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Abstract

Spin-orbitronics devices based on spin Hall effect is a strong candidate
for new generation memory devices. Here, the bilayer structure composed
of a ferromagnet and a heavy metal layers should show sizable spin-orbit
torque to manipulate magnetization of the devices. Even though a lot of
research have been done so far, there are still many difficulties to find
suitable materials. For example, although W generates a large spin current,
the conductivity of W is known to be small for the energy efficient devices
[1]. In case of Pt, it is so expensive that it does not suitable for industry in
spite of its superior characteristics. In this presentation, we discuss spin
transport and spin dynamics in Cr-based heterostructures, which has
sizable spin Hall angle and good conductivity. We found that spin Hall
magnetoresistance (SMR) shows strong Cr-thickness dependence, showing
the diffusion length ~2nm. This is much smaller value than other spin Hall
materials such as W, Ta and Pt.[2][3] And we also found that sizable torque
signal using 2" harmonics measurement. Using this torque signal, we can

study on Cr's spin dynamics.
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HDD SSD PCRAM | ReRAM | MRAM DRAM SRAM
knowledge proto- | develop | proto-
product | product product | product
level type ment type
smallest
cell 2/3F*? 1 ~4F% | 8 ~16F] 6 ~ 12F”| 6 ~20F?| 6 ~8F" | 50 ~ 1201
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readout (ns) | 500,000~ | 25,000~
100 5~10 2~20 2~30 0.1~5
[=speed] 800,000 | 100,000
writing (ns) | 500,000~
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switching
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power (p])
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. yes yes yes yes yes no no
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1y = o = Gy idy))cosh -+ (j57y+ 7 7 (m))cosh—— | /sinh—~
2e A A A
(4] 2.3.9)

d
[©)
>
|~
re
2}
it
S
9,
rr
N
R
I
(e}
[-'O
ox.
o
[-'O
[ >
re
A

SN
=

ud =l ol = (2eM/0) 5 tanh [dy/ (20)]2 o) & o, o]F3e} yolxe] 2
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. h z—dy
sin cos
- A 2 - ~\ 2eA A
w,(z) = _y'u(s)—d + ng)(m) .. (A 2.3.9)
N o C o dy
sm—z)\ sinh \

o] 3 A1 2.3.72 ol §sto] z=0 A AIFL k3 Lo| o7} ek,

b e 10— O+ G Olcoth

0 cothT
... (A 2.3.10)
J2]a
m s p,(0)=m,pu, . (A 2.3.10)
~ A~ dy dy
om X y+mm,2AGcoth—— 2AGcoth—
~ = 0 A A
o, (0) = ) 7
J+2)\Q,C0thTN J+2)\Q,C0thTN
. (A12.3.11)
) d
1+—)\G’Tcoth—N
- ~ 0 o )\
1, (0)=ypu, p o p
(1+2 G coth )+ (% Gieoth )
A o A
2\ dy 2\ d 2\ d
— G, cot th—2(1 +—Grcoth—N)+(—G¢coth—N)
~ o A o A A
—|—mmy,us o P o P
(1+~——G.coth Ty ( G;coth )2
o A A
d
o —G’cothTN
+(m X y)u,
’ 2\ d 2\ d
(1+ =2 G, coth )2+ (52 Gycoth —)?
o A o A
.. (Al2.3.12)
oz Ao =

o, FM|INM AH-S
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Gy
_N

0

Fos ~ ~

—m X (m X y)o Re
o+ 2AG,4 coth 3

Gy |

0
N

fs  ~
+ —(m x y)a[m

o+2)\GHcoth \

... (A 2.3.13)

A 542 tgt gol et
. - 22—dy
s u) o flfv + [/ % (7 % §) Ret (m X §)Im]
’ sinh o+
220G, ltanhs—i cosh Z_)\dN
o+ 222G coth~- sinh%
- (A 2.3.14)
o] £ NM YRz FAte:= A% ARS ta3 #o] ojojzlt.
pE cosh 2Z_dN—cosh@
j;é;) =y 2 . 2A _ [m < (m X 9)Re~+(m % y)Im]
’ cosh—+
NG Ltanh;l—f sinh Z_AdN
d d
N sinhTN
.o A (2.3.15
y 8

