B 1)
EvEREREE  F—REEERFE

R 18 4A3H
(ERk 194 12 821 BEHE)

EvEEREERtF—#BE K

REEE B Wkt e
e S BAURRER

K4 Fx IR % K BR D
1. BENS O e 5t O ARERE OMmEE
REFEICHEYTIHEICIE. £OHEA)
B EEH B OB ER O 7= 2 B For B T GRE A O L RIFF 58
O % oAt ( )
2. BREA EAER AL X REAME A AV - iR R BB E MK - &BHRI
Bt BN TR EEAELT
3. ¥t F—DEREE
i, 4. K4 wbt  MiEANE S BEAUFEHRER AKREIEKER
4. Yo 2 —DOREHHE
g, A, K4 HRIERT  EERMER BT REEE BIREAN
HIEMRBMEER ERED
ke F1IAE (MWENE) EBEE L g
F[F B FE AR
. W4, K4 AL AT EMSERT (SPring-8)
XBTENRENEE FIHER BN
KRR FERFBE T EFEF
RBERFERER twFA
5. MEOHE

aAnE. BREMBERECHAEAT RERE MR CEAMHLIREERIT, BERS
BIEOZEN B 2 T, £EFEERRLAICAMELTVEHOD, KK, TRITIEET
HY, FEREOA D=L L HRFICHMAINTVRY, S ORDIBEMRIGTIEDHE
&, B ORAFIZATVW D,

C INLOREMRPAORDOEEDL D, EMIFEEO—FICH LT DN =477 L
A HEDOMF BTN TS (Xk1) . AFETRHINETR RV a=—r2F5ike
LT, EEREE X REMSE (SXPM ; Xk 2) ZAVWCHIENOTEST (mL Ay
7 LA fRET  RBR) 2175, Fkid. MaNEER, BEEER LOET ¥ 1



B VA EHIC LEAME TH S, ANE TIZER B - R MR & ik R
ARG - RGO E I C B LTI RATRETE RH L. REBIEOKF
W5 O e B L OIRRIEOImE L RET D,

o

Fluorescence yield
(Art una)

Scanning area

Cu

S Fe Zn A L

BHEE 1 LA X BREMSE (SXFM) ZAWERAOTRSIT
MR D 1 KHE Y- ) OTEREFT ALY b AT, MK AF Yy =2 7
Iy, FTEEEHEO L2, filaNtHE~y - 7Bame s, FHIT Pt HAITH
BUATT LRl % 4 8B OELFOMBASME~T (LWK2 L9
51D

6. BFZEDORE

TF%E D %t %
wECREAE-MEESE (AMEEBItEALE, B o AR, BHEFRMEa M

B BN Y oM AR, BB RIEE R, B BEEHEE . EMZIE, SARRMEED,
SRWEBNE. BN~ o/ a7 ) ClE, BIEEREIDERRE) & ORHMLES &

VBB GRS MK 2 W IdEHfiao F FoRtor &3 5)

K A ML 10ml. B BEAIIL LRI 25 DV ITTER ELERE S ITETT S0 D B RES R
A O E R 0.5- 1 ml




ERa5 i

BEREOWNE : BV EBRER ¥ —HEbt

TR O - D OHIFAE : B EBREREE ¥ —HF %R

TEOH (VA2 M7 LA ) - BALEH TR ERT SPring-8
TLEEAEAEOMNT . KIRKFTHEHE LUCEMNEHEBER Y ¥ —HEHR

£ (FE) IR AR ~ FR2243A

7. RICET D MERERE
2 TOEDEE TRRBOHEAEEZ1T> TV 5,

O FEDOXR & T DB N D NHED

WHRE~OBHEIHL TTHHEEETEIZ LEMRBICLTEY ., BEIIRBHERLES
L7-mETH, MIGEK EORFIEEZ T, BRENEV IV ETRTE & —
OHRFEEE FERERE) X VEFARELLZITV., SIT2EYTIHEFCETD
YU TABHEOH THDEPBONLRVERE E B,

