil has higher resistance R and because of this the quality factor Q decreases. Integrated LC circuits have Q much smaller with respect to the normal coil. The series resistance Rs of the coil can be approximately calculated from the sheet resistance of the aluminium layer and the number of squares of the coil. Exact value of the resistance in the inductor corners must be calculated in another way. However, for approximate calculation, this fact may be neglected.


To calculate the total resistance value of the whole LC circuit, we add the series resistance of the coil and resistance of the doped region, which makes connection between external winding of the coil to the back electrode of the capacitor. Calculation of the resistance is analogous to the R( calculation. The value shows to be about 2.5 Ω/( for a heavily doped connecting material. Depth of the doped region has been 11 μm.  The aluminium connecting conductor has the resistance value presented when calculating the coil series resistance. The circuit resonance frequency is
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where CM is parasitic inductor winding/substrate capacitance and CA represents the active capacitance.
3
Electronic circuit model of structure

The dominant part of the parasitic capacitance is located in those areas where the aluminium membrane is attached to the silicon dioxide layer. There is only slightly conducting substrate under the most of the joint areas. The back electrode is only under the cavities and in places where the back electrodes of the small capacitors are interconnected.

Another essential part of parasitic capacitance is created by the back electrode‑substrate‑inductor winding structure. It can be described by a series combination of two capacitors and a resistor. The first capacitor is formed by the p‑n junction, the other one is the inductor winding‑local oxide‑substrate structure. Since the capacitor back electrode is formed by the diffusion layer, a large area p‑n junction with large capacitance is connected [1]. The parasitic resistor is located between the two capacitors. On Fig. 2, there are illustrated dominant parasitic elements of the designed structure, that have been considered during design phase. 
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Fig.2 Dominant components of parasitic circuit elements of the designed structure
Cj is capacity of p-n junction between bottom electrode N+ and substrate SiP, CM is capacity Si-SiO2-Al, i.e. fixing of aluminium membrane to SiO2 and metal connection; CL is capacity between substrate and inductor, i.e. capacity is formed by windings of inductor- SiO2-substrate P; RP is parasitic volume resistance between capacities CP and CL. For RP it holds
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where l is distance between N+ area and inductor, A is the area of capacitor. Capacity CM can be expressed from the equation
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where AM is the total area of parasitic capacitors, b is thickness of SiO2 dielectric (standard value 1 μm). For total capacity of the sensor it holds
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Resulting sensor sensitivity decreases according to the equation
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where SA is theoretical sensitivity without influence of parasitic capacities, CA is active capacity and CM is total parasitic membrane capacity. Regarding dominant parasitic circuit elements, we can set up equivalent circuit diagram. This diagram enables modelling of properties using standard simulators, e.g. SPICE. The equivalent scheme of the sensor with parasitic elements is shown in Fig. 3.
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Fig.3 Equivalent electrical model of the integrated resonance circuit
CA designates the active capacitance, CM is the parasitic inductor winding‑substrate capacitance, L is inductance of the inductor and Rs its parasitic series resistance, Rp is the parasitic resistance of the substrate between the p‑n junction and the inductor, Rsp is the parasitic series contact resistance.
3.1
Energy equivalent models

Behaviour of a sensor or sensor block can be described by differential equations whose form is dependent on physical nature of corresponding sensor or sensor block activity. Three basic function types exist for description of this behaviour. Functions describe relation between input and output (zero-order, first-order, second-order).
Mathematical models are utilized for equivalence generation. Physical laws are applied to these models. Results are models with simple lumped parameters. Mechanical and thermal elements can be converted in this way to equivalent electric connection. For solving this electric model well-known and elaborated methods for electric circuits can be used.


For the mechanical components, Newton’s second law is used and for thermal components Newton’s law of cooling is applied. Table 1 shows the various lumped parameters [2]. F denotes power, Q is heat, V is voltage and i is electric current.

