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LOW-NOISE MAGNETIC SENSORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part (CIP) to 
US. patent application Ser. No. 13/187,329 ?led on Jul. 20, 
2011, and claims priority to US. Provisional Application No. 
61/733,973 ?led Dec. 6, 2012, the entire contents ofwhich are 
speci?cally incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The present invention relates generally to magnetic 
sensors, more particularly, to extraordinary magnetoresis 
tance (EMR) effect and Hall effect sensors and methods for 
making and using the same. 
[0004] 2. Description of the Related Art 
[0005] Generally, there are at least two types of magnetic 
sensors that can be used to measure a magnetic ?eld, includ 
ing an EMR sensor and a Hall sensor. An EMR sensor oper 
ates based on an EMR effect. Broadly speaking, the EMR 
effect quanti?es scattering of electrons at a material interface 
when an electric current is applied to the material. The scat 
tering occurs due to an interaction between the magnetic ?eld 
and electrons in at least one of the materials comprising the 
sensor. Generally, a the Hall effect quanti?es a shearing force 
caused by interaction between the magnetic ?eld and elec 
trons in the current applied to the material. Each of these 
effects are described in greater detail in the sections below. 

EMR Effect Sensors 

[0006] EMR is a large magnetoresistance effect that may 
arise in a nonmagnetic semiconductor metal hybrid structure. 
In an EMR effect sensor, the Lorentz force induced by a 
magnetic ?eld may cause a redistribution of the electric cur 
rent density between adjacent semiconductor and metal lay 
ers resulting in resistance changes. The EMR effect may be 
described by equation (1): 

R(H) - R(O) (1) 
EMR(HE) = m) 

where He is the external magnetic ?eld (e.g., external to the 
sensor), R(H) is the measured resistance of the sensor in the 
presence of a magnetic ?eld H, and R(O) is the measured 
resistance of the sensor at zero magnetic ?eld. 

[0007] The dimensions of an EMR sensor, the thickness of 
its layers, and the placement of the voltage and current leads 
may signi?cantly effect magnitude of the measured EMR. 
FIG. 1A and FIG. 1B depict prior art EMR effect sensors 
100A and 100B. As depicted in both ?gures, EMR effect 
sensors 100A and 100B each have a metal layer 102 and a 
semiconductor layer 104. In both pictures, the voltage and 
current leads are arranged symmetrically around center 110 
of the EMR effect sensor. 

[0008] Voltage leads 106 and current leads 108 are located 
on one side of the deviceicoupled to semiconductor layer 
104. FIG. 1A depicts voltage leads 106 and current leads 108 
in an V-I-I-V formation, and FIG. 2A depicts the voltage and 
current in a I-V-V-I formation. The voltage (V) between volt 
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age leads 106 and the current (I) through current leads 108 
allow for the calculation of the resistance R(H) in equation (1) 
by using equation (2): 

[0009] EMR effect sensors 100A and 100B can further be 
described by width 112 of the metal layer 102, width 114 of 
the semiconductor layer 104, and length 116 of the EMR 
effect sensor. FIG. 2 illustrates the simulated EMR effect for 
EMR effect sensor 100B (e.g., having an I-V-V-I lead forma 
tion) for four different magnetic ?elds as a function of the 
length (L) 116 of the EMR sensor divided by the width (WS) 
114 of the semiconductor layer 104. In this example, metal 
layer 102 is gold, and semiconductor layer 104 is indium 
antimonide. As shown, the EMR effect is dependent on the 
dimensions of the sensor. In FIG. 2, the EMR effect reaches a 
maximum of approximately 1.1><105% with a 1 T magnetic 
?eld and an L/WS ratio of 25. 
[0010] FIG. 3A and FIG. 3B illustrate the change in current 
density in semiconductor layer 104 of EMR effect sensor 
100B. At a zero magnetic ?eld, the current density in semi 
conductor layer 104 is low, as depicted by minimal current 
density ?ux lines in semiconductor layer 104 in FIG. 3A. The 
presence of an external magnetic ?eld causes a redistribution 
of the current density due to the LorentZ force yielding an 
increased current density in the semiconductor, as depicted 
by more current density ?ux lines in semiconductor layer 104 
in FIG. 3B. In this example, a 0.3 T external magnetic ?eld 
creates an increased current density within the semiconductor 
layer, and as a result, creates a higher electrical resistivity. 

