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Time-of-Flight secondary ion mass spectrometry (TOF-SIMS) and scanning electron microscope (SEM) images were
fused and then evaluated by means of principal component analysis. As a result, TOF-SIMS spatial resolution could be
improved by adding SEM image information to TOF-SIMS data without drastic change of TOF-SIMS spectrum
information. Sparse modeling and machine learning were applied to TOF-SIMS data to interpret complex TOF-SIMS
spectra. Least Absolute Shrinkage and Selection Operator (LASSO) provided a simplified TOF-SIMS
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spectrum with less noise. Machine learning using Random Forest and k-Nearest Neigbour appropriately
predicted unknown test samples by learning TOF-SIMS data similar the test samples.

1. 13T®HIC

AT kA A > 04 (TOF-SIMS) 1%, &
BEICLY 7170 TOaTamRIELND Z &
SR BRI SN TV DN, 777 A
AT ol D AR RV ORIRAEE L2,
HIEWEIZ X > ToRA A VBRENE(LT D~ Y
v 7 ANRBAIR EDOHE L B D, AT KV OfiF
WRIZHOWTIE, ZEEMT 2 EDOT —H fRHTIZ L -
TR TEDLGENE L, TIVE TE L OWFFEHIN
W3, 5-71&NTW5. =720, ITHETIE, Ar
FABE =R EDTARAI TAE—A4F L E— A
(GCIB) 2k B A8y % Y 7 [8]%°, Orbitrap[9]<°
MSMS[10]72 & ® TOF-SIMS ¥EE ~DEAIZ L - T,
TARENLVIERE R, WEROZEEMNTE
IR SRR G E I TE TS, 22T,
A A= TEHIITEE D & D FE 1 [11-15]%°
iR AT REME D E W AR =R E T U v 7 [16-18] D
TOF-SIMS 7 —# ~DOIHBHIFF STV D, A
Ze g, BEERMNTIND 2 N—ZEFT Y 7 R Ok
WFE £ COT — XM ik &I L7z TOF-SIMS
T — RN E R T

T T, HFBESHEL L TOF-SIMS B & D7 2 —
TarBLOE s B VHEIC XD EEET — X &
EfMGET — 2 DA A=V T 22—V g LTk 5%
RO AT DD BITARFI[18] L TV B 28, AHFSETIE
BIAMELE TOF-SIMS T —X L DA A—T T 2—
ValoWnWTHRET . £, AN—RETY
7 \ZBI LTI, Robust PCA [19, 20]1 %M 4% Z &
IZEo T, FEREREKDTIC KA A E—7
BEHEL, DT —28TH PCA Z#rlfgL L
T AT I8 & s Uiz, AW TIEANN—RET
V> 7 oRcRENREME v T OFREO—D
T# % Least Absolute Shrinkage and Selection Operator
(LASSO) [16, 17]1% TOF-SIMS & — X |ZJ& 4 5.

2. EBRFE
2.1 BBHZONT

Si JEAK E 2 leu-enkephalin  (CasH37NsO7, Wako,
Osaka) & 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC, C4qHgsNOgP, Avanti Polar Lipid Co. Ltd.,
Upsala, Sweden) # 75:25 (Wt%) TiR&G L7727 T
FIFERGEIR [21] 2 FL, HET v r—4F—

P CHBRIETR B2 A A=V 72—V a Y HOT
— X2 B V.

TNAIa—bHTAEREDE ST 3HHE
polyethylene terephthalate (PET) , polystyrene (PS)
F L polycarbonate (PC) @ 4 Jgalki[2]% A/ S—
ZET Y 7 L E OFT VBN LTERAL
7o. FE72, PC ZHEEMIC 30 nm BEDIEA L 725 X
A a— |k ([El#EEH 1000 rpm) L 72 5l0Bk 4 1
W OVERBRGED 72 DI HE L7z, PC HEE
FAOFREMIL, Si KB IO SI 7= v—_EIZ 30 nm
BEOAUS LIXWHEEEL 22— L2 RO 3FE
¥ (PCISI, PC/IAU/SI, PC/W/SI) % V7=,