Table 1 Mechanical, thermal, and electrical analogies
	Mechanical
	Thermal
	Electrical

	Mass M
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4
Use of models – design flow

The design of microsystems can be realized in several forms with corresponding time series. Ideative model of microsystems  can be created. The model has input information, output functions, and inner logical functions. Further step is realization of the SOFT model of microsystems using PC and libraries of electronic components and blocks. For special microsystems blocks it is necessary to use either existing blocks or to define these special blocks. In this model it is possible to simulate simple functions using means for analysis of electronic circuits and systems. Realization of micromechanical elements in this model is based on electrical and mechanical, or possibly further analogies.
Realization of HARD model is a successive step and is used for verification of basic functions of the designed SOFT model. This model illustrates characteristics and behaviour of the designed microsystems model. 


Design of microsystems is the most difficult part and follows after previous steps. Micro-models are developed from these macro-models according to the rules for design of integrated microsystems (technology, materials, software, etc.). Macro-model properties are compared with simulated and modeled properties of real microsystems. For these purposes, suitable tools are utilized (MEMCAD, CADENCE, HSPICE, etc.) [3]. In the paper there is presented example of realized HARD macro-models. Individual models and their interconnections are illustrated in Fig.4.
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Fig.4 Design glow of model levels

The Coventorware program was used for modelling of mechanical strain in the structure. The best way haw to proceed is to design 2D layout of the structure. By definition of deposition and etching steps properties we can simulate the technology process. Each etching step has assigned its masking layer from layout. Each deposited material has assigned its material properties as for instance: density, initial stress caused by deposition, specific heat, thermal conditioning, etc. These data are inputs for model builder that can create 3D model of the structure. Very important part of the design is definition of the mash for FEM simulators. On the quality of the mash depends convergence of the simulations. We have used 3D irregular parabolic simulation mash. Finally, we can reach to simulation process. In our project we have used Thermomechanical simulator. A great amount of data reached from simulators is processed by Visualiser – a powerful tool for result viewing. Mechanical stresses can have a great influence on mechanical as well as electrical properties Evaluation of the mechanical stresses, displacement and deformation of the membrane based structure was analyzed.
5
Reached results

Using presented design tools, several different structures of integrated resonance circuits were designed and realized. The structures have different arrangements of capacitors and inductances. The dimensions are in the range of 90x90, 130x130, and 160x160 μm. Inductors have been modified with 5, 7, 9 windings in aluminium layer of 1.2 μm thickness and 3.6 μm in case of the planar inductor. This modification has proved to have better sensitivity. An inductor-capacitor circuit using double metal technology forms the spiral structure modification. Properties of the realized samples has been measured directly on the chip, some measurements has been performed on encapsulated structures. For each coil modification (5, 7 9 windings), 3 samples have been measured with three times repeated application of measuring needle probes. Measured resulting average values are presented in Table 4, they have been acquired from 9 measurements. Induction measurement has been realized with an error less than 1 per cent. Repeated application of needle probes has had the influence close to zero. Measurements have been reproducible well and in agreement with original calculations. Three samples of each modification have been measured three times when measuring serial resistance of the coil. Elimination of the additional parasitic back electrode‑substrate and inductor wire‑substrate capacitance is necessary for measurement of the active capacitance CA. The dependence of the capacitance on illumination has to be taken into consideration as well. Measurement of the capacitance has been performed after cutting off mechanically the connection lines to the inductor. Parameters of a simple 

equivalent circuit consisting of a series combination of inductance L, capacitance Cc and loss resistor Rs have been calculated. 
6
Conclusion
Structures of integrated resonant circuit with a capacitive pressure sensor have been designed and realized. The structures are made in various modifications of the shape, i.e. inductor outside the capacitor, inductor inside the capacitor, spiral structures, finger structures. Samples are placed within the 3x3 mm maximum area. Planar coils have been designed with a few windings. Parasitics have been considered during the measurement. Resonant frequencies and Q have been measured.


Different structure models were used for the design. Analytic model of the structure was used for SPICE simulation. Models based on equivalence of energy domains were used for verification. Mechanical properties of the structure were modeled using the CoventorWare program.
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