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Abstract 

A simple model based on dc behaviour of MOS transistors operating in weak 

inversion is derived on the basis of previous publications. The bipolar like 

source to drain transfer characteristics of MOS transistor in weak inversion 

was used to implement a voltage source that is proportional to absolute 

temperature (PTAT); a cell that can be stacked to obtain the desired voltage. 

A CMOS temperature compensated current reference is implemented using 

PTAT cell with MOSFET as current defining element. A CMOS magnetic 

field sensor has been developed. The sensitivity of sensor is dependant on 

the bias current; incorporation of temperature independent biasing current 

(current reference) will increase the sensitivity of the sensor. Simulation and 

test results observed have been presented and compared. 
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Chapter 1  

Introduction 

The temperature compensated reference biasing a Dual Drain MAGFET described 

in this thesis was designed, fabricated and tested at the Siemens Corporate Research 

Inc., Princeton, N.J, under the direction and with support of Dr. Durga Misra, 

Asst.Professor, ECE Dept, NJIT and Mr. James H. Atherton, Group Leader, Ad-

vance IC Group at Siemens. Technical support for this project was also provided by 

Mr. Steve Kosonocky and Mr. Greg Kazmierczak of Siemens Corporate Research. 

The major goal of this thesis was to develop an temperature independant 

biasing circuitry for the MAGFET, and thereby develop a temperature indepen-

dant MAGFET. The Magnetic Field Sensor (MFS) have typical application in areas 

like : speed sensing, current sensors, position sensing, machine tool controls and 

etc. where they are applied over wide ranges of temperature. Conventional Hall . 

sensors have undergone considerable changes and MOS technology have been used 

to develop a high gain MFS with dual drain MOSFET, as presented by Misra[61. 

Various designs have been discussed by Gray et al[5], on temperature compensa-

tion using bandgap references. Operation of MOS devices and temperature effects 

have been discussed in details by Sze[3] and Tsvidis[9] and models have been de-

veloped by them. Operations of transistors in weak inversion have been modelled 

and presented by Vittoz et al [10],[12]. They have also developed a temperature 
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independant source using this model which is independant of temperature. An en-

hanced temperature compensated current refernce was discussed by Sansen et al 

[13]. This thesis shall discuss the realisation of temperature compensated current 

reference circuit developed to bias the MAGFET. 

Chapter 2, deals with an overview of MAGFET and the Hall element [1],[2]. 

Also the hypothetical bandgap reference as discussed by Gray et al [5] is presented. 

Device performance parameters and the operation of Dual Drain MOSFET 

as MFS is dealt in Chapter3. A review on figure of merit for MFS [7] is also 

presented in this chapter. 

The basic theory of Current with the drift and diffusion component [9], 

different region of operation of MOS transistor are dealt in Chapter4. A model 

on weak inversion region of the transistor is developed and also a voltage source 

which is proportional to absolute temperature (PTAT), using the above model is 

also presented. This chapter also deals with the realisation of the temperature 

compensated current source with PTAT voltage source. 

The circuit simulation and fabrication of integrated MFS with temperature 

compensated current reference circuit is presented. Results of simulation and test 

results are also discussed in this Chapter 5. 

Chapter 6 discusses the conclusion and the possible areas of future develop-

ment. 

2 



Chapter 2 

Hall Element and Magfet - An 
Overview 

2.1 MOS Hall element 

The surface inversion layer of the MOSFET can be used for generating a Hall effect 

device compatible with integrated circuit technology[6]. This thesis describes the 

design of magnetic field sensor (MAGFET) with a novel geometry which, when 

used in appropriate circuits, results in improved sensitivity. The device and the 

associated circuit are to be fabricated using CMOS technology. 

The first MOS Hall element was proposed by Gallagher and Corak. With 

the development of planar technology and MOSFET, fully isolated Hall elements 

have been incorporated into monolithic silicon integrated circuit. Leaving aside the 

problems like lower mobility of silicon and withstanding the fact that Hall effect is a 

bulk phenomenon, the surface inversion layer of MOS structure can be readily used 

for generating a Hall element compatible with integrated circuit technology with 

very precise control of dimensions. About 103  V/AT, [2] (where A is consumption 

current in Amperes and T is the magnetic induction in Tesla) sensitivity has been 

reported in such devices. 

