a2 United States Patent

US011980040B2

ao) Patent No.: US 11,980,040 B2

Peng et al. 45) Date of Patent: May 7, 2024
(54) SEMICONDUCTOR DEVICE WITH (52) US. CL
MAGNETIC TUNNEL JUNCTIONS CPC ....ccue. HI0B 61/22 (2023.02); HION 50/01
(2023.02); HION 50/10 (2023.02); G1IC
(71) Applicant: Taiwan Semiconductor . 11/1659 (2013.01)
Manufacturing Co., Ltd., Hsinchu (58) Field of Classification Search
(TwW) CPC ........ H10B 61/22; HION 50/01; HION 50/10
(72) Inventors: Tai-Yen Peng, Hsinchu (TW); See application file for complete search history.
Tsung-Hsien Chang, Shalu Township .
(TW); Yu-Shu Chen, Hsinchu (TW); (56) References Cited
Chih-Yuan Ting, Taipei (TW); U.S. PATENT DOCUMENTS
Jyu-Horng Shieh, Hsinchu (TW); o
Chung-Te Lin, Tainan (TW) 2013/0207112 A1 82013 Sobe et al.
2014/0140124 Al 5/2014 Kang et al.
(73) Assignee: TAIWAN SEMICONDUCTOR %8}?;83%%82(7) :i 1 éggig gﬁaﬂ et ai'al
uang € .
yT?)NU;ACEUBFI\?]G COMPANY, 2017/0104029 Al 4/2017 Li et al.
-, Hsinchu (TW) 2018/0122445 Al 5/2018 Lee et al.
2018/0166501 Al 6/2018 Chuang et al.
(*) Notice:  Subject to any disclaimer, the term of this 2018/0269254 Al* 9/2018 Sugiok%l ,,,,,,,,,,,,,,,, G11C 11/161
patent is extended or adjusted under 35
U.S.C. 154(b) by 97 days. FOREIGN PATENT DOCUMENTS
(21) Appl. No.: 17/346,855 JP 2004311513 A 11/2004
* cited b i
(22) Filed:  Jun. 14, 2021 clied by examier
(65) Prior Publication Data Primary Examiner — Jay C Chang
Assistant Examiner — Mikka Liu
US 2021/0313396 Al Oct. 7, 2021 (74) Attorney, Agent, or Firm — Slater Matsil, LLP
Related U.S. Application Data
(63) Continuation of application No. 16/560,623, filed on 7 ABSTRACT
Sep. 4, 2019, now Pat. No. 11,037,981. A semiconductor device includes a substrate; a memory
- A array over the substrate, the memory array including first
(60) 5;0\;8110811 al application No. 62/753.,659, filed on Oct. magnetic tunnel junctions (MTJs), where the first MTJs are
’ ’ in a first dielectric layer over the substrate; and a resistor
(51) Int. CL circuit over the substrate, the resistor circuit including
HI0B 61/00 (2023.01) second MTIs, where the second MTJs are in the first
HION 50/01 (2023.01) dielectric layer.
HION 50/10 (2023.01)
GlIC 11/16 (2006.01) 20 Claims, 20 Drawing Sheets
/100
101A 101B
A A
{ V[ )
161— i
IMDx-+1 [ 1A IMDx+1
1;19
153— ¥
149f» L1 gg%}ls
IMDx L — IMDx
151—t — }—151
1157k U it
—F = ~—
mox1 BT T T T 1] N IMDx-1
111



US 11,980,040 B2

Sheet 1 of 20

May 7, 2024

U.S. Patent

[-XANI
XANI

[ "1
101 101
01T~ g0l | VEOL
€11 ~— , _
0z~ / A 7 A )
. [ A [ ,
II1 121 €21 t IIT 1Tl €21 €11
\ /A
Y Y
qr101 V101

[-X NI
XANI



US 11,980,040 B2

Sheet 2 of 20

May 7, 2024

U.S. Patent

[-XANI
XANI

it

I1T €21
f a _—~011

E11—~ y
VLEL~ | 6
LET{ILET— €€l
OLET ﬂaﬂ
/§
34l

\ J
Y
q101

001

VIOI

[-XANI
XANI



US 11,980,040 B2

Sheet 3 of 20

May 7, 2024

U.S. Patent

11

——

[ ¢Cl

€ 31

14!
24!

q101

001

—
i

_— 011

L —¢11

=~ 1

—t,
m——

oo

— 0C1

— €1

eel

14!
evi

274!

1]

V101

N\ /€1
Nt

[-XANI
XJNI



US 11,980,040 B2

Sheet 4 of 20

May 7, 2024

U.S. Patent

[-XANI
XANI

"SI
111 €21
011 \ N i
€11~ HiWE _ [-XANI
01—~ 021 — XANI
€€l LET
6€1
I TPI / / / /
34
671 6vT  6F1 61
\ ) \ )
Y Y
q101 V10T
001



US 11,980,040 B2

Sheet 5 of 20

May 7, 2024

U.S. Patent

[-XANI
XNI

G 31

111 €2l
011 ~— N
CIT—~—
0C]—
NM%Q Syl
cel
LET
6€1
Wid vl Lyl
cpl \
6v1
\ )
Y
qr101

001

N/

6Vl

VIOI

[-XAAI
XANI



US 11,980,040 B2

Sheet 6 of 20

May 7, 2024

U.S. Patent

[-XdNI

XdNI

IT1

—

9 "SI

01T~
eI~

0C1—

| 5% S
6y

06—

127 M

q101

001

— 151
—6v1

— 061

— V61

V101

[-XAINI

XANI



US 11,980,040 B2

Sheet 7 of 20

May 7, 2024

U.S. Patent

[-XANI
XANI
39|
[+XANI
€91 *

L "3t
11
01~ —7 1011
€11~ . . 1-¢r11
01— E. 1071
IS~ — | | 4161
g o
4 4—¢G1
(
611
pu
AE9T — 1191
T€9T —t

)\

d101

001

VIOI

[-XAAI

XANI

[-+XAINI



U.S. Patent May 7, 2024 Sheet 8 of 20 US 11,980,040 B2

2 S g
) N s
&b
.o
e

Fig. 8A




US 11,980,040 B2

Sheet 9 of 20

May 7, 2024

U.S. Patent

[-XAI

XANI

[+XAAI

6¥1
I11 V6 wﬁm
N s B s
AL m _ |x
o11~"] : . | ) . [-XAINI
- /K P | XANI
| I I | g
| aﬂ ! ! | aw
_ | | _ _
191" _ _ _ _
1 v
< I
\ €91 I )\ J
Y Y
d101 V101
VOO0l



US 11,980,040 B2

Sheet 10 of 20

May 7, 2024

U.S. Patent

I-XANI

XJNI

[+XdNI

01 314
| I ———|
- | ] ] ] [-XQNI
0z1 ] A1 1 :
ed _& >4 > XA
96T i I ™
ST “ _f 6b1
|| 671 [+XANI
191 |
|
W
\ y JAR\ y )
qr101 V101
d001



US 11,980,040 B2

Sheet 11 of 20

May 7, 2024

U.S. Patent

[T 319

AN B
|
-X | | _ | -X
[-XJINI c:m " _ " ] ] - [-XJINI
|
oﬁ\ L _ .@
XINT 1S1 _ { _ _ 4 XANI
ssT— L N7 1| g7, )
| | | |
| | | | A h
_ _ _ || 6V1 4!
ﬁcﬁ\ | [ | |
[+XANI “ e _ [+XANI
1 / 1
v |
€91
\ I K J
Y Y
q101 V101
D001



US 11,980,040 B2

Sheet 12 of 20

May 7, 2024

U.S. Patent

I-XANI

XJNI

[+HXAAI

011"

0Z1 |
151"

Se1—

191"

C1 "S1g
111 A
/, _
_.-Ill_l.l_ll.lllﬁ - _
_ I { \
| | 6v1 6b1
L
y, [
o1
] I J
Y Y
q101 \ V101
aool

[-XAINI

XANI

[-+XANI



US 11,980,040 B2

Sheet 13 of 20

May 7, 2024

U.S. Patent

€1 81
— & L & L
1d 1d
T T
. ! 114
IS0 —¢——4—F—+—9 .
g |
i L _H./
_Aa TTIEL T1€l
08¢I ! !
[1d] | 1d
ov1— [11] 14
e . 014
[TM 0IM
00€1



US 11,980,040 B2

Sheet 14 of 20

May 7, 2024

U.S. Patent

a1l
0dNI

TANI

CANI

¢dNI

PANI
SANI
9aINI

owﬂ\

IS

D

b1 31
———— - T T ||_
o |
S a_ | S
an | [ od [[an [i| oa | [ an
[AA\ [JAA\ JAAN\ : /AN
HON J[HOA | [HOA | 7SO [ HOW
JOA\ JOAN |
M [ ATIN || AT |




