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Surface Roughness Measurement in Sub-Nanometer Order Using Metrological Atomic
Force Microscope

Ichiko Misumi

National Institute of Advanced Industrial Science and Technology (AIST)
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ST X ZHHIXEMN M E Re 7 1 nm 25 30nm ERZE SN TWS,1nm LFD
FH S IEFIEEARBEER 2O TFEND V. BHEHH ORI RDO ST WD, AROF
ZE T K AFM % H W T S I L AN A & 2 5FAl L 7285 %, RIEHIP %2 Ra 2559
0.2nm FTIWIRTE L T L ZMERR L 720 WEMR L SHOBEIIOVTHIET 5,

The calibration service of profile surface roughness by using a metrological atomic force
microscope is now available at AIST. The calibration method is designed by referring to ISO
19606: 2017 (JIS R 1683: 2014) . The scope of the ISO 19606: 2017, however, is limited to
roughness measurements of surfaces with an arithmetical mean roughness, Ra, in the range
of about 1 nm to 30 nm. Currently there is strong demand for the measurement of surface
roughness of sub-nanometer order in the semiconductor industry. In order to meet such
demand, it is necessary to extend the range of surface roughness measurements in the
calibration service. In this study, author performed surface roughness measurements using
a metrological AFM and evaluated their uncertainties. As a result of a series of
measurements and evaluation of their uncertainties, it has been found that the calibration
range can be extended to surfaces with an arithmetical mean roughness, Ra, in the
minimum range of about 0.2 nm. The measurement results and the future challenges are
reported in this paper.

1. BUBHIC

AR R R ML S DR EAL 21T ) 720, FRA G FE TR S WEDTThh
TBY . HEROFHEITMZ THET- M1 BSE (Atomic Force Microscope, AFM) 12 & %M &
WEDRERDVHE SN L FH DR TE /2 AFMIZE M EWET, XY FEEDO
WEARER 25572012, PEROME M S 5T & Mk, BARICE DS W llE O BEEWDE £
S>TETW5S,

BAEFMHTEEZ AFM I X 2L S W12 3 5 Ha& & LT, [ISO 19606:2017 Fine
ceramics (advanced ceramics, advanced technical ceramics) - Test method for surface
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roughness of fine ceramic films by atomic force microscopy (JIS R 1683: 2014) | 12 3555
bN5b. ZOBMOBAFILFER LIS I N7 74 2T Iy 7 ZEBEO K
RoH 5, B S Ra O#HiPHAY 1~30nm. 22, MMM EROFYE S RSm @
#HPHAS0.04~2.5um OFEEAM E 2, JEFHBEMEEIC L > THlE ST 2 HEICHET 5.
LRI T3,

Bk A4 RARIEIZH W T B TR AFM3® %2 T, JISR 1683: 2007 122D\ 7= Z A S
EXITV AHED SFHHICABE S EFH THALZ L AR L2 T2 T I v 7 AR
Ty rr—=ykE HEDNATOAHTE LI 2R LY, LR TRz L9 12,
ISO 19606: 2017 (JIS R 1683: 2014) %# T X 2 #iPHlZ Ra #% 1 nm %*5 30nm. RSm %%
0.04um 25 2.5um ERESINT WS, BHEHARE STV A IHHIX. ISO 19606:
2017 IZIEFeR ST W As, JIS R 1683: 2014 O THBH I N TW5, Ra 2% 1nm LA
TTIEEDOWEDORIAEDLHE L VW &, RaAH30nm L EOM E %2 AFM Tl 5 2 & 135EH
BT RWEEYE. Ra 730 nm Y ETHIIEE» i XoEEIHWONE), En
BT, @A Re 251 nm 25 30 nm OFERICRE I N TS, L2ALEND,
CNHOHHIIAHETH S, Ra DWEHPAZ IR TZ ARV H 5. £72. RSm Ol
PHE LCiRK 2.5um FREEE LZBHIE, IEMEERIED2D1C1E, iR S 5% RSm @ 20
DL ETH B EDEE L, —H, #HEDOAFM EEDO A ¥ v+ T A REIC %
LRWVWIRKOESN0um BETH L7720, LB SN TWwb, RSm 255/ 40nm & L
72BLEIE. (ISO 19606: 2017 (JIS R 1683: 2014) ®K B.1 IZ/R &5 X 912 RO EEEE A
AEBREOBEIE S AN D RSm A 40nm TH 5720, LFEHBENT WD, LLARAT5,
Ra 7 1nm DLF, #2138 0.2nm ORMH S 13 PEARBEERNSFEND ), HHH
HOILRPETE NS, KL TIE. Ra DWEDS X O D SEFHi 21T - 720 Ra HIE DA
e S G- &2 AT o 72k F. RSm Q@A Z D % F THIE, HRE T TERBME DY Ra 23
B/ 0.2nm ECTEAWEETH LI L ZMER LY SHIT. Sa DT A MUEDIT- 726
KR & SBOPEHIZ OV THET 5,

