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Pre-TMRC 2017 Technology Survey.

07/20/17 and 8/2/17
Chris Rea



Survey this year 1/2 HIEEE MAGNETICS

TMRC 2017 Survey

Survey of opinions on technology intercepts for HDD and MRAM industry. Su rvey iIssued in 2 waves:
*First survey: up to 12 days before conference start.

* 1. Describe your affiliation ?

) HDD Industry Member

*Second survey: will be issued Wednesday morning
of conference, and closed Friday AM

) MRAM Industry Member
() Academia
() Vendor

*Goal: look at change in perspectives due to meeting.

() other

* 2. What is the Maximum Areal Density Capability expected for Perpendicular/Shingled/Two dimensional - magnetic
recording extensions?

rFy
A

3. What is the expected Year of Technology introduction to HDD Products ?
2017 2018 2019 2020 2021 2022 2023 2025 2027 Never

BPM
HAMR
MAMR

TDMR (Multiple Readers
on single track)

HDMR(BPM+HAMRY)

The 28th Magnetic Recording Conference (TMRC2017)
August 2 — 4, Tsukuba, Japan 4



Survey this year 2/2

MRAM guestions....

4. What is the expected MRAM capacity (Megabits) per chip in 2020 ?

128 Mb 256 Mb 512Mb 1Gh 2Gh

5. What is the expected NAND capacity (Gigabits) per chip in 20207

1000 Gb 2000 Gb 3000 Gb 2000 Gb

& IEEE MAGNETICS

4 Gb

10,000 Gb

The 28th Magnetic Recording Conference (TMRC2017)

August 2 — 4, Tsukuba, Japan

MIA

MIA



Population of respondents 07/15/2017 QIEEE MAGNETICS @

As with 2015. Q1 Describe your affiliation ?
Dominant responses from

HDD members. =

- e 2016
Larger fraction (44%) of m[ | - i

academia than other years.

"""I Ve
Vendor
b
G
I SM BN N M S TN BN H o

Can separate for analysis.. over [ N———————

0% 10%  20% 30% 40% 5 ::: e a: Mﬁ :.: B

Answer Choices - Hesponses

HDD Industry Member 37.97% 30

MRAM Industry Member 3.80% 3

Academia 44.30% 35

Vendor 7.59% 6

Other 6.33% 5
Total 79

The 28th Magnetic Recording Conference (TMRC2017)
August 2 — 4, Tsukuba, Japan



Maximum ADC

*Median of 1.75 Th/inch”2 +/-0.25
*A few optimistic voters for 2.5 Th/inch”2, and above.

Answer Choices
.75 ThPi
1Tbpi
1.28 Thpi
1.5 Thpi
1.75 Thpl
2.0 Thpi
2.25 Thypi
2.5 Thpi

.75 Thpd
Total

extensions?
Answer skipped: 0
0.75 ToPl
17bpi I
105 Thpi

298 Thpi .

O% WHR 0% 0N 0% 50%

0%

8.86%

EEEEES

Q2 What is the Maximum Areal Density Capability expected for
Perpendicular/Shingled/Two dimensional - magnetic recording

This Survey

TO%  BO%  BO% WON

agneti
A

What is the Maximum Areal Density

Capability expected for

Perpendicular/Shingled/Two dimensional -
magnetic recording extensions?

0.75 ThFi

1 Thpi l

1.25 Thpi

Answered: 60

Skipped: 0

2016

R _

1.75 Thpi .

2.0 Thpi
2.25 Thpi
2.5 Thpi -
2.?5pri.

0% 0% 20%

Answer Choices

0.75 ThPi
1 Thpi
1.25 Thpi
1.5 Thpi
1.75 Thpi
2.0 Thpi
2.25 Thpi
2.5 Thpi

2.75 Thpi

30% 40% 50%

Responsze
1.67%
5.00%
18.23%
28.23%
B.ET%
22.23%
0.00%
10.00%

6.67%

Ansioer Croices

075 ToR1
1 Tonl

1.2 Topl
1.5 Topt
1.7 Tom
20 Top
2.2 Tool
2.5 Topt
278 Topl

'E MAGNETICS®

What is the Maximum Areal Density
Capability expected for PMR/SMR/TDMR ?