U+2)‘GT jcoth 3

WS met seb sy AW AR A
P (r9%) 221 3 52 Hallywd)

o
—

o s2+= st ARE F=tt
Ast ARe o2 2ol Zojdot
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2Z—dN d Z—dN
Testong (%) ) cosh—+ ) PAYEN jtanh—+sinh—
— o =1ty +(1—m’)Re
T dy ! NG dy dy
coshov o+ pLcotho sth
Al (2.3.16)
dy z—dy
Jestrans (2) 202G ltanh 2\ sinh 3
T 0% (m, m, Re—m_Im) ™ y
¢ N
O""Q)\GT lCOth 2 SlnhT

Al (2.3.17)

A7IA g, = o b= R A7 YsiA AdEl= dst A/E Yol

i
O-trans N .]c,trans /E
2 - 2
Olong o

Apy 5 2\ dy
P - QSHdNtanha
20\G > dy
Apy 5 A Titanh o\
——= 0y Re
dy
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dy
o+ 2)\GT l coth—

A

Al (2.3.19)

Al (2.3.20)

Al (2.3.21)



dy
Apy o, A 2AChjtanh’oy |
— —QSHd—[m ... A (2.3.22)

P =
v o+ 2>\GT iCOth_

ol I p=0 '= ¥@3 Al NMo] Zhale 18 A7] AFL ofulsh. Ap, <0

o AE-HE HsAg] ofs|A Aol Fasts S ojulgitt. Jefut of

T 5482 ‘Matthiesen'@] F3]of el Hd3Y o
9 A2 ARt 22 GOl Yol BAElE pe ATERY] HWH Q@ A(in-plane

component)o]] 9J&EstH= Mt WHEo| 7]ofst= §HH, 22 G0l 9JsiA EAE =

st [13]
)‘N]VI tN]V[
0> tanh
AR, St “ (2)\NM)[ 9r 9gr ]
R 1+¢ tanr trnr
o 1+ gpcoth(=——) 1+ gpcoth(=——)
ANr AN
Al (2.3.23)
ol M, G, BW AW 23 AG”RA, A\y;ae HIAMS Yoo AW £%(spin
lifetime), &€= A& MH® &1l (current shunting effect)E oJujstc}. E35H Al

2.3.23 &3 oto] Qe LpAlA FFHEEL 3 AW HNE S4(transverse spin

fiva)

current absorption)E 2QU|stH, L&5HE2C = A4 XM= =4 (longitudinal spin

current absorption)gS 2ju0]gtc},
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@ ' m||y (reflecting)
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Sl
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\/ Tl \
! ”

winnoaeA
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5 10

I 14, A}gre]  €igko]  (a) 7%:?} (b)
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= 12 nm o gt g, pg, Js, o BEE FF 2m
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2.4.1 Spin transport 57 o|£4A uj7]
|9tk SM

-

24
(=

2hxlct. gt
AMR(anisotropic magneto-
ol gl SMR 2 57

2 sl
L9
=

Tfz
Aol wfeby Bax} she M
SRR

et
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Ao
oX

5=
sax
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S W FHuAS VAo Atete] W dm AR Zb ¢of webA 8ol H(easy
olAIA et ol 7IEA o2 FM 7HK|= A7]ol%
A 7RI deAloll et A7l
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2 9l

A
e

Jlot
rlo

axis)?} ++=(hard axis)= U
FARREIEE

N
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w2 o] Zto] 902 7HAlA
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O
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g
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242 F AH 31z

NMZ 1t FM&E o]% AP TEE Ato]o spin orbit couplingo] &+ HMEZ& €& A

o
My

HolA9 SMR 54 AT APAA ALEY AlEe] TxE 7Y 14.9 o],
C

Si 713 $fol NMQI Cri} FM?I gef fL2F Atolof] HMO] 4%

ro
i
ot
fujo
2
1AS)
<
-+
PA
Ma
o
S~
>
o
ol
58
0
P
=
ok
o
e oM
g
ol
/)
=
oA

A5t] oA Tas 2

4,5, 75,10, 125 nm & 77HR 2 S-S AA|s T

AHEE= AlH2 sputter JH]E o]&35to] SAS SHlon, ofo]3= 2tolE & o
8.5} single Hall bar 11819 width®= 5 ym ©]% length™= 25 pm ©]|C}.