2.2 TOF-SIMS 5 L T SEM

By TaBHE, —kA A2 B — L4 54 keV Big™ O
TOF-SIMS (PHI TRIFT V nano ToF, ULVAC-PHI,
Chigasaki) THIE L7=. <7 F FIEEIREAREHT,
— WA AP %E 19 keV Aut & 3% TOF-SIMS

(TRIFT 111, ULVAC-PHI, Chigasaki) T |i& (Raster
size; 100 x 100 um? or 300 x 300 um? , Pixel density;
256 x 256 pixels, lon dose amount < 102 jons/cm?) L,
E 51T TOF-SIMS JHIE B % & o i 4 A= A B BAMK
#% (SEM, S-3400N, Hitachi, Ltd., Tokyo) % T,
AEEEILE 1.5 kv, FEiE 40 mA, working distance 5
mm THIE L7,

PC HEUEHE, 15 kV Ga*'z—RA AT 5
TOF-SIMS (TRIFT HI) T#liE (Raster size; 300 x 300
um?, Pixel density; 256 x 256 pixels, lon dose amount
< 10% ions/cm?, lon dose amount < 10%2 ions/cm?) L
7-.

HIE L7z TOF-SIMS A7 R Uz oW TC, HEhR
RINTE—I7E2TIZONT, FEZBLICEITS
BEAEZ NAF YV —T7 7 AL LTHRFL, PLS
Toolbox 354 Y MIA Toolbox (Eigenvector Research
Inc., WA, USA) T, 7 —Z ZatHriAnTz.

23 A A=V T7a2—V gt PCA

TOF-SIMS 27 L b4 —7 ZHEaR L
T, {FET BN LD/ ZIRA T UREENA T Y —
Ty ANELTHAHLIEDL, MIA Toolbox @
Image Manager z W T8I (B 21X, 128x128
v 2/WTKRT D 1000 H O ZRA A RET
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Table 1 Fused data of TOF-SIMS and SEM data.

A B
Peaks

oo |30 |7]o0 |14
o0 ]| 3]0 11 | 0 | 150
o0 | 8|0 8 | 0 | 119

Ll 0] 0] 270 15 | 0 | 103
§ oo |7]0 12 | 0 | 100
oo |6 |0 | 4] 0110
oo ]| 2|0 10| 0 | 69
7101 |5 90

A: TOF-SIMS data, B: SEM data

16384x1000 1741 & 72 %) |ZZH#a L7=. Figure 1 (2R~
9K 912, TOF-SIMS OHENLEIZ A >H T SEM A
A—=VEYIYHL, A A—VEBOY 7 v E
Gt FE7BNMICEBITD SEM A A=V Dik
JEZFHHTZ L, TOF-SIMS F—4& D " IRA A 38
TR AEEICK LT SEM A A — Y DR & B iz 7
Bl LTma iz, BARMICIIT (BEZ7 8% X
H (B°—27%0) @ TOF-SIMS @ kA F > EDT

— ZITHOHEMEZ, LY v AEZTH 5 SEM
Boary v 7 A NOEMEOFNy MVEEBIML, %
D 1 EHEMENTATHT — 2 TERD T E1T-
7=, T —X Ol % Table 1 12/~

TOF-SIMS 7 —# D h D5 &, SEMA A—T L
Ta—VarLeEatnENnNoT —4% % Matlab

(Mathworks, MA, USA) | CfE#)J % PLS Toolbox

(Eigenvector Research Inc., WA, USA) % F Tk
DM LT, REREER L.

2.4 ANXN—REF YT

PET, PS, PC =MD &4y 1 O 4 JE#EH2] D
TOF-SIMS I €7 — # |Z Least Absolute Shrinkage and
Selection Operator (LASSO) [16,17]% & f L 7=.
Matlab @ Statistics and Machine Learning Toolbox %

Wiz, 22T, 118 A TOF-SIMS D A7 kLt
HETH Y, ZoOTHoTHITIe— 278 (A7 |k
TV, FIBUTBIIS (B2 'L) T
b5, X7 My dEs TR IIRA A UREE R
FTRXT ML, X IEESFICEK T 5D TOF-SIMS A
7 MR EERT T ML ETDHERKNED AT

