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The offset and the noise of magnetic microsensors

G. CARUNTU", C. PANAIT

Maritime University of Constantza, 104 Mircea Cel Batrdn Street, Contantza, ROMANIA

In this paperwork based on the adequateHall effect models it is analysed the operating conditions, and are established the
main characteristics for three magnetic microsensor structures, realised in the bipolar and the MOS integrated circuits
technology. By using the numerical simulation the values of the offset-equivalent magnetic induction and the noise-
equivalent magnetic induction spectral density for different structure devices are compared and it is also emphasized the
way in which choosing the geometry and the material features allows getting high-performance sensors.
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1. General characterization of the hall
semiconductor plates

If the Hall device is a homogenous plate of length [ ,
width w and thickness O, having point contacts, the
voltage

generated by a magnetic field B ,

perpendicular to the plate surface, is given by:
V,=(R,/5) 1B, )

where R g denotes the Hall coefficient, and [ the total

biasing current.
In the case of a Hall device with finite contacts, at low

B=0 , for an

magnetic  inductions, extrinsic
semiconductor, Vg is[1]:
Ty

qno

G being the geometrical correction factor, and 7y is the

Hall factor. The Hall voltage can be expressed in terms of
the bias voltage V, as follows:

w
Vi =ty 7 -GVB, 3

where £, is the Hall mobility of the charge carriers. The

absolute sensitivity of a Hall magnetic sensor is its
transduction ratio for large signals:

VH

v,
=G| 4
B @)

S, =
4 qno

Supply-voltage related sensitivity is defined by:

s
Sy ="A=u, -(KJG )

2. The offset voltage and the offset equivalent
magnetic induction

Because of misalignment of contacts and non-
uniformity of material resistivity and thickness, an offset
voltage is generated in the absence of the magnetic field at
the output of the Hall device. Also, a mechanical stress
may produce offset by the piezo-resistive effect.

In the case of the misalignment of the sensing contacts,
for a tolerance Al (figure 1) the assimetrical output
voltage or the offset voltage is expressed by:

N — N I I
Vo = L pyJds = pr W_gds =P W_gA’ (6)

The coefficient p, denotes the effective material
resistivity in the direction of the current density.

Fig. 1. Rectangular Hall plate.

The value of the magnetic induction coresponding to a
Hall voltage equal with Vofj" represents offset equivalent
magnetic induction. Using the equations (6) and (3) the
B can also be put in this form:
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At low magnetic field, the resistivity p, is reduced to :
the usual resistivity: E B 1
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By substituting (8) into (7) it results: 1 L Gass
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where f4,, = 1, pt is the Hall mobility of carriers.
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Fig. 2. Boﬁz depending on Al /l for three
devices of different geometry

In figure 2 are represeted the Boﬁ values for three

devices made from silicon (g = 0,151712V_1S_1 ), and
having different ratios [/ w ({ =200gm). It is assumed

that the sense contacts ( Sj, S, ) are points, and the

magnetic field is low (,u,ZJB2 <<1).
PHI: [/w=0.5,PH2: /[/w=1,PH3: [/w=3

It is noticed that the B is minimum for

off
I/w=0.5 and for smaller values of this ratio.

Fig. 3. Boff depending on Al /1 for three

devices of different materials

The carrier mobility influence on Boﬁ- values for

three Hall plates made from different materials are
illustrated in figure 3 (w = 200gm, [ =100wm ).

-1 -1

PHI:Si(u, =015 m’V's™)

PH2: InP (1, = 0.46 m*V 's™")
PH3: GaAs (1, =0.85 m’V "'s™")

3. The noise of the hall plates

At the output of a Hall device the noise voltage is due
to the generation-recombination noise, thermal noise, and

1/ f noise. Because the generation-recombination noise
is negligible in comparison with the 1/ f* noise, the noise

voltage spectral density at the sense contacts of the Hall
device is given by:

SNV(f):SVa(f)+SVT (10)

Here S Va ( f ) is the noise voltage spectral density of

the noise of the 1/ f* noise and S}, denotes the noise

voltage spectral density due to thermal noise.
The noise voltage spectral density of thermal noise is
given by [2]:

Sy =4kTR,, (11)

where &k =1,38054-102JK ™" is the Boltzmann

constant, and R, is the output resistance of device.

