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(57) ABSTRACT

A biosensor may provide a magnetoresistive (MR) film
comprising a nonmagnetic layer may be sandwiched
between the two ferromagnetic layers. The MR film may be
positioned on a substrate, where the edges of the MR {ilm are

in contact with leads. The leads may be in contact with pads.
The sensors may provide quasi-digital readout that enable
greatly enhanced sensitivity. In some embodiments, biosen-
sors may be arranged as array of sensors. The array of
sensors may be arranged as a symmetric or asymmetric
N, xN, array, where N, and N, are integers, N, represents the
number of sensors linked together 1n series, and N, repre-
sents the number of sensor sets in parallel, where each
sensor set may comprise one or more sensors. Further, the
array ol sensors may be coupled to a voltmeter, which may
be a single voltmeter 1n that allows the sensors to all be
probed simultaneously.

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

.....................

- SRR o R e



wﬁmﬂﬁ

r M it .
RGN .t” At Nt ”. .

.TH.rH..... LIEN ”.__ ) ....”. ”.r.r. ' ....H.r”.r“.r”.r lH.__

. T . .

[ Al Sy B e e

US 2024/0019398 Al

1 [ ] LN
L EE R RER L ER AR LR R R E R E R R R R R R R R R R R E R R R KR KRN
T A
!

x o dr dr de d ey e de d e a2 =0 ey

:..r.....r.....r.....r.........r.....r

o
ke Tx kK XN kY

X X ¥
o o o o o
T

..1

ITH.TH.'-L J.“ 1“ H.r .'.”L J..Tb. THH.T“. h..f”.f”.' ) '.H.T”.TH.TH.T”.TH.TH.T”.TH.TH.T”.TH.' '.”.—. .1.'”.-. 'TL .H.T”.T”

. s . .. e

Sty o __........., B A e

'.***J-*J*J.*J*J.*J*b..-*****b. ************ﬁ**ﬁ*i.-**

S A P
Pl

X a
X &
X a oy

at "oid 91 "Vl

Jan. 18, 2024 Sheet 1 of 7

N
o

L -l-'ll
g

F r
r
F rr

L -
'- - & & & & & 1]
r - ili lli.' .T.'L
" .........[.__ 2 a . .I.-..-_I.-
. -
TR TR FE TR SR SRR TR TR TR TR TR R TR PR TN Foea '
' FF r F L] L F o F K 1] ' ' ' . ' r - .
4 - x5 - -
" x - Y *
& Y ¥ )
" . . .
N s . A “r
* - 5 -
.._ - [ 5 -
N - =
" » r
" . ¥
" “. "
-
" o i3
" N ¥
N . -
" 2 o
" .
. . 5
N . » .
. M) + A

iy v iy et T el e e I e e e e e e e e

Patent Application Publication



Patent Application Publication

T “\.\:‘\.\’\\\"\ A Nt #»

k
L A
= /s

T RRGE LT
PO O MR FILMOOOO O
Si/Si02

FIG. 3A

N , ‘

SPHOST 15 Y

“‘“ -x’-. _f

RNLEADSN S MB N RNLEADRY
Si/Si02

FIG. 3C

\m -

N —

S S PHOST s
. 77 -

"
i

SLEADN. MR- CINLEADY)

Jan. 18, 2024 Sheet 2 of 7

US 2024/0019398 A1l
e
D a——a
"‘ PHOST > 5
P NNNN 777NN
SR A SIS
i/ O

FIG. 3B

Ao
\i\?\}x}‘izp OST
7. e i / e 7 - =

\ .\“‘f \\\
A RN




HY "9id ar "9id
_m_m_m_”_ aijaubey payddy

0¢ 00L G 001-00¢-008-00%-

_mo__u_m_“_u_sgms_s__ﬂ_% :_
00% 00 00¢ 00k 0 001-00¢-00t-00y- v 00

. 10" o
500" £

US 2024/0019398 Al

% "9id Iy "9l
[3Q] piai4 onaubepy paijddy ap] piaid4 anaubeyy paijddy

00V 00¢ 00¢-  00b- 00V 00¢ 00c-  00v-_
. _ . Lall _ G¢ 001

€001
GE 001

48 ¢Ll

»

Jan. 18, 2024 Sheet 3 of 7

s 6'ZLL
[ SANW ON —— | sdn

qar

=
"I”v ”v."llﬂ”ﬂ?ﬂ‘.ﬂ?”ﬂ
.ﬂ H”PHHHFHFHII.—.H ”. ”H“IHH”I”H.—. -
__Il”l”v.ﬂv.ﬂ X EE H.__.H.__“ﬂ.__ﬂ L

]
k]
o

Hrr.v”nv.rrr

oA ru.rv
AL A

* 2 rv.v A rv > v.rv ”.v

Ll i
A

k.

o u.. X

x”p”x”p .

g

i i A AN A

r.u..u.r.#.v HFFH.H u..u.u_
A

b ]
>,
.

2
"

)
o

ol
v.vv.vrvrv

o
a
X
g
»
]
)

H”F”H P”u_
N

]

HHHHHHHH:'.

b N
b

F
'

F
Hd

b
e

Hd
L

H
]

.Y

-
?FHFHI.? Hu..u.. Hr.un 1
u..

>,
M

v’x’v’v )

A
ki
X,
A,

E
H

E
H

x
” F?H A H?H?H Funu_

.'-r-rrrr.'-:
!

o

b

I!HHEHI!HI!I'
-
)
)

M N
H HEXEXEXLNENERDZX
. FPU.HU.H?.FH HHHFHHHH-.

1-:-:-
e
o

Al
M
H
Attty

£
N

FaE A A
Y

i)
)

)
N

XA A
.
ol
i

™
W

n
[ ]
iy hq.___H._q_"_.__.._._u_ ...4...&....4._..4.__.._1....

Patent Application Publication



Patent Application Publication  Jan. 18, 2024 Sheet 4 of 7 US 2024/0019398 Al

Al
1
-
'.
¥
- r ek rkrkrkrkrbkrbkrbkrbkrerbkrbkrbkrerbkrbkrbrbecbkbrbkrerbrcebklsrerbklrerbrfebkbsrbkererbrbrbkbrbkrerbebkbrbkrerbrecebkbrbkrerbbebkbrbererbrfbrebkbrbkrerbfrebkbrbkrerbfecbkbrbkrerbfbebkererbkrcerbfbrebkbrbkrsrbbrbkrb
__________________________________________________________________________________________________________ ] ] ] ] ] ] ] ] ] ] ] T T L S
-‘. T B L R R R R RR R R R R RN OEL B LR L L L L R "',""""'"
1
A e Sy p e R R ek« s amaammmm o om-
{ " q"' ' 11'._1' .l‘
v . N S - r -
L L L L
Y [y P e e e
L r &
1"“-
L~ L]
1% L
o 1'--
" §
L L
. .
L T
I L
" - Mk .
i - - 5
k - & - o ]
" - - r £
1.4 S oL 5 S RN SR R S SR S O S ™ '
| - r 1 . . ]
w 1"‘. k) [ Sl S Tl S T T S S A T h
A - v -
o '.‘J- ¥ - .
"
A R o /
& Y -
1 L
1 T, 11" -r
. e >
o
o -7 b*l-
w, ¥ -.'q-
. N
] .‘1 -|-
1' 11"1'_ oo s e e
. hoh_h Wb o o wd LY T TR T T O T Y )
. . . .
N _-Il._ , '_i.-llli'_-l.-llli'_i.-llli'_i.-lll‘l
- P [ T
A = = = m m m E m m = m m m m m m m m = mn = n fm ononom s s wiin s s s moEEEoE NN EE NN E NN R

b ke ko ko hFhFkFhFhFFFFFFFEFEFFEFFFB FbB FRFRFbR R F R FbE FhE F R s bR F R F bR FhE F R FhE FRFEFE FRFRFFFFFFFB Ilblbhblblbb Fh Fh ki rrrrrrrr - rFr bl h F b rrrbrbrr ko F ko ko k
.l L]

u - - T - L

L

[ ]

AL e J_f't o S L

.5. - -p:lrﬂl-:. " = ®m = ®m § = ®m ®E § = N = ®W ®N ¥ S W N N N = N S ¥ % N S ® ¥ S5 E ™ ¥ N N S ™ S S S N S ¥ N ®E N ®N ¥ ® N S ®N ¥ S5 8§ ™ ¥ S5 E S ™ S ¥ S ™ S ® N % 8 ™ 5 %58 5 = @5 = swuw s s s 1 A TE "= s Eww*omy