OWBE L ROFAEELE D HIE

FHRENGCEEICH LT, HAXE B BLOREE BWEH) 2HVWT, 900 5
WEETHEHY»O+HREAEITI, ABE~ORNERSFEEZZEDIRA T+ —4F
a e b EEZDIEBHERWVEFZBNICHBIENEZHEH D WVIERKRE (2 0K
) OLEICIIREBRE R EORFEEDOREEZ/IBOLET B,

OWFFEIC & - TAHE LB BADOTFIZ & ES EOFZ 7= 1 TEBRE O TR

BN D Y v T B D VIR 4 SRR L ERRE & LT
AERMOBIZEBMER S NS KEMEK 1 0m 1 3L OEHEHOBEOERIELAES Th
DRICBREICRFRZE 22V, IERREZOBKIGHIIZ—EDORRASLETH Y,
HREHRUEHE CE DICARRIERS b7 & S5 TREMEILE < iZ2 VS, SERAICIZZ R
BRI BEACORERE . Fr-AARREOBRICERT S & FRENS,

@F DAt
KERL . Ffn, MAUAOBAFRII—IREL L, HXRELSICBWTHLABLA
VY, '



B SR

1. WFFERRE
EEREE X BEMEY AW MRERBENIK - BFHRIZBITS
MR N TR L BT
2. WFFCHEER
MEREE
RBE mikHNE 5 EILRBIER KR KB
W18
B E AT G R B AaR=EAN
HIEMR B EERE ERED
2] B1AE (MiEHNE) ER = g
3 [F1HIF 3E b 5%
Figd. 4. K4 PRI SR FE R #E BERFZERT (SPring-8)
XBFHENFHEE FEFER )l
KR K KR TR
R R ER IR FIA
3. HFEEEM

MR R BEEORBEMES 2 WITFRMEIC SV CEEREY X REAME
(SXFM ; Xk 2) 2V T, MRABMEEEICRT 2T (VA FT LA #
) 24TV, EBMomEREBERERMEME - FHMRICHRERTRES LR L,
REBRIEOKFMEA, Fi-22WB I OWBRREDRELZIRET D,

4. WRFENTIE

O FExt 5

LBt F—ICARBRETHLIVITARTOMGREEE (BEEFHEANRE, Y~
SRR, BHEEREME R E., Bty AR, BRREREREE. B BERRAEIE
HMEZME. BARRAMEAN, ZREEHE. EREME~ o vT ) Vi, BIEEERM
MmeaRRE) 20RET D,

O E#IM  KEB®E ~ T2 23 A

Ok i DA J 1
BERMM & BHREERR (EH00—HTHHE) .



X X BEAERICHRBEESREET 5.

REHIBALZ R BTG BT ZEFT SPring-8 (2%,

MR ORESHYBRL BT LR EEMEL X REBBICL DRI Z21T ).
S, FHLTVAIBERTRCESLCWVWIEAGOMIT AT 5 ZHIZ, High
performance liquid chromatograph (HPLC)-Inductively coupled plasma mass spectrometry
(ICP-MSYD B EREIW I AMFAE2I1TH>. HE THhiE, Matrix Assisted Laser
Desorption/Ionization (= b VY v 7 A XV — V@A A {#E) - Time of Flight Mass
Spectromet TR E BT ) (MAIDI-TOFMS) TOEABREZITV. ot
DM EE BRAEOBFMHA. Fi-leols L EREDRFBELRET D

@ B BE Bl #k
BRERIE 3G, BEREKS 0FIL T2,

5. BE~OBHLRAE

HBEICIL., MEEBRMEML - BHAROKFHICETAMEENDLDITY T2
Btso & a5iBT5, FORIC, HATE BIMK) 2RBECETLECEONALZHE
WEMNKAT S, BEGICIIFEHHOEEE L REIO AR, FEEHE, SFEAR. At
BEHEICLE D INAFIB L ORHE., BAFROKRE., HERROAK, FONLE
e O, BRARICETIERIIOVWTHRAT S, BF (b2VWIREE) ORE
RELN-EASRFEEE BIK) KBLLTLLWRET S, BENFREEHORREE
HLFBEEET IV OBRBIZITD2RW,