2. HEFIE
2.1 AERHE

Table 1 [ZAE Ok 2 7R T AFMMIEIZ L %5 Ra 2 1nm L T A FHEINLHAETH 5,
WY RS vz, oYY 3y o110 |, FEAFE) % 15mm fA12Y)
WrL. BRBmZ e g e Lz,

2.2 1SO 19606: 201 7N#HE

ISO 19606: 2017 (JIS R 1683:2014) ® FNEDOBEE % FH$ %o FEMNEIPIICEES 129,
X (D EEDOKIE, (2) Ra B XV RSm OBEBEAEORE. (3) FREFE AL DGl & KL < &
BT B EEDOFM,. Q)RBOMSME, DIETITY . ()EEOKIEIZMT., RIEFD
Yy F M OB AR AR 2 2R L 975, (2) P S W E X Ra B X O RSm OREHAE % 15
70 Tbs, BEMEIX 70— 7HEE THWON S, Ra B XU RSm OBEEAED
W O FERFIRIE 2um K 10um T, WFERIL 256 22512 TH 5. sl ik S 12 RSm A3
20~50 A& ENS Lo, AFHIEDOFHIR S 2 RET 5. Q) et OME 12811 %
vz, flIEEOARIZLUTOEB Y TH S, Gl 10 nm, &1L M IX
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20°3 L < 1X50°, &L 213300 nm 25 600 nm DR, BT 2 81ILO MO MEEIZR
2.12um, WY A4 ZE5mmATHL, 2T, EELMPHIE 1.28um A, MFEE 512 x
512 LB THRE SN TV S, INTENS Z HHNC 10 nm FA3->72& A % XY HiCHtl Y

W LZZWNER 7 — % 2845 L. WNEEE D 25803 5%, SKBIIESE Dy E FitD X 9
j)%?béihéo

2
D = ) 20RSm (1>
27°Ra

CZTRaZEBTEDMHEIZ(2) TH SN Ra BEEAE, RSm 3B 8 F #EFAN D28 5
T 50 IS0 19606: 2017 DAEFEB £ U .D 25 Do/ 2 & 0 /N S WIGEIE RS 5 % R LU,
D 7S Duax /2 & Diax DRI TdH I ‘%%m%ﬁﬁumwﬁéMm#% FTEX D, (ke
(ﬁﬁO)f“ﬁ’C?]‘Eé{EUE’i’ﬁ’) o TE FRALZ BUR UMY IE @ 10 mm £5 FE IS D DU B Jz OFH g

BEIS 2 THh B WESMIZ. WFEE(256~512) x (10~512) DHEIPAITH %

&LMm&UDjSHPQM$NMmMyM@@ﬁé%ﬁ%VJ*Wkﬁ?@ﬁ%y
2=V MAEDLETEE L2 0, 1O AFM O i3 #EEHE b & T JIS R 1683 12
WMLV 7 b2 T2 ERLTVWE5D8H 51,