Ancwsred: 143

appea:

Elo|o|a|b|b|a|®

oo



By group IEEE MAGNETICS®

Mosaic Plot

1.007 | 275 Thyi

25 Thpi
225 Thgi

Other

== —————

ig 0.75

5e HDD Industry favors 2T and below
% £ 2.0 Thpi

ZE w8 Academia and others favour 2T and
;e -

G g — _IEES.-

£3 § E

extensions?
HOD Industry Member

MRAM Industry bember

Describe your
affiliation 7

The 28th Magnetic Recording Conference (TMRC2017)
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Technology Survey QIEEE MAGNETICS

What is the expected Year of Technology introduction to HDD Products ?

Answeraed: 74 Skipped: 5

Never

BEPM

HAMR

MAMR

TOMR
{Multiple
Eeaders on...

2022

MRIBPM+HAMRD

0% 10%0 20% 30% 40%0 50%% L=1n ] TO%n S0%0 20% 100%

oo Bzoe zoe zoze zox 22z B zo2z2
B 2oz B 2027 B never

The 28th Magnetic Recording Conference (TMRC2017) MAGNETICS @
August 2 — 4, Tsukuba, Japan ’



By group QIEEE MAGNETICS®

BPM HAMR

Mosaic Plot Mosaic Plot

1.00

Maver

0.73

BPM 0.50

%
T

HAMR

| 5 [

1 — .

0.00 = T = BY 5
£ o oc o 0.00

S E o 5 = a8 =]
3 = = = E 2 % o
< =] T a
= 2 | =

£ £ g = =

3 3 = = =

£ £ T T

a 3 3

5 2 g 2

2 a s

= a é

Describe your T <

affiliation 7 3
Describe your
affiliation 7

HDD industry pessimism for BPM is high

The 28th Magnetic Recording Conference (TMRC2017)
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By group QIEEE MAGNETICS

MAMR TDMR

Contingency Analysis of MAMR By Describe your affiliation ? Mosaic Plot
Mosaic Plot 1.00 ’ INever 2_
1.00 [ re sy ’/:go;_r, d
A 2= -
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Describe your Describe your
affiliation 7 affiliation 7
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By group QIEEE MAGNETICS ®

Heated dot recording
Contingency Analysis of HDMR(EPM+HAMR) By Describe your affiliation ?

Mosaic Plot
1.00
V Maver
g 0.75 é
S ?l_z-:m 1 HDD industry pessimism again here.
= | L
o v/ |
. S 2 = |
Q —
T !
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Describe your
affiliation 7
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MRAM questions 1:2 (only 3 MRAM industry members) ©IEEE MAGNETICS®

This Survey What is the expected MRAM capacity
What is the expected MRAM capacity (Megabits) per chip in 2020 ? (Megabits) per chip in 2020 ?

Answered: 69 Skipped: 10 Answered: 58  Skipped: 4

1%

[ i 2016
7.14%
4

,\g N/A

35.71%

16.07%
(@ (20 L))
1Gb
19%
a2 36% 8.93% 1Gb
(25) (5) \/
6%

23.1M%

(13)
)

7.14%
4
Boozve [ ossme siove [llice B2ce W4ce v
128Ms @B 255Mb @@ S12Ms @B 1Gh [ 2Gb 4Gb [ WA
~ 128MB ¥ 956MB ¥ 519MB ¥ 1GB ¥ 2GB ¥ 4GB ¥ N/A ¥ TOTAL ~
. abet . . . - o 105 - 128 256 512Mb 1Gb 2 Gh 4Gh NIA Total
oD o X o 2 ﬂ Mb(1) ~  Mbz) | @) 4) i5) i8)
1 2 8 25 4 12 15 59
no 1.79% 7.14% 16.07% 23.21% 7.14% £.93% 35.71%
label) 1 4 ] 13 4 5 20 56

The 28th Magnetic Recording Conference (TMRC2017)
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MRAM questions 2:2 (only 3 MRAM industry members)

This Survey
What is the expected NAND capacity (Gigabits) per chip in 20207

Answered: 63 Skipped: 10
N/A a%
30%
P 95%
a7
6% 3000 Gb
4)
23%
12%
@) (e
B oooce [l 000Gk 000Gt [ soooce [ woooce  [nA
1000 Gb
~ 1000GE ~ 2000GB ~ 3000GBE ~ 5000GE ~ 10,000GE ~ N/A ~ TOTAL ~
1000
Gh
~ (no label) 4% 95% 23% 12% 5% 30%
3 17 16 8 + 21 &9 no 2.09%
label) 5