6. EABEROKRE

%tyﬁ—%%®%%ﬁ¢$@\%ﬁd\%ﬁ#é%tﬁﬂ@%ﬂﬁba\E%\&ﬁ‘
AEAAREZHIY ., RbOVICHF LLGEEST, SEITHOHAEEICL,. BEOBEAE
WMBBNLVWE T B, BB OY 7 VTENICAEEIND,

7. FENTRER ORI

AR, MiKREBBREOWH N EE T, HAM BB O RM KR & OVE B
BT AKBEA R TEREEHEARDLLDOTHD, JORE, BEBAORIKDOIERS L
T RSB AR IR - OBl L TR REARANCEHRT S Z EIILR
VW, LU ORERE. 2R LEELRFERA L O»-oLBAIE,. 2REE LT SEMD
SEEHAVTIRBE~REROBRAZITO Z LB H D,

HEDOEARBESRFORE., FHNAERICHOVTIE, EHMIC, £/, BFEORDIZ
JEL. D RTWET, AR HDWIEIHAEIT I,

WEORRE2FLRROFEMEER L VT —F -2 LETART ORI, BEOHE
NGEELE L, ZOMDTFTA N —IZBTHIL L, TRTERET 2.



9. HMHMEEDOEZ

BEPORBEINRENED DVITEHMREZ BOEHEICL > THAZMEERD
ZWH DI NFTRBFICRIL DI ) RIERBERINZ ¢ LEE L2 6NE, ZOBEE. 500
FEMEIIIFFEMEER IR L . RIBZ B L ZABFICERB LAV L2 BE AL THRY
Btk REELXHED.

10. FIIERTRORBZEDOREOFE

TR TR OY T IATTRTEET 5,

2 ik

SC#EK 1 Fabris S, et al. Characterization of oncogene dysregulation in multiple myeloma by
combined FISH and DNA microarray analysis. Genes Chromosomes Cancer 2005;42(2):117-127.

LK 2 Shimura M, et al. Element array by scanning X-ray fluorescence microscopy after
cis-diamminedichloro-platinum treatment. Cancer Research 2005;65(12):4998-5002.



A SCE
e E 4

EERMHE X BEME L AV -nBERBEENR - BREMBICET S
P TR KR B AEAT

1. LIz (RFEOERERTEX)
MEERBDOEL L, TORIEA D= RXLP+FIBAIN TR LT, FRARZBHIE. £
HHRIEFIEZ OV TOWERREBLETT, AFRT. EERAOLXBRABRE @ L)
HFLOERLAWT, MEARCEEARO I XTI (BF) ZHEHARDHLDTTH, 2
FT (GEFE) E. MRARICLEATHO, NTURAERRZ LEFICEEBHIZ LD
MOENTWET, Fol. ZOIRXIAN, BEHARLLEOFBLEREIEHELTWSZ &
BRLZIWZDP>TE&E LR, ZOWRIZLY, 5F Thhbih oz ik B o ik # i
REHEMDO IR TNEBEHE LSARDIIENTEET, ZORFICLVHFLVZITE
REFEDOREOBNTIZ2 5F[EERH Y £,

IRNSITHRAT AL B THBEWETWEET, ZOHLWEFERWEHEDO-
DI, REOBICKHEMELS L CEHIE (Fboh—FTHLREETT) 2RMEHELTHEEE
< HHBHhEBECELET,

(E) EEREE X BERE LT

AENTER, BEUREDOE, . IV UL TR UA BV DLAEIRXRTINL (L
F) FRBICHLEALREITHEZ BN TVET, ZOBRMBE T, #HEE (M)
DEENORKEERTDOIRXI )N (LF) 2BHI LB TEEST. o, £EHEANTIIKRL 22
HMBNEEL, ThENEESEIH Y £, HE., HREIAROHBBEIZ LT, Mo
IRIN (TE) KESHEZEITILE, ZOBEBEZHAVTHATHO TBIZ LN T
XBL5ChVE L. BE, BAEIOSBFICEBWTHRESEKEICHY 3.

