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An analytical approach was proposed for simultaneously determining an inelastic mean free path (IMFP) and
a surface excitation parameter (SEP) with absolute units from absolute reflection electron energy loss spectra
(REELS) appearing near the elastic peak in absolute Auger electron spectra. The approach was applied to the
REELS spectra measured for Ni using 300 to 3000 eV electrons, and the IMFPs and SEPs were determined. The
IMFPs determined by the present approach showed good agreement with those calculated using the TPP-2M
predictive equation and the theoretical IMFPs calculated from the optical data. The Chen-type predictive equa-
tion for calculating the SEPs in Ni was proposed. The present results confirmed that the applicability of the
proposed approach for determining the IMFP and SEP with absolute units for medium-energy electrons, which
is important for quantification using surface electron spectroscopies.
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A — = &4 W IE(AES: Auger electron spectros-
copy)=X° X #RIEEE 143 HiE(XPS: x-ray photoelectron
spectroscopy), K EF TR /LF —HEKpHE
(REELS: reflection electron energy loss spectroscopy)(Z
Lo TEBRMICHE LN AT MILVOERN IR
Hricik, Pz —ET & FEIERO IR
BROEENRBMRARARTHL. NIV HNTO
HEMEBELIC L D E— 7 REDORAD OBREEZ KT
FEFRMEGEL Y B B/ TRE(IMFP: inelastic mean free path)
X, A7 FPVOEEMITICE W TEERNT
A=BD—=DThHD. LKL HAVLRTWND
IMFP ®— 273 TPP-2M O Cat5 L 72 IMFP [1-5]C
b%. ZdOTPP2M OATH 2 b5 IMFP % R
HINZHREET 2 721, Bk v — 27 %1743 JEIE(EPES:
elastic peak electron spectroscopy) 34 /172 Tk & LT
Mo TWD[6,7]. T4, RKETHIZRIE L2k
HE—F, WbwbRmEMEIZX DT RLF—1H
FIEFREAY, FEMMEBELEBR IS W THERER %
R LTHY, EPESIZBWTKAEREIZESFL
UWNGRPE ' — 7 SRS O 3L E TV D 2 & DN
ENTWA[8]. EBIZZhbLDOHEEL, FEE
SHEEZHCTEERDITIZBNT, REEIZ X
LMY — 7 BRE ORI T AMIEDNLETH
LT EaRE LTS, ERIYIZIMFP 23K 572
WIZIT D47 EPES # FH W22 DWW < DT,
INETICHES N TV D ERERHE T A —H
(SEP: surface excitation parameter)|Z %13~ % 2% FHV T,
KA FHEIZ X 2 0 E— 27 T ORISR T D4
ENTHITVNA9,10]. LL7e23 5, EPES fi##r
X V5D IMFP O, KRR OHIE
WCHWHN D SEP OEICIKFT 2. 2D LI,
IMFP (212 SEP & F 7= IEfR 72 E BT 24T 5 728
WCHELRNFTHD.

FEBOHTIII R E R R OB S AR K72 2
Enn, PR AR —EOREMERSIZET
2 PREWAY « FEERAIBFZE G I AT IO T E o[ 11-
16]. fxiTCl%, EPESfi##T % Fv 7= SEP O EBRAYE
HHITHhN TV A[8]. SEP ZFEBRAICIRD 5 H 5 —
DOJIEN REELS AT MVIZR B SNy 7 7
7Y R F — BRI O TH SH[17-
19]. L2vL7e23 6, EPESHRMT, N7 770 R
fElt, EHOLOFEEHWVTSEP 2RO D552
IMFP OENBEAI T 5 MERH Y, FEERAJIZEH
SN % SEP O IEAENTIZ VY D IMFP O STHRE (2 4%
5.

WX A — 2= 2N f g 0 7 KT 59 R D AER]

MBI RBLEANLE O &, RbANRFIEIZ
IMFP & SEP ORIFHRE TH S, &2 TIIETIT,
IMFP & SEP % it cHiE C IR 2 PR T & 5 ffkf REELS
AT NOVIRNTIE 2R R L72[20]. $RE L - fifdris
L, ERHCofRfERL 7 Offiik % ik 3 5 Landau
OED P21 AL LTERBY, N7 KUK
JAbiL % G Te R 22 & n [BIPY > 72 FE 1T K DAY
IZREELS 27 MLV OJSERBRE A A O I12 T
ARy a— g (4T 5 &L TIMFP & SEP
EAEKHE CRET H. AT, REEHE LG LT
BRizoW TR T 5.