Hall Effect Sensors 

[0011] The Hall effect is the production of a voltage differ 
ence (the Hall voltage) across an electrical conductor, trans 
verse to an electric current in the conductor and a magnetic 
?eld perpendicular to the current. For an n-type semiconduc 
tor where there is a dominate type of charge carrier-electron, 
the Hall voltage VH is given by equation (3): 

_ IB (3) 
V” - - E 

where I is the current input, B is the magnetic ?ux density, d 
is the thickness of the plate, e is the electron charge, and n is 
the carrier density of electrons. 
[0012] The most frequently used Hall effect sensor consists 
of a high mobility semiconductor conductive bar with four or 
six contacts. Two of the contacts are current leads, which are 
used to induce a current ?ow through the Hall bar, and the 
other contacts are voltage probes which are used to measure 
the Hall voltage. FIG. 9 depicts the typical four contacts Hall 
effect sensor 900. As depicted in the ?gure, Hall effect sen 
sors 900 have a semiconductor bar 901 and voltage probes 
902 and current leads 903 are located on the edges of the 
semiconductorbar 901. The voltage probes are arranged sym 
metrically along the centerline 904 of the Hall sensor. 

[0013] The Hall sensitivity S His a very useful parameter for 
judging the performance of the Hall sensor (equation (4)). 
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[0014] The Hall sensitivity is typically l~5 mV/mT for a 1 
mA current With the commercial Hall sensors. 
[0015] Another useful parameter is the thermal ?eld noise 
(in T/\/HZ, equation (5)): 

(5) 
m I I 4KBTR 

SH 

Where R is the resistance of the Hall sensor, T is the tempera 
ture and KB is the Boltzmann constant. Two-dimensional 
quantum-well multilayer heterostructures based on GaAs are 
promising for loW-noise Hall sensors With 100 nT/\/HZ. In 
general, noise could be signi?cantly reduced With devices of 
lower resistance. 

SUMMARY OF THE INVENTION 

[0016] Embodiments of magnetic sensors are disclosed. In 
one embodiment, the magnetic sensor includes a semicon 
ductor layer. In some embodiments, the sensor may include a 
conductive layer substantially coupled to the semiconductor 
layer. In some embodiments, the sensor may include a ?rst 
voltage lead coupled to the semiconductor layer. In some 
embodiments, the ?rst voltage lead may be con?gured to 
provide a voltage for measurement by a voltage measurement 
circuit. In some embodiments, the sensor may include a sec 
ond voltage lead coupled to the conductive layer. In some 
embodiments, the second voltage lead may be con?gured to 
provide a voltage for measurement by a voltage measurement 
circuit. 

EMR Sensors 

[0017] Extraordinary magnetoresistance (EMR) effect sen 
sors are disclosed. In some embodiments, the EMR effect 
sensor includes a semiconductor layer. In some embodi 
ments, the EMR effect sensor may include a conductive layer 
substantially coupled to the semiconductor layer. In some 
embodiments, the EMR effect sensor may include a ?rst 
voltage lead coupled to the semiconductor layer. In some 
embodiments, the ?rst voltage lead may be con?gured to 
provide a voltage for measurement by a voltage measurement 
circuit. In some embodiments, the EMR effect sensor may 
include a second voltage lead coupled to the conductive layer. 
In some embodiments, the second voltage lead may be con 
?gured to provide a voltage for measurement by a voltage 
measurement circuit. 