.

total ion image
()

SEM image

(b)

Figure 1 Image data alignment: (a) TOF-SIMS, (b) SEM and (c) fusion image. (color online)

Total lon

Figure 2 TOF-SIMS total ion image (left), schematic of the sample (centre) and the integrated image of the secondary ions m/z 104,

91 and 135 (right). (color online)
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y = AX + noise

JARXIERCTEZHETHE, |y -AX|PIX 0 (3T
ST TTHY, - XxDBDA—RAThHHETHL
XH/NEWETTHSD. 22T, kKD EXD H/D
LB ol xBRDT.

E(x) = [ly-AX|P + 2Z[xi

=EL, ME L EAMEOFEEZRET D37 A —
2—Th5b. @OFHEK KA AV RELETET
NI D TIRA A YT, BT ET DS
KT 3HODOE—27 (mlz 91, 104, 135) DOFi%E L& W
EMLER L TS B NTe T hL & AT MIVTHIIA &
DONREZFHETHZLICL > THIH L. y O
#, LASSO 12k >T, A7 ML EESTFHER
WA I VBBEHR AN—ARYFTHZ LIS T, &
5 FIZHER 9D TOF-SIMS A7 kLR TE &2 39
7 bV x =58 L7, Figure 2 12, &k
TOF-SIMS 5 — % @ Total ion 4 & PET, PS, PC (2 H1 3k
T53 00— PR SN ALEEZR~T.

2.5 BRFTIT L BARY AT —F DENT

k 7L (k-Nearest Neighbor: kKNN) &, #LEAR
ZFIHT 2 FM 72 T4 TH 5 Random Forest (RF)
D ODFEEZHNT, TOF-SIMS A7 kL5 —
ZEFEL, RMEBRELZT AT —4%IELL
[FETE D08 L7z, & FIEIC OV TREIZH
T5.

k s (k-Nearest Neighbor: KNN) 145 822
BT D bW AIBEENIZ S W= TFIE T3
— VDO —DOTh Y, FRiLfFEOHEE kL - T
EC, ENODRRLELFIET D7 7 AT#HAIT 2
FiETHD. k OMEISHEIMEREMKTFT 2D T,
Uiz RO 208N H 5. kNN 135 H 5 7 v
Y XLOFTIIHAENHE CHETH LN, T—
AMRKEL 720 EHEBRNE 2D L0 ) R
5.

PEARLITHHALEK E ANEEDOT — 2 N EARD
Bed X9 B REER L, THIl, BEEITO>T IV
FYXALTHD. FTH, RF (TEEOREATE
F7E sS85 2 & CTHELmOTEMYEET LT
H5D. RF 1T/ 4 X<, T—HENLZWEAT
LEIE TR TX 50, FET— X OUAE A
T U NI T 572D T — X EEER DI E D

Table 2 Training data example.

Label Descriptor

Al(B |C |D |..]12 .. 299.7 300.3
110 |0 |1 |1]0.006 .1 0.002 0.001
01 |0 |1 [0]0.001 .1 0.001 0
0/0 |1 |0 |[1]0.002 .1 0.001 0

Label Db F A 1E D5l
A: CzH5+, B: C3H7+, C: C7H70+, D: C7H50+, CsH9+,
E: C3H5+, F: CioHg*

FLFEETERVEN IR HS.

FRLE N L—= 7T — 2%, REO R A
FTALFEE O F WA R T T ULy &, AT ML
DZRWAF =T 5E KA AL T T
HKAL L2k ) 2R3 5k 7-OXT bk b, &7
WA (A7 hV) DTV (BRSSO F )
ZTHT 52T VEBET D701, Riko 250
e EEe v, £ LT, BEsnEET R
O TH LWBIIINLEIC & £ e iiEx Tl L
7.