O IEEE MAGNETICS®

2016

What is the expected NAND capacity

(Gigabits) per chip in 20207

Answered: 55 Skipped: 5

9.09%
(5)

N/A

36.36%
@

2000 Gb

27.27%
(18)

1.82%
()]

10.91% 14.55%
(6) (8)

@ 2000 Gb @ 2000 Gb @ 5000 G [ 10.000 Gb NiA
2000 2000 5000 10,000 NiA Total W
Ghb Ghb Ghb Gh A
27.27T% 14.55% 10.91% 1.82% IE.36%

15 8 [ 1 20 bb
14

The 28th Magnetic Recording Conference (TMRC2017)
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O IEEE MAGNETICS®

Post conference update

The 28th Magnetic Recording Conference (TMRC2017)
August 2 — 4, Tsukuba, Japan



Post-Conference: Respondents, current summary $IEEE MAGNETICS &

HDD Industry
Member

MRAM Industry
Member

37 — Post responses.

Not enough to separate by
affiliation.

Academia

Will group together for now. = [

Other l

0%  10% 20% 30% 40% 50% S0% T0% B80% 80% 100%

ANSWER CHOICES * RESPONSES i
= HDD Industry Member 45.95% 17
» MRAM Industry Member 0.00% o]
«» Academia 32.43% 12
» Vendor 18.92% 7
= Other 2.70% 3
TOTAL 37

The 28th Magnetic Recording Conference (TMRC2017)

August 2 — 4, Tsukuba, Japan 16



Post Conference: Maximum ADC ~ 29 responses  €IEEE MAGNETICS$

*Median of 1.75 Th/inch”2 +/-0.25
*A few optimistic voters for 2.5 Th/inch”2, and above.

Q2 What is the Maximum Areal Density Capability expected for
Perpendicular/Shingled/Two dimensional - magnetic recording Answerad:

:37 Skipped: 0
extensions?
. Angwered: 79 Skipped: 0 Pre_ Su rvey .
-l e Post- Survey
— 1Thei
. - 1.25 Thei

15Tbp Median unchanged.

178 Thpi
257h -
’.T!“d.

2.0 Thpi

O% 0% I0%  30%  40%  SO%  60%  TO%  BO%  90% 100%

2.25 Thpi
7 2.5 Thpi

5 2,75 Thpi

0% 10% 20% 30% 40%  50% 60% 7% 80% 90% 100%

LR LIRS

.~ —..1Magnei

/



Technology Survey GIEEE MAGNETICS &

What is the expected Year of Technology introduction to HDD Products ?
Pre-Survey Post- Survey

Never

EPM

2019

HAMR

2019

MAMR

2018
TDMR
(Multiple o
Feaders on... de
2022 Never

Deb 0%k 20% 30% <D%h 50%  G0% T0% 208 90% 100% 0% 10%  20% 30% 40% 50% 60% 70%  80%  90% 100%
B B0z Booe B0 oz Poozz 2o Bo7 Bzo: B2oc B2z B0z oz W20
2025 WBoo27 [ Never W W22 [ vever

Pessimism rates similar, TDMR in 2017 is key, MAMR settles into 2019

The 28th Magnetic Recording Conference (TMRC2017)

August 2 — 4, Tsukuba, Japan 18



IEEE MAGNETICS®
MRAM questions 1:2

Pre Survey
What is the expected MRAM capacity (Megabits) per chip in 2020 ? Post Survey

Answered: 63 Skipped: 10

1%
12%
)]
N%
1Gb P
4GB
(13) 6%
(25)
6% 28% 14%
) (10) (5)
Boisve ossve @seve [ice @l2ce Eice BN
14%
~ 128ME = 256MB =~ S512MB ~ 1GB =~ 2GB =~ 4GB ~ NA = TOTAL ~
oL 1 e e oo = o B128Mb [2ssmb [siovb [1cb E2cb EB4ce ENA

4 GB over 1 GB is favored.

The 28th Magnetic Recording Conference (TMRC2017)

August 2 — 4, Tsukuba, Japan 9



MRAM questions 2:2

pre Survey
What is the expected NAND capacity (Gigabits) per chip in 20207

Answered: 69 Skipped:10

N/A P
2000 GB
o 3000 GB

(4)

3%
12%
(®) (16)

B ococe [ 2o0coce @ zoooch [l scooce [ o.cooce [ e

¥ T1O00GE ¥ 2000GE ¥ 32000GB * 5000GE ~ 10,000GE ~* N/A * TOTAL ~*

~ [nolabel) 4% 25% 23% 12% 6% 30%
3 17 18 8 4 pal 62

IEEE MAGNETICS

Post Survey

N/A 1%

27%

(1) 14%

(8)

3% —

Q)
5000 GB

16%
30%
(6)

an

3000 GB

B ococe [ zo00Gh [ scooch [cococh [ na

More optimism to 5 TB nodes.