US 11,980,040 B2

Sheet 15 of 20

May 7, 2024

U.S. Patent

VST 81

AT HA)T
A




US 11,980,040 B2

Sheet 16 of 20

May 7, 2024

U.S. Patent

q91 31
CSA-TH Vvd-TH ¢4 TH <THdH T1T¥H
[IIN 1IN [IIN LN LN

P AD > D> MDD >
R R R R R

[-XAINI [ | [-XANI
X(NI XANI
;- :
sl WAL BT )
_
[+XANI ] v “ [+XANI
|
_
\ :
V00¢



US 11,980,040 B2

Sheet 17 of 20

May 7, 2024

U.S. Patent

L1 314

dyg| dy| dy| dy| dy| dy| (&40 Y-TH ueas wm o3) A9'0- (9
dyL=degc+dye| dy| deyg| dy| dey| dy|(deyorY-TH uoAd wm 03) A0+ (S
dyg| dy| dy| dy| dy| dyg| (dY o ¥-1H ppo wm 03) A9+ (¥
dyg=dyz+deye| dey dy| dey dy| dey| (dey o1 y¥-1H ppo wim 03) A8Q- (€
dyg| dy| du| dy| dg| dg| (@Yo Y-1H uead umy 01) A9'0- (¢
Ay =dye +deygg| dy| dey| dy| deyg| dyg| (dg 03 ¥-1H ppo wm 03) A9'0+ (1
dyor =deyg| dey| dey| dey| dey| dey Tentug

18303 (SY-TH |P¥-TH |€9-H [TI-H | Td-TH




US 11,980,040 B2

Sheet 18 of 20

May 7, 2024

U.S. Patent

q81 31
CATH PU1H €d-TH CTUdH T1¥H
1IN IRRAN LN [IIN LN

S S S S S¥
£RR R R R LR

V81 314
I r I
[-XCAI . I1, T T T T, ITI T 111 1-~xanI
| | o | | ! _
_NK N ] nt g
XANI L | | | | XANI
w 1wl _ _ _ 11|
ev 1T [if 1] [il 1] Uil | 1IBIRIE
[+XONI _ L] L——1J L—a | fe_a _ [+XANI
v |
I



US 11,980,040 B2

Sheet 19 of 20

May 7, 2024

U.S. Patent

61 314
dgs| dy| dy| dy| dy| dg|(dgorg-1H wm 03) A90+ (¢
dyo1 =deys| dey| dey| dey| dey| dey|(deyorY-1Hwm 03) A8Q- (€
dgs| dy| dy| dy| dy| dy| (dgor YiH deox o) A90- (T
dys| dy| dy| dy| dy| da| (&g o Y-1H wm 03) A9+ (1
dyor =deys| dey| dey| dey| dey| dey [enruy
2303y |SY-H |$4-H |€4-H |74-H | T9-H




US 11,980,040 B2

Sheet 20 of 20

May 7, 2024

U.S. Patent

0C 314

0001 —

9oUB)SISAI [BOLIIOJ[O Uk dp1aoid
01 S{ LN puod3s oy} 3urjdnod A[[eo1noa[d pue Jo9Ae[ JLIIJ[IIP
1SI1J 9Y) UL S{ LJA PU099s 3urtio} sostrdurod Jrndird 10)SISax
oY) SUTULIOJ UIIdYM ‘d)ensqns ) JOAO JINDILD JOISISAI B WIOJ

0101 —

ayensqns Y} I9A0 IdAR] JLIOJ[A1P ISILJ © Ul (S{LIN) suonoun/
[ouuny snoudew )siy Suruio) sasLIdwod Aeire A1owdw
oY) SUIIOJ UIdIAYM ‘9)eI)SqNS B JIOAO ABIIE AIOWOW B WIOJ

0001




US 11,980,040 B2

1
SEMICONDUCTOR DEVICE WITH
MAGNETIC TUNNEL JUNCTIONS

PRIORITY CLAIM AND CROSS-REFERENCE

This application is a continuation of U.S. patent applica-
tion Ser. No. 16/560,623, filed Sep. 4, 2019 and entitled
“Semiconductor Device with Magnetic Tunnel Junctions,”
which claims priority to U.S. Provisional Patent Application
No. 62/753,659, filed Oct. 31, 2018 and entitled “Hybrid
Function Circuit for Semiconductor Device,” which appli-
cations are hereby incorporated by reference in their entire-
ties.

BACKGROUND

Semiconductor memories are used in integrated circuits
for electronic applications, including radios, televisions, cell
phones, and personal computing devices, as examples. One
type of semiconductor memory device is Magneto-Resistive
Random Access Memory (MRAM), which involves spin
electronics that combines semiconductor technology and
magnetic materials and devices. The spins of electrons,
through their magnetic moments, rather than the charge of
the electrons, are used to indicate bit values. A typical
MRAM cell may include a Magnetic Tunnel Junction
(MTI), which includes a pinned layer, a free layer, and a
tunneling barrier layer between the pinned layer and the free
layer. Depending on the directions of the magnetic moments
of the pinned layer and the free layer in an MTIJ, the MTJ
may exhibit a high resistance or a low resistance, which may
be detected and used to indicate a logic zero or logic 1.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It is noted that, in accordance with
the standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the various
features may be arbitrarily increased or reduced for clarity of
discussion.

FIGS. 1-7 illustrate cross-sectional views of a semicon-
ductor device at various stages of fabrication, in accordance
with an embodiment.

FIG. 8A illustrates a circuit diagram having a resistor, in
an embodiment.

FIG. 8B illustrates a layout for sheet type resistors, in an
embodiment.

FIG. 9A illustrates a cross-sectional view of a semicon-
ductor device comprising a resistor device, in accordance
with an embodiment.

FIG. 9B illustrates a layout of the resistor device illus-
trated in FIG. 9A, in accordance with an embodiment.

FIG. 10 illustrates a cross-sectional view of a semicon-
ductor device, in accordance with an embodiment.

FIG. 11 illustrates a cross-sectional view of a semicon-
ductor device, in accordance with an embodiment.

FIG. 12 illustrates a cross-sectional view of a semicon-
ductor device, in accordance with an embodiment.

FIG. 13 illustrates a schematic view of a memory array, in
accordance with an embodiment.

FIG. 14 illustrates a schematic cross-sectional view of the
memory array of FIG. 13, in accordance with an embodi-
ment.

FIG. 15A illustrates internal current flow directions of an
MT], in some embodiments.
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2

FIG. 15B illustrates the operating characteristics of an
MT], in some embodiments.

FIG. 16A illustrates a cross-sectional view of a resistor
circuit comprising MTJs, in accordance with an embodi-
ment.

FIG. 16B illustrates a schematic view of the resistor
circuit in FIG. 16A, in an embodiment.

FIG. 17 illustrates a method of programming the equiva-
lent resistance of the resistor circuit of FIG. 16A, in an
embodiment.

FIG. 18A illustrates a cross-sectional view of a resistor
circuit comprising MTJs, in accordance with an embodi-
ment.

FIG. 18B illustrates a schematic view of the resistor
circuit in FIG. 18A, in an embodiment.

FIG. 19 illustrates a method of programming the equiva-
lent resistance of the resistor circuit of FIG. 18A, in an
embodiment.

FIG. 20 illustrates a flow chart for a method of forming a
semiconductor device, in some embodiments.

DETAILED DESCRIPTION

The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures of the invention. Specific examples of components and
arrangements are described below to simplify the present
disclosure. These are, of course, merely examples and are
not intended to be limiting. For example, the formation of a
first feature over or on a second feature in the description
that follows may include embodiments in which the first and
second features are formed in direct contact, and may also
include embodiments in which additional features may be
formed between the first and second features, such that the
first and second features may not be in direct contact.

Further, spatially relative terms, such as ‘“beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly. Throughout the discussion herein, unless otherwise
specified, the same numeral in different figures refers to the
same or similar component formed by a same or similar
process using a same or similar material(s).

Embodiments of the present disclosure are discussed in
the context of Magnetic Tunnel Junction (MTJ) devices and
the formation of MTJ devices. In some embodiments, a first
plurality of MTJs are formed in a memory region of a
semiconductor device to form a memory array configured to
store data bits, and a second plurality of MTJs are formed in
a logic region of the semiconductor device to form a resistor
device configured to provide an equivalent electrical resis-
tance. In the illustrated embodiments, the MTJs in the
memory region and the MTJs in the logic region are formed
in a same processing step and in a same Inter-Metal Dielec-
tric (IMD) layer over a substrate of the semiconductor
device, which reduces manufacturing time and cost com-
pared with conventional methods where resistance devices
are formed using sheet type resistors and are formed in a
separate processing step, e.g., after the MTJs of the memory
array are formed. In addition, by using the MTJs as resistors
of the resistance device, higher integration density is
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achieved in the semiconductor device, since the MTJs take
up less space in the layout design than traditional sheet type
resistors. The MTJs in a resistance device may be electri-
cally coupled in series or in parallel to provide different
resistance values. In the illustrated embodiments, the resis-
tance device comprising multiple MTJs has a plurality of
possible resistance values, and is programmable by supply-
ing a pre-determined sequence of electrical currents through
the resistance device. Therefore, the embodiment resistance
device has the additional advantage of being able to provide
multiple resistance values for different applications.

FIGS. 1-7 illustrate cross-sectional views of a semicon-
ductor device 100 at various stages of fabrication, in accor-
dance with an embodiment. The semiconductor device 100
includes MTJs and may also be referred to as an MTJ device.
As illustrated in FIG. 1, the semiconductor device 100
includes a memory region 101A and a logic region 101B
over a same substrate 101, where one or more memory
devices (e.g., a memory array comprising MTJs) are formed
in the memory region 101A and one or more logic devices
(e.g., logic circuits, resistor devices comprising MTJs, or the
like) are formed in the logic region 101B.