B FREHZ DWW T, @0 T BEM CHFET
% fElEE 7~ B BOEE. (ROL: region of interest) %l H
L7z, @ik L O PC BT — % 24T
Fl—ov—27 757 A (E&EfHEE miz 12-300) A
WTHE ZIRAF L REEZET-OL, % kA F R
FE AR IR A A R TR L LT, B EH O
T — X EIL AT 367 T, WNERIXPET 57, PS 111, PC
119 (4 BiEsy 7B 5 59, PC EREND & Har =
L1220 9o) ,PET, PS, PC Z & el 20 57—
%, PET & PS Z G defHigny 20 7 —#, PET & PC
o iefHik N 20 T — &, PS+PC & & TrfEIAY 20
TFT—=HAThDH. TNENDOT—HF Z LITITIFHEIC
4 DI, FOHIBLDO—DETANT—X, KD
BEEMAT—2 L LT, REMGELTZ. Table 2 (2
hN—=v 7T =2 OflERT.

FEFHEL LTHWEKNN & RF O A—4 1%
kNN (% k=6, RF IZREARDEZET 7 4/ hD 10,
ZOMDIEL T 7 4 FTHDH. KNNTk=6 & L7
DE, &b L —=7F—2L L TEbRL TV
B LI RAFE (PET+PS X° PET+PC, PS+PC,
PET+PS+PC) D%k 15 ZH X 2N L 22T 5729 T
bV, INEBTEES, ZRTLEHFO ML —=
Y IT = RICRIOREOREI N E i, Bo bR
WZORMNDHTHTHD (L, k OIS TE
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TH /A X T a5 BERERH %) . REIZEAL T
X, NIA—FEEZTITHRF L. 2o o5l
DFEITOT=IZ, Python OIEWTFEE 7 A4 77 1) —
scikit-learn D kNeighborsClassifier L
RandomForestClassifier % A \» T, kNN, Random
Forest DEMR 21T 5 7.

TANVEAES TEAEZIFSBEO 7 Z 7 A b
A F L THD. FV U TARINEDT T T Ak
AF L HELNEIDELEODfETRLTND.
oy, Fo—=u 25— 25T AR
T—=H DAY NN T 2 T~V OfE A ) &
iz, ZOTHIEE EEOMAZLEE L, LSRR i, e -
JEwRDT. PC1 PC2

Mo—= 7T =3RRI EZEATE LD L (a) TOF-SIMS data
ATWRWEDOEHAEBEL, REERLE. F7-,
IERTIE, FIINVDTTT A M T EiY
TNABNELNE D AT B, HHE—7 D
MR A 4%, Random Forest TldZ ORE
AREBEBHNTEY, ZRHHRERDZEL L Tl
AnwbnsdE—7 2&EEEY—7 LS. Random
Forest [ZIZ OEEE—7 2T 52 LN TE5H
D, WHIRE— 7 BRI TWDH (PSERE—7
DT YL THIVE, FEBEIC PS BHAEY—7 NEEY
— 7 ELTERIINTWDD) R L.

3. MRLER
31TOF-SIMS & SEM D7 —H# 72—V 3 : i

Figure 3 |Z TOF-SIMS 7 — % D 7% L4y /3#T L PC1 PC2
TREEDEEA A=V L SEM F—4% & 72—V g (b) SEM and TOF-SIMS fusion data

Y LI DT —F & ER 3T LT RO RA R
7 3 N Figure 3 PC score images of TOF-SIMS data (a), SEM and

— V&Y. AMBEORREADET, ERSHER TOF-SIMS fusion data (b). (the upper part: positive
ZfEMNT9 % &, Figure 3(a)? PC1 DA A—T T direction, the lower part: negative direction).

1%, ERIORSN TV D ERDNIEICRE W,

Si HM LIS O FICIS LTEY, FEIOR Total lon Peptide 120 u  Peptide & PC 86 u

SN TV DFRMAAICREWVERITE S ITARE IS
Jin LT % 25 Figure 4 12779 TOF-SIMS 57— 4 @ .
KA F M EeHEY—F L. —JT, Figure
3PN RT 72—V a v LT —H D PCL DIEIZK
TS (REY) 138U Si D5 & R LT
5. SEM F—Z @A TH LIk, EELW
IARCHIES 7=, Figure 3(b)? PC1 T/REND
BE (AHM) OFRSMA A=, SEM B0
Bh T CREA L 72> TS, 2721, PC2LLTD
TR L X TORSIMS 7 — X L 72—V a v
T—=HINBRLNLIERICRKE RET R -T2,
Figure 4 (2% & @ TOF-SIMS 7 —% L LT, Sikk Figure 4 TOF-SIMS secondary ion images.