4
-
4
L
-
a

L e E
_f‘*_ 7 .
."J'- 1
- L Hd
L 1-Il" T ' LI | 4
14 A | x] . - m -
X » ) -
= " - .4 A W A 4 _A_N_ 4 N _q4_§_= & | 4 -
Py g . N . - |-_'.‘I
) - FEFEFEFEFEFFFEFEFEFEF - ;i.v:-:|- |.II
" T . . . . . . .
, - Tk s
r . . ] -
L L) L] - *
::z ]
R v - -
o ;
-.".'rJ.- -.':I- i
gy s ]
g y L ol
A, 2
'll-ll-ll'r " L= .
v el 3 *
;:hh-. g gt} T
-
i d
L) » '
" .
-1 " & Tll:_ '4_ e :l_ _.'-' L) '
-:: [ . -:i- '.E'..‘- ________________________________________________________________________________________________________________________________________ " LN N N R N N R R N N " _' ----------------------------------------------------------------
1-‘ . --i- ‘. Tk ! 1]
. ., ]
yl:-'-. 'l'-'.l-. --'.i "'-‘.ﬂc' £l = "
R - ] . )
\ . W, i
% - -
1'.."';_ x
A N [
L . 'r
l:..qu " oty
¥ L = N
- - *
'I‘.r "
LR L
L L 3 o
[l .
* 1] J"... .
W,
L L
T & -
L -
n in 3 A
; ‘aa o L
h L G
: Tm+ v T
. T i *
T Ly 11‘1_'
" " W_h L - & F
& & 3 & b
At e a1|:i"t- ¥, - S x
- 'r'.-.-.bi ------------------------------------------------------- F = = = s s = 5 w2 m w w w o= owowowowowowon ¥ == moE == oEEom mwm s B = = = = = = = ®w N = m ®m N ®m ®E ®m ®m THs = = = m = m m = = m m = m ®m m m ® m m ® ® o moEoEoEoE o E E A oEoEoE o E EEoEoEEoEoEoww
. '..-.'rl. ' BN T T T T T R I - L N R I T T T e LT T R R T R R AN AR RN R R R R R RN R RN RN
ar. ‘. i T . ..Il.
1 . . .
‘l.ﬁ‘ -“-"ﬂ'ﬁ"-"»‘n‘f = q' r 1..:1-‘I rr -
L L
r & - o 1 -
. LN T
, 1 - '-‘.Ill' L]
T, N & b b 1 L}
[} &k P r .
L] - L e
L L] L - d
L] r & r_j 1 L}
3 L) . .
&+ - b d
. & F I
C s x ] -
. L ' 1 N
r .
L A 127 .
A LI -~
' L N L] LI M
/ L] - "
o & J
- LI L | ] -
= - L} - LI A
- 1.‘.“... .
oy - SN Ny -
o W ol c 1 - .
. _‘_‘:_ .-. Ak ...:;" N~ 1 !
W, ) L] J
L] w, L 1 L] N
N Coaa kT aTeR SN = ' x )
hy il 1 R L e N -
1 . e " BTN M a N ol . e
TR L A M e AL : L ) '
L] ol - - LRI B T | . “onon e Ok F R L v LI Y |
L] |l DL T B N B - nr b R FEFE LT L N I AN LR T N B R
T [ W - LN B Y - DL A B N LN R DR T A ] - - - LI § & L]
i Y L] = r rd L] ek b BBk M N M N LI MM LN -
l!"l '-IJI 'I'.'ii'l‘l W oA A A ey L _E G B 'rllr"#"lrblrb#.#‘#rli-i*““ -I-b-b-l'-ll-l"‘-l"-! N o A "t L il )
» _i*- . L EE R R N R R gty N i i R e

L]
4

L

- &-.W.*M'-*-_'-p_'-pluu_-',-.-.-.-.-..-..-...-...-..-.-.'.'.'-.*---.

L

RN NN RN ER RN R

gt .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ ..I- -I-:-.~ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .-: .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .‘ .l [

P e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

0
P o o o o o o o o o o o o o o !

A A A A A A A A A A A A A e - 1 - - WA A
£ - -




US 2024/0019398 Al

Jan. 18, 2024 Sheet 5 of 7

Patent Application Publication

24 B4 H S VL "9

210 =4V 550 =14y STARENY
0% 008 002 001 O OO~ 00C- %m,.%w%o J0F 00 Q02 001§ QOl- 00z- %m,,%ﬁ@_@ 0 005 007 001 O 00T~ 002 %m..gﬂ@
§ .mmm_n_u_m_u_m_m_m_u_mwm_m_m_m_”_mmm”mmwm”wwnuwmnm”wmﬁ.nnnu.nnu_unmunumunuu..”./ o
00 500
700 b
& e =
2 70 3
mg G20

-------------
--------------------------------------

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
mmmmmmmmmmm
kkkkkkkkkkkk

- R R R R R R R R e
r

-
T ! ' . Ill‘l‘l.’lllll*l*l*l*IJI*IJIJI*I*IJJ‘
- “.I i e
. .
. . W
. .

1111111111111
mmmmmmmmmmmm
mmmmmmmmmmmmm
HHHHH
L r 2 r B r B P 3 |

xxxxxxxx
xxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxx

- o - [ [ 4 [ LA S A N L S

. . a - [
k b s T - - * - o
. " . .. S 3
k- - . T . i
. - N .

. - .
....-ln.....- T L T " - " L - L
OO O = b N R s N R R N R O O

L] r L] - -
R



US 2024/0019398 Al

Jan. 18, 2024 Sheet 6 of 7

Patent Application Publication

~
oA I
)