Referring to FIG. 1, electrical components 103A and
103B are formed in or on the substrate 101, and an inter-
connect structure, which includes a plurality of Inter-Metal
Dielectric (IMD) layers and electrically conductive features
(e.g., metal lines and vias) formed in the IMD layers, is
formed over the substrate 101 to connect the electrical
components 103A/103B to form functional circuits, such as
a memory array in the memory region 101A, and a resistor
device in the logic region 101B.

The substrate 101 may be a semiconductor substrate, such
as silicon, doped or undoped, or an active layer of a
semiconductor-on-insulator (SOI) substrate. The semicon-
ductor substrate may include other semiconductor materials,
such as germanium; a compound semiconductor including
silicon carbide, gallium arsenic, gallium phosphide, gallium
nitride, indium phosphide, indium arsenide, and/or indium
antimonide; an alloy semiconductor including SiGe, GaAsP,
AllnAs, AlGaAs, GalnAs, GalnP, and/or GalnAsP; or com-
binations thereof. Other substrates, such as multi-layered or
gradient substrates, may also be used. The electrical com-
ponents 103A/103B may be, e.g., transistors, diodes, capaci-
tors, resistors, or the like, formed by any suitable formation
method.

In some embodiments, one or more Inter-Layer Dielectric
(ILD) layers (not illustrated in FIG. 1, but illustrated in FIG.
14) are formed over the substrate 101, and a plurality of
Inter-Metal Dielectric (IMD) layers are formed over the ILD
layer(s). The IMD layers are denoted as IMD,, where x=0,
1,2, ..., where IMD, refers to the lowest (e.g., closest to
the substrate 101) IMD layer, and the index x increases by
1 for each additional IMD layer (see, e.g., FIG. 14). The ILD
layer(s) and the IMD layers may be formed of any suitable
dielectric material, for example, a nitride such as silicon
nitride; an oxide such as silicon oxide, phosphosilicate glass
(PSG), borosilicate glass (BSG), boron-doped phosphosili-
cate glass (BPSG), or the like; or the like. The ILD layer(s)
and the IMD layers may be formed by any acceptable
deposition process, such as spin coating, physical vapor
deposition (PVD), chemical vapor deposition (CVD), the
like, or a combination thereof.

In some embodiments, electrically conductive features,
such as contact plugs, are formed in the ILD layer(s) to
electrically connect to the electrical components 103A/
103B. In some embodiments, electrically conductive fea-
tures, such as conductive lines and vias, are formed in each

5

10

15

20

25

30

35

40

45

50

55

60

65

4

IMD layer to electrically connect to underlying conductive
features. The electrically conductive features in the ILD
layer(s) and the IMD layers may be formed through any
suitable process, such as deposition, damascene, dual dama-
scene, the like, or combinations thereof.

FIG. 1 illustrates an IMD layer IMD,_, over the substrate
101, a dielectric layer 120 (which is a portion of the IMD
layer IMD,), and an etch stop layer 113 between the dielec-
tric layer 120 and the IMD layer IMD,_,. Although the IMD
layer IMD, _, is illustrated in FIG. 1 as over and contacting
the substrate 101, there may be other layers between the
IMD layer IMD,_, and the substrate 101 (see, e.g., FIG. 14).
For simplicity, in subsequent figures, the substrate 101 and
the electrical components 103A/103B may not be illustrated.

As illustrated in FIG. 1, electrically conductive features
111 are formed in the IMD layer IMD, _, and are electrically
coupled to the electrical components 103A/103B. The etch
stop layer 113 is formed over the IMD layer IMD, _, and is
used to protect the underlying structures and provide a
control point for a subsequent etching process through, e.g.,
the dielectric layer 120. In an embodiment, the etch stop
layer 113 is formed of silicon nitride using plasma-enhanced
CVD (PECVD), although other dielectric materials such as
nitride, carbide, boride, combinations thereof, or the like,
and alternative techniques of forming the etch stop layer
113, such as low pressure CVD (LPCVD), PVD, or the like,
could alternatively be used.

In FIG. 1, the dielectric layer 120 is formed over the etch
stop layer 113 and is formed of, e.g., an oxide such as
tetraethyl orthosilicate (TEOS). Vias 123 are formed in the
dielectric layer 120 and extend through the etch stop layer
113 to electrically couple to the underlying conductive
features 111. The vias 123 may be formed of an electrically
conductive material, such as copper, tungsten, titanium
nitride, alloys thereof, or the like, by PVD, CVD, Atomic-
Layer Deposition (ALD), or other suitable deposition pro-
cess. As illustrated in FIG. 1, a barrier layer 121 is formed
between the vias 123 and the dielectric layer 120. The barrier
layer 121 may be formed of one or more layers of titanium,
titanium nitride, tantalum, tantalum nitride, tungsten nitride,
ruthenium, rhodium, platinum, other noble metals, other
refractory metals, their nitrides, combinations of these, or
the like. The barrier layer 121 may be formed through CVD,
although other techniques such as PVD or ALD could
alternatively be used. The vias 123 may be referred to as the
bottom vias of the MTJs formed subsequently.

Next, in FIG. 2, a plurality of electrically conductive
layers are deposited (e.g., blanket deposited) successively
over the dielectric layer 120 of FIG. 1, using suitable
deposition method such as PVD, CVD, ALD, the like, or
combinations thereof. In some embodiments, the plurality of
electrically conductive layers includes bottom electrode
layers (e.g., 131 and 133), an MTJ layer 137, and top
electrode layers (e.g., 139, 141, and 143). In subsequent
processing, the MTJ layer 137 will be patterned to form the
MT1s, the bottom electrode layers will be patterned to form
bottom electrodes of the MTJs, and the top electrode layers
will be patterned to form top electrodes of the MTJs.

In FIG. 2, the bottom electrode layers include a conduc-
tive layer 131 and a conductive layer 133. In an embodi-
ment, the conductive layer 131 is formed of tantalum nitride
(e.g., TaN), and the conductive layer 133 is formed of
titanium nitride (e.g., TiN). A thickness of the conductive
layer 131 may be between about 30 angstroms and about 70
angstroms, such as 50 angstroms, and a thickness of the
conductive layer 133 may be between about 30 angstroms
and about 70 angstroms, such as 50 angstroms. The con-
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ductive layer 133 may function as a diffusion barrier layer,
and may also function as a buffer layer for the subsequently
formed MTIJ layer 137 such that the crystal growth direction
of the subsequently formed MTJ layer 137 is along a
targeted direction (e.g., along the [001] direction).

In some embodiments, the MTJ layer 137 includes three
sublayers, such as a pinned layer 137A, a tunneling barrier
layer 137B, and a free layer 137C. Each of the pinned layer
137A and the free layer 137C comprises a suitable magnetic
material(s), such as cobalt iron boron (CoFeB), cobalt iron
(CoFe), nickel iron (NiFe), a synthetic magnetic material
comprising Co/Ru/Co, or the like. In an embodiment, the
tunneling barrier layer comprises magnesium oxide (MgO).
A thickness of the MTJ layer 137 may be between about 270
angstroms and about 330 angstroms, such as about 300
angstroms.

The pinned layer 137A, the tunneling barrier layer 137B,
and the free layer 137C are patterned in subsequent pro-
cessing to from MTJs. When the magnetic moment direc-
tions of the free layer and the pinned layer in an MTJ are the
same (also referred to as in parallel state), the resistance of
the MTJ is low. When the magnetic moment directions of the
free layer and the pinned layer are opposite to each other
(also referred to as in anti-parallel state), the resistance of the
MT]J is high. The resistance of the MTJ is non-volatile and
may be controlled by a writing current. For example, when
the writing current is over a pre-determined threshold, the
free layer’s magnetic moment will change from a first state
(e.g., the parallel state) to a second state (e.g., the anti-
parallel state), which causes the MTJ to change from a first
resistance state (e.g., a low resistance state) to a second
resistance state (e.g., a high resistance state). Details regard-
ing the switching of an example MTJ between the parallel
state and the anti-parallel state are discussed hereinafter with
reference to FIGS. 15A and 15B.

In the example of FIG. 2, the top electrode layers include
conductive layers 139, 141, and 143. In some embodiments,
the conductive layer 139 comprises ruthenium (Ru) and
functions as a capping layer to protect the MTJ layer 137. A
thickness of the conductive layer 139 may be between about
50 angstroms and about 100 angstroms, such as about 75
angstroms. In some embodiments, the conductive layer 141
comprises tungsten, titanium, titanium nitride, tungsten-
doped carbide, or the like, and the conductive layer 143
comprises titanium nitride, titanium, tungsten-doped car-
bide, or the like. In some embodiments, the conductive layer
141 and the conductive layer 143 are formed of a same
material. In other embodiments, the conductive layer 141
and the conductive layer 143 are formed of different mate-
rials. In some embodiments, the conductive layer 141 is
omitted, and the conductive layer 143 is formed direct on
(e.g., in physical contact with) the conductive layer 139. In
embodiments where both the conductive layers 141 and 143
are formed, a total thickness of the conductive layers 141
and 143 is between about 600 angstroms and about 1200
angstroms. In embodiments where the conductive layer 141
is omitted, a thickness of the conductive layer 143 is
between about 600 angstroms and about 1200 angstroms.
The layer structure for the bottom electrode layers, the MTJ
layer, and the top electrode layers illustrated in FIG. 2 is
merely a non-limiting example. Other layer structures and
other dimension for the layer structure are also possible and
are fully intended to be included within the scope of the
present disclosure.