I3 156, ol & £ Qlxol Cr &7 &g AeolM AR AJH2 single Har

bar patterng 7HA|iL Q7] W&oll, 2 probe £FK 2 °l&3st 5= HAISA
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MgO
CFB(0.9)

Pt(0 or 1)
Cr(t)
Ta(2)

T 15. Cr thickness A &0 AFRE= A|H 1Lx

72 16. Cr thickness Al&lo]] Al8= A]mo]
OM o]u] ]
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2.43 57 A2H

2 A

2 17. o AA"Z Sl A=A = 2 2.7 T 7HA]

oo
rlo

I 16.

e

A7t 71est AAA A|ABo| A AledE]glon, field dependence H¥ Q1 %, -2
T ~ 2 TO AAoA] Q¥ A7]AHS negative -> 0 -> possitive -> 0 -> negative
O =2 sweep 5t F 160719] stepz HSIAT. Lt A2 300Ko|A ZI3EE] Q]
o 23 18. [12] RAIY 5ol 42 ZAVIAIY Atete] wiefol st = A]
L ot} o]F ol & & Ue AL ARAIYOl v BY FAVIAS] At
Ugd 0w 0= OJX|gt gt BEAL7|IFo] = FRoNAMY Atere] Wk 90=E5 7t
AA He Ae & & 7 fo. SMR 5404 field dependence AdoA = 2%
A71789] A717F 091 Aol 7 =2 3ol yetof itk Ao AREE+= A
Eol= LabView Z 25 O0]&35to] AASIGon, Ao AREH AF7|=
2400 DC sourcemeter 2} 2000 multimeter& AF&5t3CH AlFHoA ALEE] = A]lH
o] #+2+ 1% 199} #o| Single Hall bar i3 AM&stY O, AREE= H2 5
umO| 1L Zoj+= 25um oJt}.

SMR& &7 9519] two probe WA o7 EHZ HAstA o, AMEH AR/ Al

72 AR 1.0 mAZ FA5HA 7Hiadet. & AdollA Abgd ARZEY AlVl=

1.49 ~ 6.90 x10°4 olc}.

cm
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= 17. Field sweep &40 & SMR &4 AT,

I 18. SMR &4 A|AElo] Ot BAl L
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zy scan

23 19. SMR 544, JRAPZFol| T2 FRVIAY Ateke] et
tigh 2AE [12]
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2.5 SMR &% ZAx}t

A& Algo] SMR2 1% 19.9F Zo] Pt

59 gl we

Cro] FAoA =2

Al ueE Zol BEET 13 19.2 548 SMR Zme Criol £/d wet 1

2.3.230=2 AastH ® 2.9 F2 Aupz A

2ot
® 2. SMR &4 Z1
Cr(t) Cr(t)/Pt(1)
A4 = 20E -0.005 0.0058
A1 A 2] (nm) 5.1525 2.63
9r 0.00238 0.00284
gr 0.00143 0.00095

I 19.014 &l 7hsshRo] SMRO AIZ7I= A1l AlZI7E 091 Aol A #H

) 354

o xp|Ael A

o] gl Aol 4 Alste €A €u
st oo "ok 22 dstel ZAEA YRz &

raAe] Abste

e AR Aol At Ao 23 A}
UHE AW AR Alete] Y
el ato] WEo] 9RAgel Al7lo] wat SMRO| A|7t

s et
E3 Cryo] $o) ujebd SMR A5 AI7E 2 Atolrl Uelte e sl &
4 9100, ol 1 218 53 FYHO= ol JpsIih 1y 2004 FA
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_e— Cr/CoFeB(0.0)

