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* 5 Magnetic Sensors
sIntroduction

*Theory

Galvanomagnetic Effects

*Applications

4

IIIIIIIIIIIIIIIIII




WF‘I—I

MIUNSE |

| | I )
na

DISCOVER YOUR OPPORTUNITIES

| -
I \J W

A\ 4

* A magnetic sensor is a transducer that
converts a magnetic field into an electrical signal

« Galvanomagnetic effects occur when a
material carrying an electrical current is exposed
to a magnetic field

« Hall effects, An electric field are generated
when a perpendicular magnetic field plus a
feeding current in a semiconductor (The effect are
small in metal)

 Lorentz deflection, A current vector are

o rea

« Magnetoresistance, a modulation of the
resistance by a magnetic field

« Magnetoconcentration, produce a gradient of
carrier perpendicular to the magnetic field and the
original current
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Lorentz Force (electric field and magnetic field)

IF =q(E+VvxB)

LORENTZ FORClE ON ELECTRONS B magnetic induction vector

l | | g charge of a carrier

MAGNETIC SEMICONDUCTORS INSULATORS : :
METALS (SECTION 5.2) 1 V is the electron velocity (vector)
F the force acting on the electron
MAGNETORESISTANCE FARADAY (Vector)

MAGNETOSTRICTION ROTATION
‘ X vector product

LINI:EAH | QUAD:RATIC - B= Wi H

I | | | : .
HALL CARRIER MAGNETO- MAGNETO- u, is the permeability of free space

u is the relative permeability

VOLTAGE DEFLECTION CONCENTRATION RESISTANCE
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MAGNETIC PERMEABILITY
|

I |
p, » 1 p_ = 1
| I
FE, NI, CO, SILICON, SILICON-
PERMALLOY COMPOUND OXIDE
| SEMICONDUCTORS |
MAGNETORESISTIVE OPTICAL FIBER
SENSOR MAGNETOMETER
| | |
HALL DEVICES: MAGNETO- MAGNETODIODE,
BULK, TRANSISTORS  CARRIER DOMAIN,
MAGFET, (SECTION 54) MAGNETORESISTOR
HETEROJUNCTION (SECTION 5.5)
(SECTION 5.3)

e u>>1
— ferro or ferrimagnetic materials
* NiFe
¢ p~1

— Dia- or paramagnetic materals

» Galvanomagnetic effects in
semiconductor
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» Dirift-diffusion approximations (semiconductor)
~ B=0
o,=({qU,n
n n
J\0)=0,6 +4qD,Vn,
o= conductivity
g= charge
Electric Diffusion u= mobility
drift _ :
n= carrier
S, Or concentration
o O o™ 0 O»
Drift —_— e .
0O*0> C» O» QOOO+ Diffusion| D= diffusion coefficient
O»

Vn=gradient of electrons
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Introduce Lorentz force in the drift diffusion
approximation

J.(B)=qunE+gD,Vn+qunv, xB

4

Mlttunlver5|tetet

IIIIIIIIIIIIIIIIII




J replace

n an J.(B)=qunE+9gD,Vn—-u J.(B)xB

Result in

3,(B)=3,(0)-u,3,(B)xB
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Solving with respect to J,(B)

J.(B) = [J,(0)+ p,B x J,(0) +(u,)* B- J,(0)BI[ 1 + (1, B)*]™"

|Both cross product and scalar product |

Scattering mechanism

<> Means ~
average 5 = <T2>/<T>2 h\?ﬂ’ggped silicon
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Adjusting the mobility with respect to
U, =r,u scattering factors
n nin*

J,(B)=[J,(0)+ uxBx J,(0)+ K(p1)* B-J,(0)BI[1 +(u3B)*] "
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Semiconductor sample without concentration gradients

J(B)=0,p[& + i Bx & + K(u;)*(B- &) B]

6,5=0,L1+(uyB)*]"".

Magnetic field dependent

= PRP-V e

condauctivity

If magnetic field B is parallel to E then

Which is the longitudinal
magneto resistance effect.

Jn(B) =05 [l+ K(1B)’[E

(4
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B Is perpendicular to E, scalar product is therefore zero. The
diffusion is also assumed to be negligible, then

The Electric field and the
J.i(B = O-HB((g) + y:B X Co@) current density is assumed to

be in the x-y plane. Result in;

Jnx = JnB(é’Jx o urTBéoy) Jny = GHB(éay + M:B(g)x)
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The Hall field is then:
g B
®B - y Hn
X H 1
1l
; I‘r.\‘llilill'_‘
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43111117111 1T 11
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/
: 2
<} |_ >

Fig. 3 Hall effect in a long semiconductor plate (L=4W). Current lines connect (shaded)
ohmic contacts. Equipotential lines are deflected from vertical direction by Hall angle
0y. The Hall voltage appears between border locations 1 and 2. The curves originate

from numerical modeling with x¥B=0.21. (After Ref. 3)

In the case of a long (in x-direction) sample, then the J, =0

*B& =RyJ, B,

RH= __‘u'::/o-n= —rn/qn

Low doping gives a high
hall-coeffic

Hall voltage

Vy=RulB/t.
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VH = RHGt_ 1]B — — GIBr (qnt)‘ 1 G: a geometrical factor

A long, thin and low
doped sensor should
give a high efficiency,

but the voltage
(between L) drop can
15 /rl ‘then be unrealistic high
| _Vu J/sc2 '“

V=(I/qnu; )L/ Wt)
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In the case of a short sample, Hall field is zero and E,=0

A lateral current component is
present, the current is therefore

deflected

o ‘]Hy/‘]nx = HITB =tan GL'

Current imbalance caused by the

L W Y

\
W W W W S

11

A~
1IeCUoOrll

1= L/ W)IB,

The semiconductor must have a
high mobility for high sensitivity,
InSb and InAs are good
candidates

4

Mittuniversitetet

MID SWEDEN UNIVERSITY



.~ MIUNSE

DISCOVER YOUR OPPORTUNITIES

)

3
%

!
Eé
M
C
O
C
c
(
ES
C

Current crowding because of

®B
local increase in conductivity

11 ‘
LT _. Important in devices like
| NNngggann i -
AT | magnetodiodes and magneto-
!l IﬁgE::::wI:: | transistors
AT N
NugyNunny n
e g
: j"‘:::::g L 1§ [Ll
. :qu__ﬂ__ 1% :11 -
ll 1 Il_l ) i

Fig. 6 Magnetoconcentration in a nearly intrinsic (T=500K) bulk silicon plate.