t
The output resistance of a rectangular Hall plate with
very small sense contacts is given by:
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w
R, =221 Y (12)
o \'s
on condition that: § << w <</
The coefficient p, denotes the effective material
resistivity, and § is the small sense contacts diameter. If
the biased voltage of device is constant, p, practically it

does not depend on the magnetic field. By substituting (15)
into (11) it results the spectral density:

S, =8krLr 1n(ﬁj (13)
o S

The current spectral density of 1/ f* noise can be
described by expression [2]:

a 1

SM:]ZN'fﬂ (14)

where I is the device current, N is the total number of
charge carriers in the device, & is a non-dimensional

parameter called the Hooge parameter and /3 is a constant
(ﬂ = liO.l). For semiconductors ¢ values of 107 to

1077 were reported. The S,,(f) for a conventional

rectangular Hall plate is given by [3]:

S, (f) = a[%} Qr-n-5-f)" -h{ﬁj (15)
S

4. The noise-equivalent magnetic induction
spectral density

The noise voltage at the output of a Hall magnetic
sensor can be interpreted as a result of an equivalent
magnetic induction, acting on a noiseless Hall device.

Replacing the Hall voltage in (4) by the mean square noise
voltage:

f 1/2
v=([l 5w ) 6

it is obtained:

(B)=(["swn)-s2 an

Here <B§,> is the mean square noise-equivalent
magnetic induction in a frequency range (f,f,), and

Sy (f) is the noise voltage spectral density at the

sensor output. At high frequencies, thermal noise
dominates. For a narrow bandwidth Af around a

frequency fby substituting (5) and (13) into (17) it results:

<Bz>=8kTAf‘pr‘zln(w/s) v - 18)
N T S, /
H

From (17) it is obtained the noise-equivalent
magnetic induction spectral density:

Sy (f)= d <§N 2 = SNgz(f) (19)

By analogy with (18) it is deduced:

-2
e 7o [
Hey,

To emphasize the geometry influence on S, ( f )

there were simulated (figure 5) three Hall semiconductor
plates structures made on silicon

ty =015m*V"'s™ p, =107 Qm

HP1: [/w=2;HP2: [/w=1;
HP3: [/w=0.5;

=2

S,4n10 " T Hz ")

=1

51 lhw=0.5

1011 1.2 13 14 15 18 1.7 18
Bias Voltage (W)

19 20

Fig. 5. The Syp(f) depending on bias voltage
for three devices of different geometry

The increasing of the device length causes the
decreasing of device performances.
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Fig. 6. The Snp(f) depending on bias voltage for three devices
from different materials

If the length increases twice, the noise-equivalent
magnetic induction spectral density increases with 18%
and if the same distance increases four times (PHI1),

S vz (f) increases with 148%. In figure 6 it can be seen

the material influence on S, ( f ) values for three
devices made from GaSb, GaAs and PbTe and having the
same sizes: [ =50um , w=100um , 5=10’7ym ,
w/s=50.

PHI (GaSb): 4, =0.5m*V ?*s™"; p, =0.27Qm
PH2 (GaAs): ,, = 0.85m’V *s™; p, =0.16Qm ;
PH3 (PbTe): 4, =0.6m’V s~ p, =0.23Qm .

At low frequencies,1/f noise dominates. By
substituting (5) and (15) into (19) it is obtained:

1 In(w/ N
SNB(f)zzi._.n(Lj).(G&) o
V4 My /

The numerical values of the S,,(f) for Hall

semiconductor plates made of different materials and
having different geometry are listed in table 1.