~
oA I
E
~
oA I
E
o
o
E

B I, | ,
u_.HH!HH...__u..HHHHH.tu_.u..Hxu_.u..HHH!HHHHHHu_.u..u_.Hu_.u....._.Hu..u..u_.HH.tHH!u.”!HH!HH!!!HH!HHHu.”Hx!HHHH!HHHu.”!xHHHHHH!HHHHHHHHHH!!HH!HH!!!HH!HHH!HH! HHH - - - - - [ - - [ - - [ [ - - [ - - [ - - [N [ - - [ - L] - - [ - H .
. .Hx”xHx”x”xHxHx”x”x”r”xHxHx”xHxHx”xHx”x”xHx”x”x”x”x”n”x”x”x”n”x”x”x”x”x”n”x”xHx”x”xHx”x”x”xHx”xwx”x”x”x”x”x”x”x”x”x” _”nr” r Ry r oo o o o o a o o™ ru_.rr”:.Hu_.”r”n"x”rH:.Hx”rHxHu_.”x”r.”x”r”x”,_.”xH___“x”r”x”x”x”x”x”x”x”x”x”x”x”a“___Hx”x”xHx”x”x”x”x”xHx”xHxHxHa"xnx“x”xwx”x”xxxrx”xwx Lo .H.. rrrrr b r e B -'_-..”.-_H.Ils_
TR A A A A x Y E O A A L » .
PP D P AL e e B D AP AL A U P P A B P P e A B B B A A B N x / N A g o X a .%t___l..._
A A A A A A e A ool N A, "N » ik F
B I I N K ' E O 0 A A N a . )
T A A A A A A Al X - Fo A, A AR » lu._..-.
F A A A A A O A o A A A A x K " A A A g A o A X x K . .. P L™l
A x - EOE A NN el . »
A A A A o x 3 N A o o / A . . e
FAE A Al A A A A A A %! - A A A o " A o .._ »
FE A A A A A o A A A A x ] A A AN A R A R U - P
L A A A A X - Al KA R =« ol »
F S A A O A o A A A A A O 3 FOE o A A S A A o A X PR K s
B o o o o o oo o o o o o a o o e a e o g e e a  a  o a PP Ko R o, Y - A A o L . WK »
PP P P e e U P A AP A P R A A A P e e o A A B B A A P A A ] A A A g o A X e A, W a
FOAE A A A A A A A A o N A Y - o oo o o o o o e e P e e T  a P a  a  ameo Codo "N o, »
o P R P e R oo R BB R A R R R A kY 3 ; EO A A A A A o N A AL AL P TP AL AL L AL P AL AL L AL A R R R A AL A L TR T Vs
) .r”rwr“r”rur“rurwr“r”.r“r Hﬂﬂﬂﬂ#ﬂ?ﬂ oo v_””r v“r.” r.”r ””nv.nv”x” r.u_”r. ”r” nv”n:”x”an”x”rr ””rrxﬂn”r””x”nwxﬂnﬂrﬂx”v % i) “ A A rrrr”rHrHrHaHrHr”rHrHr”rHr”r“r”rHr“rHrHx“a“rHrHr“rHr“rHrHrHr“rHr“rHrHn“r“rHr“rHrHrnr“xnrnxnrwrnrnn"nnrnrn HHHF.H ' e g M g P P Py g0, urnvurl"u”n”r ”.
Fol ol ol B A ol ; : 3 A A A A ol o X A A e
e e e e e e e XX Y - AR A A A A A B R B A R A R e e e " A X »
N ; ; ; )
.44.._..___.4._..”.4H4H4....4.._.4.44.4.4.__.4.44.44.._.4.._..._..._.4....4....._.......4....4.._.4.4.___.___.___.___.___.-_.___.__.4.___._...._..4.___4.....___.___.___.._.4.___._...._..4.._.4....4....4.._.4.._..._..._......_.4....._...4.4....4.._.4.._..4..............................._.._...._..4.___4.___.___.-_.___.-..___.-_._...._.4...4...4.-4.-4.._4.-4-.4.._....-.._-.-_.-4 nx”xmxrxrnl-l -". * ”xHu_.Hu_.”x”:.Hx”rHx”u_.”x”:.Hx”r”n"-__”r”:.Hu..”rHxHu_.”x”:.Hx”xHu_.Hu_.”xH__."x”r”xHu_.”xHxHx”x”xHx”xHxHx”x“___Hx”xHxHx”xwxﬂxﬂxﬂxwx”xwxﬂxna"xwxn s ” :_H:_Hx n” )
o, LR e . O - g A A A o A A A L K »
; A X / o A . x ] A Al o A A A g A i X A a
o o o ol o i Py Ly EOE iy : - A A A A o "N X »
Y o ENE A i e ! / 3 A A A A A A o A A N Y Vs
B A / PR K R KRR R W K KN - A A A A A A A A oy N »
A A x FOE g A A A KA K " S ’ ot K A KK FE A S Al A A R Y L
. VA R KT KK B R o e B KRN Y Y iy - o A A A A A o K »
/ O O ol A S PP AP A P A A A AR 3 A A A A A o o A A A A A A A o A e
B x N oo A o A A EYE iy i X - o T T T g T  a  a a a a a P aood X »
I I T ENE A R ] A A A A A o A A A A A A i A Y Ll
B e o o o e o o o o o o e o o o ot o o e o Hnnv A A A A A - FE o A A A ol A A o FE o A o A A A N »
A oA e A A A e A FOE g A A FOE g A A o A 3 E O o A A A A S, A A A A A A A A A A A A A A o A o Y s
B o A AR PR A Al oo e e e A - EVE I A A A A A A A A A A o A R A A A K »
/ PP A P A PN ol T LI, P AP AP A B A R ] Al A A A A A o A a
B X K A A A o A I o o o o o o o e o o Mo o o - FYAE I o S i A A A A A o A I A X »
o A A A E X A i i, 3 O Nl A A e ENE I A o o A A A A Y Vs
B x A o A A g - PP e A P A e A A A A B A B A A A T A A A A A A B A B A R B R L B e e e N »
A FE A F O, A o A A A A " A A A o ol A A o A A o A o Y L
o xxrxrxxxxxxxr e EE A - o R R TR  ERBeRRRRE RCaaeaeReCaReECRnpeRepeRepeaeRepe e e e e e K »
A A A A A A A A P AP A0 PN N P A AP PP AP0 A PN A A 3 O A T A T A e
o e g e FOE A o A FE A A - EOE A A A A A A o A A A X »
/ R K KRN R o o o o o o o o o n o e i ] F R A A A N A A A A o Y Ll
. rxnxxxr o a o o o e o o o ot o o ae a o W A A A AR A A - O A A Al A A A A A A N »
A R A R FOE A, A o A A 3 F S A S o A A S A o R Y s
O P o P PR R e e B B BB A Al - E VI A A A A VR A A A K »
AL AP PN WA A A A A A A A A A A A A (P PP AP A A A ] PP PP R BB A PO B U D e B PO B B P A A B B A B L R B B B P B A e A B e el A a
xR KK A o I A EOAE ! - FYNE i EOAE A A A A X »
R xrrrrrr EVAE A A o rrrrrrrrrrrrrr 3 I T I i Y Vs
. oy A A A o i - Ol A A A A A A A A i N »
A A FOE g A A o A FlE A o " F R A A A S o A A A o A o A Y L
EYA i R e XN K e - EVRE TV A K »
R K KK KK P P A PN A DA PN A B FE o i 3 AP P PR R A A A B I B PO A A A A A A A B B A B B R B A A A L B A e A B A e
R A i e e - F O I A A A A A A o A A A A X »
o e I i A A ] I I i i Y Ll
o o a o o o e oo o o o o o aead o™ PP A - N A A A A Al A A A A N »
oK A o o o o o o o o o o o o o E O A o 3 F S A A O S I o A A A A o A o A A Y s
i P o PP o R T P R KRR o el o o o - K P R A MR RN R R R B R R R T B KRR R R R R R KRR K »
AW PP UL PR A PN A e B K R I ] A A o A A i i A ol FE A A A a
i At g g g L o g T P L o ! o o o o - FYRE I A I A EOAE A A X »
oK e ENE A o EAE A 3 A I A A F O S A Y Vs
oy .v.u_.v Pl A A PP R B A AL R M P - Ao o o P B P P o PN A N »
oK ! ’ e FlE o FE A A A " A A A A A o A A A e A A 0 A A Y L
e EOE Al rrrrrurrrrrurrrrrr_vurr - EYRE T A A AR e e R e A K »
o W ol A AN 3 AP P A PP T A A A B U B A A B A A A P A A A A A A S A e
i e g i ’ ’ ’ o - FOE A A o o A A A A A A A N A o EOAE A o B X »
ol O K o ] i, i i A e Y Ll
Fy Al W A ! - N o O S N »
oW o o K U 3 F S A A S A o A A A A o A o o A A Y s
> O - E VN A A A A A A VR A A A K »
ol a / WA ] A A T U S A a
i = Fo - FONE A I A A A X »
ol X Y 3 F A A A A A Y Vs
o > > - N A A, A A A A A A A i " N »
ol AR " F A A A S o A A A o A o A A Y L
> Y AV A - EVRE T VA VA A K »
ol ! 3 __.I-_l-_l-.l-_ - A A o A e
Y - ll-_ FOE i A A A A A A A A o A A, A A X »
] ' F O A A A o A A A o A ol Y Ll
- - O A A Al A A A A A N »
3 F S A A S o S A A o B Y s
- 5 E N A A A A AV A A, A K »
] -Iln-.._-___ o A A A A A ol A a
- EORE A A A A A A X »
A . 3 ult_."t___lu AN P D0 A U BN B A B B I RN A BN BB AL W BB U B B e BN B B N BN BN B A N W Y Vs
B xR A A KA . - v . U A A A A ol A S PP P P B A AL A K N »
o I - " " . A A S A A o A A A A F S ol A A Y L
F A A . - . rxuxrrrruarrr.xrxrxrrrrr.nxrrrrrrrrxxxxxnxxxxxxxxxxrrrxnrrrrrrrrrrrrrnurrrrrrrrru K »
. . 3 Koo R MK KK KRR K R Ko KKK TR R W M K KKK TR KR T KKK KRR R K Ho K KKK TR A H KK KKK KKK K IR Xl A e
. - - FOE A o FYRE A o A Al e X X »
] A A Al A A o A A A e A o Y X W Y Ll
o - u..xrnrru..rxxx:.u..rrrruu..rrrruxrrrrr,_.xrnnxxxnxnxxxxxrr.u_.rrrnxrrrrrrrrrrrrrnxrrrrrr N »
’ 3 F S Tl A A A I A o A o A A A A A o A o K Y s
Y - E O A A A A A A i EVE S A A o A K »
A ] ol A A A A A A A A A A A A AL A ol A a
! - - - FOE A A o A A A A XK K ’ K »
.”v ; v.” -". a u..”x”u_.Hx”rHxHu..”x”xHnHrHxHu..”xHu_.Hx”rHxHu..”xHu_.Hx”r”n"n”xHu_.Hx”r”xHu..”xHu_.Hx”r”xHu..”x”n"x”r”xHu..”x”r.”x”r”x”r”x”r”r”x”a”v”r”r.Hx”r”xHu..rrrrrxrrrrrrxna:rr”v.rrwr” ” ” H n” -
Y - s EYRE A VA K »
N A 3 O A T S o A e
o : - FOE Al A A A A A A A A A A X »
X ] . . F O A A A A - A A A Y Ll
; - N A A A A A A ol U x N »
x ’ 3 F S A A S o A A A o Y s
o > - e EVNE A A A A A VR A A, A K »
A A ] 1 . O A A A a
> Y - . EORE A A A A A A, A A X »
X r. 3 - . F A A A A A o Y Vs
> o - r . Ol A A A A Al A A A A A T, o A i N »
KA Y " . . F A A A S A A A A A o e A A A s
e oy - T . FXNE i A A A A A A A A A A, i . N »
AW WA ,_. 3 Dl K R R KK R KK KK R R R Ko KK KK R R K KoK T K KRR K KR K K KRR R W A e
A > Y - - FOE A A A A A A o A e A A A A X »
o X ] “l-n-.H I I i T A ! .
el Foy - * 2 2 e e o e e e e e e et ac A e e A A P A A P A P A A A RN A A T A A A N »
KKK ! 3 P o o A A A o A o A 0 Al A A A A A o xn Y s
g K - ltui.u# rxrxrxrxxxrxrxrxrxrxrxrxxxrxrxrxrxrxrxnxrrrxrxrxrxrxxnv.rrxrurxrururxurrrrxruruu K »
Fly ] . . PP A PP D P PO U DA A LA U B A A P B A A A A A AL A U A A A R A A A A ' A a
AR - ' . FYNE I A I A A A A A o A o A A A Al A A g ’ »
r.rrr. 3 1 I i i I ' Y Vs
A . - - . u_.x:.xrxu_.xnxrxu_.x:.xrxu_.x:.xrxxx:.xrxu_.xnxrr.u_.rxxrr.u_.r:.xrr.u_.r:.u..rxrrrrrrrrrrrrrnxrrrrrrr »
XK K " " ek ek F O A A A S A I A A A A A o A ' Y L
Y . - % - EYRE I U A A A A A A A o A A Al A A e K »
oy 3 P S, o A A o A ' A e
i . - - A oA o R e AR A R AL R AR R R R R IR R A A A A o T e T P g o P Mo P P i X »
FolE ] P EE A A A A A A o A A A A A A A A A A A A ' Yy Ll
. - B A A A A A A A A A o N »
X o oo o o oo o o 3 e 8 F S A A S A A A A A o ' o A
Y F A - & - EVNE I A A A A A A A A K »
A iy oy ] A A o A A Al o A ' A a
! - FENE A A A A o A A A X »
X 3 F A A o Y Vs
! - N A A 0 A o A A A A A o N »
KK " R A A A S o A A A A A o A A Y L
e - EVRE T A I A K »
ol 3 O T S A T A e
! - FYRE Il A A A A o A A, A A X »
KK ] F R A A A VA A o Y Ll
! - O A A A A A A A A A, o N »
» 3 F S A O S A o A A o S A A Y s
- EVRE I VA A A A A A K »
. ] L A A A A 0 A A 0 A A A A o c
- EONE Tl A o Al A A, A A o X »
3 - KPR R H T T KRR K B B K KT B KR B K KKK R K T KK K KRR R R T K KK KRR R K KKK K KRR R K KRR R e i Y Vs
. - PP e A P e o A A B e A A B B A A e A A R B B e A A o A Fy N »
’ . " A A A A o A A A A A A A ol A % L
o r' e rrrrrr.rxrrrrrxnxrr e P Pl P oo o rrrxnxrxrr.r A Al T e T e T T e TR A o
2 - A A A A oA A A Al A A A A A o A A A A < A A o g
LA S PPN DN BN e BN B B N AL U e B S BB BB AL B B B N O A BB B A A B B W A A A A A N i
X ' S L A A O, A S A o A o F S P L
T B o FVE I A A o A A A A Al A A A A Al K »
al LA A n A o O A A A ol a
= A - ORI A A o A A A A A A »
X A e 3 F A A A A A A ol Vs
A P PP PR W AN - N A A A A A A A A A i »
X EOE A e " O A A S o A A A A A o A e A Ll
o I - FXNE i N A A A A A A A A i A »
A L U P AP AP A 3 O A T S o A A . e
g X - FXNE I A A A A A A o A A A A A A »
A AR R A A ] I oo F A A A A A A VA A A Al Ll
g - N A A A Al A A A A A o i »
FOE A 3 F S A A S A o S A A A A o Sl A s
Fg A o - E N A A A A A »
AN A A A A A A A ] Fo A A o A ol o ol ' a
A e e e - _ n FYRE I A o I ! »
ENE A 3 i T T i Vs
”r”rv.rwrwrxrrr“r“r”rwxur i) u..rxru_.rxrrrxru..rxrxannrrxru..rxru_.rxrrrxru..rxru_.rxrrrxnnrxru_.rxrrr.xru..rxru_.rxrrrxru..rxrna-__rrrxru..rxrrrxrrrxxrrxn”nﬂrrnanrrr Mo r”x”rxnnx”rwn”r”xnn“rwxv r“up.”x”r”x”r”n“xn ' .”.
P P AL P A A A A r r r 3 A AT T A A A A AL A AR A A A A a
El A oo o o oo o oo s ool - ¢ FOE S Al ol A »
A O o o o o o o o o o o o o oMo o o o ] A I e .
N Al A A A .x.x..x.x.x.x.x.r.xxxu_.xu..xxxnxnxxxxxr.xrnrxnnrurrr.vr - " r.nrrrrrnnxrnnnrxxnxnnxxrrnnrxrnrrrrrrx” x
-. -. -. -. ¥ » ¥ ¥ + ¥ ¥ ¥ » ¥ » » ¥ » ¥ ¥ ¥ » ¥ [ » ¥ . -y -l ol e T i -l iy
_-_.__ LN o o e o A A A AR A A A AR A Al e
& . - ¥ » i - e
- . - - »
b r LN " Yy
., X - e
., -, " Yy
" - " Yy
*, A, " ry
., - . Yy
b LN " Yy
., X - e
., r -, " 'y
b X . Yy
., A, . Yy
., - . Y
., . . TR ) x o
., [l S S X - e
& & 1o . .. .y '] e e
“ L . e - . B
" > F F &k b b F F F r r . l-. .'l ..'L
- . . . . '] X a
- - - »
”.._ ._.HH!.._.._.._...“.__.._....._. . l". H.._ Yy
: SRR AR ) . v
* . 3 ¥ a
L] + F &+ F F F F FPF F F F F K - - . L] E ]
» gt ] X Ll
- N - - »
b . X . Yy
) ' ., B A, . Yy
., - . Yy
., o~ R ] i) x o
., ; XN ) . X = " e
., e . A, " Y
" *, - " Yy
., . -, " Y
., t, w - . Yy
b ", s LN " Yy
L] & Ll [ § L) 1A
L] - L4 - . L] E ]
. * [ -, e ‘a
. X P 3 » s
- - ' - - »
., ', '3 -, " i
» X v 3 » Vs
- - wr - - »
" . = -, " Yy
L] & LI [ § L) 1A
- - 'y - - »
., Y, ' -, " 'y
* &+ L [ g L] "a
- . ' - - »
., . " A, . Yy
L] X - [ L) 1a
L] - i - . L] E
. " (3 - " i
* x - 3 ¥ a
- - 'S - - »
., . 3 -, " s
b ,, - X . Yy
., . A, . Yy
., t, - . Yy
b ", LN " Yy
¥, X . = x e
., . " A, " Y
. X . 3 » s
- - ' - - »
., . = -, " Y
L] X L] [ L) 1a
- s w - - »
., x - i) x -
L] & L] [ § L) 1A
L] - L4 - . L] E ]
., . s A, . Yy
[ ] 5 - - [ J E a - s
- a . - - » u
”.._ o ' l". H.._ ¥ .-.IIIIIWK-
ST
.-_.._ . ._. . . . & a - a 'y .-...._ A L-_.-.Il.l...
- Y .i- . . - - - . . . . . » _
.. 7 T D T T T 1 - o Coag ‘. ..__. w e .-In.lm.l-. .
R e T T T e T T e T e T T T e T T T e T T e T T T T e T T e T T T T T e e e e x B . A .. LY - ",
» ““““““““ """"""‘““““““““““““ [ ] """""""‘““““““““““““ """""""‘““““““““““““ """""""““““““““““““ """""""““““““““““““ “““““““‘é ﬁ”‘-'ﬂ.
P
. - .
s
. : P -
r B .
1]
.
r