[0018] In some embodiments, the EMR effect sensor may 
include a ?rst current lead coupled to the semiconductor 
layer. In some embodiments, the ?rst current lead may be 
con?gured to provide a current for measurement by a current 
measurement circuit. In some embodiments, the EMR effect 
sensor may include a second current lead. The second current 
lead may be coupled to the semiconductor layer. In some 
embodiments, the second current lead may be con?gured to 
provide a current for measurement by a current measurement 
circuit. 
[0019] In some embodiments, the conductive layer may 
include gold (Au). In some embodiments, the conductive 
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layer may include copper (Cu). In some embodiments, the 
conductive layer may include silver (Ag). In some embodi 
ments, the conductive layer may include Titanium (Ti). 
[0020] In some embodiments, the semiconductor layer may 
include indium antimonide (InSb). In some embodiments, the 
semiconductor layer may include indium arsenide (InAs). In 
some embodiments, the semiconductor layer may include 
gallium asrsenide (GaAs). In some embodiments, the semi 
conductor layer may include aluminum indium antimonide 
(AlInSb). In some embodiments, the semiconductor layer 
may include aluminum indium arsenide (AlInAs). In some 
embodiments, the semiconductor layer may include silicon 
(Si). 
[0021] In some embodiments, the semiconductor layer is 
n-doped. In some embodiments, the semiconductor layer may 
include a ?rst n-doped layer, a second n-doped layer, and a 
third n-doped layer. In some embodiments, the ?rst n-doped 
layer, the second n-dope layer, and the third n-doped layer 
may be doped With tellurium. In some embodiments, the third 
n-doped layer is above the second n-doped layer and the 
second n-doped layer is above the ?rst n-doped layer. 
[0022] Methods for fabricating an EMR effect sensor are 
disclosed. In some embodiments, the method may include 
forming an insulation layer on a substrate. In some embodi 
ments, the method may include forming a semiconductor 
layer above the insulation layer. In some embodiments, the 
method may include forming capping layer on the semicon 
ductor layer. In some embodiments, the method may include 
forming a conductive layer coupled to the semiconductor 
layer. In some embodiments, the method may include form 
ing a ?rst voltage lead coupled to the semiconductor layer, the 
?rst voltage lead con?gured to provide voltage for measure 
ment by a voltage measuring circuit. In some embodiments, 
the method may include forming a second voltage lead 
coupled to the conductive layer. In some embodiments, the 
second voltage lead may be con?gured to provide voltage for 
measurement by a voltage measuring circuit. 
[0023] In some embodiments of the method, the method 
may include forming a ?rst current lead coupled to the semi 
conductor layer. In some embodiments, the ?rst current lead 
may be con?gured to provide current for measurement by a 
current measuring circuit. In some embodiments, the method 
may include forming a second current lead coupled to the 
semiconductor layer. In some embodiments, the second cur 
rent lead may be con?gured to provide current for measure 
ment by a current measuring circuit. 
[0024] In some embodiments of the method, the conductive 
layer may include Au. In some embodiments of the method, 
the conductive layer may include Cu. In some embodiments 
of the method, the conductive layer may include Ag. 
[0025] In some embodiments of the method, the semicon 
ductor layer may include InSb. In some embodiments of the 
method, the semiconductor layer may include InAs. In some 
embodiments of the method, the semiconductor layer may 
include GaAs. In some embodiments of the method, the semi 
conductor layer may include AlInSb. In some embodiments 
of the method, the semiconductor layer may include AlInAs. 
In some embodiments of the method, the semiconductor layer 
may include Si. 
[0026] In some embodiments of the method, the semicon 
ductor layer is n-doped. In some embodiments of the method 
forming the semiconductor layer further may include forming 
a ?rst n-doped layer; forming a second n-doped layer; and 
forming a third n-doped layer. In some embodiments of the 
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method, forming the ?rst n-doped layer, the second n-dope 
layer, and the third n-doped layer may include doping with 
tellurium. In some embodiments of the method, the third 
n-doped layer is formed above the second n-doped layer and 
the second n-doped layer is formed above the ?rst n-doped 
layer. 
[0027] Some embodiments of the method may include 
forming a buffer layer on top of the insulation layer and before 
forming the semiconductor. 
[0028] In some embodiments of the method, the insulator 
layer may include aluminum oxide (A1203). In some embodi 
ments of the method, the substrate may include GaAs. 
[0029] In some embodiments of the method, the capping 
layer may include silicon nitride (Si3N4) and A1203. 
[0030] Methods for detecting magnetic ?eld are disclosed. 
In some embodiments, the method includes providing a EMR 
effect sensor. The EMR effect sensor, in some embodiments, 
may include a semiconductor layer, a conductive layer sub 
stantially coupled to the semiconductor layer, a ?rst voltage 
lead coupled to the semiconductor layer, a second voltage 
lead coupled to the conductive layer, a ?rst current lead 
coupled to the semiconductor layer, and a second current lead 
coupled to the semiconductor layer, the second current lead 
con?gured to provide current for measurement by a current 
measurement circuit. In some embodiments, the method may 
also include measuring the voltage across the ?rst voltage 
lead and the second voltage lead. In some embodiments, the 
method may include measuring the current through the ?rst 
current lead and the second current lead. In some embodi 
ments, the method may include calculating resistance in 
response to the measured voltage and the measured current. 