When the MOS device is properly biased and placed in a magnetic field so 

that the field is orthogonal to the drain current, then Hall voltage is generated in the 
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Figure 2.1: Generation of Hall voltage 

inversion layer as shown in Fig 1.1. The voltage is generated within the inversion 

layer and not in the bulk silicon. The thickness t of the inversion layer is determined 

by the gate voltage and is typically between 30 to 300 A [3]. The construction of 

an MOS Hall generator now requires only the addition of Hall contacts to the MOS 

device. The Hall contacts are formed in an identical manner to the drain and source 

region by selective diffusion through a silicon oxide mask. They are in fact, diffused 

simultaneously in the same step as the source and drain. As seen in Fig. 2.2 the gate 

electrode G, overlaps the two diffused contact regions so that when the inversion 

layer is formed, the drain source and contact regions are resistively connected. 

When the gate voltage VAS  is increased above the threshold voltage VT1t, 

4 



Figure 2.2: MOS Hall contacts. 
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the drain source current rises only when i(Vcs — 1171)1 < 11/Dsl• At the same time, 

however, the thickness of the inversion layer in which the Hall voltage is generated 

also increases. Since Hall voltage varies directly with drain current and inversely 

with thickness, the two effects tend to offset each other. Above the threshold 

voltage VTh of the device, the effect of the gate-source voltage on the inversion 

layer thickness predominates, while below the threshold voltage the current falls 

so rapidly (exponentially) that it then becomes the controlling factor. Assuming 

that for the field strength considered, the Hall co-efficient for silicon is constant, 

the effective inversion layer thickness is decreases at the drain-end as the pinch-

off current is approached. That is, as current flows from drain to source through 

the purely resistive inversion layer path, a voltage gradient is set up. This voltage 

gradient alters the depletion region thickness near the drain region there by reducing 

the effective inversion layer thickness of the device.When a magnetic field is applied 

perpendicular to the current flow a higher Hall potential is to be generated because 

of the concentration of electrons in one of the sides due to the Lorentz force for a 

thinner inversion layer if the Hall contacts are put close to the drain end. Therefore 

appreciably higher Hall voltages are attainable if the device is operated beyond 

pinch-off. It is to be noted that the integrated Hall element and the MOS transistor 

require conflicting geometries to optimize their performance. 

2.2 Advantages of CMOS technology 

In CMOS technology, on the other hand the self isolation for the devices is an 

important advantage. Here the inversion layer is formed close to the surface of the 

semiconductor. The current within the MOS transistor flows at the semiconductor 

surface between the source and the drain diffusion unknown as the channel region. 

The current flowing into the drain leaves the source because there is no gate current. 
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Thus the MOS channel region is considered to be completely isolated and it forms 

an effective Hall element in monolithic silicon. 

2.3 Split Drain MAGFET 

The split drain MOS transistor was proposed by Fry and Hoey [1] where drain of 

a MOS transistor was split into two equal regions. The asymmetry in current flow 

into the drains could be detected when the device is exposed to a magnetic field. 

If the voltage on these two drain were higher than the gate voltage, the depletion 

layers formed between the drains and the channel would prevent voltage changes 

on the drains from affecting the channel voltages. The output impedance would 

therefore be high and so the device would be capable of producing high output 

voltages under suitable load conditions. Thus it shows a higher sensitivity of about 

104  V/AT [2] where A is in amperes and T is in teslas. 

Since signal current is obtainable only at the edge of the channel, if the drain 

is split into three regions, of which the center one is largest and take the majority 

of the device current, we should obtain the large fractional current changes in the 

outer drains. 

Putting resistive load in a split drain configuration similar to that of differ-

ential pair configuration has been discussed by Hollis. In this in this arrangement 

it is seen that at high magnetic field, the change in drain voltage has an influence 

on the drain current due to channel- length modulation. 

2.4 Mobility Consideration 

The normal mobility in the channel is expected to be influenced by the thickness of 

the inversion layer. When a very small longitudinal field Ey  is applied (Ey  is parallel 

to the current flow), the drift velocity varies linearly with Ey  and the slope is the 

7 



drift mobility (v = µEy). Experimental measurements on < 100 > p-type silicon 

inversion layers show that this mobility is a unique function of the transverse field 