— 010 —@— Cr/Pt(1)/CoFeB(0 9)
% 0.08 i H
3 i ; ;
T 0.06
5 %004
% 002

0.00 —

0 2 4 6 8 10 12
Cr thickness (nm)

a3 21. Crs SA9 o2 Cr(t)Qt Cr(t)/Pt(1)o]
tfst SMR &4 ZAx}
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3.1. a1 & 1}t(harmonics) &%

o E
tKTT‘

I(t) = Lsin(wt)
2 Hal §a3e 24 Al Uehje

up o] Aoject
V=208, A (8.1.2)
T8} QlztEl= M=o osfA Am M=} Aol =i, AL Am K2}
ol2J5t SOT 9JalA] S5 A7|A

gste 99 SOTZH AjAjo] =it

Afsfol €38 A
(effective electric field)7} A§Ado] Eo, 22 9lsto] X 3e] Wyt 2HAlsHA ot
WiEle AR 2R

olefat Mol Wk ArtE ARl ofshA wAlo] wo),
3 e 2A0= Aojeo] At
.. Al (3.1.3)

Ngols] meo] Age kg
RH: ROSin ((Ut)

stg2 7leshorstez

182 A 3.2.2004 AREElE A& ESE Ao oigh s}

1 (3.1.4)

_|><

3540z gt go] gofE o] Aot
V= IRy;= lsinwt « Rysinwtoc cos2wt

whetA 20 A5t EAIRE, SOT 71 4ol slgittn By
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Driving force by o

<. 9

Hsff{_f}

H,pe(+1)

cos 2w

Equilibrium state (w)

Non-equilibrium state (2w)

O 22, 2AF 1xuto]| tigh AT
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3.2 24-H= =33 (Spin orbit torque)

NMzt FM olF Zg +x04 NMS YRAE= AR/ 7F x5 dHes s5 0, ;
29 Z gato] osiA 29 AF 7t Aol "o o]FA BEE AW ARE z&
Hgoer 55 o, I8 22. of Zo] FMZ Q] Ateto] torques 17FstAl ot
A ARIE AAVIAR 527 & diol, AW A= Aol sl FAFIAl Sl
Atatofl torques ZHSHEAl E|AL, o2igt 442 UhA] 8 APV Q7tsla= Aat
2ttty oA field like torque 2til ECh O]= 7., = Mxo O2 L5HH0Z H7|
7} 7Fsstn ol2fgth torqued] 9JsiAl FMBof Q1= Ateh= precessionstAl Htt.

o]2{er precessiono] TAYsHA W, o] A4|A71Y k= torque EIH UAYSHA
B0, ol& 7y, = Mx(Mxo) 22 BAl & £ Ut} o]2fgh A4 UHA] torqueZt

x}sto) Al dampingS X Za} 7ke olske

2

th1l s}o] damping like torque =t

1 3ot [16]
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S zolgtn & o, field-like(4Al) E 32} damping like(d) E3E= T 231}
O 23, 3 Zo] mdo] Y ohZa 22 Aoz AFoJET [17]

T+=(yx<m) [ T5+ T3 (z x m)*+ T (z x m)Y] . 4 (3.2.1)
+m X (zxm)(m o x)[TQL—I- TQL(Z>< m)Q]

T"'=mx(yxm) T, . A (3.2.2)
+(zxm)(m - x)[TQH-I-TQH(sz)Q]

o] ff AEE= f8 A7 tha3 go] gojHnt
B =—cosfsing (T, + 75" sin0+ T4LSin40)€9 —Ccoso TOL%... Al (3.2.3)
B'=-— cosG(ToH + T sin®0+ T4” sin'@)e, — cosfsing To” eg ... A (3.2.4)

WR/ Aleo] ofsiA HAs:s SOT= B3 F(equilibrium direction)of] Tt A}

(U & ah)oll oJsf ofEH, o3t 22 202 Aol
V= Ryuplcos 0+ RpypIsin®sin 2¢ .. Al (3.2.5)
ol i Ryppt Rppp= 237 AHEQF PHE A2 oju]etct.