Hall Effect Sensor 

[0031] A low-noise Hall sensor is disclosed. It comprises a 
conductive high mobility semiconductor layer with two cur 
rent leads contacted to the two ends of one side along the 
semiconductor layer. The ?rst voltage probe is placed on the 
center of one edge of the bar; the second voltage probe is a 
shunt-like electrode, which is coupled to the bar. 
[0032] The output resistance of the low-noise Hall sensor is 
reduced signi?cantly compared to the conventional Hall sen 
sor. Due to the high conductivity of the metal, the current 
induced will ?ow into the shunt-like electrode at zero ?eld, 
which acts like a short circuit in parallel to the semiconductor 
layer. This lowers the resistance of the device and causes a 
decrease of the noise level. When an external ?eld is applied, 
the current ?ow will be de?ected by the Lorentz force, which 
will cause the voltage difference at two voltage probes. 
[0033] N-type III-V semiconductors are typically used as 
the conductive bar in Hall sensor because of their high elec 
tron mobility. In some embodiments, the semiconductor layer 
may include n-type indium antimonide (InSb). In some 
embodiments, the semiconductor layer may include n-type 
indium arsenide (InAs). In some embodiments, the semicon 
ductor layer may include an n-type two-dimensional electron 
gas (2DEG) heterostructure, which is a high-mobility quan 
tum well.A typical 2DEG is formed of a InAs/Ale sandwich 
structure. Those materials are typically grown with molecular 
beam epitaxy (MBE). 
[0034] The metallic contacts need to be ohmic. For n-type 
InAs and InSb, the metallic ohmic contact is typically formed 
with titanium (Ti)/platinum (Pt)/ gold (Au) by e-beam evapo 
ration or sputtering. For an InAs/Ale 2DEG heterostructure, 
the metallic contact is typically formed with palladium (Pd)/ 
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platinum (Pt)/ gold (Au) by e-beam evaporation or sputtering. 
Both of these two metallic structures need a post-annealing 
process to form the ohmic contact. 

[0035] Methods for fabricating a Hall sensor are disclosed. 
Grow the semiconductor layer with MBE on a semi-insulat 
ing substrate, which could be gallium arsenide (GaAs). Pat 
tern the conductive bar with conventional photo-lithography 
for micro-scale device and E-beam lithography for nano 
scale device; the bar could be de?ned with wet etching 
method in hydrogen ?uoride solution or with dry etching 
method using reactive ion etcher with a BCl3/Cl2 etchant gas. 
The metallic layer is deposited with e-beam evaporation or 
sputtering. The patterns of the contact could be de?ned with 
lift-off or etching process. A capping layer of silicon nitride 
(SiNx) is deposit with plasma-enhanced chemical vapor 
deposition (PECVD) to protect the device from corrosion. 
Finally, the contact windows are opened for wire bonding. 

[0036] The term “coupled” is de?ned as connected, 
although not necessarily directly, and not necessarily 
mechanically. 
[0037] The terms “a” and “an” are de?ned as one or more 
unless this disclosure explicitly requires otherwise. 

[0038] The term “substantially” and its variations are 
de?ned as being largely but not necessarily wholly what is 
speci?ed as understood by one of ordinary skill in the art, and 
in one non-limiting embodiment “substantially” refers to 
ranges within 10%, preferably within 5%, more preferably 
within 1%, and most preferably within 0.5% of what is speci 
?ed. 