Ex , which is perpendicular to the current flow[3]. This mobility is not a function 

of surface processing or doping density in the range NA  < 1017cm-3. At a given 

temperature, mobility decreases with increasing effective transverse field, defines as 

the field averaged over the electron distribution in the inversion layer. However, to 

simulate the MAGFET [4] the mobility used is given by 

where for electrons µmin = 65, P,nax = 1330, Ace/  = 8.5 x 1016  and a = 0.72 [6] 

these give 

where N denotes the total impurity concentration. For the Hall mobility the relation 

used is µH  = rit where r = 1.18 for phonon scattering and 1.93 for ionized impurity 

scattering. However, lattice scattering is is the dominant mechanism in limiting the 

mobility of free carriers at high temperature and low impurity concentration. At 

low temperatures and high impurity concentration, scattering by impurities may 

take over as the limiting mechanism (61. However, mobility in the channel can be 

expressed as 

where -p-  is the probability of diffused scattering and depends on surface phonon and 

surface charge cross-section as well as surface roughness, vtk is the thermal electron 
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velocity, ZQM  is the quantum mechanical channel thickness, where as ZCL is the 

classical channel thickness, and ma  is the effective mass of the electron. Baccarani 

et al [181 suggested that the channel layer broadens in thickness at higher temper-

atures and this may largely be due to carrier degeneracy i.e. Fermi-Dirac statistics 

should be used in place of Boltzmann statistics. This dependence predicted by 

the diffused scattering model is the consequence of the simultaneous variation with 

temperature of both relaxation time and the fermi level in the bulk. For lower 

impurity concentration the mobility decreases as T-312. But the measured slopes, 

however, differ from -3/2 because of the other scattering mechanisms. For intrinsic 

materials near room temperature the mobility varies as T-2.42  and T-2-3° for n and 

p-type silicon respectively. 

Hence at high temperature, the differential current in a split drain MAGFET 

should fall rapidly because of the decrease in mobility and increase of channel 

thickness at the pinch-off point (reducing Hall field). 

2.5 Bandgap Reference - Hypothetical 

As we had discussed so far the temperature dependance of the biasing current, this 

dependance shall affect the sensitivity of the MAGNETIC FIELD SENSOR (MFS) 

being developed. We shall now discuss the concept of Bandgap references[5] and 

thereby design a temperature compensated current reference. 

Let us consider the hypothetical circuit of fig(2.3). An output voltage is 

developed that is equal to VBE(0,0 plus a constant K times VT. In order to determine 

the required value for K, we must determine the TC of VBE(c,n ) precisely. The VBE(„)  

can be written neglecting base current, 

The saturation current Is, is related in terms of the device structure where n, 
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Figure 2.3:  Hypothetical Bandgap Reference Circuit 
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I' igure Z.4: variation of Dana gap reverence output voltage with temperature 

independent of temperature, we can take derivative of Kut  w.r.t. temperature to 

find the required values of G, y, and K to give zero TCF. Differentiating, 





Chapter 3 

Magfet Design and Performance 
Parameters 

3.1 Introduction 

In this chapter the device theory of the MAGFET is presented' and the advantages 

of MOS technology for implementing a magnetic sensor are highlighted. Some ideas 

leading to a modified device geometry in a split drain configuration are discussed. 

A brief discussion on the figure of merit of the device is also included. 

3.2 Figure of Merit 

This section discusses the figure of merit used to compare various magnetic sen-

sors[7]. These include sensitivity, noise, offset signal, linearity, and temperature 

coefficients. As the device proposed in this thesis is closely related to the split 

drain MAGFET, which operates via carrier deflection, much of the discussion in 

this section will relate only to such devices. 

3.2.1 Sensitivity 

One of the most important figure of merit of any 'sensor is the sensitivity. This 

can be simply defined as the incremental change in the output signal due to an 

incremental change in the applied magnetic field. For magnetic field sensors many 
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units of sensitivity have been used in the literate. These include 71-1 , V/T, and 

the V/AT. This makes comparison of magnetic sensors difficult and a standardized 

unit is desirable. The Lorentz condition as defined below explains the Hall field: 

For devices which exploit the Hall field the output signal is clearly the Hall 

voltage, VH. This leads to a unit of sensitivity of V/T. But as indicated by Eqn (3.1), 

VH  is proportional to the bias current. Hence a preferable unit is the V/AT. 

Devices that operate via carrier deflection (magnetotransistors and split 

drain MAGFETs) sometimes have their sensitivities reported in units of V/T or 

V/AT. This is due to the fact that the current imbalance is usually converted to a 

voltage by a resistive (or active) network. Nonetheless, the actual output signal is 

still the current imbalance. Hence, the sensitivity of the device is really the ratio 

of the current imbalance of the applied magnetic field. This is usually proportional 

to the bias current and a preferred unit would be l'-' arising from: 

To facilitate comparison the sensitivities of the various devices, discussed in the 

next chapter, will be quoted in units of V/AT, for Hall plates and T-1, for device 

operating via carrier deflection, where possible. 
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3.2.2 Noise 

Noise phenomena can severely limit sensor performance. In fact, the signal-to-noise 

ration (SNR) can be a more important figure of merit than sensitivity. 