AA & AYE Ry= Vy/Io2 BH 7testy] digo] 1 uxm e
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dcost By

of _ _ -
Ry = (R pp— 2Rpypcosfsin2¢) dB.., sin(0,—0) "

B,

Bext sin QB

Al (3.2.6)

+ 2R pppsin’0cos26

grof o] W, Rpypel 3ol 00l 25X 02 chgm 2 2402 ot

dcost By

RY =R, . A (3.2.7)

dB,,, sin(0z—0)

a2 24, &gt myt EF T 4] TAO] chist R A% [17]
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L~ "

5 25, SOTof| oot #+RzteA ®7]of tier RA & [17]
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3.3.1 SOT 57%:R,, 5% 0|24 u|73
Spin dynamicst= SOT &4 Ed Al

2 2olrs oMY F4olot
=7F Fsks Adol7] iz,

=
u

AE715pe] A7)0 whe SOT

"ol /RIS ¥etA[A SOT

=

=2

A

ahe

Fho] whepa At sk SOTO

torque F7JollA] A}2}e]

angle dependence &XA& Q@

_59_

7he st Aop Wit

g o Alwe
Aol A7
oA, AW FHA7]E

H3SA 7= field

Olv
OEL
_m

Tr‘

o2 xp7|5el

o°"

, Field like torque (r,,)&

O
_||>1'

=t Damping like torque (rp;) <



3.3.2 SOT 53 AlH F{&x

ol 1% 14.9F Zo], Si 71T Yol NMQ Crit FM
= Atojoll HMe] &1 Pt et 1225 A

514 =&517] QA Ta=E<S 2 nm

SOT £4e Pto] EA §20] W Crio] S72 Walal AU Agstgon], Pt

=o0] ER5IA] &4g mo:= CrE9 &HA2 2 nm, 3 nm, 4 nm, 5 nm, 7.5 nm

10 nm, 12.5 nm & 77K 2 58S AX|59a, PtEo]l 1 nm 9 7o Cri
SAS 2 nm, 3 nm, 4 nm, 7.5 nm, 10 nm, 12.5 nm & 67}X|2 £4S AAlst

gich. ALgEE AWE sputter FuE olgslol FAHS slgon]. lo|3z 2ole)
single Hall bar Ij§19] width+= 5 pm ©]¥ length+= 25 pym ojt}. 712

Aol Cr FHA o&d AFoA] ALEH A|HE single Har bar

£ o] &3l
25. oA &
F74¥ 2 ol&sto 542 AAlstA .

patterng 7}X]1L Q17| W&o, 2 probe
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a7 26. SOT 542 93t Hall 54 2AlE
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3.3.3 SOT &4 system

Q7 TRt AP AAROlA FgEon, F3t A

zF AdLe Fo) 2.7 T 7HK]

e

71%o] Q&= field dependence &4 AlFA-E XIsisIitt o5 {lsto] -1.6 T ~

1.6 T9 JAoA QY A}7]AHS negative -> 0 -> possitive -> 0 -> negative ©

2 sweep 3to] & 1207)] o]At9] stepS EA3HYCY.

SOT &7of|A field dependence A= B R7]A9] A|7|7 091 X|7dofA

FMU o] Apetrt Ap7joldoll wet £41 dw= 7HRIAl "t Z22iu Al HO] Apetrt
A GES 7HRIA 2 o, Kol weo]l A& 1807 AFol7F Y= multi domaing
15t7]1 A Aol 3.6" T2 AAIZ] oA field sweep=

Alegstitt. meta] I8 27. o RARS 7]EOR field sweep AoAl= 69 ol

2= AYE 300K2TofA XIS S
210" 4/m’2 =Qsic

of W Qtste HEol ik}

ESH SOT &AL 98l Hall &L AlA|51900,
wApelel watol Ax|g2ol meh SAs AL ob £30) Aol Wl A7