C,Hz* 27 u Si28u PC 184 u
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73
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L Si 91 |
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/
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m/z

(a) TOF-SIMS data

Al 73
a 147
59 1
41 115
os| Si :
AL J 10§/#L117
o R ARTIN T
100 200 300

m/z

(b) LASSO result

Figure 5 TOF-SIMS spectrum analysis using LASSO.

W, X7F RELOIRE IR T 53N e kA
Aot E R, IBEO T+ A7 =2V (PC) IZH
9D kA 184 u, IEE L TF RiliFIZH
Kt D TRAF L8 UBIONTF RicHKT ST
RSB T T T AL MA A 120 u DA3A I Si FER LA
NOEIZR 5D, ZIRA A B2 Tidido
XD EIFRBNRND. ERDOITICLE ST, LV
M7 AR OEND D, IHIZ SEM B EDT 22—
VarilkoT, KVHRIZRS Z RIS,
¥, SEM D7 2a— g VOFEICE D ERK
SRAWMEBEOEITIZEAER LN -T72720, b
FHERITNZEAEEDL T, OfiA A — VO HfEH
272 o 7.
ZDOFIETIE, TOF-SIMS —¥kA A4 14 & SEM 4
DEBILZOMEZEDE-OL, HFEHER— L
LT, ALY Z &/ EIC TOF-SIMS TE S iL7- A2
7 MV EOZIRA A UEEREHR () 12 SEM 4
DAy b7 A NOEMENEBRAE BT 728 E LTz
DT, A AV T7a2a—TarBNT&sb. 7z
— g VRO FERS o R E e LT, il S
T TR DR RS (4 A=) O &
kT 2 % R T A EIC R E R A2 T g,
W72 7 2 — Y a URERTEEZ EDRbNns.

32 AN—REFY T

Figure 2 |27k L7z 3 FEFAD &4y 1D TOF-SIMS 7
— X % LASSO THEHT L7-#E 5% & LC, Figure 5|2
T L 912, J£D TOF-SIMS 2<% kL (Fig. 5(a)) T
BRI STV miz 73, 147 (e
k) R EDHYE— 7 SR A B, EaT
WCHKTHUREEED 7T 7 A M A,

m/z91 (PS Hi3k) ,105 (PS, PET f13k) ,115 (PS
K)o, 117 (PS Hi2k) A I T2 AT RV,
LASSO OfEJt & LT 6 7=, Figure 2 A3 DX T
RTL DI, ARERAEISDOEY— 2 T, PSS
DOFREN S - & gl Sz 72%, LASSO #if b
PS Kk “RA AN b oL LS NDIRRE 72
-7z

DX, B ETRD TIRA ORI
S TWAHHER, REHIET 2 HFRA—HTHH 5
ML OHLINTWDEAIEL, LASSO (X TOF-SIMS
AR BV BIFEYRR E ORI iE A LY Br X,
FERLRT K T DDA TH D Z ERREEi
7.

3.3 BRFETBIC L B AT T — X IET

Table 3,4 IZHIFREIOHD N —=0 T F — 2 %
L7 #k 58, Table 5,6 [ZRAREIZMA 72 hL—
=TT =R EERA LR E R, PO TPr,
FNr, TNr, FPr (32 E 1 E 5% (true positive : TP)
F= TP/(TP+FN), f%4F2tE (false negative: FN) =

FN/(TP+FN), E [ (true negative: TN) 3=
TN/(FP+TN), 1% Bt (false positive: FP) =
FP/(FP+TN) T & © [15] ,  Accuracy=

(TP+TN)/(TP+FP+TN+FN), Precision = TP/(TP+FP) T
H5.