2. MEBHIMEETHY, HELEHATHLHZ &

SOWE~DOHI~ORIBESHLT-OBREETHEDTTIN, FERIEBELRSTHLE
DZEICE>THELTORFELZZTEEA, —HRELEZEETYH, bREBSFAE
EZB LR, WOTHRIBEZRV BT LN TE, ZOHEEEIEBLEZRAE R
MEE IR CHRRBERLEIREEIN., BETEH LR ELENURIIFERBICAY
LNBZEIEHY ERA,

3. FEDOHLEL

A EEREE X REMEL AV nBREBERE LK - BEEMEIZET 5 TR oHr
MEOEY : MERBREOKRMMKS L BRI OV TEEREOL X REMELH
WT, MR OB 2 RTTEST ATV, MR BRE MR « BHMRICHE-LTROR
BE#~E7,



oL R URIsEE - IFERIEE KA ¢

BrEEEE

Pt Je 5 B8 s K4

EEHEERE 7 —RHbk i A 5 B ILRER NS ACER

HEWHE

EsEHEERE ¥ —#b 1 7 P B1HRBER @R

EERERE ¥ B BiatERERERRK AREAN
HInt R BT AR B R B AE SHEY

BED I

MERZEDOBRICKEMERN 1 Om | BEUBEHERORELZTIBRICRTLBEHMEE
%1 0.5-1.0ml BREWE X £, REMBE»ERROEL LA—FH DO TRETLHEH T,
7. TOMEDTHICH-ICEHEREZT I LOTEH Y £ A, BHEL TEVWIZKRE
MmiEdH AL EERT oMM Z /yEE L, EEREE X BREMSEL WO FERLEELZ b
LNT, ORI SENAITELAELE T, TLBEEORRIEEBBHDBEITIT,
MEHES - MERLEHEICEEIND TRCBEUODVWTVLIEATXMITLET,

AR OHF IR, BEMOFERK2 23 A ¥ TTY,
HHRERHNIE, ZOMEDFHED S HITHAVNE FIEFHEE) 2RELLET,

4. FRIZNHHER, IEBHEIC L L INHFEB LOCRFIRIZONT

IOWEIL, MBRRBOBRESAOHNE2H T, MIBREROMKIL I WEHICE T ST
FEFARDLLOTT, WEDOKREML, FROMBERDBEES A
IZE > TRIZSEDERDBBONATAREENHY £, LoL, HREICE> TEBIIEIZ
Mot RERIELTOIS LNLEYA, L, BIFORR, FICBELEELEDNh
LEHBANAFERRBONLIZ EBHINbHNEYA, ZOBEICE, HERKRE X
DHYEM~ERZL, HYEELY TAA~NEFHAVELET,
HENSELSNIMITERIISOEEL T, BB IRV ERTEIWN
FLAELH, HYDEMLZ®E L THERES ICHEEES O T UEEEREN-LET,

5. MABENE=FNLEREIN, BALIN., FRBELLREINDZ &

BAZBIEHSEXF LTS Y —OEAZRNERERENE S CTEERI TOrbH R
IricLThn, E, MY REFRAREICEETIT -2 02 HRMA L THEICED
FTCWEFEFET, FEORERIZ. FERLEWMMELEZIIRRLITE, FOHELT 74
Ny —IREEINET,

HRTOBNICE>TEBONEHEDORRE FRRERRPENEXFLLIVOT —F -2 k
SECNETAHABICELRT-OAANLEZEL E L, DREBBEEIND L) BRKREE LRV E
SICEEENET, '