At low frequencies, flicker (1/f) noise is the fundamental limitation. This 

determines B„„„, the minimum detectable magnetic field. At high frequencies, 

thermal (Nyquist) noise dominates. 

For split-drain MAGFETs the mean square current per unit bandwidth is 

ziven by (131: 

N. is the density of surface states and the remaining symbols have their usual 

meaning. From this equation we see that a long device with a thin channel is 

preferable. However the choice of the width, W, cannot be made arbitrarily small 

as it is limited not only by technology but also the fact that the device current is 

proportional to W. The SNR increases as the bias current is increases, however, the 

maximum current is limited by power dissipation considerations. 

3.2.3 Offset Signal 

The offset signal ( current in split-drain MAGFETs and voltage in Hall plates) 

refers to the output signal in the absence of an applied magnetic field. As the offset 

is usually static, or slowly-varying, it is not a problem in the case of high-frequency 

measurements. However, it can be a serious problem at low frequencies since it can 

not be distinguished from the component of the output that is proportional to B. 

The major factor contributing to the offset signal in MFS is the fabrication 

process (i.e. alignment errors and non-uniform dopings). 

The offset voltage of the Hall plate is also very sensitive to mechanical strain; 

this effect has been used in design of pressure sensors. 
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3.2.4 Linearity 

Obviously, it is desirable to have a sensor whose output is linear over a range of 

magnetic fields. Most MFS show no appreciable non-linearities at low fields. In 

two-dimensional numerical simulations of split-drain MAGFETs, Natan et al. [131 

found slight deviations from linear behavior at field approaching 1T. 

3.2.5 Temperature Coefficients 

The effects of temperature can be separated into two categories: narrow range and 

wide range. As the names imply narrow range refers to the operation at a fixed 

temperature which may fluctuate by a small amount, and wide range refers to 

operating the device at widely separated range of temperatures. 

For most applications, the sensitivity should be measured at the temperature 

which the device is to be operated and the narrow range temperature sensitivity 

should be checked to see if it is acceptable. 

The effects of temperature on MAGFET sensitivity has been investigated 

[61. It was found that at temperatures below room temperatures below room tem-

perature, the sensitivity varied as T2.18  for 0.2T < B < 1T. This was attributed 

to the T-2  variation of the electron mobility. At higher temperatures the sensitivity 

decreased rapidly. This was attributed to the broadening of the inversion layer with 

increasing temperature. Temperature dependance of MOS transistors are discussed 

in Chapter 5. 

3.3 Device Geometry 

The physical dimensions of the devices are shown in Fig. 3.1. The three devices are 

of similar type with different aspect ratios as 0.5, 0.25 and 1.0 respectively. In case 

of device-1 the W = 20Arn and L = 40pm device-2 the W = 10/Ani and L = 40pm 
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and in case of device-3 the W = 40µm and L = 40µrn. In these types of devices 

the drain has been split into two parts. To make sure there is no diffusion between 

them the polysilicon gate has sufficient overlap over the device well. The drains 

are bent perpendicularly sideways for more drain area and to make the slope of the 

surface potential smooth for better carrier collection i.e. all the carriers deflected 

by the magnetic field will go to a lower energy state and will be collected by the 

drains. 

Notches were made on both sides of the gate to squeeze the carriers in the 

channel. In this way the carriers of the channel can be collected when they are 

deflected by a small magnitude of the Lorentz force giving rise to a maximum 
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variation in the drain current. The single source is continuous and bent sideways 

like the drains in these devices. 

Adequate care was taken to avoid the short circuiting between drains through 

diffusion. For this device the source is continuous and the gate is of normal rect-

angular shape. To find the actual gate area of the devices, the area covered by the 

poly-silicon over the device well has been taken as the actual gate area. 

3.4 Operational Principle 

The operation of the device can be explained in terms of the current variations 

in the drains [6]. A magnetic field perpendicular to the planar surface affects the 

current in the the split drain transistor. The deflection of the carriers due to the 

Lorentz force leads to an increase of current in one drain at the expense of the 

current in the other drain. 

Looking at the three dimensional surface charge distribution [8], surface 

potential and the electric field at the surface of MOSFET device, it is easily un-

derstandable that almost all the carriers, deflected by the Lorentz force, will be 

collected by one drain at the expense of the other. The notch in the gate helps to 

squeeze the carriers towards the drain. 