6. o Zo] Ql7El Aol

|d
o
N

of AFEE AlE7]= 6221 AC sourcemeter 9} LI5650 lock-in amplifier2- ARg-sf

oIt} olof] Wst WAz T2] 27, o|ch
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O 27 Field sweep 40| 2 E3 &7 AIE @ AlX] o]O]X].
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3.4 SOT 54 Z4}

Al Cr29 YHst= 2.0nm, 3.0nm, 4.0nm, 5.0nm, 7.5nm, 10.0nm, 12.5nm,
5 THRE ¥gE £ o4, 3nm A|HEHF Fojujst gojE 7 =EEQITH T A

HolA= ool Aot AEHA] G Joz Hot AlHEo] &HIT HHET

)
BN
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w
N
=
=2
38,
rr
N
_|_
&1
v
=
[\
SN
_|_
S
v
=
B
S
oot
mjo
8
hu
P
M
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A-1. Introduction

Recently, resist thickness has decreased. Due to this, Numerical Aperture
(NA) is much higher than previous one (FigureA.l.). Because of these resist
thickness decreases on film, there is contrast loss in Scanning full name
(SEM) image (Figure A.2.). By this issue, a challenge for metrology has
occurred. However, this decrease in aspect ratio gives opportunity for

Atomic Force Microscopy (AFM).
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Figure A.1. High NA set up
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Figure A.2. Contrast loss in SEM image due to film thickness
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In this research, I tried to make optimization about AFM acquisition.

Goals are 1. More accurate measurementsfor narrow trenches depth 2.
Bigger output 3. Increasing signal/ noise ratio 4. Find best measurement
settings 5. Increase probe lifetime.

AFM is a kind of scanning probe microscopy. Scanning probe Microscopy
is that a probe is travelling above the surface, while a sensor is measuring
its fluctuation and so the surface topography can be measured. And AFM
is gathering information by feeling or touching the surface with a
mechanical probe. Because AFM scans the surface using the probe, there
are strengths and weaknesses.

Strengths is 1. All materials measurable 2. High sensitivity to topography.
So, there is a unique capability, resist height.

Weaknesses is 1. Probe shape convolution and dependence. 2. More
topography, more time consuming. As you can Ssee in these images, when
AFM measures a wall, it not only measures wall height but it also measures
probe shape. And when AFM measures trench, there is a possibility that it
cannot measure the bottom of the trench due to probe size or
trench-probe interaction (Figure A.3.). Due to this when AFM measures 1.
High ratio and 2. Thick trench pattern, they require low scanning speed.
But on thinner trench and low aspect ratio pattern, we expect more
accurate and faster measurement. That is an opportunity for AFM. (Firgure

A4)
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Figure A.3. Estimation AFM result influence by tip

Ll Ll Al

el amse Il s

Thicker resist requires Thinner resist allows Smaller aspect ratio allows
lower scanning speed higher scanning speed More accurate measurements

Figure A.4. Opportunity for AFM
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In AFM, there is a lot of acquisition mode; non-contact mode (NCM),
tapping mode and pinpoint mode.

1) non-contact mode; called NCM ‘s principle is oscillating tip over
sample. The advantage of NCM is no damage to either tip nor the sample.
And the disadvantage of NCM is low accuracy compared to contact mode.
2) Tapping mode is mixed contact mode and NCM. The advantage of
tapping mode is increasing accuracy rather than NCM. And tapping mode
is less damaging than contact mode, but more damaging than non-contact
mode.

3) Pinpoint measures pixel by pixel. Due to measuring pixel by pixel,
pinpoint can reduce tip and sample interaction. But normally there is more

time consuming.
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A-2. Experiment design

[ designed an experiment; change variable parameter. 1) In acquisition
mode, I used 3 kinds of modes: NCM, tapping and pinpoint. 2) In the
Measurement setup, I changed 3 kinds of settings: setpoint, gain and speed.
3) In probe, I plan to change to probe 1. dimension 2. Material and
cantilever, but due to time limitation, not covered in that work.