AFETIE, bR-OFRELES D VIERIBRICEEIN I RRPERLBETO>VTND
EA3FANT TSN, BEHRICOVTOMTIITWVETA, MEZOKRE CREELEL X
VBB 1@ FHE (F— N L—T7 =E80E) L VEESRLET,

HRORE GREILEBLUEHERK) X, IRCAVORAAIICKARSRES R L
OEAERSE Y BN, KFEOHEREZFICL > THLZLESNFTEINET, 2%



KELOELILEVWWET, BFETCRZIOL I ICEBEAILENT-ABETRANWDLZ LT, b2
EDTSA R —PREINTRETHTZITVET, TEAREHBEOEREZH/IE L
TAETHBRICHLBAOHEENNFIREIL 2D LIV LERA,
6. FIEMNSELAL LN WVANMERIIHRBGHE (bRl) KBS RnZ e
BT EORRLE LTHTEREVE LA TH, BETTA, AEZRHELTTE
STEFOLDIZIERY T/ A, HRELLGEHEL TWEFWERBEZAWEHEICL > T,
EBROZERCIHEEICRIL DL ) BRERRRBRINFFFELZENELLILbELONE
T, ZOERHBEREIINMES VIR EOFB T HHRICERL. R ZRBHLTT
Eolbh-iBB LRV LTy 4, MEITHRT IV,

7. FEGBHIIEBE CITOh, EHAFCERAOABIZRZVWI &
BREOCEKIIEE TCEBEVWELEY, bHAAMRBHEOFICERAOBHAEBIEHY
iﬁ}Uo

YRk # A =
B ‘é‘b"l’fﬁ%
EvERER Y ¥ —mEAE 5B RERER
F R AF KRR
ENEEREREY ¥ —0ENE F1ARER
iR
T 162-8655 A HEXF L 1-21-1
TEL 03-3202-7181 ({t5%)
FAX 03-3207-1038 (%)



OV TDRIEE

ENEEREERE 7 —HREE

FLE. AR X SEMEL BV MR BRE MK - BHMRICRT 5TREIII
ST, FRF\HFLVHAXELZAVTUTOHEBEOHHAEZZITE LI,
- FEBHIEETHY, BEIGEHTHD I &
- EOER., HB L FHik
CHEMNLEL DL L WANMERIIMERNE RS2V L
- MIERTHORBEZEOR Y KTk
- R EECTEN., HRBAECRAORBRIZNIL
iz, UTOHEBICELTETHRLAEDL2O0EF =y 7 L, BRWZLET,
OmERER L OEHEHREOEICKMMES L BB ZRIE L T2 2 &
GRS MK H D\ VT BHRDO L oM —FTHHE)
OMFEHHE L5 ENDHIEE LURFIRICONT
OfAERIIB=FICRNDZ L2, BALLENTZ ETHERRBARINDZ &
OFRMWMIEE L OEBMIAOMT AT LEBIEBICHBHIRESINDS 2 L
PEEy, BRIELEREOFECHATHZ LI (TREOTHATTEW)

BELEY RELZEEA
¥ A H

BEmHERS (BAEITR4A. #H)

AT OWA . K4 (BAEEEA. #H)

10
— 98 —



HEBRROTTICET 2 —RX

Mgt
REERL FRLE A MNVA REKEL 5 R—=y HiRR
Ohara-Imaizumi,M. [Imaging analysis reveals |[Journal of C| 177 695-705 | 2007
Fujiwara,T., Nakajmechanistic differences blell Biology
michi, Y., Okamurjetween first and second
T., Akimoto, |phase insulin exocytosis.
., Kawati, J., Mat
sushima, S., Kawa
kami, H., Watanab
e, T.,. Akagawa,
K. and Nagamatsu,
S.
Matsuyama S|Trace element mappifSurf. Interfa| Accepted 2008

Mimura H, Shimura

ng using a high-resol

M. Yamauchi K, et
al., Trace element

ution scanning X-ray|

fluorescence microsc
ope equipped with a
Kirkpatrick-Baez mi
rror system,

ce Anal.