Next, in FIG. 3, a patterned mask layer 144 is formed over
the conductive layer 143. The patterned mask layer 144 may
be formed by depositing a mask layer (e.g., silicon nitride,
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or silicon oxide) over the conductive layer 143 and pattern-
ing the deposited mask layer using, e.g., photolithography
and etching techniques. The patterns of the patterned mask
layer 144 are then transferred to the conductive layers 143
and 141 using, e.g., a first anisotropic etching process. The
patterned mask layer 144 is at locations that are directly over
corresponding vias 123, as illustrated in FIG. 3.

Next, in FIG. 4, a second anisotropic etching process,
such as a dry etching process, is performed to pattern the
conductive layer 139, the MT1J layer 137 and the conductive
layers 131 and 133. The dry etching process may be a
reactive ion etching (RIE), an ion beam etching (IBE), or the
like, as examples. After the second anisotropic etching
process, the patterned MTJ layer form MTIs 137, the
patterned bottom electrode layers (e.g., 131 and 133) form
the bottom electrode 132 of the MTJs, and the patterned top
electrode layers (e.g., 139, 141, and 143) form the top
electrode 142 of the MTIJs. In the discussion herein, the
bottom via 123 with the barrier layer 121, the bottom
electrode 132, the MTJ 137, and the top electrode 142 may
be collectively referred to as an MTJ structure 149. FIG. 4
illustrates three MTJ structures 149 in the memory region
101 A and one MTJ structure 149 in the logic region 101B as
a non-limiting example, and the number of MTIJ structures
in the memory region 101A and the logic region 101B may
be any suitable value. These and other variations are fully
intended to be included within the scope of the present
disclosure.

In some embodiments, during the second anisotropic
etching process, residues of the conductive materials (e.g.,
materials from layers 131, 133, 137, 139, 141, or 143
removed by the second anisotropic etching process) may
accumulate along the sidewalls of the MTJs 137, which may
cause short circuit of the MTJs 137. To prevent the short
circuit, the second anisotropic etching process may over-
etch to remove the residues of the conductive material from
the sidewalls of the MTJs 137. The over-etching of the
second anisotropic etching process may remove top portions
of the dielectric layer 120 (e.g., portions not directly under
the MTJ structure 149). For example, an offset H between a
first upper surface of the dielectric layer 120 (e.g., directly
under the MT1J structure 149) and a second upper surface of
the dielectric layer 120 (e.g., recessed by the over-etching of
the second anisotropic etching process) is between about
100 angstroms and about 300 angstroms.

Still referring to FIG. 4, after the second anisotropic
etching process, a spacer layer 145 is formed (e.g., confor-
mally deposited) over the MTJ structures 149 and the
dielectric layer 120. The spacer layer 145 may comprise a
suitable dielectric layers, such as a nitride (e.g., silicon
nitride, or silicon carbon nitride) formed by CVD, PVD,
ALD, or other suitable process.

Next, in FIG. 5, a dry etching process is performed to etch
the spacer layer 145 to expose top portions of the MTJ
structures 149 (e.g., portions of the conductive layers 143/
141), and an optional spacer layer 147 is formed over the
spacer layer 145. In some embodiments, the spacer layer 147
comprises a nitride such as silicon nitride, or silicon carbon
nitride. In other embodiments, the spacer layer 147 com-
prises an oxide such as silicon oxide while the spacer layer
145 comprises an nitride. In some embodiments, the spacer
layer 147 is omitted.

Next, a dry etch process, which may be anisotropic, is
performed to remove horizontal portions of the spacer layer
147 (if formed). After the dry etch process, portions of the
spacer layers 145/147 along sidewalls of the MTJ structures
149 remain, and the top electrodes 142 of the MTJ structures
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149 are exposed. In some embodiments, the resistance of the
MT] structure 149 is inversely proportional to the size (e.g.,
width) of the MTIJ structures 149, and therefore, the size
(e.g., the width) of the patterned mask layer 144 (see FIG.
3) may be adjusted to adjust the resistance values of the MTJ
structures 149. For example, increasing the width of the
patterned mask layer 144 results in increased width of the
MT]J structure 149 and decreased resistance of the MTJ
structure 149, and vice versa.

Referring next to FIG. 6, a dielectric layer 151, such as a
low-K oxide, is formed over the dielectric layer 120 and the
MTT structures 149. In the illustrated embodiment, a nitro-
gen-free anti-reflective layer (NFARL) 150 is formed over
the dielectric layer 151, and a photoresist layer 154 is
formed over the NFARL 150. The photoresist layer 154 and
the NFARL 150 are then used to pattern the dielectric layer
151 in subsequent processing to form conductive features
155 in the IMD layer IMD,, as illustrated in FIG. 7. Note
that in the illustrated embodiment, the IMD layer IMD,
includes the dielectric layer 120 and the dielectric layer 151.

Next, in FIG. 7, the conductive features 155 are formed in
the IMD layer IMD,. The conductive features 155 may
include conductive lines 1551 and vias 155V formed using
suitable formation methods such as damascene, dual-dama-
scene, deposition, plating, combinations thereof, or the like.
Next, an etch stop layer 153 and an IMD layer IMD, ,, are
formed over the IMD layer IMD,, and conductive features
163 (e.g., conductive lines 163L. and vias 163V) are formed
in the IMD layer IMD,,,. The conductive features 163
extends through the etch stop layer 153 and are electrically
coupled to the conductive features 155 and the MTJ struc-
tures 149, as illustrated in FIG. 7. The number of MTIJ
structures 149 and the electrical connection between the
MT] structures 149 and the conductive features (e.g., 163,
155) illustrated in FIG. 7 are merely non-limiting example.
Other numbers of MT]J structures 149 and other electrical
connections between the MTJ structures 149 and the con-
ductive features are possible, and are fully intended to be
included within the scope of the present disclosure.

Additional processing may follow the processing illus-
trated in FIG. 7 to complete the manufacturing of the
semiconductor device 100, as one skilled in the art will
readily appreciate, thus details are not discussed here. In the
illustrated embodiment, the MTJ structures 149 in the
memory regions 101A form a memory device, such as a
memory array. FIGS. 13 and 14 illustrate examples regard-
ing the formation of the memory array in the memory region
101A using the MTJ structures 149, details of which are
discussed hereinafter. Therefore, the MTJ structures 149 (or
the MTJs 137) in the memory region 101 A are configured to
store data bits (e.g., digital bits such as zeros and ones). In
particular, each MTJ is configured to store one bit (e.g., a bit
having a value of one or a value of zero), in the illustrated
embodiment.

In contrast, the MTJ structures 149 in the logic region
101B function as resistors, which resistors may be used for,
e.g., controlling a specific current or a specific voltage,
limiting cross voltage distribution, limiting the current in a
circuit, or as a resistance sensor to detect an environmental
condition (e.g., the resistance may linearly change with the
condition being detected). In some embodiments, multiple
MT]Js structures 149 in the logic region 101B are electrically
coupled together to form a resistor device (may also be
referred to as a resistor circuit) and to provide an equivalent
electrical resistance (may also be referred to as equivalent
resistance). FIGS. 9A, 10, 11, and 12 provide various
embodiments where multiple MTJ structures 149 in the
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logic region 101B are electrically coupled together to form
a resistor device, details of which are discussed hereinafter.

As illustrated in FIG. 7, MT1 structures 149 are formed in
a same dielectric layer (e.g., the IMD layer IMD,) of the
semiconductor device 100 in both the memory region 101A
and the logic region 101B. In the illustrated embodiment, the
MT]J structures 149 in the memory region 101A and in the
logic region 101B are formed in a same processing step and
have a same structure. However, the MT]J structures 149 in
the memory region 101A function as one or more memory
devices, and the MT1J structures 149 in the logic region 101B
function as one or more resistor devices. In other words, the
presently disclosed method allows memory devices and
resistor devices to be formed in a same layer of the semi-
conductor device 100 in a same processing step, which
reduces manufacturing time and cost compared with tradi-
tional methods where memory devices and resistor devices
are formed in different layers of the semiconductor device in
different processing steps. For example, the photolithogra-
phy masks and the extra processing steps related to forming
the resistor devices are obviated by the present disclosure.

Another advantage of the presently disclosed method is
higher integration density of the semiconductor device
formed due to the use of MTJ structures 149 as the resistors
of the resistor device. To illustrate the advantage, FIG. 8A
shows a circuit with a resistor device R, and FIG. 8B
illustrates the layout (e.g., a top view) of a reference design
where sheet type resistors 801 are used to form the resistor
device R instead of using MTJ structures 149. In particular,
each of the sheet type resistors 801 in FIG. 8B is a rectan-
gular sheet of conductive material (e.g., TiN or TaN) formed
in, e.g., a top IMD layer of a semiconductor device, to
provide a unit resistance R, (e.g., R, may have a value
between about 0.5 k€2 and about 10 kQ). Multiple sheet type
resistors 801 are concatenated (e.g., coupled in series) to
provide a larger resistance. For example, each of the sheet
type resistors 801 may have a width of 0.2 um and a length
of 0.4 um, with an area of 0.4x0.2=0.08 um?>. To provide a
resistance of 10R,, ten sheet type resistors 801 are concat-
enated together, which requires a total area of 0.8 um?® in the
layout design. In contrast, a resistor device using MTJ
structures 149 uses a much smaller area (e.g., 6.5% of the
total area required by the sheet type resistors) in the layout,
as described below with reference to FIGS. 9A and 9B,
which allows a much higher integration density for the
semiconductor device 100.