IOV OL |
%Ew, NOO |

Vil "9Old

US 2024/0019398 Al

STVITASKEEGR e V)
AN 20871 D0 ”

201 O VOl "9l

(90} pisl4 ijeudepy 3] pret4 oSy
oot 0 Q01 Q0c 00t 00 00 001 5 o0 00z 008~ 00Y-

*1’**

Jan. 18, 2024 Sheet 7 of 7

-
o
N3

Ny
o

1k

;

17e] W

<>

_ 80 o0l o7 X0t
mmo 75 = 07 82400 ==~ \A / PO 2N =04 (0
20 801 = 97} 5~ ﬁ 30 281 =9¢)0

f.:}
ot
XD
2L >
"'ﬁ-:
f.:.')
OO f
{:-.,
g}

PLRIEN J3ART 8314 SA (045 30eYS J0SLEY SA 4G

Patent Application Publication



US 2024/0019398 Al

BIOSENSOR FOR DETECTING A SINGLE
MAGNETIC LABEL

RELATED APPLICATIONS

[0001] This application 1s a divisional patent application
of U.S. patent application Ser. No. 16/624,643, filed on Dec.

19, 2019, which 1s a U.S. national stage application of Int.
Pat. App. No. PCT/US2018/041003, filed on Jul. 6, 2018,
which claims the benefit of U.S. Provisional Pat. App. No.

62/529,052, filed on Jul. 6, 2017. The entirety of each of the
alforementioned applications 1s incorporated herein by ret-
erence.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under CBET-0932971, awarded by the National Science
Foundation, and 1RC1RR028465, awarded by the National

Institutes ol Health. The government has certain rights 1n the
invention.

FIELD OF THE INVENTION

[0003] This invention relates to a biosensor system, cor-
responding method for fabrication, and corresponding meth-
ods for testing. More particularly, to a biosensor capable of
detecting a single magnetic label.

BACKGROUND OF INVENTION

[0004] Existing convenient technologies are not capable
of detecting the presence of a single molecule. Large (imany
microns) magnetoresistive (MR) sensors require a large
number of reporters to produce a detectable signal and need
meticulous calibration that 1s not practical in the clinic, field
or home. Small MR sensors are sensitive to a single reporter,
but the probability of a molecule or reporter landing on a
single tiny sensor 1s approximately zero. This disclosure
describes a method to link small sensors together 1n large
numbers, and a quasi-digital detection scheme that enables
competitive or better sensitivity using less expensive and
more robust readout electronics.

[0005] Binding assays are biochemical tests used in the
medical community for diagnostic or research purposes. The
test measures the presence or concentration of a molecule
called an analyte by labeling/tagging the molecule with a
reporter that can be physically measured. Many assays use
fluorescent labels which do not have the sensitivity to detect
the presence of a single analyte or extremely dilute concen-
trations. Single molecule detection 1s hindered due to 1ssues
such as sample turbidity, autotluorescence and photobleach-
ing which increases the complexity of the diagnostic system
and reduces the signal to noise ratio (SNR).