NGOV H W=

—b—

Research Article

Received: 19 October 2007 Revised: 22 January 2008

(www.interscience.com) DO 10.1002/sia.2844

Accepted: 22 tanuary 2008

Published ontine in Wiley Interscience:

Trace element mapping using a high-resolution
scanning X-ray fluorescence microscope
equipped with a Kirkpatrick-Baez mirror

system

S. Matsuyama,®* H. Mimura,? K. Katagishi,? H. Yumoto,? S. Handa,® M. Fujii,?
Y. Sano,? M. Shimura,? M. Yabashi,® Y. Nishino,? K. Tamasaku,? T. Ishikawa?

and K. Yamauchi®*

We have developed a scanning X-ray fluorescence microscope (SXFM) using Kirkpatrick-Baez mirror optics, whlch enables
achromatic and highly efficient focusing, at BL29XUL of SPring-8. The SXFM enables observations of multiel distrib

inside a

le with high resol

and high sensitivity. Previously, we have reported the high spatial resolution of a newly

developed SXFM. In the present paper, we focus on the high sensitivity of the SXFM. By observations of fine test patterns using
the X-ray beam probe havmg a sue of 100 x 100 nm? and an energy of 15 keV, the lower detection limit for the visualization of

I distrik was
fg (tungsten). Copyright € 2008 John Wiley & Sons, Ltd.

d. As a result, the lower detection limits were found to be 0.009 fg (gallium)} and 0,012

Keywords: scanning X-ray fluorescence microscope; X-ray microscopy; Kirkpatrick-Baez mirror system; trace element mapping; hard

X-ray; focusing

Introduction

The measurement of elemental distributions has been widely ap-
plied to impurity analysis inside semiconductors and metals in
materials science. Recently, the importance of such a measure-
ment technique has begun to be recognized in various fields, such
as biology, medical science, and archaeology, and several interest-
ing studies using new methods to measure elemental distributions
have been reported.!'~*! However, few abservational techniques
have high resolution, high sensitivity, and simultaneous multiele-
ment detection capabilities that can be used under atmospheric
conditions.

A scanning X-ray fluorescence microscope (SXFM) is a spectro-
microscope that allows quantitative elemental maps to be
acquired using X-ray fluorescence analysis, a focused hard X-ray
beam, and raster scanning of a specimen. Since the excitation
beam consists of hard X-rays, an SXFM enables us to observe
samples without causing destruction and under atmospheric
conditions. From the viewpoint of spatial resolution, SXFMs are
more promising than visible light microscopes owing to the short
wavelengths. Compared to other microscopes, SXFMs allow for
easy acquisition of images of multielement distributions at a sub-
100-nm spatial resolution without complex sample preparation
under atmospheric conditions.

We have developed a high-sensitivity, high-resolution SXFM
using the powerful combination of a synchrotron radiation source,
which can generate the brightest X-rays, and a Kirkpatrick-
Baez (K-B) mirror system,®-7! which enables achromatic and
highly efficient focusing. Previously, we reported the high spatial
resolution of the SXFM.!®! in the present paper, the high sensitivity

of the SXFM is considered. In order to investigat= 'ower detection
limits for the purpose of visualizing elemental distributions,
fine test patterns were observed. Moreover, the data of X-ray
fluorescence obtained by the SXFM were quantified using standard
specimens, the elemental contents of which were determined by
Rutherford. backscattering spectrometry (RBS). As a result, the
detection limits were found to be 0.009 fg (gallium) and 0.012 fg
(tungsten). In this experiment, the hard X-ray probe had a size of
100 x 100 nm? and an energy of 15 keV.
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S. Matsuyama et af.