FIG. 9A illustrates a semiconductor device 100A, which
is similar to the semiconductor device 100 of FIG. 7, but
with multiple MTJ structures 149 in the logic region 101B.
The MTJ structures 149 in the logic region 101B function as
resistors, and are electrically coupled in series to form a
resistor device and to provide a larger equivalent resistance.
The MTIJ structures 149 in the logic region 101B are
connected in a head-to-head series configuration, where an
electrical current flowing out of an MTIJ structure 149 flows
into an adjacent MTJ structure 149 through a same type of
electrode (e.g., a top electrode, or a bottom electrode). In
other words, if the electrical current flows out of an MT]J
structure at a bottom electrode, it will flow into an adjacent
MT]J structure at a bottom electrode of the adjacent MTJ
structure, and vice versa. In the example of FIG. 9A, the
bottom vias of the MTIJ structures 149 in the logic region
101B are directly coupled to conductive features 111 in an
underlying IMD layer (e.g., the IMD layer IMD,_,), and the
top electrode of the MT1J structures 149 are directly coupled
to conductive features 163 in an overlying IMD layer (e.g.,
the IMD layer IMD_, ). In some embodiments, the conduc-
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tive feature 111 is a conductive line. In some embodiments,
the conductive feature 111 is a via that is wide enough such
that two adjacent MTJ structures 149 can land on (e.g.,
directly connected to) the via.

FIG. 9A also illustrates an electrical current I (see dashed
arrowed lines) that flows through the MTI structures 149 of
the resistor device. As illustrated in FIG. 9A, the internal
current flow directions of the MTJ structures 149 in the
resistor device are different, where the internal current flow
direction of an MT]J structure refers to how a current flows
through an MT1J structure (e.g., from the top electrode to the
bottom electrode, or from the bottom electrode to the top
electrode). In particular, if the MTJ structures 149 of the
resistor device in the logic region 101B are sequentially
assigned numbers such as 1, 2, 3, and 4 from the left to the
right, then, due to the head-to-head series configuration, the
current [ flows through the odd-numbered MT]J structures
149 from the top electrode to the bottom electrode (or to the
bottom via), and flows through the even-numbered MTJ
structures 149 from the bottom electrode to the top elec-
trode. The different internal current flow directions of the
MT] structures 149 in the head-to-head series configuration
will be exploited to program the multi-level resistance of the
resistor device, as discussed hereinafter with reference to
FIGS. 16A, 16B, and 17.

FIG. 9B illustrates the layout design of the MT1J structures
149 in the logic region 101B of FIG. 9A. Each of the MTJ
structure 149 has a cell size of L. by W, and a distance P
between adjacent MTJ structures. Note that although four
MT] structures 149 are illustrated in the logic region 101B,
more or less than four MTJ structure may be coupled in the
head-to-head series configuration to form the resistor device.

Referring back to the example above, assuming that each
MT]J structure 149 in the logic region 101B provides a
resistance of R, and ten MTJ structures 149 are connected
in the head-to-head series configuration to provide an
equivalent resistance of 10R,. In addition, consider the
example where the cell size of the MTJ structure is 40 nm
by 40 nm (e.g., L=W=40 nm), and the distance P between
MT]J structures is 100 nm. The total area used by the ten
MT]J structures 149 is therefore (10x40+100x9) nmx40
nm=>52000 nm>=0.052 um?*. Compared with a total area of
0.8 pm? for the reference design using ten sheet type
resistors 801 (see FIG. 8B), the presently disclosed method
using MTJ structure 149 as integrated resistors uses only
6.5% of the total area of the sheet type resistors, thus
achieving a 93.5% reduction in the total area used for the
resistor device. This allows for a much higher integration
density of the semiconductor device 100.

FIG. 10 illustrates a semiconductor device 100B, which is
similar to the semiconductor device 100A of FIG. 9A, where
the MTJ structures 149 in the logic region 101B are elec-
trically connected in a head-to-head series configuration.
The top electrodes of the MTJ structures 149 in the logic
region 101B of FIG. 10, however, are directly coupled to
conductive features 156 over the MTJ structures 149, which
conductive features 156 are formed in the same IMD layer
(e.g., IMD,) as the MT1J structures 149. The embodiment of
FIG. 10 is suitable for applications where the IMD layer
IMD, is thick enough to accommodate the conductive fea-
tures 156. The conductive features 156 may be formed by
forming a dielectric layer 152 over the MTJ structures 149
and over the dielectric layer 151, then forming the conduc-
tive features 156 in the dielectric layer 152. Note that in the
example of FIG. 10, the IMD layer IMD, includes the
dielectric layers 152, 151, and 120.
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In the embodiment of FIG. 10, since the conductive
features (e.g., 156) used to connect the top electrodes of the
MT]J structures 149 are formed in the IMD layer IMD,, the
IMD layer IMD_, | has an area 803 over the MTJ structures
149 which is now un-occupied by, e.g., the conductive
features 163 (see FIG. 9A). In some embodiments, the extra
space provided by the area 803 may be used to route
conductive lines in the IMD layer IMD, ,, to save the total
layout area of the semiconductor device 100 and/or to
increase integration density.

FIG. 11 illustrates a semiconductor device 100C, which is
similar to the semiconductor device 100A of FIG. 9A, with
the MTI structures 149 in the logic region 101B connected
in series to provide an equivalent resistance. In particular,
the MTJ structures 149 in the logic region 101B of FIG. 11
are connected in a head-to-tail series configuration, where
the top electrode of an MT1J structure 149 is directly coupled
to (e.g., having a same voltage as) the bottom via of a
preceding MTJ structure 149 in the head-to-tail series con-
figuration. Therefore, the internal current flow directions of
the MT1J structures 149 in the head-to-tail series configura-
tion are the same, e.g., from the top electrode to the bottom
electrode, or from the bottom electrode to the top electrode.

FIG. 12 illustrates a semiconductor device 100D, which
has multiple MTJ structures 149 in the logic region 101B
that are electrically coupled in parallel to provide an equiva-
lent resistance. In some embodiments, the MT]J structures
149 are formed in a same process and have substantially a
same resistance value R, individually, and the equivalent
resistance provided by the parallel connected MTJ structures
149 is R,/N, where N is the number of parallel connected
MT] structures. In embodiments where the IMD layer IMD,,
is thick enough to accommodate a conductive features (see,
e.g., 156 in FIG. 10) over and connecting all the MTJ
structures 149, an un-occupied space (see, e.g., 803 in FIG.
10) over the MT1J structures 149 in the IMD layer IMD_, |
may be formed, similar to FIG. 10.

FIG. 13 illustrates a schematic view of a memory array
1300, in accordance with an embodiment. The memory
array 1300 includes a plurality of MTJ structures 149 and
may be formed in the memory region 101A of, e.g., the
semiconductor device 100 of FIG. 7. In FIG. 13, each of the
MT]J structures 149 is illustrated as a free layer FL and a
corresponding pinned layer PL for simplicity. As illustrated
in FIG. 13, the memory array 1300 includes MTJ structures
149 organized in an array (e.g., in rows and columns), and
has bit lines (e.g., BLO, BL1), word lines (e.g., WL0, WL1),
and common sensing lines (e.g., CSL). Each of the MTJ
structures 149 is coupled between a bit line and a drain of a
corresponding transistor 1311. A gate of the transistor 1311
is coupled to a word line, and a source of the transistor 1311
is coupled to a common sensing line. When a transistor 1311
is turned on, a current flowing through the drain and the
source of the transistor 1311 is determined by the resistance
of'the MTJ structure 149 (e.g., a high resistance Rap or a low
resistance Rp), and the current is used to determine whether
a zero or a one is stored in the MTJ structure 149. In the
example of FIG. 13, four bits are stored by the four MTJ
structures 149. One skilled in the art will readily appreciate
that the memory array 1300 may include more MT]J struc-
tures 149 than illustrated in FIG. 13 to store a pre-deter-
mined amount of data bits.

FIG. 14 illustrates a schematic cross-sectional view of the
memory array 1300 of FIG. 13, in accordance with an
embodiment. For simplicity, FIG. 14 illustrates only a por-
tion of the memory array 1300. The area 1380 in FIG. 14
corresponds to the area 1380 in FIG. 13.
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As illustrated in FIG. 14, source regions S and drain
regions D of transistors are formed over the substrate 101.
Gate structures PO and source/drain contacts MD are
formed over the substrate 101 in the ILD layer. A plurality
of IMD layers (e.g., IMD,~IMDy) are formed over the ILD
layer, with each IMD layer having conductive lines (e.g.,
My or My, where x=0, 1, 2, . . ., 6) and vias (e.g., VD,
or V,~V5) formed therein. In some embodiments, the con-
ductive lines My,, and M, extend perpendicular to each
other, with the M,,; lines extending along a first direction
and the M, lines extending along a second direction per-
pendicular to the first direction, where the first direction and
the second direction define a plane that is parallel to the
upper surface of the substrate 101. In some embodiments,
depending on the design of the circuit, the conductive lines
M, and M- extend along a same direction in a plane that
is parallel to the upper surface of the substrate 101.