[0039] The terms “comprise” (and any form of comprise, 
such as “comprises” and “comprising”), “have” (and any 
form of have, such as “has” and “having”), “include” (and any 
form of include, such as “includes” and “including”) and 
“contain” (and any form of contain, such as “contains” and 
“containing”) are open-ended linking verbs. As a result, a 
device or method that “comprises,” “has,” “includes” or “con 
tains” one or more elements or steps possesses those one or 

more steps or elements, but is not limited to possessing only 
those one or more elements. Likewise, a step of a method or 
an element of a device that “comprises,” “has,” “includes” or 
“contains” one or more features possesses those one or more 

features, but is not limited to possessing only those one or 
more features. Furthermore, a device or structure that is con 
?gured in a certain way is con?gured in at least that way, but 
may also be con?gured in ways that are not listed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] The following drawings illustrate by way of 
example and not limitation. For the sake of brevity and clarity, 
every feature of a given structure is not always labeled in 
every ?gure in which that structure appears. Identical refer 
ence numbers do not necessarily indicate an identical struc 
ture. Rather, the same reference number may be used to 
indicate a similar feature or a feature with similar function 
ality, as may non-identical reference numbers. 

[0041] FIG. 1A illustrates a prior art EMR effect sensor 
with voltage and current leads in a V-I-I-V formation along 
one side of the sensor. 

[0042] FIG. 1B illustrates a prior art EMR effect sensor 
with voltage and current leads in an I-V-V-I formation along 
one side of the sensor. 



US 2014/0084913 A1 

[0043] FIG. 2 plots the simulated EMR effect of a prior art 
EMR effect sensor as a function of the width of the sensor 
divided by the length of the semiconductor layer for four 
external magnetic ?elds. 
[0044] FIG. 3A illustrates the current density ?ux lines 
through an EMR effect sensor in the presence of zero external 
magnetic ?eld. 
[0045] FIG. 3B illustrates the current density ?ux lines 
through an EMR effect sensor in the presence of a magnetic 
?eld. 
[0046] FIG. 4A illustrates an embodiment of the present 
EMR effect sensor. 
[0047] FIG. 4B illustrates another embodiment of the 
present EMR effect sensor. 
[0048] FIG. 5 is a ?owchart illustrating an embodiment of a 
method for fabricating an EMR effect sensor. 
[0049] FIG. 6 illustrates another embodiment of the present 
EMR effect sensor. 

[0050] FIG. 7 is a ?owchart illustrating an embodiment of a 
method for measuring the EMR effect using an embodiment 
of the present EMR effect sensor. 
[0051] FIG. 8 compares the simulated EMR effect of an 
embodiment of the present EMR effect sensor and a prior art 
EMR sensor as a function of the external magnetic ?eld. 
[0052] FIG. 9 illustrates a conventional four contacts Hall 
sensor with current leads and two voltage probes placed along 
the central line. 
[0053] FIG. 10 illustrates a low-noise Hall sensor. 
[0054] FIG. 11A illustrates the current path lines and elec 
tric ?eld direction arrows in a low-noise Hall sensor in the 
presence of zero magnetic ?eld. 
[0055] FIG. 11B illustrates the current path lines and elec 
tric ?eld direction arrows in a low-noise Hall sensor in the 
presence of an external magnetic ?eld. 
[0056] FIG. 12 is a ?owchart illustrating an embodiment of 
a method for fabricating a low-noise Hall sensor. 
[0057] FIGS. 13A and 13B illustrate examples of EMR 
effect sensors with voltage and current leads in symmetrical 
and asymmetrical con?gurations, respectively, along one side 
of the sensor. 
[0058] FIG. 14A illustrates an example of an enhanced 
EMR effect sensor. 

[0059] FIG. 14B is an optical microscope image ofa fab 
ricated example of an EMR sensor. 

[0060] FIGS. 15(a), 15(1)), and 15(c) are plots of voltages 
between different electrodes of the EMR sensor of FIG. 14B 
as a function of the homogenous magnetic ?eld applied to the 
EMR sensor. 

[0061] FIGS. 16(a) and 16(b) are plots of sensitivity of the 
EMR sensor of FIG. 14B as a function of magnetic ?eld in (a) 
a low-?eld region and (b) a high-?eld region of the EMR 
sensor. 