The device acts like a differential pair because of the split drain structure 

and since the drains are connected to the resistive of dynamic loads, a small vari-

ation in the drain currents will lead to large variation in the differential output 

voltage. Because of better carrier collection, there is a considerable amount of 

current variation giving rise to a better gain. 
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3.5 Device Performance Parameters 

When a magnetic field is applied to a dual-drain MAGFET, a differential voltage 

is generated between the drains using Fig. 3.2. Without the magnetic field, this 

differential voltage is arranged to be zero using a potentiometer. We define the 

transduction constant (or simply the gain constant) 'x' of the circuit containing 

the MAGFET, as the change of differential voltage per unit change in the magnetic 

field, expressed as 

which has the dimension of volts per tesla. The voltage parameterX can be con-

verted to current by dividing x by the load resistance. i.e. 

The magnetic field, applied to the MAGFET at right angles to the direction 

of current flow, causes a change in the currents in the drains while the total current 

•is maintained constant (i.e. current increases in one drain at the expense of the 

current in the other drain) by the bias arrangement. Representing the currents 

flowing in drain-1(h) and drain-2 (12) by I + i and I = i respectively, where i is the 

small change in the current called the signal component due to the magnetic field. 

Here we define another quantity as the signal to common mode component ration 

(SCCR) expressed as the fractional change in current per the initial current 

flowing in the drain_ i_e_ 



Figure 3.2: Magnetic Field Sensor 
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We must subtract the current 12  from I, to obtain 2i. The subtracting circuit will 

have non-idealization. Characterizing the current differencing circuit in terms of 

differential gain (Ad ) and common-mode gain (Ac,,,) we have 



Chapter 4 

Current reference - Temperature 
compensation 

4.1 Introduction 

Having developed the design of Magfet, its operation principle and also the de-

pendance of the MFS sensitivity on temperature; we shall design a current refer-

ence circuit which shall be compensated for temperature variation for the range 

—55° to 125° C. In the following subsections we shall develop the conduction 

mechanism in a semiconductor, discuss the transistor region of operation, discuss 

a simple model in weak inversion or sub-threshold region which will be used in our 

design of PTAT. Proportional To Absolute Temperature, (PTAT), transistors shall 

be used in the current reference circuit. We would then substantiate the design of 

temperature compensated circuit with our simulated results. 

4.2 Conduction 

4.2.1 Drift 

Let us consider a piece of semiconductor with no electric field applied to it [9]. 

A random "thermal" motion is exhibited by holes and electrons in all direction; 

however, on the average these random movements cancel out and there is no net 
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Figure 4.1: A n type semiconductor with a uniform electric field under 
external bias 

current produced. If an electric field is now applied (by connecting a battery across 

the terminals of the semiconductor), it will exert forces on the charged particles. 

Thus there will be a net movement along the field lines which can be observed 

macroscopically as an electric current. This phenomenon is known as drift; it 

would occur when particles were not are charged. 

We can calculate the average current, ignoring noise fluctuation, and this 

current will be a non zero because the net movement caused by the nonzero electric 

field. The quantity I can be calculated from the carrier's average velocity called 



4.2.2 Diffusion 

Drift is only one of the two mechanism responsible for the flow of electric current in 

the semiconductors. The other mechanism known as diffusion occurs whenever the 

particles are not distributed uniformly over space, that is when there is "concentra-

tion gradients", [9], then the random motion of particles tend to spread out from 

.region of high concentrations to a region of low concentrations. This phenomena is 

not due to electric fields and can thus occur independently of whether or not the 

particles are charged. However, if the particles are as electrons and holes, diffusion 

gives rise to movement of charge and thus electric current. From the figure 4.2, 

we can define the origin of diffusion. Here a piece of semiconductor of rectangular 

cross section with 'a' length, 'b' width and 'c' as thickness is assumed to contain 

electrons uniformly distributed in any vertical plane, but nonuniformily along the 

length. No holes are assumed in this present case. We would find that the electrons 
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Figure 4.2: (a) A semiconductor bar with nonuniform electron concentration along 
its length; (b) the electron concentration in (a) for a special case of interest; (c) 
charge per unit area corresponding to (b). 
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• at the left are of higher concentration than those in the left. Hence one can expect 

electrons to move from left to right, in a given interval of time. This corresponds to 

movements of electrons from left to right. Since each carries a negative charge, the 

current is proportional to the magnitude of the charge q carried by each electron 

and \ , e more d,
d
1 

positive is the current: 

4.3 Temperature Effects 

Effective mobility, is one of the main parameters responsible for the strong tem-

perature dependance of the MOS transistors[9]. An often used approximation to 
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where T is absolute temperature, T,. is room temperature, and k3  is a constant, 

with values between 1.5 and 2.0. 