In the example of FIG. 14, the MTIJ structure 149 is
formed in the IMD layer IMDs. The MTJ structure 149
illustrated in FIG. 14 is a simplified schematic view of the
MT]J structure 149 shown in FIG. 4. For example, the MTJ
structure 149 illustrated in FIG. 14 shows the MTJ 137 of
FIG. 4, a BEVA (which includes the bottom via 123 and the
bottom electrode 132 in FIG. 4), and a TEVA (which
includes the top electrode 142 in FIG. 4). The word lines WL
(e.g., WLO, WL1) of the memory array are formed in the
IMD layer IMD,, the common sensing lines CSL are formed
in the IMD layer IMD,, and the bit lines BL. (e.g., BL0, BL1)
are formed in the IMD layer IMD,. These are, of course,
merely examples and non-limiting. The word lines, bit lines,
common sensing lines may be formed in other IMD layers,
these and other variations are fully intended to be included
within the scope of the present disclosure.

FIG. 15A illustrates the internal current flow directions of
an MTIJ structure 149. The MTJ structure 149 of FIG. 15A
is a simplified schematic view, which includes a MTJ (e.g.,
137 of FIG. 4), a BEVA (e.g., including the bottom electrode
132 and the bottom via 123 of FIG. 4), and a TE (e.g.,
including the top electrode 142 of FIG. 4). The shapes of the
MTJ, BEVA, and the TE in FIG. 15A are merely non-
limiting examples, other suitable shapes are also possible
and are fully intended to be included within the scope of the
present disclosure. A positive internal current flow direction
I(V+) refers to a direction of current flow inside the MTJ
structure from the top electrode TE to the bottom via BEVA,
and a negative internal current flow direction I(V-) refers to
a direction of current flow inside the MTJ structure from the
bottom via BEVA to the top electrode TE. Similarly, a
positive voltage applied to the MTJ structure refers to a
voltage that causes a positive internal current flow direction
for the MTJ structure, and a negative voltage applied to the
MT]J structure refers to a voltage that causes a negative
internal current flow direction for the MTJ structure. Dis-
cussion below may refer to the positive/negative internal
current flow directions and the positive/negative voltages of
the MTJ structures.

FIG. 15B illustrates the operating characteristics of an
MT] structure 149, in some embodiments. The x-axis cor-
responds to the voltage applied to the MTIJ structure 149,
and the y-axis corresponds to the resistance of the MTIJ
structure. The MTJ structure 149 has two resistance states,
such as the anti-parallel state (e.g., a high-resistance state)
which corresponds to a high resistance value Rap, and the
parallel state (e.g., a low-resistance state) which corresponds
to the low resistance Rp. Transition of the MTJ structure 149
between the anti-parallel state and the parallel state may be
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achieved by applying positive/negative voltages, or positive/
negative currents, through the MTJ structure 149, details of
which are discussed below.

Referring to FIG. 15B, the MTJ structure 149 may be
initialized (e.g., after being formed) to be in the anti-parallel
state. This may be achieved by, e.g., using a magnetic field
to set the magnetic moment spin direction of the free layer
to be opposite to that of the pinned layer. To switch from the

anti-parallel state to the parallel state, a positive voltage is
applied to the MTIJ structure. As illustrated in FIG. 15B,
when the positive voltage is larger than zero volt but smaller
than a first threshold voltage V,,; (e.g., +0.5V), the MTJ
structure stays in the anti-parallel state. When the positive
voltage reaches the threshold voltage V., the MTJ
switches from the anti-parallel state into the parallel state,
and the resistance of the MTJ structure 149 drops from Rap
to Rp. Once the MT1 structure 149 switches into the parallel
state, it stays in the parallel state as long as the voltage
applied to the MTJ structure is above a second threshold
voltage V,,, (e.g., —0.7V). When the voltage applied to the
MT]J structure 149 drops to the second threshold voltage
V2, the MTJ structure switches into the anti-parallel state.
Once the MTJ structure 149 switches into the anti-parallel
state, it stays in the anti-parallel state as long as the voltage
applied to the MTJ structure 149 is below the first threshold
voltage V,,;. The MTJ structure 149 has a positive break-
down voltage that is higher than V_,,, and a negative
break-down voltage that is lower than V,,. The discussion
above assumes that the voltage applied to the MTIJ structure
149 is between the negative break-down voltage and the
positive break-down voltage, as one skilled in the art readily
appreciates.

FIG. 16A illustrates a cross-sectional view of a resistor
circuit 200A comprising MTJs, in accordance with an
embodiment. The resistor circuit 200A may be formed in the
logic region 101B of, e.g., the semiconductor device 100A.
As illustrated in FIG. 16A, the resistor circuit 200A includes
five MT1J structures 149 connected in the head-to-head series
configuration. FIG. 16B illustrates an equivalent schematic
view of the resistor circuit 200A in FIG. 16A, where the five
MT]J structures from the left to the right of FIG. 16A are
referred to as resistors Hi-R1~Hi-R5, respectively.

Since each of the MTJ structure 149 has two different
resistance values (e.g., Rap and Rp) corresponding to two
different states (e.g., anti-parallel state and parallel state),
setting the MTJ structures 149 of the resistor circuit 200A to
different states results in a plurality of resistance values for
the resistor circuit 200A. In some embodiments, a pre-
determined sequence of electrical currents is applied to the
resistor circuit 200A to set the equivalent resistance of the
resistor circuit 200A to different values. In other words, the
resistor circuit 200A provides a multi-level resistance (e.g.,
having a plurality of resistance values) that is programmable
by applying a pre-determined sequence of electrical currents
(or a pre-determined sequence of voltages), details of which
are discussed hereinafter. Note that although details regard-
ing programming the equivalent resistance of the resistor
circuit 200A is discussed below in the context of applying a
pre-determined sequence of electrical currents, one skilled
in the art will readily appreciate that the programming of the
equivalent resistance may also be achieved by applying a
corresponding pre-determined sequence of voltages, since
the MT1J structures 149 function as resistors, and the voltage
across a resistor is proportional to the current flowing
through the resistor.

FIG. 17 illustrates a method of programming the equiva-
lent resistance of the resistor circuit 200A of FIG. 16 A, in an
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embodiment. In particular, a sequence of electrical currents
is supplied to the resistor circuit 200A to set the equivalent
resistance of the resistor circuit 200A to different values. The
discussions below with reference to FIGS. 17 and 19 assume
that the operating characteristics of the MT1J structures 149
are the same as those illustrated in FIG. 15B, and that Rap
is twice of Rp (e.g., Rap=2Rp). One skilled in the art, upon
reading the discussions herein, will be able to apply the
principles discussed herein to other MTJ structures with
other operating characteristics and/or other relations
between Rap and Rp.

Referring to FIG. 17, the five MTJ structures 149 (re-
ferred to as resistors Hi-R1~Hi-R5 in FIG. 17) are initialized
in the anti-paralle]l state and have initial resistance values
Rap. Therefore, a total resistance R, ,,; (or the equivalent
resistance) of the resistor circuit 200A after initialization is
5xRap=10Rp.

Next, in step 1), a first electrical current having a same
direction as that of the current I illustrated in FIG. 16A (see
the dashed arrowed line) is applied to the resistor circuit
200A. Due to the head-to-head configuration of the resistor
circuit 200A, the first electrical current results in a positive
voltage across each of the odd-numbered MTIJ structures
149 (e.g., Hi-R1, Hi-R3, Hi-R5), and results in a negative
voltage across each of the even-numbered MTJ structures
149 (e.g., Hi-R2, Hi-R4). In the example of FIG. 17, the first
electrical current has a pre-determined value such that the
voltage across each of the odd-numbered MTIJ structures
149 has a pre-determined value of +0.6V, and the voltage
across each of the even-numbered MTJ structures 149 has a
pre-determined value of -0.6V. Since the voltage of +0.6V
is larger than the first threshold voltage V,, (e.g., +0.5V),
the odd-numbered MTJ structures 149 switch from the
anti-parallel state into the parallel state (see FIG. 15B) and
have the low resistance Rp. The even-numbered MT]J struc-
tures 149, however, stays in the anti-parallel state, because
the voltage across the even-numbered MTJ structures 149
(e.g., -0.6V) is still above the second threshold voltage V.,
(e.g., =0.7V). Therefore, the resistor circuit 200A now has
three MTJ structures with resistance Rp and two MTJ
structures with resistance Rap. Accordingly, the total resis-
tance of the resistor circuit 200A at step 1) is 3xRp+2x
Rap=7 Rp.

Next, in step 2), a second electrical current is supplied to
the resistor circuit 200A, which second electrical current
flows in a direction opposite to that of the current I illus-
trated in FIG. 16A. The second electrical current has a
pre-determined value, and causes a voltage drop of —-0.6V
across each of the odd-numbered MTJ structures 149 and a
voltage drop of +0.6V across each of the even-numbered
MTI structures 149. As a result, the even-numbered MT]J
structures 149 switch from the anti-parallel state into the
parallel state, and the odd-numbered MTJ structures 149
stay in the parallel state. Therefore, the total resistance of the
resistor circuit 200A at step 2) is SRp.