3. AIRAFMIC KB AE
Fig. 1 [CHI&E AFM I X S S PIHZ R § o MPoBTiE, Sy 7y a vFireh
LTHhbo

3.1 RHEHOFHAUE

W AFM I XYZ il L —F TGS N TBY SI ML —H 7V EETH S
720, (DEBEBOKRIEDVPAELTH S, MIZ(2) Ra & RSm O TFHiHIEZ1TH . B
HEMGOMEE SERH 1 A»SEE, L& Twb, fIROERE T, # & EMIE
HETENT I AROERMEDS Ra & RSm OBEFEAL % KO 5 DIZMEZR V. A5 SO
RO L9 ISR CH O A, EAMR 1 AR TIE RSm OBEHEAE %2 #U)ICHINTE
LWEDRH D, £ Ty PG TIIEEREE 1 A TIE R SARIZHEEL., Thth
HHB L RS BEMED S bi/hDb O, RaiEMEDO S bR KODDOERMTLZ L EL
Too U, SHOREDR—BETDE RmDPEL 55138, T RaHKREL RBITL,
REITMREDIEED R L %5720 TH b, LB LDODOEAETDH 5% D L {1320 % i
TEHLIBEH 2 WAL LS TELE, AFMICX 2 SHlEZ#D 5 F T MY
RO TIVEVIFEDEDH D, Ac 74V FIXEHMliEIR D 1 /5128 5E L7, Table
212 Ra B X RSm OWMBEAE % /RT o Ra BEFAEIX 0.20nm, RSm A5 AL 41nm T - 72,
SR S ICEEND RSm OFAS20 225 50 DI A X 9. AFM M S @ 03l & & %
WEL7z0 iMli R 213 1um Th b0 25l X1 aiﬂ%ﬁ%%ﬁﬁ@ﬁi%f%%o
Fig.2 \Z RSm OBFEMHEZRD L DI VG-l 727 7 A VW TH B, —HOWPE
%T\mﬂﬂﬁw%\%@ECM%?K%kﬂk&E%fﬁbﬂtoﬁﬁk?ﬁﬁlﬁﬁ
XY ZENZENSI ML= TNV ThHh b,

3.2 ZFHDORE
W)V OMEZITH o FEMIZSE LW 4) D 3.1 FICiHEL, EHOMES X, it
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KOst XM S FFOFEIL H o T b, EOKEITH W23 FHE TGT1 (NT-MDT
Spectrum Instruments Group ft) T, Miz4E2Y 10nm PUTF. &L MEED 500, B
HENNOM OB 2.12um TH S 2, 22T, EEHPAILAEL o F.O 28 5E FHIS O
HZK B EIRABT LI EIRDODONT WD, EAHMPHIZ1.28um f. WFEE 512 x
512 L HMETIRESIN TS, L LAads, 550K AFM & AFM #ll 52 B G R 12
A EI YT — RS 2 B A TAH A R 5 THB Y . F8Ei Y G L TE 2 2 2 i g
R E T B L ALE PO IR DR T S0 Lo THLA S 320 nm BERICT S L, &
4P % 1280 nm x 640 nm, WFEH 512 x 256 & L 720 ®RNLOTEL A S Z 711 10 nm F
Mol ZA% XYW THY D ICLAWMBOHE L VIEED 2R 5, EES Y ar v
FLN—=, CNT (I =KV F 7 F 2= H 0 F L= EBGMGE L7245, D i
ERUCTH o770, B Y s h v F L= (FY 28248, OMCL-AC160TS, X
ER T 42 N mt, JEIRJE DR #9300 kHz) 2B ICH W2, & 2T, B THERRS
LA rFLoN—1F, HIRFEEAI100kHZ LEDO L DTH Y, RIS NKERGZ LT
Who EXEFMIYETH S, LSBTV Y FLA=FTa—T7HEDDIL
39.7nm TH - 72,

Fig.3 ISt OBE kiR %217, (1) & Table 2 ® Ra BE&EAEA 5. RSm % 40 nm 7»
5 2500nm £ TEALT HZEEKE LTy Duax P F D 20% H#EZ T T, Dinax/22F D 5%
SRR TR Lo (2) O FE THRD 72 RSm EEAE & (3) ¥t oM TR D X
DRD SNTME S ZROREETRT e BRI FICH b0, 5% EKETHEKT
Ho7z0

3.3 HIEAE
WIZWHSWEZAT) o BB A ZATHITKREVDT, 1SO19606: 2017 D 11 & b)
WCRENL EHITHMERZ 5 PR ETE 20 i, AL, EF. AF. ALZzZFhZFh
WEE1,2,3,4,58 L7 HMEAT2HITOMYELAEELT) . Fig.4 (252
DB RS, BFERIL512x 16 THh b, ELHHE 16 IR 7-01E, WEkEk 28 L
HE OB EZ BT LH72DTH b, EARBEZMZTHHMEOWEZITZ 5 DHIIS019606:
2017 DEFTH b, EREEIZH 100nm * s TH S, Fig.5 (KM E S TH Y KHLHE 1
BH., 2HHTENENGONTZRe BIUPRKNES Rz DVHEEZRT, T2 Ty WAHE
X Rz R HEIE, ISO @ 12 Test repor t DT, Rz I3 HE Lz P uds 5w
HO—DIZED LN TWEZDTH b, ildFtOAE—H L WEDHD K LEDENITE A
ERONT Doz, i 3.4 HEMEDAFEDSITFESL D, RaH30.2nm 4]0, FE
DOREORFITE V2D EEZONL, WEMBMII2ICBVWTRZAIKEL o TWAHJEK
3. 940707 7 A VEBET S L nm LAV OB EEHER FISATE L Twi e
OTHo726 RaBLYRIZFFENZFN0.17nm, 3.46nm THh - 726