Other temperature dependant parameters are 08 and VFB, which manifest 

in the values of VT  which aalmost decrease linearly with temperature which can be 

approximated by : 

where k4  is constant with values between 0.5mV/K and 4mV/K, with larger values 

corresponding to heavier doped substrates, thicker oxides, and smaller values of VsB. 

The effeect of temperature on transistor characteristics, can be studied by 

considering a device operating in saturation. From the saturation equation, we 

have: 

. Thus a temperature increase should tend to increase the drain current through 

VGs — VT  (T), and to decrease it through µ(T). A measured set of N/773.vsVGs is 

shown in figure 4.3. At high currents, the decrease of µ(T) with temperature and at 

low currents the increase with temperature can be noticed. At certain VGs , current 

becomes pratically temperature independant over a large temperature range. These 

effects are evident in the figure. The bottom, curved part of the characteristics is 

due to moderate and weak inversion. 

As can be deduced from the above figure, in weak inversion and for a given 

VGs  the drain current increases with temperature. Plots of ID(log)vsVGs are shown 

in the figure 4.4. It can be observed increasing temperature decreases the slopes 

of the curves and the junction leakage (broken curves) drastically increases with 
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Measures 1/77, vs. Vas  for a device with V,. >0. with fixed V, and VD, s V„, for various 

temperatures. 

Figure 4.3 

temperature and masks the weak inversion current, thus diminishing the range of 

currents over which exponential behaviour is observed. 

4.4 Transistor Regions of operation 

Having discussed the concept of flow of electric current due to Drift and Diffu-

sion mechanisms in semiconductors and temperature effects of MOS transistors, we 

shall discuss the model on the basic feature of Metal Oxide Semiconductor(MOS) 

transistors region of operations. Corresponding current-voltage characteristics of 

the above NMOS transistors, in fig 4.2 is shown in fig.4.5. 

We shall define the transistor region of operation as shown in the table in fig 4.5. 
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Figure 4.5: A n-channel MOS transistor. (a) Terminal voltages referred to the 
substrate; (b) terminal voltages referred to the source. 
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Figure 4.6: Current voltage characteristics, where Ifni is assumed fixed. 
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Tract tar regions at operation 

Rieke Owned candlema 

Strong inversion The most heavily? inverted channel 
mid is is sense inversioe 

Moderate inversive The most beavilyt inverted channel 
end is in moderate inversion 

Weak inversion The most beavilyt inverted damsel 
end is in weak inversion 

t If both ends ue equally inverted. either end can be considered. 

Figure 4.7: Transistor regions of operations 

4.4.1 A general charge sheet model 

We shall derive an expression for the drain current valid in all regions of operation, 

in this section. A key to the generality of the results we are about to develop is 

the recognition of the fact that the current in the channel can be caused by the 

both drift and diffusion. Thus, let x be the horizontal position in the channel and 

measured from the source end. If the inversion layer current at x is denoted by 1(x), 

we will have 

We should remember that we are trying to develop a hypothetical model for region 

of transistors operation. We can write an expression for the drift component by 

considering a small element between x and x Ax in the inversion layer in fig 4.1, 

as shown magnified in fig. 4.5. The potential difference across this element under 

consideration is 

We shall replace bulk mobility AB with the surface mobility its which is smaller 

value because the electrons move with difficulty parallel to the surface due to the 
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Figure 4.8: Small element of inversion layer in the device of Fig.3.1 
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horizontal field( the semiconductor - oxide interface), being pulled toward it by the 

vertical field. 



Figure 4.9: /DvsVGB  

At weak inversion, from the figure, it is seen that ID = ID2, which is mainly 

due to the presence of diffusion. 

However in moderate inversion both the drift and the diffusion component, 

/Di  and /D2  resply., play an important role in the transistor operation. 

4.5 Simple Model In Weak Inversion 

Let us make the following assumptions [10]. 

1. The channel is sufficiently long so that the gradual channel approximation 

can be used and channel-length modulation effects are negligible. 

2. Generation currents in the drain, channel and source depletion regions are 

negligible; source and drain currents are then equal. 
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3. The density of fast surface states and the fluctuations of surface potential are 

negligible. 