The 28th Magnetic Recording Conference (TMRC2017)
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O IEEE MAGNETICS®

Compare with earlier surveys
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Technology pessimism: Compare 2017 with 2016-2013  ®IEEE MAGNETICS®

More respondents/responses.
Warning: Have not isolated repeat votes

Technology HAMR MAMR TDMR HDMR
BPM HAMR MAMR TDMR

Will never ship  46% 7% 25% 4% 37% will never ship 47% 14% 73% 15%

(2013 value) 40% 29% 28% 23%
(2017) Mean intro year 2021.8 2018.4 2018.8 2016.8
Will never ship  41%  10% 39% 3% 21% o veleel PO akcams oy o
(2016)
Will never ship  37% 3% 42% 2% 16% Z..
(2015) i
Will never ship  47%  14% 73% 15% o
(2014) 0.1
Will never ship  40%  29% 28% 23% e e e
(2013) |
From left to right..
*BPM appears stable. : /' wedian

) ~1.4-1.5 Tb/in2

*HAMR confidence bounced back
*MAMR hit a bad patch 2014, stabilized
*TDMR confidence very high, and stable

*HDMR confidence — higher than BPM- but dropping.

The 28th Magnetic Recording Conference (TMRC2017)
August 2 — 4, Tsukuba, Japan

Ultimate Limit of PMR/SMR/TDMR
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Technology Introduction year O IEEE I/

Technology HAMR MAMR | TDMR | HDMR
(new)

BP M HAMR MAMR TDMR
Median year (2017) 2024* 2019  2021* 2018  2023* will never ship 47% 14% 73% 15%
(2013 value) 40% 29% 28% 23%
X Mean intro year 2021.8 2018.4 2018.8 2016.8
Median year (2016) 2024* 2018 2020 2017 2023 (2013 value) 2019.9 2017.9 2017.1 | 2017.1

102 data points ¢ Only 12 from Academia

Median year (2015) 2023 2018 2020 2017 2022 3':
Median year (2014) 2022 2018 2018 2017 N/A % 0s
Median year (2013) 2022 2018 2018 2017  N/A £ 03

Q
-

* Medi%hgu_estionable due to “never” response rate

t is the expected Year of Technolog 0
intl’OdUCtiOl’l to HDD PI’OdUBtS el 2014 2016 2018 2020 2022 2024 2026 2028
P —e—BPM . —@— ., a R —®—MAMR —@—TDMR
HAMR
100
HDMR
o090
=l °
80 J Median
~1.4-1.5 Th/in2

40

Thfin2

2015 2016 2017 2018 2013 2020 2021 2022 2025 2027 MNewver
-8 BPFM == HAMR MAMR TDMR (Multiple Readers) Ultimate Limit of PMR/SMR/TDMR
-~ HOMR{BPM+HAMR)

The 28th Magnetic Recording Conference (TMRC2017)
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DMRC 2018

iGeRecording Conference |

EekipiA TG 6, 2018 __
svenue: WeSTERN Digit g taSICampUS) B
= Milpitas, California, USAT s

""'i-..-

Topics of interest include: Hosted By: Western Digital and UCSD (CMRR)

* Advanced Magnetic Recording
for > 2 Thits/in? including Readers,
Writers, Servo, Tribology, HDI, Signal Processing.
Two-Dimensional Magnetic Recording (TDMR)
Heat Assisted Magnetic Recording (HAMR) a C M RR
Heated Dot Magnetic Recording (HDMR) S N P Se
Magnetic Solid State Memory (MRAM, STT-RAM, Racetrack)
Alternative Magnetic Recording Technologies (SMR, MAMR, Tape, All Optical Switching) @ l E E E

Magnetic Solid State Memory (MRAM, STT-MRAM, VC-MRAM, SOT-MRAM)
Fundamentals (Metrology, Tooling, Materials, Recording Physics) M A G N E T I c S CF'S
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