The tool I used is NX-wafer from Parksystems:; on FAB300 (Figure A.5.).
This tool has a lot of functions. This tool can measure the full size of
wafer: 300 nm wafer. And This tool has automatic measurement systems.
They can load FOUP due to having EFEM. And once a recipe, nx-wafer can
automatically measure and analysis. And this tool has different acquisition
modes; 1) contact mode 2) Tapping mode 3) True non-contact mode 4)
Pinpoint mode. And this tool has cantilever storage inside; can

automatically load cantilever; not manually.

Figure A.5. NX-wafer
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This is an image of mask and site (Figure A.6.). I used a sample about
DoE on does. And measured die edge; mask is stoch 16. At this point,
there are 3 kinds of specific structure: dummy. Blanket and trench: called
array or pattern. Dummy structure has a 200 nm pitch. Blanket has 500

nm width. Finally, the array has a 32 nm pitch.

Image 2x0.5um
2048x32 pix
Measurements along
die edge
Dummy structure
L/S P200nm Array (pattern)
L/S P32nm
“Blanket”
width 500nm

} \ \ ‘

/

A — .
S Mask:zStoch 16 + Dummy structures - to set the 0 height

« Dose :58(1) ~ 72(8) m) + “Blanket” -> to flatten the image

Figure A.6. Schematic image about sample
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This is about the region of interest. This image is about analysis. And the
bottom image is a real measure result. Top image is about the blue line
region on the result (Figure A.7.). To check whether the probes reached

the bottom or not, I measured the array's bottom.
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Figure A.7. Image about analysis

_83_



A-3. Results and Discussions

3.1. Variable setpoint result on NCM

This is about variable setpoint results on NCM(Figure A.8.). According to

the blanket height, array height, and height loss measurement, there is no

damage to the sample about changing the

array bottom result,

higher setpoint(4.7) isn't.

Height (nm)

Height (nm)
B o o]

[

0

Array height

8
4
0
56 58 60 62 64 66 68 70 72 74
Dose (m])
Height loss

56 58 60 62 64

66 68 70 72 74

Dose (m])

setpoint 4.5 (ref)
—&— setpoint 4.7

—8—average

—&—setpoint 4.0
—&—setpoint 4.1
—&— setpoint 4.3
setpoint 4.5 (ref)
—&— setpoint 4.7

—&— average

lower setpoint: 4.0
—e— setpoint 4.0 =

—@— setpoint 4.| {’

5o

—&— setpoint 4.3 k7]

I

Height (nm)

is

Figure A.8. Variable setpoint result on NCM
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3.2 Variable gain result on NCM

This is about variable gain results on NCM (Figure A.9.). According to the
blanket height, array height, and height loss measurement, there is no
damage to the sample due to changing the gain. And according to the
array bottom result, there is no specific tendency about changing gain.

Gain 1.0 and gain 1.6 have similar results.

Array height Blanket height
e I —e—gain 100 (ref) = —e—gin:] 00:(re)
ER m —e—gintis  E" W%. i
P —e—gain 1.30 £ 0 —e—gan1.30
¥ in 1.45 g ¢ gain 1.45
T 4 gin T
—e—gain 1.60 0 —&—gain 1.60
0 o B 5 4 B4 g 48 0 G A L5 56 58 60 62 64 66 68 70 72 74 —e—gain .75
Dose (m)) —&—average Dose (m)) Ee=Tavcrage
Height loss Array bottom
8 —e—gain 1.00 (ref) 8 —e—gain 1.00 (ref)
Ea —e—gain 115 £ j —s—gain I.I5
24 —&—gain 1.30 * —&—gain .30
5o B0 2
9, »\/ gain 1.45 s gain 1.45
& —&—gain 1.60 3 —o—gain 1.60
56 58 60 62 64 66 68 70 72 74 —e—gain .75 56 58 60 62 64 66 68 70 72 74 —e—gain .75
Dose (m]) —8— average Dose (m)) —&—average

Figure A.9. Variable gain result on NCM
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3.3 Variable speed result on NCM

This is about variable speed results on NCM (Figure A.10.). According to
the blanket height, array height, and height loss measurement, there is no
damage to the sample due to changing the speed. And according to array
bottom result, on 62~64 m] dose, high speed;0.22hz and 0.24hz does not
reach array bottom. So, low speed:0.16hz is more reached array bottom

then high speed:0.24hz. And only for measuring height loss, high speed is

also possible.