(a=10", f=4Hz, Af =1Hz, 6 =5-10" um ,
w/s=50, n=4.5-10"m>>, w=100um)

Table 1. The SNB (f) numerical values for different devices

u, Sulf)
Device | Material wll 162
[y [l 7. 2
HP1 Si 0.15 2 2900
HP2 Si 0.15 1 3400
HP3 Si 0.15 0.5 7300
HP4 | GaAs 0.85 2 10.2
HPS | GaSb 0.50 2 26
HP6 | InAs 3.30 2 0.59

5. The general characterisation of the lateral
bipolar magnetotransistors

Figure 7 illustrates the cross section of a lateral
bipolar magnetotransistor structure, operating on the
current deflection principle, realized in MOS integrated
circuits technology.

e e
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+| n+ E n+| +\ %
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® o

Fig. 7. Cross section of lateral magnetotransistor

The n'" regions of emitter E and primary collector C
are laterally separated on an L distance from base which is
a type p region. The two p' base contacts, allow the

application of the drift-aided field £, . On its action the

most part of the minority carriers injected into the base
drift to primary collector, producing collector current /¢,
However, some of the electrons diffuse downwards to the
n type substrate (the secondary collector) and thus produce
the substrate parasitic current /s .

In the presence of a magnetic induction B, ,

perpendicular to the plane of the section, the ratio between
Ic and I, changes because of the current deflection.

The area from base region, between the emitter
contact and collector contact, operates as a short Hall plate,

and an induction field B causes the deflection of current
lines. The Hall transverse current will be[4]:

I,=1I,=(L/Y).u, B, =Al. 2)

where £, is the Hall mobility of electrons in the base
region.

A magnetotransistor may be regarded as a modulation
transducer that converts the magnetic induction signal into
an electric current signal. This current signal or output
signal is the variation of collector current, caused by

induction B .

The absolute sensitivity of a magnetotransistor is
defined by:

S, = |AIC /B| (23)

The supply-current-related sensitivity of the device is
expressed as:
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t

Al
B

S :—A:
1 IC

24

1 _£.|
IC _Y /an

1

For a given induction (B =04T ) and at given

collector current (/. =1mA), the sensitivity depends on

the device geometry and the material properties. In table 2
are presented the values obtained for five
magnetotransistors structures.

Table 2. The numerical values of the supply-current related

sensitivity
-1
MGT LY 2”*:1 | §,(T7)
(mV~—"s)
MGT, (Si) 3 0.15 0.45
MGT; (Si) 1 0.15 0.15
MGT; (Si) | 0.5 0.15 0.075
MGT, (GaAs) | 3 0.80 2.40
MGTs; (GaSb) | 3 0.50 1.50

6. The offset equivalent magnetic induction

For bipolar lateral magnetotransistor presented in
figure 8 the offset current consists of the flow of minority
carriers which, injected into the base region in absence of
magnetic field diffuse downwards and are collected by the
secondary collector S. The main causes of the offset are
due to the misalignment of contacts to non-uniformity of
the thickness and of the epitaxial layer doping.

Also a mechanical stress combined with the piezo-
effect, may produce offset.

To describe the error due to the offset it is determined
the magnetic induction, which produces the imbalance

Al =Al,; . The offset equivalent magnetic induction

is expressed by considering the relation (24):

14
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Fig. 8. The B,y depending on the I for
three devices of different materials

Al Al
B, = o= 1 0 o)
Sl H Ic

Considering Al =0.1044 and assuming that
the low magnetic field condition is achieved, in figure 8 is

presented the dependence of B, on [ for three

magnetotransistors with the same geometry L/Y =0.5
made from different materials:

MGTI: Si with 4, =0.15m*V"'s™";
MGT2: GaSb with 4, =0.50m”V 's7";

MGT3: GaAs with g, =0.85mV s

The offset-equivalent magnetic induction lowers with
the increase of carriers’ mobility.

So for the same collector current /. =0.10mA

the B, g value of the GaAs device decreases by 70% as

compared to that of the silicon device.

7. The noise equivalent magnetic induction
for lateral bipolar magnetotransistors

The mean square value of noise magnetic induction
(NEMI) is defined by :

" S -df
2\ _ A
<BN>_ (SJ'IC)2

Here S, is the noise current spectral density in the

(26)

collector current, and ( fis f- 2) is the frequency range. In

case of shot noise, the noise current spectral density at
frequencies over 100 Hz is given by [2]:

Sy =2q1 27

where / is the device current.
From (26) it is obtained the noise-equivalent magnetic
induction spectral density:

_0<By > Su(f)
or S?