The basic derivation of Barron [111 may then be used and can be easily ex-

tended to the case of nonzero source-to-substrate voltage. His approximate expres-

sion for the weak inversion current may then be rewritten, for an channel transistor, 

as 





Figure 4.10: Normalized CG  —VG  curve at the source end of the channel calculated 
for typical parameters. The range Oaks of surface potential corresponding to weak 
inversion operation is located at the minimum of the curve. The slope factor n is 
closely related to the value of this minimum 

where Imo is a characteristic current and n a slope factor. 

As a negligible density of fast surface states is assumed, C, is equal to Cd 

within the range of interest and eqn (4.28) yields the slope factor. 

As shown by Eqn (4.27), n takes different values for transistors biased by widely 

different values of Vs. The same is true for Imo, so that the technique of drain 

current ratios can only be applied to transistors with differential values of Vs not 
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exceeding a few UT, which is not a real limitation to design flexibility. 

Eqn (4.30) is seen to be symmetrical in VD  and Vs, as can be expected from 

the symmetrical structure of the device. It is applicable to p-channel transistors 

as well by changing the signs of VG, Vs, and VD. The transconductance in weak 

invprsinn is 



4.6 PTAT, voltage sources 

Bandgap voltage references [121 are widely used in bipolar technology where they 

reach very high standards of accuracy and stability. Their principle relies on the 

fact that the voltage Vj across p - n junction that is forward biased by a constant 

current increases fairly linearly with decreasing temperature, and tends toward 

the bandgap value VG0  when the absolute temperature is extrapolated to 0. If 

a voltage that is proportional to absolute temperature (PTAT) is added to Vj  to 

exactly compensate the difference between V, and VG, 0  , one obtains a total voltage 

that is independent of temperature. 

The realization of a bandgap reference in MOS technology has long been 

hindered by the difficulty of realizing a PTAT voltage. Solutions to this problem 

may be found by considering the behavior of a MOS transistor in weak inversion. 

For a negligible density Nss of fast surface states, the drain current in weak inver-

sion may be expressed as in previous subsection. 



of three diode-connected transistors (Vs = 0, VD  = VG ) having different values of 

ID/S. A slightly parabolic temperature dependence was observed, mainly due to 

the nonnegligible variation of the slope factor n with temperature. Furthermore, 

the need to sum up three gate-to-source voltages is not compatible with low-voltage 

operation. 

It is interesting now to compare the MOS transistor in weak inversion with 

a bipolar transistor having high-value direct and inverse gains. By using the simple 

fundamental Ebers-Moll model assuming ideal junctions, the collector current may 

be expressed as 



Figure 4.11: Block diagram of the bandgap voltage reference. 

gate of the p-channel regulating transistor TR. The loop is at equilibrium at 

which is independent of temperature, according to the bandgap reference scheme, 

if 

at any temperature. 

The reference voltage VR  may be adjusted to any value above Vero by prop-

erly choosing the ratio R1/R2. The resistors can be implemented by means of 

p-well strips, and binary weighted pads may be provided for final adjustments. 

4.6.2 Realization of the PTAT source. 

The basic cell of a novel PTAT voltage source,[12], is shown in Fig. 4.12. The 

two transistors T. and T1, are in the same p-well, which may be connected to the 

source of T. or to any more negative potential. If both transistors operate in weak 
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Figure 4.12: Elementary PTAT voltage source. Both transistors must operate in 
weak inversion. 

inversion, Eqn (4.25) may be applied, which yields 



 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 



temperature dependance of the reference current at a high temperature and will 

prevent thermal runaway. 

4.8 Circuit Realisation and Experimental Re-
sults 

Complete schematic of the current reference is Fig. 4.16. It is detailed version of 

fig (4.15), the transistors M,,p1 Mn ,p2 from the reference circuit, M - -n4 — Mn13 from 

the voltage source. Current through the PTAT voltage sources are derived from 

the reference current through Mp3  — Mo. To obtain low supply and load regulation 

sensitivities, cascade transistors Mpg and Moo  are added to the current mirror. 

We have to address the problem of Bistable operating point [5]. Although 

this operating point is theoretically unstable, it can cause a stable latch up state 

due to leakage currents. To avoid this a stable latch up network must be added. 

In this circuit, no separate start up network is added, however, start up is made 

available externally. 

The current was measured in the temperature range —55 to 125°C, the re-

sults are available in Chapter 5 in form of spice output. 
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Chapter 5 

Integrated Magnetic Field 
Sensor, with temperature 
compensated bias current. 

5.1 Introduction 

The MFS are fabricated without additional processing steps in CMOS technology. 