Next, in step 3), a third electrical current having a same
direction as the second electrical current but a larger current
value is applied to the resistor circuit 200A. The third
electrical current has pre-determined current value, which
causes a voltage drop of -0.8V across each of the odd-
numbered MTJ structures 149 and a voltage drop of +0.8V
across each of the even-numbered MTJ structures 149. As a
result, the odd-numbered MT1J structures 149 switch from
the parallel state into the anti-parallel state, and the even-
numbered MTIJ structures 149 stay in the parallel state.
Therefore, the total resistance of the resistor circuit 200A at
step 3) is 3xRap+2xRp=8Rp.
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Next, in step 4), a fourth electrical current having a same
direction as the electrical current I illustrated in FIG. 16A is
applied to the resistor circuit 200A. The fourth electrical
current has a pre-determined value, which causes a voltage
drop of +0.6V across each of the odd-numbered MTIJ
structures 149 and a voltage drop of -0.6V across each of the
even-numbered MTIJ structures 149. As a result, the odd-
numbered MTJ structures 149 switch from the anti-parallel
state into the parallel state, and the even-numbered MTJ
structures 149 stay in the parallel state. Therefore, the total
resistance of the resistor circuit 200A at step 4) is SRp.

Next, in step 5), a fifth electrical current having a same
direction as the electrical current I illustrated in FIG. 16A is
applied to the resistor circuit 200A. The fifth electrical
current has a pre-determined value, which causes a voltage
drop of +0.8V across each of the odd-numbered MTIJ
structures 149 and a voltage drop of -0.8V across each of the
even-numbered MTIJ structures 149. As a result, the odd-
numbered MTJ structures 149 stay in the parallel state, and
the even-numbered MTJ structures 149 switch from the
parallel state to the anti-parallel state. Therefore, the total
resistance of the resistor circuit 200A at step 5) is 3xRp+
2xRap=7Rp.

Next, in step 6), a sixth electrical current having a
direction opposite to that of the electrical current I illustrated
in FIG. 16A is applied to the resistor circuit 200A. The sixth
electrical current has a pre-determined value, which causes
a voltage drop of —0.6V across each of the odd-numbered
MT] structures 149 and a voltage drop of +0.6V across each
of the even-numbered MT]J structures 149. As a result, the
odd-numbered MTI structures 149 stay in the parallel state,
and the even-numbered MT]J structures 149 switch from the
anti-parallel state to the parallel state. Therefore, the total
resistance of the resistor circuit 200A at step 6) is SRp.

As discussed above, by applying the sequence of electri-
cal currents, the equivalent resistance of the resistor circuit
200A in FIG. 16A may have four different values, such as
10Rp, 8Rp, 7Rp, and SRp. A user may program the resistor
circuit 200A by applying the sequence of electrical currents
described above and stop at any of the steps discussed above
to obtain the corresponding equivalent resistance at that
step.

FIG. 18A illustrates a cross-sectional view of a resistor
circuit 200B comprising M'TJ structures, in accordance with
an embodiment. The resistor circuit 200B may be formed in
the logic region 101B of, e.g., the semiconductor device
100C. As illustrated in FIG. 18A, the resistor circuit 2008
includes five MTJ structures connected in the head-to-tail
series configuration. FIG. 18A also illustrates an electrical
current | (see dashed arrowed line) that flows through the
MT]J structures 149 of the resistor circuit 200B. Note that
due to the head-to-tail configuration, the internal current
flow directions of the MT]J structures 149 are the same. FIG.
18B illustrates an equivalent schematic view of the resistor
circuit 200B in FIG. 18A, where the five MTJ structures
from the left to the right of FIG. 18A are referred to as
resistors Hi-R1~Hi-R5, respectively.

FIG. 19 illustrates a method of programming the equiva-
lent resistance of resistor circuit 2008 of FIG. 18A, in an
embodiment. Referring to FIG. 19, the five MTIJ structures
149 (referred to as resistors Hi-R1~Hi-R5 in FIG. 19) are
initialized in the anti-parallel state and have initial resistance
values Rap. Therefore, a total resistance R, ; (or the equiva-
lent resistance) of the resistor circuit 200B after initialization
is 5xRap=10Rp.

Next, in step 1), a first electrical current having a same
direction as the current I illustrated in FIG. 18A (see the
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dashed arrowed line) is applied to the resistor circuit 200B.
Due to the head-to-tail configuration of the resistor circuit
200B, the first electrical current results in a positive voltage
across each of the MTIJ structures 149. In the example of
FIG. 19, the first electrical current has a pre-determined
value such that the voltage across each of the MTJ structures
149 has a pre-determined value of, e.g., +0.6V. Since the
voltage of +0.6V is larger than the first threshold voltage
V... (e.g., +0.5V), the MTJ structures 149 switch from the
anti-parallel state into the parallel state (see FIG. 15B) and
have the low resistance Rp. Therefore, the total resistance of
the resistor circuit 200B at step 1) is SRp.

Next, in step 2), a second electrical current is supplied to
the resistor circuit 2008, which second electrical current
flows in a direction opposite to that of the current I illus-
trated in FIG. 18A. The second electrical current has a
pre-determined value, and causes a voltage drop of —-0.6V
across each of the MTJ structures 149. Since the voltage
-0.6V is still above the second threshold V,, (e.g., =0.7V),
the MTI structures 149 stay in the parallel state. Therefore,
the total resistance of the resistor circuit 200B at step 2) is
still SRp.

Next, in step 3), a third electrical current is supplied to the
resistor circuit 200B. The third electrical current flows in a
same direction as the second electrical current but has a
larger value, such that a voltage drop of —-0.8V is achieved
across each of the MTJ structures 149. Since the voltage
-0.8V is below the second threshold V_ , (e.g., —0.7V), the
MT]J structures 149 switch from the parallel state into the
anti-parallel state. Therefore, the total resistance of the
resistor circuit 200B at step 3) is SxRap=10Rp.

Next, in step 4), a fourth electrical current is supplied to
the resistor circuit 200B. The fourth electrical current flows
in a same direction as the current I illustrated in FIG. 18A,
and causes a voltage drop of +0.6V across each of the MTJ
structures 149. Since the voltage +0.6V is above the first
threshold V,,, (e.g., +0.5V), the MT1J structures 149 switch
from the anti-parallel state into the parallel state. Therefore,
the total resistance of the resistor circuit 200B at step 4) is
5Rp.

As discussed above, by applying the sequence of electri-
cal currents, the equivalent resistance of the resistor circuit
200B in FIG. 18A may have two different values, such as
10Rp and 5Rp. A user may program the resistor circuit 200B
by applying the sequence of electrical currents described
above and stop at any of the steps discussed above to obtain
the corresponding equivalent resistance at that step.

FIG. 20 illustrates a flow chart for a method 1000 of
forming a semiconductor device, in some embodiments. It
should be understood that the embodiment method shown in
FIG. 20 is merely an example of many possible embodiment
methods. One of ordinary skill in the art would recognize
many variations, alternatives, and modifications. For
example, various steps as illustrated in FIG. 20 may be
added, removed, replaced, rearranged and repeated.

Referring to FIG. 20, at step 1010, a memory array is
formed over a substrate, wherein forming the memory array
comprises forming first magnetic tunnel junctions (MTJs) in
a first dielectric layer over the substrate. At step 1020, a
resistor circuit is formed over the substrate, wherein forming
the resistor circuit comprises forming second MTJs in the
first dielectric layer and electrically coupling the second
MTIJs to provide an electrical resistance.

Variations to the disclosed embodiments are possible and
are fully intended to be included within the scope of the
present disclosure. For example, five MTJ structures are
illustrated in FIGS. 16A and 18A as examples. More or less

5

10

15

20

25

30

35

40

45

50

55

60

65

16

than five MTJ structures may be used in the resistor circuit
(e.g., 200A, 200B). In addition, while the head-to-head
series configuration, the head-to-tail series configurations,
and the parallel configuration are illustrated separately in
different examples, a resistor circuit formed using the pres-
ent disclosure may include MTJ structures coupled in any
suitable combinations, such as combinations of the head-to-
head series configuration, the head-to-tail series configura-
tion, and the parallel configuration. These and other varia-
tions are fully intended to be included within the scope of the
present disclosure.

Embodiment may achieve advantages. For example, by
using MTJ devices as resistors, and by forming the MTJ
resistor devices in a same metal layer as the MTJ memory
devices, the disclosed embodiments significantly reduce the
surface area used for achieving large resistance values,
thereby increasing the integration density of the semicon-
ductor device. In addition, since the MTIJ resistor devices
may be formed in a same processing step as the MTJ
memory devices, there is no extra processing steps needed
to form the integrated resistors, which reduces production
time and cost. Due to its operating characteristics, the MTJ
structures may be coupled together to form resistance
devices with multi-level resistances, which provides flex-
ibility for the resistance device to be used in different
applications.