[0006] Magnetoresistive (MR) sensors was introduced by
Baselt in 1998 as a possible alternative to fluorescent and
enzymatic biomarker assays. MR sensors are compact, inex-
pensive to manufacture, and highly sensitive. However,
state-oi-the-art MR based platiorms for diagnostic requires
hundreds to thousands of magnetic nanoparticles (MNPs) in
order to detect concentrations in the low femtomoles, which
1s approximately 100 times better than leading commercial
fluorescent based platforms. Prior sensors are discussed 1n
U.S. Pat. No. 8,456,157, which 1s incorporated herein by

reference.
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[0007] The change in resistance of an MR sensor 1is
proportional to the coverage of MNPs on the sensor’s
surface. In order to make precise resistance measurements,
which maximizes the sensitivity of the sensor, a Wheatstone
bridge 1s often used. A full bridge 1s typically constructed
using two MR sensors and two tuning resistors. One MR
sensor 1s biologically active and the other 1s a reference
sensor that 1s located near the active sensor such that it
experiences the same sensing environment, such as mag-
netic fields and temperature. T

The bridge 1s balanced by
adjusting the tuning resistors. The differential output of a
balanced bridge cancels the common mode signal experi-
enced by both the active and reference sensor. If the bridge
1s not balanced or loses balance due to thermal drift or aging
cllects, interpretation of the signal 1s compromised, thereby
limiting the practical sensitivity of the device. For example,
the temperature coeflicient of GMR sensors are approxi-
mately 1000 PPM/° C. and trim pots are approximately 100
PPM/° C., so a 1 degree difference in ambient temperature
results 1n a change 1n resistance that 1s 90 times larger than
a 10 PPM change 1n resistance detectable 1n research instru-
ments.

[0008] High sensitivity can be achieved in a different
manner by shrinking the size of the MR sensor to approxi-
mately the size of a MNP. In contrast to large MR sensors,
which dedicate the resistance change bandwidth to count
MNPs, small MR sensors dedicate the entire bandwidth to
detect a single MNP. Quasi-digital MR sensors discussed
further herein can enable reliable single molecule detection
using less precise measurement techniques.

SUMMARY OF INVENTION

[0009] In one embodiment, a biosensor may provide a
magnetoresistive (MR) film comprising a bufller or seed
layer, magnetic layers, a nonmagnetic layer, and a cap. The
magnetic layers may be ferromagnetic, antiferromagnetic,
synthetic antiferromagnetic or a combination thereof. The
nonmagnetic layer may be sandwiched between the two
magnetic layers. The MR film may be positioned on a
substrate, where the edges of the MR {ilm are 1n contact with
leads. Additionally, the leads may be in contact with pads.
The sensors may provide quasi-digital readout that enable
greatly enhanced sensitivity. In some embodiments, biosen-
sors may be arranged as an array of sensors. The array of
sensors may be arranged as a symmetric or asymmetric
N, xN, array, where N, and N, are integers, N, represents the
number of sensors linked together 1n series, and N, repre-
sents the number of sensor sets in parallel, where each
sensor set may comprise one or more sensors. Further, the
array ol sensors may be coupled to a voltmeter or the like,
which may be a single voltmeter 1n some cases that allows
the sensors to be probed simultaneously.

[0010] In yet another embodiment, the steps of forming a
biosensor may include depositing a MR film, which may be
a multi-layered film as discussed previously, at a desired
location. A bilayer resist may be deposited on the MR film,
and subsequently patterned nto a long line pattern or
T-shaped resist structure. The pattern may be transferred to
the MR {ilm, and then leads may be deposited. Next, the
remaining bilayer resist may be removed, and a 2”¢ bilayer
resist may be deposited and patterned into a long line pattern
or T-shaped resist structure. Notably, the 27¢ bilayer resist
may be patterned orthogonally to the prior pattern/structure
of the mitial bilayer resist. Subsequently, the pattern of the
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2" bilayer resist may be transferred to the MR and lead
films, and the remaining 2”¢ bilayer resist may be removed.
After removal of the resist, pads may be deposited on the
leads. Sensor chips formed 1n such embodiments above may
be bonded to a printed circuit board (PCB) with an aniso-
tropic conducting film (ACF).

[0011] In yet another embodiment, sensors of the various
embodiments may be utilized for biochemical testing. The
surface of MR sensor may be functionalized with a first
analyte binding agent. A magnetic field sweep may be
applied to the sensor, and the resistance of the sensor may be
monitored for changes in the resistance state. Next, an
analyte that 1s capable of interacting with the first analyte
binding agent i1s introduced to the sensor. Subsequently,
magnetic nanoparticles (MNPs) functionalized with a sec-
ond analyte binding agent may be introduced. Application of
a magnetic field sweep and resistance monitoring may be
repeated. Notably, a shift in a switching field indicates the
presence of at least one of the MNPs on the MR sensors
array.

[0012] The foregoing has outlined rather broadly various
teatures of the present disclosure in order that the detailed
description that follows may be better understood. Addi-
tional features and advantages of the disclosure will be
described hereinatter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] For a more complete understanding of the present
disclosure, and the advantages thereof, reference 1s now
made to the following descriptions to be taken 1 conjunc-
tion with the accompanying drawings describing specific
embodiments of the disclosure, wherein:

[0014] FIGS. 1A-1D show an 1llustrative embodiment of
a binding assay using a quasi-digital MR sensor;

[0015] FIG. 2 shows an 1illustrative embodiment of a MR
film or a spin-valve GMR structure;

[0016] FIGS. 3A-3F 1llustrate fabrication steps for a bio-
Sensor;
[0017] FIGS. 4A-4H demonstrate detection capabilities of

two different quasi-digital MR sensors;

[0018] FIG. 5§ 1s a graph showing the probability of
detecting at least one MNP for arrays of sensors varying
from 1 to 400:;

[0019] FIG. 6 1s an 1llustrative embodiment of an array of
SEeNsors;
[0020] FIGS. 7TA-7C showing the AR -H loop of (FIG.

7A) 3 sensors 1n series, (F1G. 7B) a single sensor and (FIG.
7C) 3 sensors 1n parallel;

[0021] FIG. 8 shows normalized AR for a 3x3 sensor array
with three MNPs;

[0022] FIG. 9 shows AR tfor a 5x5 sensor array;

[0023] FIGS. 10A-10B respectively show switching field
distribution (SFD) vs sensor shape and free layer material;
and

[0024] FIGS. 11A-11B respectively show vacuum sealing
of multiple PCBs and a sensor chip and PCB suitable for
connection to a reader.

DETAILED DESCRIPTION

[0025] Refer now to the drawings wherein depicted ele-
ments are not necessarily shown to scale and wherein like or
similar elements are designated by the same reference
numeral through the several views.
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[0026] Referring to the drawings in general, 1t will be
understood that the illustrations are for the purpose of
describing particular implementations of the disclosure and
are not intended to be limiting thereto. While most of the
terms used herein will be recognizable to those of ordinary
skill in the art, 1t should be understood that when not
explicitly defined, terms should be interpreted as adopting a
meaning presently accepted by those of ordinary skill 1n the
art.

[0027] It 15 to be understood that both the foregoing
general description and the following detailed description
are exemplary and explanatory only, and are not restrictive
of the mvention, as claimed. In this application, the use of
the singular includes the plural, the word “a” or “an” means
“at least one”, and the use of “or” means “and/or”, unless
specifically stated otherwise. Furthermore, the use of the
term “including”, as well as other forms, such as “includes™
and “included”, 1s not limiting. Also, terms such as “ele-
ment” or “component” encompass both elements or com-
ponents comprising one unit and elements or components
that comprise more than one unit unless specifically stated
otherwise.

[0028] A system and method for detecting the presence or
absence of a target molecule(s) 1n a binding assay with
potentially single molecule sensitivity are discussed herein.
The quasi-digital magnetic field sensor(s) or arrays thereof
switches between distinctive states 1n response to a change
in the local magnetic field due to the presence of a nearby
magnetic nanoparticle reporter. The signal produced by a
single magnetic reporter 1s so strong that it can be detected
with a digital voltmeter, multimeter, or any device suitable
for measuring resistance. The detection of a reporter 1n a
binding assay thereby corresponds to the presence of a target

molecule.

Methodology

[0029] A binding assay using a quasi-digital MR sensor 1s
illustrated 1n FIGS. 1A-1D. In FIG. 1A, the sensor surface
1s Tunctionalized with a first analyte binding agent, such as
capture antibodies or the like. The arrangement of the MR
sensor corresponds to any of the discussed 1n further detail
below. The MR sensor’s switching response (R-H curve) 1s
recorded by applying a low frequency AC magnetic field and
measuring the resistance. As the magnetic field 1s swept
through a desired range, such as from —400 Oe¢ to 400 Oe,
the sensor switches resistance states, such as from a high
resistance state to a low resistance state or vice versa (see top
plot mn FIG. 1A), and the sensor 1s monitored for such
transition point(s) where the resistance state switches. In
some embodiments, the magnetic field may be swept for-
ward, backwards, or both. As the transitions between resis-
tance states are discrete, the improved MR sensor’s opera-
tion may be characterized as a ““digital” or “quasi-digital™
mode. In contrast, prior art sensors do not involve such
discrete resistance states, and as such, operate 1n an “analog”
mode. When the magnetic field 1s swept in the opposite
direction, such as from 400 Oe to -400 QOe, the sensor
switches from the low resistance state to a high resistance
state (see bottom plot 1n FIG. 1A). As shown, the transition
points where the resistance states switch may be different for
the forward sweep and backward sweep. In contrast to prior
sensors that detect changes in resistance, the improved
sensors discussed herein detect a shuft in the switching field
where the sensor transition between resistance states. Fur-
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ther, prior sensors olten require signal processing or SNR
enhancement due to poor signal strength, whereas the
improved sensor does not require signal processing, SNR
enhancement or the like due to the strength of the signal.
Then, the analyte, which may include targeted antigens 1n
some embodiments, are introduced and interacts with the
first analyte binding agent or capture antibodies, as shown 1n
FIG. 1B. Biomolecules in the analyte that do not bind to the
capture antibodies are washed away. Then, magnetic nan-
oparticles (MNPs or NPs) functionalized with a second
analyte binding agent, such as target antibodies or the like,
are mtroduced and interact with any captured antigens, as
shown i FIG. 1C. The first and second analyte binding
agents capable of interacting or bonding with the analyte,
and the analyte binding agents may be the different or the
same. MNPs that are not bound to the sensor via the analyte
are washed away. Then, the magnetic field sweep may be
performed again as discussed above, and the sensor’s
switching response 1s recorded again. It shall be apparent
that switching fields for the same direction should be com-
pared since they vary depending on the direction of the
sweep. For example, forward switching fields before and
after introduction of the analyte and MNPs are compared,
backward switching fields before and after introduction of
the analyte and MNPs are compared, or both. When a MNP
1s present on the sensor, the fringe field generated by the
MNP reduces the eflective field experienced by the sensor.
This results 1n a noticeable shift (AH) in the switchung field
of the sensor as illustrated 1n FIG. 1D.