Current lines connect ohmic contacts and crowd near bottom. Equipotential lines are

e a3

approximately parallel to the contacts. The curves originate from modeling with
#iB=0.21 and p*¥B=0.07. (After Ref. 3)
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Typical Magnetoresistor

P

Salurabion Region

Exlemal Field
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Permalloy (NiF2) Rasistor

Magneto- | AR
Resistance | R
Maanetization M 7T cos’ 8
— ) Linear
Easy Axis o applied fiel Operating
: Region
Currert | v X
|
- : |
] -90° ge 45° 0p° Angle (8) of
’ Fapped Rarber Pole Magnetization Field

Bias to Current Flow

Barber Pole Bias
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signal output

L™,

Applied Fneld Dlrectlon AV = -Vs § sin (20)

\1 Vs = Supply Voltage (volts)
AR/).\'\ - S = Material Constant (12mV/V)
\" o 8 = Reference to Magnetic Field Angle
/m« L* v (degrees)

Vs = Svolts

=]
[=

-—
(=

=
=]

(=
——
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AV Signal Output (millivolts)
e
[ 4

Fenk! Peak Value

LR T T T PR TP ST

=180 -9 0 90 180
theta (degrees)
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ROTATING SHAFT
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Hall MR
Process Technology Silicon |C NiFe Thin Film
Sensitivity 10uvivig 2 mivlg
Saturation Field None 10-100g
Linearity < 1% C0S'0
Sensitive Axis Perpendicular to Parallel to
plane of chip plan of chip
Qutput for Constant Field Yes Yes

Hall Effect Sensor

Magnetoresistive Sensor
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Maqgnetic Laver
Mon-magnetic Conductor
Magnetic Laver

Antiparallel Moments
High Interface Scattering
High Resistance

Parallel Moments
Low Interface Scattering
Low Resistance
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— Sandwich structures combining ferromaonetic and diamaaonetic metatlic DISCOVER YOUR OFPORTUNITIES

thin films
Giant Magnetoresistive Effect (GIMR)

Q Significant change in the electrical resistance (10 — 15%) when the structure is
subjected to the external magnetic field.

) Caused by spin dependent scattering of electrons in thin film sandwich structure.

o External magnetic field changes the magnetic orientation of the ferromagnetic

layers and thus affects the flow of electrons.

Ferromagnetic Layer

- - HIGHER RESISTANCE LOWER RESISTANCE
Diamagnetic Spacer

*
fiyeﬁr—r\—’ 4 —R—Te
Ferromagnetic Layer \ \ j \
2 ——- -
“Tv <
SUBSTRATE OUP ODOWN OUP ODOWN

The mobility of electrons with the parallel spin is higher than those with anti-parallel
spin.
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Magnetic Sensor Detectakle Fisld Range (gauss)®
Technology 10 -8 104 10 0 10 4 10 8
Squid
Fiber-Optic

Optically Pumped
Muclear Procession
=search-Coill

Earth's Field
Anisofropie Magnetoresistive
Flux-Gate

Magnetotransistor
Magnetodiode
Magneto-Optical Sensor

Giant Magnetoresistve
Hall-Eftect Sensor

* Note: 1gauss = 10 “aga =10 Egamma
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CCH

CC2
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Cc current contact, sc sensing

contact
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EQUIPOTENTIAL LINE

Working principle Lorentz current

(deflection)

[ High 1/f noise |
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The channel is used as a extremely thin hall plate.
High 1/f noise

Gate
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transistors

Lorentz deflection
Sensitivity similar as for dual-drain MAGFET

C1 B E B c2 suB

P-SUBSTRATE

®XB
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e Magnetoconcentration

* Use of a high and a low recombination surface
S1 respectively S2

The current change in the device caused by the
deflection towards low recombination or high
recombination surfaces
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An Si plate is doped with phosphorus and boron. Np=4x 10'* cm 3,
N,=4001x 10" cm~3, r,=1.15, r,=0.7, p,=0.047T 1, y,=0.138 T~1.

f e ras o D
‘Tl\"fha.t iS LhU leUU fU I\H

A Hall plate is integrated using a standard bipolar IC process (Fig. 11).
The epi layer defining the plate has a thickness of 10 um and a sheet
resistance p,= 1000 Q/sq. Assume L =600 um, and W =200 um. The supply
current is I = 10 mA and the presence of a magnetic induction B= 100 Gauss.
Calculate:

a) the Hall coefficient, R

b) the Hall voltage, V,
¢) the Hall angle, 0
d) the supply-voltage related sensitivity, Sy.
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3) Hall structure ,V,=0.1V, Bz=10*E-5 Wb/cm2, Vsc,,=

-2mV, t=10um, L=5mm, w=0.1 mm, I=1 mA, find the type,
concentration, and mobility of the majority carrier.

answer; electrons, 3.125E17 cm3, u,= 10000 cm?(Vs)*
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Thank you
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