In accordance with an embodiment, a semiconductor
device includes a substrate; a memory array over the sub-
strate, the memory array comprising first magnetic tunnel
junctions (MTJs), wherein the first MTJs are in a first
dielectric layer over the substrate; and a resistor circuit over
the substrate, the resistor circuit comprising second MTJs,
wherein the second MTJs are in the first dielectric layer. In
an embodiment, the first MTJs and the second MTJs have a
same structure. In an embodiment, each of the first MTJs is
configured to store a data bit, and each of the second MTJs
is configured to function as a resistor. In an embodiment, the
first MTJs are configured to store data bits independent of
each other, and the second MTIJs are electrically coupled
together to provide an equivalent resistance for the resistor
circuit. In an embodiment, the equivalent resistance is
programmable and has a plurality of values. In an embodi-
ment, each of the first MTJs is coupled between a bit line
(BL) of the memory array and a drain of a respective
transistor of the memory array, wherein a gate of the
respective transistor is coupled to a word line (WL) of the
memory array, and a source of the respective transistor is
coupled to a common sensing line (CSL) of the memory
array. In an embodiment, the second MTJs are electrically
coupled in series or in parallel. In an embodiment, the gate
of'the respective transistor is in an interlayer dielectric (ILD)
layer over the substrate, the common sensing line is in a first
inter-metal dielectric (IMD) layer over and contacting the
ILD layer, and the word line is in a second IMD layer over
and contacting the first IMD layer. In an embodiment, the
second MTJs are in a third IMD layer over the second IMD
layer, and the bit line is in a fourth IMD layer over the third
IMD layer. In an embodiment, the second MTJs are elec-
trically coupled in series. In an embodiment, the second
MT1Js are electrically coupled in a head-to-tail configuration
such that internal current flow directions of the second MTJs
are the same. In an embodiment, the second MTIs are
electrically coupled in a head-to-head configuration such
that a first internal current flow direction of a first one of the
second MTJs is opposite to a second internal current flow
direction of a second one of the second MT]Is, the second
one being adjacent to the first one.
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In accordance with an embodiment, a semiconductor
device includes a memory array in a memory region of the
semiconductor device and comprising first magnetic tunnel
junctions (MTIJs), wherein the first MTJs are configured to
store data bits; and a resistor circuit in a logic region of the
semiconductor device and comprising second MTlJs that are
electrically coupled together to provide an equivalent elec-
trical resistance, wherein the first MTJs and the second
MT]Js are disposed in a same dielectric layer over a substrate
of the semiconductor device. In an embodiment, the first
MTIJs and the second MTJs have a same structure. In an
embodiment, the second MTJs are electrically coupled in
series or in parallel. In an embodiment, the equivalent
electrical resistance is programmable by supplying a pre-
determined sequence of electrical currents through the sec-
ond MTIs. In an embodiment, at least two electrical currents
of the pre-determined sequence of electrical currents flow in
opposite directions.

In accordance with an embodiment, a method of forming
a semiconductor device includes forming a memory array
over a substrate, wherein forming the memory array com-
prises forming first magnetic tunnel junctions (MTJs) in a
first dielectric layer over the substrate; and forming a resistor
circuit over the substrate, wherein forming the resistor
circuit comprises forming second MTJs in the first dielectric
layer and electrically coupling the second MTIJs to provide
an electrical resistance. In an embodiment, the first MTJs
and the second MTJs are formed in a same processing step
using same materials. In an embodiment, the method further
comprises setting a value of the electrical resistance by
supplying a pre-determined sequence of electrical currents
through the second MTJs.

The foregoing outlines features of several embodiments
so that those skilled in the art may better understand the
aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled in the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What is claimed is:
1. A method of forming a semiconductor device, the
method comprising:
forming a memory array by forming first magnetic tunnel
junctions (MTJs) in a first dielectric layer over a
substrate; and
forming a resistor circuit by forming second MTJs in the
first dielectric layer and electrically coupling the sec-
ond MTIs to provide a programmable electrical resis-
tance, wherein the programmable electrical resistance
has a plurality of different resistance values, wherein
the programmable electrical resistance is configured to
be:
set to a first resistance value by supplying a first
pre-determined sequence of electrical currents
through the second MTJs; and
after being set to the first resistance value, set to a
second resistance value different from the first resis-
tance value by supplying a second pre-determined
sequence of electrical currents through the second
MTJs.
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2. The method of claim 1, wherein electrically coupling
the second MTJs comprises electrically coupling the second
MTIJs in series in a head-to-tail configuration such that
internal currents of the second MTJs flow in a same direc-
tion.

3. The method of claim 1, wherein electrically coupling
the second MTJs comprises electrically coupling the second
MTIJs in series in a head-to-head configuration such that
internal currents in adjacent ones of the second MTJs flow
in opposite directions.

4. The method of claim 1, wherein electrically coupling
the second MTJs comprises electrically coupling the second
MTIJs in parallel.

5. The method of claim 1, wherein the first MTJs and the
second MTJs are formed in same processing steps and are
formed to have a same structure.

6. The method of claim 1, wherein forming the memory
array further comprises electrically coupling each of the first
MTIJs to a respective transistor to form a data storage unit
configured to store a data bit, wherein coupling each of the
first MTJs comprises:

electrically coupling each of the first MTJs between a bit

line (BL) of the data storage unit and a drain of the
respective transistor;
electrically coupling a gate of the respective transistor to
a word line (WL) of the data storage unit; and

electrically coupling a source of the respective transistor
to a common sensing line (CSL) of the data storage
unit.

7. A method of forming a semiconductor device, the
method comprising:

forming first magnetic tunnel junctions (MTJs) in a first

dielectric layer over a substrate;

electrically coupling each of the first MTJs to a respective

transistor to form a data storage unit configured to store

a data bit, wherein electrically coupling each of the first

MT]Js comprises:

electrically coupling each of the first MTIs between a
bit line (BL) of the data storage unit and a drain of
the respective transistor;

electrically coupling a gate of the respective transistor
to a word line (WL) of the data storage unit; and

electrically coupling a source of the respective transis-
tor to a common sensing line (CSL) of the data
storage unit;

forming second MTIJs in the first dielectric layer; and

electrically coupling the second MTJs to form a program-

mable resistor circuit.

8. The method of claim 7, wherein electrically coupling
the second MTJs comprises electrically coupling the second
MT]Js in series or in parallel.

9. The method of claim 7, wherein the programmable
resistor circuit is configured to be:

set to a first resistance value by supplying a first pre-

determined sequence of electrical currents through the
second MTIJs; and

after being set to the first resistance value, set to a second

resistance value different from the first resistance value
by supplying a second pre-determined sequence of
electrical currents through the second MTIs.

10. The method of claim 7, wherein an electrical resis-
tance of the programmable resistor circuit is configured to be
programmed by supplying a pre-determined sequence of
electrical currents through the second MTIs.

11. The method of claim 7, wherein electrically coupling
the second MTJs comprises electrically coupling the second
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MTIJs in series in a head-to-tail configuration such that
internal currents of the second MTJs flow in a same direc-
tion.

12. The method of claim 7, wherein electrically coupling
the second MTJs comprises electrically coupling the second
MTIJs in series in a head-to-head configuration such that
internal currents in adjacent ones of the second MTJs flow
in opposite directions.

13. A method of forming a semiconductor device, the
method comprising:

forming first transistors over a substrate;

forming first magnetic tunnel junctions (MTJs) in a first

dielectric layer that is over the first transistors and the
substrate;

coupling the first MTJs to respective ones of the first

transistors to form a memory array configured to store
data bits;
forming second MTJs in the first dielectric layer;
coupling the second MTJs together to form a program-
mable resistor circuit, wherein an electrical resistance
of the programmable resistor circuit is configured to be
programmed by supplying a pre-determined sequence
of electrical currents through the second MTJs; and

programming the electrical resistance of the program-
mable resistor circuit to a first pre-determined value by
supplying a first pre-determined sequence of electrical
currents through the second MTIJs.

14. The method of claim 13, wherein coupling the first
MT]Js comprises coupling each of the first MTJs between a
bit line (BL) of the memory array and a drain of a respective
first transistor, wherein a gate of the respective first transistor
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is coupled to a word line (WL) of the memory array, and a
source of the respective first transistor is coupled to a
common sensing line (CSL) of the memory array.

15. The method of claim 14, wherein the gate of the
respective first transistor is formed in an interlayer dielectric
(ILD) layer over the substrate, the CSL is formed in a first
inter-metal dielectric (IMD) layer over the ILD layer, and
the word line is formed in a second IMD layer over the first
IMD layer.

16. The method of claim 15, wherein the first MTJs and
the second MTJs are formed in a third IMD layer over the
second IMD layer, and the BL is formed in a fourth IMD
layer over the third IMD layer.

17. The method of claim 13, wherein the second MTJs are
electrically coupled in series or in parallel.

18. The method of claim 13, wherein the second MTJs are
electrically coupled in series in a head-to-tail configuration
such that internal current flow directions of the second MTJs
are a same.

19. The method of claim 13, wherein the second MTJs are
electrically coupled in series in a head-to-head configuration
such that internal current flow directions of adjacent ones of
the second MTIJs are opposite to each other.

20. The method of claim 13, further comprising program-
ming the electrical resistance of the programmable resistor
circuit to a second pre-determined value by supplying a
second pre-determined sequence of electrical currents
through the second MTJs, wherein the second pre-deter-
mined value is different from the first pre-determined value.
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