[0030] One of the novelties of the disclosed quasi- digital
MR sensor lies in the detection method where a change 1n
the switching field determines the presence of an MNP.
Unlike analog MR sensors which are designed to switch
gradually and continuously between 1ts low and high resis-
tance state, the quasi-digital MR sensor 1s designed to switch
discretely between its low and high resistance state. This
quasi-digital detection method eliminates the need for pre-
cision resistance measurements. For example, the state-oi-
the-art analog MR sensors need to be capable of detecting a
very small, 1 PPM, change 1n resistance to determine the
presence of one MNP, while the quasi-digital MR sensor
merely needs to detect a noticeable change in resistance to
determine the presence of a single MNP. Another important
difference 1s that conventional MR sensors correlate the
change 1n resistance to an amount of MNPs on the sensor,
but 1t 1s diflicult to determine whether the change 1n resis-
tance 1s caused by Wheatstone bridge imbalance due to
temperature, temperature gradients, stress, aging, or other
ellects that changes the resistance of bridge components. In
contrast, the quasi-digital MR sensor 1s directly detecting a
change 1n the local magnetic field or the transition point(s)
that correspond to switching between the resistive states. A
Wheatstone bridge circuit 1s not necessary for the quasi-
digital MR sensor to detect the presence of a single MNP. It
1s also not necessary to employ narrow band detection
schemes to improve the signal to noise ratio (SNR). Further,
the quasi-digital MR sensor may be measured directly using,
a DC voltmeter or the like, such as a Keithley 2400.

[0031] Examples discussed herein are included to demon-
strate particular aspects of the present disclosure. It should
be appreciated by those of ordinary skill in the art that the
methods described in the examples that follow merely
represent illustrative embodiments of the disclosure. Those
of ordmary skill 1n the art should, 1in light of the present
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disclosure, appreciate that many changes can be made 1n the
specific embodiments described and still obtain a like or
similar result without departing from the spirit and scope of
the present disclosure.

MR Sensor

[0032] A MR {ilm of a biosensor may provide a spin-valve
sandwich structure, which includes two magnetic layers
separated by a nonmagnetic spacer. Further, the MR {ilm
may optionally form a structure of B/FM/NM/FM/C, in
which B designates a buller/seed layer which promotes
desirable growth and material properties of successive lay-
ers, C designates a cap layer which protects the MR film
from damage, FM designates a ferromagnetic layer (e.g. Fe,
Co, N1), their alloys and multilayers, and/or alloys of the
above with nonmagnetic additives (e.g. B, Ta, Ru, Cr, Pt),
and NM designates a non-ferromagnetic layer (transition
metal, e.g. Cu) and/or noble metal (e.g. Au, or ultrathin
isulator layer, e.g. aluminum oxide or magnesium oxide).
The overall resistance of such MR film depends on the
mutual alignment of the magnetization of the two ferromag-
netic layers. When the magnetic layers have parallel mag-
netization directions, the structure 1s in its low-resistance
state. Antiparallel orientation of the magnetic layers leads to
a high-resistance state. The ratio of the resistance change
between high and low resistance states to the low resistance
state 1s a figure of merit of MR sensors because higher MR
ratios enable higher signal-to-noise ratios and higher
dynamic range. The magnetization of one magnetic layer or
pinned layer 1s engineered to be pinned by exchange inter-
action to a synthetic antiferromagnetic layer, while the other
layer or free layer 1s designed to rotate i1ts magnetization
orientation freely.

[0033] In some embodiments, a biosensor system may
comprise one or more MR sensors providing a quasi-digital
response for detecting an analyte that has a spin-valve
sandwich structure comprising a nonmagnetic layer sand-
wiched between two magnetic or ferromagnetic layers. The
MR sensors may optionally include cap and/or builer/seed
layers to improve performance, aid manufacturing, or the
like. The quasi-digital response may be influence by sensor
design features, such as (a) sensor size that 1s smaller than
the magnetic domain, (b) a shape designed to provide some
anisotropy to help sensor switch as a single domain, and/or
(c) selected materials so that free layer switches at low field
and pinned layer does not switch. As a nonlimiting example,

the MR sensor may comprise a spin-valve GMR structure or
(Ta 2.5 nm/Ru 5 nm/Co 5 nm/Ru 0.8 nm/Co 6 nm/Co 3

nm/Ru 1.4 nm/Co 10 nm/Ta 5 nm) shown i FIG. 2.
Embodiments of the MR sensor have a pinned layer (e.g.
lower magnetic layer 1n FIG. 2) and a free layer (e.g. upper
magnetic layer 1in FIG. 2). However, 1n other embodiments,
the position of the free layer may be either on top or on the
bottom. Notably, positioning the free layer on the top puts 1t
closer to an MNP, which can increase sensitivity. In some
embodiments, the pinned layer comprises at least one layer
of magnetic materials and a synthetic antiferromagnetic
(SAF) layer, e.g. Co/Ru/Co or the like, to pin magnetization
of the magnetic layer by exchange interaction to the SAF
layer. In some embodiments, the SAF layer can be replaced
with an antiferromagnetic layer (AFM), e.g., IrMn, FeMn, or
the like. In some embodiments, the free layer comprises at
least one layer of magnetic materials, and can rotate 1its
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magnetization orientation freely. The quasi-digital response
1s caused by the free layer flipping coherently between two
states.

[0034] It shall be understood that the various layers of the
MR sensors may provide one or more layers of materials. In
some embodiments, the free layer 1s designed to switch
coherently or instantaneously. A single domain free layer can
be achieved using various techmniques, such as, but not
limited to, small sensor size, shape anisotropy, exchange
coupling, selection of particular iree layer matenials, crystal
anisotropy, or the like. In some embodiments, the pinned
layer may be designed to switch gradually or instanta-
neously. If the pinned layer 1s designed to switch 1nstanta-
neously, 1t should have a larger switching field or coercivity
than the free layer. Each of the free layer and pinned layer
may be composed of any variety of magnetic materials, such
as, but not limited to, layers containing ferromagnetic ele-
ments (e.g. N1, Co, Fe, or the like); their alloys (e.g. NiFe,
CoFe, or the like); multilayers of ferromagnetic elements
and their alloys; and/or alloys of the prior materials listed
with non-ferromagnetic elements (e.g. Ru, Jr, Mn, Mg, B,
Ta, or the like). In some embodiments, the free layer, pinned
layer, or both layers of material may comprise of a synthetic
aniferromagnet (SAF). In some embodiments, the free layer
may be an asymmetric SAF. In some embodiments, the
pinned layer may be a symmetric SAF or ferromagnetic
layer with 1ts magnetization pinned by an adjacent antifer-
romagnetic layer. The switching field distribution of MR
sensors may be ifluence by the shape, materials used, or the
like. The free layer may be designed with a low, narrow
switching field position to facilitate easy observance of a
change 1n the switching field position when a magnetic
reporter 1s on a sensor. In some embodiments, the shape of
the MR sensor may be a shape designed to provide anisot-
ropy to help the sensor switch as a single domain, such as a
square, rectangular, oval, square, hexagon, or the like. In
some embodiments, the free layer of the sensor may be a
polycrystalline or amorphous ferromagnetic layer film, e.g.
CoFeB. Without being bound by theory, it 1s believed that an
amorphous layer may be beneficial to a narrow switching
ficld distribution 1 some embodiments, as the magnetic
properties of crystalline materials can sometimes be ran-
domly damaged during fabrication. The composition of the
above noted layers may be a single material, a composite, a
multilayer or any combination thereof. As a non-limiting,
example, the pinned layer may be a synthetic antiferromag-
net comprising Co/Ru/Co, and the layers may optionally
have respective thicknesses 5 nm/0.8 nm/S nm. As a non-
limiting example, the free layer may be an asymmetric
synthetic antiferromagnet comprising Co/Ru/Co, and the
layers may optionally have respective thicknesses of 5
nm/1.4 nm/10 nm). As another non-limiting example, the
free layer may comprise of exchange coupled ferromagnets
Co/Nig.Fe,,, and the layers may optionally have thicknesses
of 3 nm/10 nm. As a nonlimiting example, the bufler/seed
layer may comprise Ta/Ru, and the layers may optionally
have respective thicknesses of 5 nm/2.5 nm. As a nonlim-
iting example, the cap layer may comprise Ta, and the layer
may optionally have a thickness of 5 nm.