Sy (f)

(28)

In a narrow frequency band around the frequency f, by
substituting (24) and (27) into (28) it results:

S (f) < 2q@ 1 @9)

/’lIZ-InIC
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In Fig. 9 there are shown Syp (f) values for three
magnetotransistor structures made of different materials

(Y/L=0.5;Af =1Hz)
MGT;: Siywith g, =0.15m*V "'s™
MGTy: Ga Sb, with 4, =0.50m”V "5
MGT;: Ga As, with 1, = 0.80m?V s

36
3z
~ 281\ 5
o224
20
o 16
1.2
0.8
041 Gasb

(1

S,

Gahs

01 02 03 04 05 06 07 08 09 10
Collector Current (mA)

Fig 9. The Syp (f) depending on the IC for

three devices of different materials

The noise-equivalent magnetic induction spectral
density lowers with the increase of carriers mobility, this
increase being significant for collector currents of
relatively low values. So for the collector current

1. =0.ImA , the offset equivalent magnetic induction

value of the GaSb device decreases by 91.5% as compared
to that of the silicon device.

8. The structure and operating conditions of
the double-drain magnetotransistor

The double — drain MOS device (figure 10) is a
MOSFET with two adjacent drain regions replacing the
conventional single drain region, the total channel current
being shared between these regions [5].

Fig. 9. Double-drain magnetic — sensitive MOSFET structure

As the result of the bias in the linear region is
obtained a continuous channel of approximately constant
thickness, which can be assimilated with a Hall plate.The
deflection of current lines appears under the action of a

magnetic field B, perpendicular to the device surface.
Since the output signal of the double-drain MOS
magnetotransistors consists of the current variation
between its terminals, this device operates in the Hall
current mode. Using the features of dual Hall devices, and
the Hall current expression, it results:

1 1 L
A]D:?HZE/LIHC/,'W.G'ID'BL (30)

where f¢,, - is the carriers Hall mobility in the channel,

and G denotes the geometrical correction factor. The
magnetic sensitivity related to the devices current is
defined as follows:

1

= E Huy,,

-£G (31)

S, = -

1.
1, |B

1

For a given induction and at given drain current, the
sensitivity depends on the device geometry and the
material properties.

9. The offset equivalent magnetic induction of
the double-drain magnetotransistor

The difference between the two drain currents in the
absence of the magnetic field is the offset collector current:

AL, =1,(0)~1,,(0) (32)

This is due to imperfections specific to the
manufacturing process: the contact misaligment, the non-
uniformity of the thickness and of the epitaxial layer
doping, the presence of some mechanical stresses
combined with the piezo-effect.

To describe the error caused by the offset it is
determined the magnetic induction, which produces the

imbalance Al , = Al,, . The offset equivalent magnetic
off

induction is expressed by considering the relation (31):

Al Al -
B, = Doy _ 2 Dy -[G L] (33)
Sty wy, 1Ip E

Considering Al = 0.104 and assuming

that the low magnetic field condition is achieved, in figure
10 is presented the dependence of Boﬁ” on [, for three

magnetotransistors with the same geometry W /L =0.5
made from different materials:

MDD1: Si with x4, = 0.07m*V"'s™;

MDD2: InP with g2, = 0.23m*V s
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MDD3: GaAs with g1, = 0.43m*V s

Boff(mT)
]

E_ir\__

T T T T T
02 04 06 08 1.0 12 14 16 1.8 20
Drain Current {mA)

Fig. 10 - The B,y depending on the drain current
for three devices of different materials

The geometry influence upon Boﬁ, is shown in

figure 11 by simulating three magnetotransistors structures

w
made from silicon and having different f ratios.

MDD1: W /L =05, G(L/W)=0.73;
MDD2: W/L=1; G(L/W)=0.67;
MDD3: W/L=2; G(L/W)=0.46;

Bgf{mT)

— T T T T T T T
02 04 08 08 10 1.2 14 15 18 20
Dirain Current (ma)

Fig.11 -The By depending on the drain current
for three devices of different geometry

If the width of the channel is kept constant, Boﬁr

increases as the channel length decreases. Thus minimum
values for the offset equivalent induction are obtained with
the device which has L = 2, and in the MDD3 device
these values are 53.5% bigger.

The noise current at the output of a magnetotransistors
can be interpreted as a result of an equivalent magnetic
induction.