3.4 HIAENFHENZ

Ra W5E DA SFHM 12 24T o 720 FFMiTERIISE L 4) D 3.2 HEARTH %o A
ORI —MB LOWEDH Y & LIEICHR T 5 A5 S ORI #0 W Z2@ M L7z
7o Table 3 |2 E = AED S EH & G RIRENED SO G WERR Ra L ILRAMES
& Usps Z23Y o THNEDIEHIEN: 7 EAIEREIZHR T 2P S PRS2 ) Ol
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1£0.07nm TH o726 Ra7230.2nm OE %2 L D /NS LAMENSTHET H7-0121F. &
D IR D D e TR 2 B L 721 AFM O3, X D lEDE Y B LEZE /N E L
T BUE LI REDRIEPLIE L 25 TL %o

3.5 Sa, SzO75 A MAIFE

JIS R 1683: 2014 ® 9 &= Tid, MEHEREDT—F DHIE LT Ra & Re DANPZFEIFSLNT
Wb, —J, IS019606: 2017 ® 12 & Tld, T—HFd Ra & Rz DA LSHE, b LI
Sa (arithmetical mean height of the scale limited surface) & Sz (maximum height of the
scale-limited surface) D AEHLEEZ L FR— FOHERFEL L TEIRTE S, ZoHED
HHEIAHZED, Sa BLO Sz NOFELEOFT W 3EZ 2 b b, WEDRZICHFEL 512
x 512 CHEZIT W Sa & Sz2DF A MEMZIT - 720 lE L7MEATIZHES S5 TH 5o
Fig.6 (Zi{FD AFM %% /R 9. EAH#HPAIX 1lum (Y) x 1lum X) TH %, Fig.6 TREN
72X 91, RBORIMNEIZF /) A= VI —FOBRYHIHELTWDE I LA L 722,
CNZ 16 RDOETBMTIIRONS Lol 4 ZOBRYTH o720 Sa i 0.11 nm, Sz i
4.3 nm TH o720 WEH DS D Sa % Ra LIkX72& &2, Sa ld Ra DARED S O
T—HLTWieo 7272 L Ra 7% 0.17nm THo 72D LT Sa 12 0.11 nm TH Y. §
0.06 nm DD 5. L, AHELZOFHNTH 2D DD, Sa Wl IZEESTBEFEAS
EETWAWEEMERHRNE LTEZONL, Ei#ET ) a2 L=, CNT#EH7 v F 1L
N—DHEEDIXIZIZFLETHSH25 CNTHEMIH v FLN—ZHVWEZ LIZX 5T, Sa
HEIC BT IS EEFE 2 IR T X AW HEMEDS D 5 6

ISO 19606: 2017 1242 T Sa M€ & & DAMED L5l 217 9 121E Ra Wk, 7% <
EL 5T 2MTOWET HUEND L. AFEOHITIX Sa DR ERFIZ Ra D 32 £5
b Tz, RERHOSIIERES YL H v F Lo — L L TH 10 G238 2% 5,
Z 2T, HEOHEGBOMEEHIE Ra WE T\, MO R % T & B L 72 Wil 2
BEDHR Sa B xir) e, MAMWGITEIT) 2 LDEZ B X 5. 1SO025178-3: 2012
D 451255 L. —MBIC Sa e TIIAHEFUL L TR CThw, L2 e TH
%W, DF D RSm A HEHE S (FIR) 2 BT 5L VOBV LV, L) T ETH D,
L2 L7255, SMlifEsZ AHICROTIVE VW) DL MICH L WEEsH 5, +2 T,
AFM (2 X % Sa I DS 2 JLET 5 DI, ISO 19606 : 2017 D FEICH B L H 2. T
gl T RSm %KD, ZOKE S0 UCRHliE S Gk # ko 5, Lwvw) Hikdb#E
55,