f—=2 77— R ZMA 52 & T
kNN, Random Forest &% 5 O34 4 Accuracy 73]
ELl7z. ZoZent, EMBRESE DTk~
A TCORBHERPMLETHD LRI, £
72, AEOETIE, Accuracy 1 & DEA T 0.87
LIk & i E o 7.
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Table 3 Result using training data set with pure samples
(k-NN (k=6))

TPr | FNr | TNr | FPr | Accuracy | Precision
A | 0.75 | 0.25 1 0 0.92 1
B | 0.72 | 0.28 1 0 0.87 1
C |0.81]019)0.98 | 0.02 0.90 0.98
D | 085|015 1 0 0.92 1
E | 092|008 1 0 0.95 1
F (089|011 1 0 0.90 1
A: CyHs*, B: CgH;*, C: C/H,0*, D: C7Hs0", CgHyo*,

E: C3H5+, F: C;Lng+

Table 4 Result using training data set with pure samples (RF)

TPr | FNr | TNr | FPr | Accuracy | Precision
A 076|024 | 1 0 0.92 1
B (073027 1 0 0.87 1
C |067(032]| 1 0 0.84 1
D |0.95|0.05|0.98 |0.02 0.96 0.99
E [090|010| 1 0 0.93 1
F 1087013 | 1 0 0.90 1

Table 7 IZF A FF—Z OFKFERE LI T~L

NENTZTIEL SNz OER%Z779. kNN,

Random Forest &6 o b flifalElOHD FL—=2
TT—H2EER L% i T AN T— X OIRAER
BHZ DWW TIE 7~ A58 *ﬁf%%@i&ﬂo
7. hL—= 75— & aRktEmz sz LT
LT,

FUHE LT F VAR, bv~*y7¥—&®?
VHELGEBIORERDOFEEBREVIRL, FHS
ﬂtyﬁ®ﬁmﬁ®§ﬁ&uiof%@Té%7w

Table 7 Each polymer sample’s result

Table 5 Results using mixed sample-included training data
(k-NN (k=6))

TPr | ENr | TNr | FPr | Accuracy | Precision
A 1 0 1 0 1 1
B [0.99|0.01|0.99 |0.01 0.99 0.99
C |0.97 | 0.03 |0.99 | 0.01 0.98 0.99
D 1 0 1 0 1 1
E |0.99|0.010.99]0.01 0.99 1
F 1 0 1 0 1 1

Table 6 Result using mixed sample-included training data
(RF)

kNN a b RF a b

PET 1 1 PET 1 1

PS 1 1 PS 1 1
PC 1 1 PC 0.9664 | 0.975
PET+PS | 0| 0.95 PET+PS 0 0.85

PET+PC | 0| 0.9 PET+PC 0 0.8

PS+PC | 0| 0.85 PS+PC 0 0.75
PET+PS+PC| 0 | 0.85 |[PET+PS+PC| 0 0.75

a: result using training data set with pure samples, b:
result using mixed sample-included training data

TPr | FNr | TNr | FPr | Accuracy | Precision
A 098|002 1 0 0.99 1
B | 0.96 | 0.04 | 0.98 | 0.02 0.97 0.98
C | 097|003 1 0 0.99 1
D 1 0 |0.99 ] 0.01 1 1
E | 0.98 | 0.02 1 0 0.99 1
F 1 0 1 0 1 1
ThHD. fllx DIRERDFEDERZ AT L E—

I DET MEFE~DFLHEIZL->T, HFE—7 OE
BEENMUELEND. ZOBEREEDHFEIEIZL - T,
W=7 NRINTWSE N (PSEAE—27 DT
~LThIE, EBRIC PS BAE—7 NEEE—7
ELTRERIINLTWDDY) ZRERLT.
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Table 8 Important peaks for the label CsH7* in Random
Forest.

m/z selected m/z importance
numbers
91.3 10 181.3 0.0673
105.3 9 116.3 0.0666
167.3 9 103.3 0.0666
129.3 9 105.3 0.0652
115.3 8 118.3 0.064
92.3 7 227.7 0.0617
16.3 7 119.3 0.0604
135.3 7 192.3 0.06
193.3 7 29.3 0.0544
103.3 7 229.3 0.05
130.3 7 141.3 0.0462
107.3 7 167.3 0.0452
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