The MFS, we have designed is with temperature compensated current reference 

circuit for bias and with a diode connected load. 

5.2 Circuit Design in CMOS Technology 

The circuit of CMOS MFS is shown in Fig. 5.1. Here the sensor consists of 

• current reference circuit 

• biasing transistor 

• Dual drain magfet. 

Transistor MN1 , MN2, MA , MP2  forms current reference to the circuit, MN14  

forms the bias arrangement for the transistor, MN15  and MN16  the dual drain 

MAGFET, MN17  and MN18  forms the diode connected load. 
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Separate P wells for the PTAT voltage sources, the biasing transistors MN14, 

the diode connected load MN17, MNI8  and dual drain MOSFET, MNis and MNis; 

to avoid back gate effects. In the current reference circuit, M.139  and MPio, are cas-

coded p channel devices which keep the drain voltages of MNI  and MN2  constant, 

thereby reducing the channel length modulations effects. Transistors MN3  and 

MP3  form the gain stage to reduce the reference current to lnA as to keep the 

PTAT voltage sources in weak inversion. 

MNia, biasing transistor to the MAGFET, designed as current multiplier. 

The diode connected loads, in effect are designed to have 100 K ohms, any in-

crease in the resistance value shall increase the channel length therby affecting the 

frequency response of the device. 

5.2.1 Circuit Simulation and Layout 

The circuit was simulated by HSPICE circuit simulation packages; with nodal pa-

rameters of Siemens. The objective of simulation are: 

1. To determine the dc operating conditions over -55 to 125°C 

2. To evaluate the effectiveness of the temperature compensated bias current, 

3. To determine the incremental output impedance and finally, 

4. To estimate the frequency response limitation imposed by the circuit arrange-

ment. 

The circuit simulated with model points is given in Fig. 9.1 [App C]. To 

simulate the dual drain MAGFET we split the single device with same length and 

half the width of the existing MAGFET, and connected the gates of devices. 

To determine the dc conditions, the dc operation was carried out in the 

temperature range -55 to 125°C. To determine, secondly, the LW  vs Temperature 
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and find variation of current to the temperature. The small signal and various 

temperature was observed. Thirdly, to find the small signal output impedance 

of MAGFET differential pair, with diode connected loads, the bias voltages were 

chosen to keep all the devices in saturation. Finally, to verify the ability of circuit 

to serve the time varying magnetic field, the frequency response was estimated. To 

determine this, an ac signal was applied to the input and the output was observed 

as a function of frequency. Both magnitude and phase response was obtained. 

5.2.2 Model Parameters 

The circuit was simulated using level2 parameters in HSPICE. Model parameters 

have been modified by Siemens Corporate Research for typical MOSIS design rules 

and are set to give accurate results for this process, for defined channel length. The 

model parameters for some typical values can be referred from Appendix C. 

5.2.3 Layout 

Schematic capture was done using MAGIC cad tool, using standard 2pm CMOS 

P-Well Technology with help of MOSIS design rules. The chip was fabricated 

at ORBIT fab facilities. Starting with n -substrate, the p-wells are formed to 

implement n-channel transistors. The p-channel transistors are formed on the n-

.substrate itself. 

5.3 Output Analysis 

From the DC analysis, the operating conditions over the temperature range —55°Cto125°C 

was evaluated. It was observed that all the transistors were operating in saturation. 

Also, 'Bias , the output current of current reference, was almost linearly proportional 

to temperature. A curve fiiting analysis on the output characteristic was done, 

54 









Chapter 6 

Conclusion 

In this thesis, a novel CMOS magnetic field sensor, has been implemented using 

earlier models. It has been observed from the theoretical expression that sensitivity 

of MAGFET can be improved considerably using temperature independent biasing 

circuitry. A temperature compensated CMOS current reference has been developed 

and tested. From the results, it can be compared that this current reference has a 

current IaT and can be implemented with less number of devices than the earlier 

version. In general the circuit behavior is in agreement with theoretical equations. 

While testing the sensor, a severe latch up problem has been observed. This 

is attributed to fact that since PTAT working in weak inversion were laid in P Well, 

care must be taken by laying out the PTATs' and also following the precautions for 

latch up. The above design, is expected to give very good sensitivity to the sensor. 

The current reference can be used in most amplifier biasing applications and also 

for current comparators. 
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Appendix A 

Evaluation of Current Reference 

We shall derive the basic equation for the PTAT, which is given in Fig 4. , consisting 

of transistors A and B. 





Appendix B 

An Analysis of the Current 
Reference 







Appendix C 

Spice Simulation 
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