Experimental

Scanning X-ray fi

ence microscope

Figure 1 shows the optical focusing system employed in the
proposed X-ray microscope. X-rays generated by an undulator
are monochromatized to approximately 0.014% (at 15 keV) by a
double-crystal monochromator (DCM)™® and then focused by a
pair of elliptical mirrors aligned at a right angle to each other
for vertical and horizontal focusing, called a Kirkpatrick-Baez (K-B}
mirror system,® and placed approximately 100 m downstream of
the undulator. The working distance is designed to be 100 mm
considering the practical use of the X-ray microscope. One major
feature of the focusing system is that the beam size is controllable
within a wide range from 29 x 48 nm? (theoretical diffraction limit)
to ~2000 x ~2000 nm? (at 15 keV) by adjusting a slit installed just
downstream of the DCM.[8!

Figure 2 shows a schematic diagram of the SXFM system. A
mirror manipulator,'® developed especially for high-accuracy
positioning of K-B mirrors, allows for the rapid alignment of two
mirrors with an accuracy required for diffraction-limited focusing.
A «PIN photodiode is placed downstream of the sample stage
to count transmission X-rays. An ion chamber is placed just
upstream of the mirror manipulator to normalize output data
havingintensity fluctuations. An energy dispersive detector (silicon
drift detector, SDD, Rontec Co,, Ltd.) is employed to detect X-ray
fluorescence with high sensitivity and high-energy resolution. A
sample and a linear-encoder-based feedback X-Y stage with a

FCISht

Incident shit

positicning resolution of 1 nm {SIGMA TECH, Co,, Ltd.) are inclined
at 60° to the incident X-ray beam to set up the SDD near the
sample. The entire sample scanning system can be hermetically
enclosed using an acrylic box and filled with helium gas.

X-ray fluorescence data detected by the SDD are analyzed by
a multichannel analyzer (MCA, MCABD00A, AMPTEK Inc)) for pulse
height analysis and are then downloaded to a personal computer.
X-ray fluorescence spectrum data recorded for every pixel are
processed using newly developed software, which integrates the
counts of each region of interest (ROI) selected by the user in
advance and visualizes elemental distributions according to the
ROls.

Quantitative analysis

To quantitatively analyze the measured data, thin membranes
coated with platinum and nickel, the thickness and density of which
were determined in advance by RBS, were measured under the
same geometric conditions and the same beam condition as one
of sample observations. In the RBS system, ion species are helium
nucleuses at an energy of 2.34 MeV and a beam size of 1 x 1 mm?2,
On the basis of on these results, a linear calibration curve of
normalized X-ray fluorescence intensity as a function of the weight
{fg) of platinum and nickel, having thicknesses of approximately
1 and 2 nm, was obtained (Fig. 3). In this case, the size of the
focused beam and the exposure time were 100 x 100 nm? and
15, respectively, and the number of measurements is 100. When

Figure 1. Optical focusing system.

SPring-8
BL2OXUL
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ecaed

<

v

Figure 2. S:aﬁning X-ray fluorescence microscope system.

SXFM controf system
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Trace element mapping using a scanning X-ray fluorescence microscope
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Figure 3. Linear calib curves of li
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(b) Nickel standard

d X-ray fluorescence intensity as a function of weight (fg). The weight on the vertical axis is decided

by Rutherford backscattering spectrometry. Thick standard: 9.57 + 0.37 x 10'5 (atoms/cm?: Ni), 1.67 & 0.05 x 10'® (atoms/cm?: Pt). Thin standard:

6.50 = 0.28 x 10" (atoms/cm?: Ni), 9.92 + 0.28 x 10'5 (atoms/cm?: Pr).

self-absorption effects and matrix effects are negligibly small
because of a thin and/or sparse specimen and the incident X-ray
is monochromatic, the contents of other elements were semi-
quantitatively determined using the achieved calibration curve
and the simple equations!''] below:

10ip) = lo - (s - Wi - ;- K - BO) - Tip) - lip) - G )
Bi = (u;- ;- K - BE) - T{ip} - &lip) 2)
Vai=Fi-G=1]ap - Bifbor =1 /ani- Bi] Bri (3}
Wi = a; - (llip) [ lo} @

where «; and g; are coefficients depending on individual elements
of i, Specifically, &; denotes the slope of the linear calibration curve.
In addition, /(ip} and I, are the X-ray fluorescence intensities of the
p-line in the element j, corresponding to counts accumulated into
the ROl and the incident X-ray intensity given by the ion chamber,
respectively, and W; is the weight of element i in the irradiated
area. The parameters u; and w; represent the photoelectric mass
absorption and fluorescence yield, respectively, of element /.
Parameters K; and Rf are, respectively, the absorption jump ratio
of the corresponding atomic shell in element i and the intensity
fraction of the p-line to the entire emission series towhich the p-line
belongs in the element i. The parameters G, T(ip), and ¢ (ip), which
correct the efficiency of X-ray fluorescence emission, indicate
a geometrical factor, the transmission through the atmosphere
between the sample and the SDD, and the detector efficiency
of the SDD, respectively. The ¢ (ip) comesponds to the value
measured by the manufacturer. The other parameters except ¢ in
these equations were obtained through the X-ray data booklet.''?!

Results and Discussion

To investigate the lower detection limit of the SXFM, observations
of the test patterns were performed at the second experimental
hutch (EH2) of BL29XUL of SPring-8 at an X-ray energy of 15 keV.
The patterns used in the present study were microfabricated on
a thin SiN membrane (NTT Advanced Technology Corporation
Co, Ltd.} using a focused ion beam system (Hitachi, Co., Ltd,, F8-
2100). Figure 4(a) shows the fabricated pattern, in which the white

area represents a tungsten deposition. Elemental distribution
maps visualized by the SXFM are shown in Figs 4(b) and (c).
The color bars shown in Fig. 4 indicate the content (fg) of the
element existing in the irradiation area (100 x 100 nm?). The two
maximum and minimum values represent values quantified using
the two standard specimens of nickel (upper) and platinum (lower),
respectively. In the case of Fig. 4, data mismatching falls within
20%. This result suggests that the proposed quantitative analysis
is properly processed.

We estimated the detection limits for visualizing elemental
distributions in the case of Fig. 4 using the following equation:

MDL=3vB/lg- ]

where MDL denotes the method detection limit {fg), /p is the
incident X-ray intensity {count), v/B, in which 8 is the background
level (count) in each raw X-ray fluorescence intensity map before
quantitative analysis, denotes the standard deviation of shot noise
{count), and the parameter « is the slope of the linear calibration
curve mentioned in Eqn (4). As a result of the calculation, MDLs
to visualize elemental distributions were found to be 8.8 x 103
{fg, gallium) and 12 x 1073 (fg, tungsten) under the condition of a
dwelltime of 1 s and a beam size of 100 x 100 nm? (Table 1). Inthe
analysis, the background level is estimated to be 3 (tungsten} ~6
(gallium, silicon) cps per channel of the SDD using the histogram of
the elemental maps. However, the value actually includes not only
background noise but also signals, considering X-ray fluorescence
spectra recorded for each pixel. Therefore, the real background
levels of these are thought to be approximately 1 cps per channel.
Real MDLs appear to be smaller than the values calculated above.

Jable1: - Estimated lower detection limits” - )
8 (count) a/lg (fg/count) MDL (fg)
Si 230 24.5 x 1073 m
Ga 220 0.197 x 1073 8.76 x 1072
w 19 0.361 x 1073 11.8x 107}
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Figure 4. El fe distributi ified with the standard specimens. The two maximum and minimum values represent values quantified using
the standard specimens of nickel (upper) and platinum (lower), respectively. {X-ray energy: 15 keV, Beam size: 100 nm x 100 nm, Scanning pitch:
100 nm/pixel, dwell time: 1 s/pixel).
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