DETAILED DESCRIPTION 

[0062] The present embodiments describe an advantageous 
structure that may be useful for sensing magnetic ?elds. 
Advantageously, the same or similar structure may be used 
for both an EMR sensor and a Hall Effect sensor. For 
example, embodiments of a semiconductor/metal hybrid 
structure, which comprises a conductive semiconductor layer 
and a metallic shunt are described. Another advantage of this 
structure may be the low-noise performance characteristics 
achieved through use of the hybrid metallic shunt structure, 
which may reduce the output resistance of the sensor. 
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[0063] In one embodiment, the magnetic sensor includes a 
semiconductor layer. In some embodiments, the sensor may 
include a conductive layer substantially coupled to the semi 
conductor layer. In some embodiments, the sensor may 
include a ?rst voltage lead coupled to the semiconductor 
layer. In some embodiments, the ?rst voltage lead may be 
con?gured to provide a voltage for measurement by a voltage 
measurement circuit. In some embodiments, the sensor may 
include a second voltage lead coupled to the conductive layer. 
In some embodiments, the second voltage lead may be con 
?gured to provide a voltage for measurement by a voltage 
measurement circuit. As will become clear in the description 
below, such a structure may be used as either an EMR sensor, 
a Hall effect sensor, or both. 

EMR Effect Sensors 

[0064] Extraordinary magnetoresistance (EMR) effect sen 
sors are disclosed. An embodiment of an EMR effect sensor 

400A is depicted in top view in FIG. 4A. The EMR effect 
sensor may also be referred to as a Hall-bar type sensor. In 

some embodiments, EMR effect sensor 400A may include 
semiconductor layer 404. Semiconductor layer 404 may 
include indium antimonide (InSb), indium arsenide (InAs), 
gallium arsenide (GaAs), aluminum indium antimonide 
(AlInSb), aluminum indium arsenide (AlInAs), silicon (Si). 
The length 416 of semiconductor layer 104 may be approxi 
mately 50 um (e.g., between 30-70, between 40-60, and/or 
45-55 pm). The width 414 of semiconductor layer 404 may be 
5 pm (e.g., between 3-7, between 4-6, and/or 4.5-5.5 pm). As 
discussed with respect to FIG. 2, the width 414 of semicon 
ductor layer 404 may be selected for optimum sensitivity as a 
function of the ratio between the length 416 of the width 414 
of the semiconductor layer 
[0065] In some embodiments, conductive layer 402 may be 
substantially coupled to the semiconductor layer 404. Con 
ductive layer 402 may be a metal layer with a width 412. 
Moreover, conductive layer 404 may include gold (Au), cop 
per (Cu), silver (Ag), and/or other like conductive materials. 
Conductive layer 402 may also have a length 416 of approxi 
mately 50 um (e.g., between 30-70, between 40-60, and/or 
45-55 pm). As shown in the depicted embodiment, the con 
ductive layer may be substantially coupled to the semicon 
ductor layers. Both layers may be in substantial contact. 
[0066] In some embodiments, ?rst voltage lead 408 may be 
coupled to semiconductor layer 404 . As shown in the depicted 
embodiment, ?rst voltage lead 408 may be arranged substan 
tially along center 410 of EMR effect sensor 400A. First 
voltage lead 408 may be substantially coupled to semicon 
ductor layer 404. In some embodiments, a second voltage 
lead 409 may be coupled to conductive layer 402. As shown 
in the depicted embodiment, second voltage lead 409 may 
also be arranged substantially along center 410 of EMR effect 
sensor 400A. Moreover, as shown in the depicted embodi 
ment, the ?rst and second voltage leads are located on oppo 
site sides of EMR effect sensor 400A rather than being 
located on the same side of the sensor. 

[0067] First voltage lead 408 and second voltage lead 409 
may be con?gured to provide a voltage for measurement to a 
voltage measurement circuit (not shown). Moreover, voltage 
may be measured across the EMR sensor using ?rst voltage 
lead 408 and second voltage 409. A voltage measurement 
circuit may include a voltmeter, a digital multimeter (DMM), 
or other analog or digital circuit con?gured to measure volt 
age across two leads. In some embodiments, ?rst voltage lead 