Array height Blanket height

16 e 20 s
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e 12 - 5 g 15 "
£ —#— speed 0.18 £ —8—speed 0.18
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0 —&—speed 0.24 0 =—&—speed 0.24
56 58 60 62 64 66 68 70 72 74 56 58 60 62 64 66 68 70 72 74
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8 8
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Figure A.10. Variable speed result on NCM
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3.4 Variable setpoint result on tapping mode

This is about variable setpoint results on tapping mode. According to the
blanket height, array height, and height loss measurement, there is no
damage to the sample about changing the set point. And according to the

array bottom result, setpoint3.0 is the best result. [Figure A.11]
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L S S — setpoint 4.0
average a e ity P
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Dose (m])
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Figure A.11. Variable setpoint result on tapping mode

This is the NCM measurement result before and after tapping setpoint 2.0
measurement (Figure A.12.). After measurement on tapping mode setpoint
2.0, the array bottom result is changed. That means, tapping setpoint 2.0
induces strong probe sample interaction while resulting in probe damage.

There is a possibility that PR is stuck on the probe; it makes the probe

thick. Larger probes cannot reach the trenches bottom.
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(0,0), NCM reference o
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nm
0 100 200 300 400 500

After tapping setpoint 2.0 measurement

Figure A.12. NCM image after tapping setpoint 2.0 measurement

Before analyzing pinpoint mode results, we need to know a principle about
pinpoint. When pinpoints measure pixel by pixel, each measurement point
has this process (Figure A.13.). Using this Force/distance curve: called F/D
curve, it can check if the data is reliable and the sample condition is good

or not.
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Figure A.13. F/D curve about pinpoint mode

This is about the measured F/D curve result changing setpoint 10 nN and
20 nN (Figure A.14.). As you can see, there is a gap on F/D curve. This
kind of gap is the possibility of sample indentation. That is meaning that
there is a possibility to damage the probe or the sample. And the shape of
the F/D curve's shape is not clear. That means that there are too many
noises because the value of force is too low for the AC160 cantilever; what
[ used. Actually, AC160 cantilever has high constant stiffness: 24N/m. In

another paper, AC160 used a setpoint over 500 nN about pinpoint.
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Figure A.14. F/D curve result on pinpoint mode

This is a 20nN setpoint pinpoint measurement result (Figure A.15.). On the
left side, there are sizzling noises. Then, I measured exactly the same point
using NCM. According to the NCM result, damage is visible on the checked
image done after pinpoint measurement. So, AC160 cantilever is not suited

for pinpoint on soft material (resist)
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Figure A.15. Pinpoint result on setpint 20nN and NCM result
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A-4. Conclusion
1) NCM. Lower Setpoint and speed is better probed for acquisition. And

Gain variation is not showing an effect on S/N ratio

2) Tapping mode. Tapping mode has a better signal and noise ration than

NCM. And low setpoints give tip damages. Setpoint values below 2.0 induce

damages. So, the setpoint value should be over 3.0.

3) Pinpoint. Pinpoint is not suited on soft material such as resistors to

AC160 cantilever.
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5. Outline

There is required to do the same analysis with softer cantilever or
different probe geometry (Figure A.16.). Especially for pinpoint
measurement, requiring a low force constant cantilever.

AC160 HDC20 CNT100

‘.Y

Calibrated

Force constant

PPP-CONTSCR 0.236 N/m

FMR 3.49 N/m
m ACI160TS 25.5N/m

HDC20 40 N/m

CNTI100 40 N/m
\ «»*For pinpoint measurement,
: I require low force constant

Si Si C
Pyramid High Aspect ratio High Aspect ratio
conical cylindrical

Figure A.16. Various tip
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