4. ER

WE AFM TH 7+ VM E ORIEE £ ) /NS BAHED S TIT ) IR T R E FHEH W
OMH b, —DIIERDEENETH 5. HEROUE AFM 135k 4 7 FEEE O R IE L+ 12k
g A7, ERHPH 100um X) x 100um (Y) x 12um (Z) ZHFLTW5H Y, FH., AF
Y F LOBEFEOEI NG VY AZWAHEETIE R W20, 7 F VHSMEZEHT S
7202, LV RELIEECTELERXDH L, ) —2FN) 7 M ThHb, BIE. K
M EME (Ra) TIERBEE 16 R THllERMZ /L L. KU 7 FoEBE2 /&L
LTWwb, FY 7 b2/hEL U, EEFFORKITINTE 5, BlfE, 7+ 7
RIED 72D AFM ORI EfToTWb W, A V¥ A% Z AF ¥ F O FifIZi%E
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L\

T OVRELRERZURRET S, T2, ZHO L —F T OBHENAFM 7~ F L

N—=THa—72=y MIRESN, )7 MERZHBE LTV,

5.

Fasm

W AFM Z w7270 7 7 A VR S & & AiED S FH 2 17 o 720 BEED KA,
B PIM S Ra OBHFPADS, &/ 0.2 nm £ TR TH L 2 & 2R L7z, M
SWEDAMEN SFHli 21T o728 A, R LM & TR R AR B O RFUI LW 2
EWrolze Tz EWEIMEOFM I E Sa D7 A MAIE bITo 720 WEKRDE
V2Rl 2 720, ME O ERGERERM & OB ENLETH L. Gk, LY
7F 7 MEMEICBT 2D, SERE HiF L TRIEREZHET L TFETH 5.

6.

s

B

ABFZEE PR 28 4EBE H AN A8 2B & ORIk 2 21 TIT 2 728 DT H

%0
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Kamakura, Japan, Organized by The Japan Society for Precision Engineering.
15) ISO 25178-3: 2012 Geometrical product specifications (GPS) — Surface texture: Areal —
Part 3: Specification operato

3.1 Measurements of preliminary Ra and RSm, Determination of evaluation lengths

A 4

3.2 Evaluation of probe-tip diameter and evaluation of error in roughness measurement

v

3.3 Roughness measurements of specimens

l

3.4 Uncertainty evaluation in roughness measurements

Fig.1 Procedure of roughness measurements using a metrological AFM.
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Fig.2 Evaluation profiles used in preliminary RSm calculations. Preliminary RS is 41 nm.
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Fig.3 D - RSm maps for probe-tip error evaluation to measure roughness of specimens with preliminary
Ra of 0.20 nm. The point obtained from the measured value of probe-tip diameter D and
preliminary RSm. The measured point is located blow the dotted lines (5 % criterion) , enabling
roughness measurements with an error of <5 %.

Fig.4 Examples of surface profiles of the specimen (Scanning area:1xzm (Y) x 1um (X), Number of
picture elements: 512 (Y) x 16 (X)).
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Fig.5 Repetitive measurement results of Ra and Rz at the five measuring points of the specimen .

nm
.i |
- -26
Fig.6 Surface profiles of the specimen (Scanning area: 1 um (Y) x 1 um (X) , Number of picture elements:
512 (Y) x512 (X) ). The trial measurement results of Sa and Sz are 0.11 nm and 4.34 nm, respectively.

Table 1. Specification of the specimens

Specimen Manufacturer Product Substrate Remarks

number material

Silicon wafer  Shin-Etsu CZ-P Silicon Size: 15 mm X 15 mm, Cut
Chemical <100> from 6-inch wafer with its one
Co., Ltd. surface polished
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Table 2. Preliminary Ra and RSm and evaluation length determined from preliminary RSm

Scanning Preliminary ~ Preliminary  Evaluation length Number of
range for Ra RSm profile elements
measurements in the evaluation
of preliminary length

Ra and RSm

2 pm 0.20 nm 41 nm I pm X 1 pm 24

Table 3. Major sources of uncertainty, their contributions to the combined standard uncertainty and
expanded uncertainty

Interferometer nonlinearity 0.07 (nm)

Probe-tip error evaluation 0.005 (nm)

Non-uniformity  of  surface Negligible

roughness of a specimen

Interferometer resolution 0.02 (nm)

Repeatability of measurement Negligible

Expanded uncertainty, Uos (nm)  0.14 (nm)
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