The mean square value of noise magnetic induction
(NEMI) for double-drain magnetotransistor is defined by:

) ffleNl(f)'df
<BN>: (SI 'ID)z

Here Sy; is the noise current spectral density in the
drain current, and (f}, f>) is the frequency range.

From (34) is obtained the noise-equivalent magnetic
induction spectral density:

(34

S e (f)= 0 <§,N - = SN;,gf) (3%5)

In case of shot noise, by analogy with (29) it results:

Gy, 1y

L

SNB(f)=2q1~4[%J 11 <8q[Wj 111 (36)

Considering the condition of low value magnetic field
fulfilled (£, B> <<1), it is obtained a maximum value
for (L/W)G =0.74,if W/L <0.5.[1]

In this case:

1
(Sxg (S min < 14-6q[—2 (37)

pHy,,

In figure 12 are shown S, (/) values obtained by

simulation of three double-drain MOS magnetotransistors
structures from different materials.

MGTL: Si, py =0.07m*V"'s™

MGT2: InP, pty =0.23m*V"'s™

MGT3:Gads, ty, = 0.04m’V"'s™

56
5.2
4.8
4.4
— 4.0

GaAs
Y 1.6 InP
(73]

0.4 Si

02 04 06 08 10 12 14 16 1.8 20
Drrain Current (ma)

Fig. 12. The Syp depending on drain current,
for three devices of different materials
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To emphasize the dependence of S, (f) on device

geometry there were simulated (figure 13) three double-
drain  magnetotransistors  structures made  from

silicon, p1,, = 0,07m2V_1S_1 , and having different
ratios W /L (W =50um ). The devices were biased in
the linear region and magnetic field has a low level

(,ui,Bz << 1).

0409 yyL=1

CIED--._______?‘__

WilL=2

02 04 06 08 10 12 14 16 18 20
Crrain Current (ma)

Fig.13. The Syp depending on the drain current
for three devices of different geometry

It is noticed that the S,,(f) is minimum for

W/L=0.5, and for smaller values of this ratio. The
decreasing of the channel length causes the increasing of
S\ (f) with 40.8% for a square structure W = L, and

with 173% for W = 2L .

7. Conclusions

The analysis of the offset-equivalent magnetic
induction and the noise-equivalent magnetic induction of
the Hall plates shows that the //w=0.5 structure is
theoretically favourable to obtaining magnetic sensors of
performance. From double-drain MOSFET
magnetotransistors, in case of shot noise, the W / L = 0.5

structure provides superior SNR values, and smaller Syz
values. In both Hall plates and MOS Hall devices by
substituting the silicon technology with materials of high

carriers mobility such as GaAs, GaSb, InSb or InP allows
the achievement of higher characteristics sensors.

The research work emphasizes the fact that the noise
equivalent magnetic induction and the offset equivalent
magnetic induction lowers with the increase of carriers
mobility, this increase being significant for drain currents
of relatively low values.

So for the drain current /, =0.2mA , the offset

equivalent magnetic induction value of the GaAs device
decreases by 81.8% as compared to that of the silicon
device.

Similar findings are outlined in this paper for bipolar
lateral magnetotransistor too.

The use of magnetotransistors as magnetic sensors
allows the achieving of some current-voltage conversion
circuits, more efficient than conventional circuit with Hall
plates.

References

[1] S. Middelhoek, S.A. Audet, Physiscs of Silicon
Sensors, pp. 5.20, 5.21, Academic Press, London,
1989.

[2] R.P. Gray, G. R. Meyer, Circuite integrate analogice.
Analize si proiectare, pp. 579, 583 Editura Tehnica,
Bucuresti, 1993.

[3] T.G.M. Kleimpenning, L.K.J. Vandame, Comment on
Travers 1/f noise in InSb thin films and the SNR of
related Hall elements, J. Appl. Phys. 50 5547, 1979.

[4] G.Céruntu, C. Panait, The Lateral Bipolar
Magnetotransistor,ISTET’05, Lviv,Ukraine, pp.23,
25,2005.

[5] A. Nathan, A. M. J. Huiser, H. P. Baltes, Two
Dimensional Numerical Moddeling of Magnetic Field
Sensors in CMOS Technology, IEEE Trans. Electron
Device ED-32 1212-19, 1985.

* . . . ..
Corresponding author: universitateamaritima@yahoo.com