[0035] Insome embodiments, a MR sensor system may be
tabricated using various established semiconductor manu-
facturing processes. A nonlimiting schematic illustrating
major fabrication steps 1s presented in FIGS. 3A-3F. In some
embodiments, a MR {ilm or sensor according to any of the
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embodiments discussed previously above may be deposited
at a desired location, such as on a substrate. After deposition
of the MR film, the MR film may be patterned into a desired
pattern utilizing any suitable methods known. As a nonlim-
iting example, a bilayer resist may be deposited on top of the
MR layer (FIG. 3A). Next, a {irst pattern may be formed by
exposing the bilayer resist (FI1G. 3B). In some embodiments,
the pattern for the bilayer resist may provide a long line or
T-shaped resist structure, where the lower layer of the
bilayer resist may undercut the top layer of the bilayer resist.
The undercut enables lift-ofl and improves contact between

the leads and MR film (FIG. 3C). Next, the pattern 1s
transterred into the MR film to remove portions of the MR
film, such as via argon 1on milling. After patterming the MR
film, leads that are in contact with the MR {ilm may be
deposited on the substrate, and may incidentally be depos-
ited on the T-shaped resist structure (FIG. 3C). Next, the
T-shaped resist may be stripped off the MR and lead films.
Next, the bilayer resist process discussed previously above
may be repeated to produce another long line pattern or
T-shaped resist structure on the MR film and lead (FIG. 3D).
However, this second long line pattern or T-shaped resist

structure 1s printed orthogonal to the first long line pattern/
T-shaped resist structure. Next, the second pattern 1s trans-
ferred 1into the MR and lead films (FIG. 3E), such as via
argon 10n milling. Next, the resist may be stripped off the
remaining MR and lead films. Next, pads may be deposited
on the leads.

[0036] In a nonlimiting example of the fabrication dis-
cussed above, a MR film comprising (Ta 2.5 nm/Ru 3 nm/Co
S nm/Ru 0.8 nm/Co 5 nm/Cu 6 nm/Co 5 nm/Ru 1.4 nm/Co
10 nm/Ta 5 nm) was deposited on oxidized Si1 waters (500
nm S10,) via ultrahigh vacuum DC magnetron sputtering
with a magnetic biasing holder. The MR film was then
patterned 1nto a 700 nmx600 nm rectangle using electron
beam lithography. A nonlimiting example of the resist used
in the lithography process 1s PMGI/PHOST bilayer. First,
Microchem PMGI SF 4S was spin-coated to a thickness of
120 nm and baked at 170° C. for 2 minutes. Next, 15%
PHOST dissolved in PGMEA was spin-coated to a thickness
of 680 nm and baked at 170° C. for 2 minutes. As a
nonlimiting example, a 700 nm wide and 200 um long line
pattern was exposed at a critical dose of 10,000 uC/cm 2; the
PHOST was developed by immersing in PGMEA for 15 s.
Next, the PMGI was undercut approximately 180 nm deep
by immersing in MF-319 for 60 s. As a nonlimiting example,
the pattern may be transferred to the MR film via argon 10on
milling. As a nonlimiting example, the leads may comprise
Ta(2.5 nm)/Cu(50 nm)/Ta(10 nm) sputter deposited with the
ogun angles set at 45° with chuck rotation. As a nonlimiting
example, the resist was stripped ofl by immersing 1n acetone
with sonication. The previously discussed resist deposition
and patterning processes may be repeated; however, this
second T-shaped resist structure 1s printed orthogonal first
T-shaped resist structure. The second pattern 1s transferred to
the MR {ilm and leads, and then the resist may be stripped
ofl. As a nonlimiting example, the resist may be removed by
immersion in acetone with sonication. The pad patterns were
created using photolithography with an LOR/AZ1312
bilayer. As a nonlimiting example, the contact pads, Cr(10
nm)/Cu(100 nm), were deposited by sputtering. The sensor
fabrication may be complete after a final lift-ofl 1n acetone
with sonication.
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[0037] It should be noted that fabrication steps discussed
above are merely 1llustrative, a person of ordinary skill in the
art shall recognize that various approaches may achieve the
same structure using different instruments, processes and/or
materials. For example, electron beam lithography can be
substituted using photolithography or nanoimprinting. The
bilayer resist comprising of PMGI/PHOST can be replaced
with any suitable bilayer resist, such as, but not limited to,
PMMA/HSQ. Further, the MR film may comprise any
suitable materials and may be fabricated using any suitable
process. The contact leads and contact pads may comprise of
any variety of conductors known in the art. One 1mportant
element of the fabrication 1s the T-shaped resist structure,
which allows side contacts to the sensor.

[0038] FIG. 4A-4H demonstrates the detection capabili-
ties of two different quasi-digital MR sensors. The “large”
MR sensor 1s approximately 6 times larger than a 500 nm
Fe.O, superparamagnetic MNP and the “small” MR sensor
1s approximately the same size as the 500 nm MNP. As
utilized herein, small MR sensor(s) refer to sensors approxi-
mately the same size as a MNP utilized for detection, and
large MR sensor(s) refer to sensors at least 2X larger than a
MNP utilized for detection. FIGS. 4A-4B respectively show
SEM images of the large MR sensor without and with a
cluster of MNPs. Without any MNP on the large MR sensor,
it switches between the low and high resistance states at
approximately —125 Oe or +125 Oe (FIG. 4C). When there
1s a cluster of approximately 6 MNPs on the sensor, the
switching field shifts outward to approximately —180 Oe or
+180 Oe. Once the clusters of MNP on the sensor 1s cleaned
off, the R-H curve returns to normal. The switching field can
be determined by taking the derivative of the R-H curve
(dR/dH) and locating the peak positions (FIG. 4D).
Although the base resistance of the same sensor varies by
nearly half of the total resistance change between the three
measurements (No MNPs—MNPs—clean), the change 1n
the switching field induced by the clusters of MNP 1s distinct
and unambiguous.

[0039] Similarly, in FIGS. 4E-4H, a single particle shifts
the switching field of the small MR sensor by approximately
—50 or +150 Oe. The shift 1s asymmetric due to the position
of the particle on the sensor. While the R-H loop of this
particular small sensor 1s not 1deal because there are multiple
transitions caused by fabrication defects, such defects shall
likely be corrected as fabrication processes improve.

Sensor Array

[0040] While small MR sensors using a quasi-digital
detection scheme can detect a single MNP on the sensor
surface using simple and low cost electronics, it 1s not very
effective for biodiagnostic applications because 1t may be
challenging to deliver the MNP to the surface of a single
sensor surface. For example, if our sensor surface 1s 500X
500 nm” and we can confine a dilute suspension of nanopar-
ticles over a functionalized area of 100x100 um~, the
probability that a single MNP will land on the sensor and get
detected 1s 0.0025%. Assuming that the landing event 1s
completely random and does not depend on history, the
probability of detecting at least one MNP can be estimated
using the Poisson distribution:
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where P(k) 1s the probability of k events per interval, A 1s the
average number of events per interval and k 1s a positive
integer representing the number of events. The number of
events per interval 1s:

A =np

A
SEHS OF
A

= A
AS urface

where n 1s the number of events and p 1s the probability of
a successtul event. The probability of a successtul event 1s
the ratio of the effective sensor area (A__, ) to the func-
tionalized area (A, ..). The sensor can detect nearby
MNPs, so the effective sensor area 1s always larger than the
actual sensor area. The functionalized area 1s a region on the
chip where MNPs can specifically bind and 1s typically
larger than the actual sensor area. When a particle lands on
functional area without a sensor, it cannot be detected.
[0041] FIG. 5 1s a graph showing the probability of
detecting at least one MNP for a single sensor, array of 9
sensors, array of 25 sensors, array of 100 sensors and an
array of 400 sensors at a variety of MNP concentrations.
Since A 1s proportional to n and p, the probability of
detecting at least one particle increases monotonically with
more particles and/or more sensors. Using 500x500 nm~
sensors and a 100x100 um~ functional area, by increasing
the number of sensor from 1 to 400 and dropping 1000
particles within the functional area, the probability of detect-
ing at least a single MNP increases from 0.2% to 100%.
[0042] Increasing the number of sensors within the func-
tional area effectively increases the probability that at least
one MNP will randomly land on a sensor from the array of
sensors. In some embodiments, any of the various embodi-
ments of the MR sensor discussed above may be provided as
part of an array of MR sensor. An array of sensors may be
arranged where a set of N sensors are linked in series, as
shown 1n FIG. 6. Further, N of these series linked sets are
linked 1n parallel with a voltmeter or the like. The effective
sensing area can be increased without degrading the detec-
tion speed; further, since all sensors are linked to a single
voltmeter, the sensors are all probed simultaneously. In this
conflguration, the change in resistance due to a single sensor
switching 1s:

ARr =

N?+NS-6

[0043] where AR 1s the change 1n total resistance when a
single particle 1s detected, N 1s the number of rows 1n the
symmetric NXN array, and 6 1s the magnetoresistance ratio
of the sensor. In addition to the symmetric NXN arrays, other
embodiments of sensor arrays may be asymmetric N, XN,
arrays where N, #N,. N, and N, are both integer values. The
first value may indicate the number of sensors 1n series, and
the second value may indicate the number of sensor sets 1n
parallel, where each sensor set may comprise one or more
sensors. For example, when 3 sensors are linked 1n series, it
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can be considered an array of 3x1. When 3 sensors are
linked 1n parallel, 1t can be considered an array of 1x3. A3x3
array describes 3 parallel lines with 3 sensors on each line,
as shown 1 FIG. 6. A 5x3 array describes three parallel lines
with 5 sensors on each line.

[0044] A preliminary prooi of concept 1s shown 1n FIGS.
7A-7C showing the AR -H loop of (a) 3 sensors 1n series, (b)
a single sensor and (c) 3 sensors in parallel. In FIG. 7B, a
single sensor switches digitally between the high and low
resistance states. The change in resistance 1s 0.37€2. When 3
sensors are linked 1n series (FIG. 7A), the total change 1n
resistance 1s approximately 1.2€2, which 1s the cumulative
contribution of each sensor. Compared to a single transition
for a single sensor, there are 3 distinct transitions for 3
sensors linked 1n series. The transition of individual sensors
are visible mm FIG. 7A because each sensor 1s slightly
different due to fabrication imperiection. Similarly, 3 dis-
tinct transitions can be observed when 3 sensors are con-
nected 1n parallel as shown 1n FIG. 7C. The total change in
resistance 1s 0.120 because of the parallel configuration.
These MR sensors behave just like resistors, their response
when networked 1to an array can be predicted.

[0045] The detection of particles on an array of sensors 1s
similar to a single sensor. For example, in a 3x3 array, the
switching field transition 1s digitized into 9 segments. When
a particle lands on any sensor 1n the array, the switching field
of a single segment shall shiit on the R-H curve. When a
second particle lands on a different sensor, the switching
field of another segment will shift. By counting the number
of segments being shifted, it may be possible to determine
the quantity of particles on the array.

[0046] To demonstrate proof of concept for a sensor array,
FIG. 8 shows sensor response for a 3x3 sensor array. The
graph shows the sensor response with no particles and with
3 particles on 3 sensors. The mset 1s an SEM 1mage of a 3x3
sensor array with 3 nanoparticles placed on the 3 sensors 1n
the middle column. Significantly, approximately 14 of the
sensors switch at a larger field when 3 out of 9 sensors have
particles on them, as expected. FIG. 9 shows the response
(RH-loop) of a 25 sensor array has a small distribution due
to 1mperfections in fabrication and design.

[0047] The switching field distribution can be improved
by (a) changing the shape of the sensor from square to
rectangular and (b) changing the free layer material from an
asymmetric SAF to CoFeB. FIGS. 10A-10B respectively
show SFD as a function of sensor shape and free layer
material. These graphs are acquired by measuring chips with
up to 25 million sensors each. A narrow switching field 1s
important for biosensing application because 1t allows the
difference between a switched state (nanoparticle 1s on a
sensor) and non-switched state (no nanoparticles in prox-
imity of the sensor) to be more easily 1dentified.

[0048] A low cost and high throughput approach to pack-
age the sensor mnto a fieldable device was also developed. In
some embodiments, an anisotropic conducting film (ACF) 1s
used to bond the sensor chip onto a printed circuit board
(PCB). First, the PCB may be cleaned (e.g. IPA) and dried.
An ACF may be applied to the sensor or PCB, and pressure
and/or heat may be applied to bond the two together. As a
nonlimiting example, the ACF may be a sheet of anisotropic
conductive paste sandwiched between two plastic liners.
The ACF may be cut to an approprate size, such as with a
laser cutter. One of the liners may be removed, and the ACF
may be fixed to the contact pads on the PCB, such as by
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using finger pressure or the like and heating the ACF to 50°
C. In some embodiments, the ACF may be screen printed
onto the PCB. Multiple PCBs can be simultaneously fixed
with ACF by using a vacuum sealer to apply uniform
pressure as shown in FIG. 11A. The vacuum sealed PCBs
may then be placed into a 350° C. oven for 10 minutes.
Afterwards, each PCB 1s aligned to the sensor chip, such as
by using a mask aligner. The ACF adhesive will temporarily
bond them together when the chip 1s pressed against the
PCB. Next, the ACF may be cured so that the chip and PCB
units are permanently bonded. As a nonlimiting example, the
chip and PCB units may be placed into a Nanoimprinter and
processed at 100 ps1 and 200° C. for 5 minutes to cure the
ACF and permanently bond the chip to the PCB. FIG. 11B
shows a sensor chip and PCB suitable for connection to a
reader.

[0049] The developed sensor technology discussed above
represents a major advancement for magnetic biosensing.
The new design 1s drastically different from prior state-oi-
the-art.

[0050] Embodiments described herein are included to
demonstrate particular aspects of the present disclosure. It
should be appreciated by those of skill in the art that the
embodiments described herein merely represent exemplary
embodiments of the disclosure. Those of ordinary skill 1n the
art should, 1n light of the present disclosure, appreciate that
many changes can be made 1n the specific embodiments
described and still obtain a like or similar result without
departing from the spirit and scope of the present disclosure.
From the foregoing description, one of ordinary skill 1n the
art can easily ascertain the essential characteristics of this
disclosure, and without departing from the spirit and scope
thereof, can make various changes and modifications to
adapt the disclosure to various usages and conditions. The
embodiments described heremnabove are meant to be 1llus-
trative only and should not be taken as limiting of the scope
of the disclosure.

What 1s claimed 1s:

1. A biosensor system comprising:

a magnetoresistive (MR) sensor providing a quasi-digital
response to a magnetic field sweep, the sensor com-
prising

a free layer that 1s ferromagnetic;

a pinned layer that 1s ferromagnetic; and

a nonmagnetic layer sandwiched between the free and the
pinned layers, wherein when magnetization directions
of the free and the pinned layers are parallel, the MR
sensor 1s 1n a low-resistance state, and when the mag-
netization directions of the free and the pinned layers
are perpendicular, the MR sensor 1s 1n a high-resistance
state.

2. The system of claim 1, wherein the pinned layer 1s a
symmetric synthetic antiferromagnet or a ferromagnetic
layer with its magnetization pinned by adjacent antiferro-
magnetic layer.

3. The system of claim 1, wherein the free layer 1s an
asymmetric synthetic antiferromagnet or a polycrystalline or
amorphous ferromagnetic layer film.

4. The system of claim 1 further comprising a cap layer
and a bufler/seed layer.

5. The system of claim 1, wherein a design of the MR
sensor aids switching as a single domain.

6. The system of claim 1, wherein the MR sensor 1s part
of an array of MR sensors.
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7. The system of claim 6, wherein the array of MR sensors
are arranged 1n symmetric NxN array, where N sensor sets
are 1nterconnected in parallel with each of the sensor sets
comprises N sensors 1nterconnected in series.
8. The system of claim 6, wherein the array of MR sensors
are arranged 1n asymmetric N, xN, array, where N, sensor
sets are interconnected in parallel with each of the sensor
sets comprises N, sensors interconnected in series.
9. The system of claim 6, wherein a surface of the MR
sensor 1s functionalized with a first analyte binding agent.
10. A method for forming a biosensor comprising:
depositing a magnetoresistive (MR) film on a substrate,
wherein the MR film provides a quasi-digital response
to a magnetic field sweep, and the MR film comprises
a free layer that 1s magnetic,

a pinned layer that 1s magnetic, and

a nonmagnetic layer sandwiched between the free and the
pinned layers, wherein when magnetization directions
of the free and the pinned layers are parallel, the MR
sensor 1s 1 a low-resistance state, and when the mag-
netization directions of the free and the pinned layers
are perpendicular, the MR sensor 1s 1n a high-resistance
state;

patterming the MR {ilm into a desired pattern; and
depositing leads 1n contact with the MR film.

11. The method of claim 10, wherein the patterning step
for the MR {film comprises the steps of depositing a {first
bilayer resist on the MR film and patterning the first bilayer
resist into a first pattern that 1s a long line or a T-shaped
structure, transierring the first pattern to the MR film, and

removing the first bilayer resist, and the method further
comprises the steps of:

depositing a second bilayer resist on the MR film and the
leads;
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patterning the second bilayer resist into a second pattern
that 1s a long line or a 'T-shaped structure orthogonal to
the first pattern;

transierring the second pattern to the MR film and the

leads;

removing the second bilayer resist; and

depositing pads on the leads.

12. The method of claim 10, further comprising the step
of using an anisotropic conducting film (ACF) to bond the
biosensor onto a printed circuit board (PCB), wherein the
ACF 1s a conductive paste sandwiched between two plastic
liners.

13. The method of claim 10, further comprising the steps
of:

applying an anisotropic conducting film (ACF) to contact

pads on a printed circuit board (PCB);

aligning the biosensor to the PCB;

applying pressure to the ACF between the biosensor and

the PCB; and

curing the ACF to permanently bond the biosensor to the

PCB.

14. The method of claim 10, wherein the free layer 1s an
asymmetric synthetic antiferromagnet or a polycrystalline or
amorphous ferromagnetic layer film, and the pinned layer 1s
a symmetric synthetic antiferromagnet or a ferromagnetic
layer with 1ts magnetization pinned by adjacent antiferro-
magnetic layer.

15. The method of claim 10, wherein the MR sensor 1s
part of an array of MR sensors.

16. The method of claim 15, wherein the array of MR
sensors are arranged in symmetric NxN array or the array of
MR sensors are arranged 1n asymmetric N, xIN,, array, where
N, =N,, N, represents a number of sensors 1n series, and N,
represent a number of sensor sets 1n parallel.
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