2. EB

AHIFZE AT L 72 REELS 222 hLIL, EHD—
A(K. Goto)lZ & » THFE S 47 S i &
(CMA: cylindrical mirror analyzer) % F\ > CHlllE L 7= A
7 MV TH DH[22]. REHINI A T, Fmii£200-
300 eV D Art A A TIEE L LTe. —IRE T D AG
T 2L E—]2300-3000 eV, B — AEIITETORE
T1 pA THD. —REF O NG E TR E R T
H, RHMAIT42.326°TH D, EBROFEMITSCHR8]
IR BTN 5.

3. Hig

AL 72 A Landau ORUL, EFOBEO Y
DR C X 5 (BUE DN EMR) FME T CoEKFTO
EF O E TR LRV [21], ML X Dk
ITHMOEEZBET 52 & TIETX 5[23-25].
AWFZETIE, RREFIELIC L D= 3L ¥ —HLmE
ZEETHDIZ, LTFIZIRRS 2 DOIRED b
L, Landau O A2 FIZPLEIE L 7.

()R MEph B G E, B2 ERE % #Y) 5 I
@ Poisson AR IZHE D .

(ii)SEP & %4> SEP(DSEP: differential SEP)IE A4+ Jik
HUEE 7 AR i & 8 Y) 5 BE O 1 B ) &
FKAEHE G W OB OME OIMKFTH. ZD0
AEME I cos'@ TR TE 5.

INHEEC LY, $59E Landau Bk 7 — U =22
MIZB W TR TEH 2 51 5[20].

()= F(s)Y o [k (]S P [k (5) ]
m=0 1=0 (1)

Z ZTJ(s) & F(s)IZREELS A7 kL J(E) & A&t
BETFDTRLX =N FE)YD 7 — ) 2B TH D,
m OFNZET 2 T T L7 heoBE ik, b
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B EELIC K D EIT M OB L & v 7 bz X
DTN —HRIERR AR 5. A, IXIMFP, K (s)
VI8 5y FE B BCEL T I FE(DIMFP: differential inverse
mean free path) K(AE)D 7 — U =28, AE [X— 1)L
F—HETHD. mIEFEFBREEPTHED L
7 DRI, o 1ZEFREEHTmEIONLY
hE 2 DR TH 5 .

[ OFNCBT 2 £ BIIREREIC L DR F—
IR Z TR L, 1137725 REELS (T8N T AL -
B OB D RIEEOEKETH 5. P T AL
BRI D SEP, K M(s)I X ASIE 1-1Z% 9% DSEP
KMAE)D 7 — ) =i Th V), SEP & DSEP [FK
7.

1=(E")' [ K2 (aB) d(aB), @

ZITEFEFOTFINF—TH5. PP |IE
23 1 Bl ORI % #% 5 MR T, ZTOMEHIA A —
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LA R bEL, READPL ALV AND DL VITE
Zeffll~Tr1 2> > TIh AL A SR AN FE BB B I T 5 .
ZORMBNENSE & 2 HEBIEERE DS ~1 nm BRET
HDH. Z OEMEEHNE D BT R 23 &
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A 3@ 0 P S RN F m b 2 R R 2 TR R
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REELS A7 bV Z il CRET 3 5 72012,
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BRI RAE)=FT[J(s)/F(s)13KRED. a & 4K (AE)
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B DTN T 2 AR Y 22— 3 (408
THIENTE, REMHERRELZTRTL2E2TO
NG A= preatl - KAE) RO PR A IREST D&
MWTED.

RAEYDT 2R = — a3 T, BN, A,
(A L 22 B E S 4172 DIMFP A K (AE) & it S
NIZB X 2 TR M dn/de 5t R T 5. F
¥ K (AE)% Ritchie-Howie D7 /L= U A L[26]% b &
[ L7 Penn D7 /L= U X A[27] & R EE[28] % H
WCHERNEER[291IC LV FHET 5. RIZK (AE)

WX A — 2= 2N f g 0 7 KT 59 R D AER]

AT ARAFXF—HERICBE LR LT, BFEL,
K(AE) & A, OFUC LY AK (AE)Z RO 2. dnldx 13,
M BELIC K D HE Db D HEE L7z Monte
CarloMC)¥ 2 = L— a Ik W EHET 5. Bk
HELEFE 1Y, Thomas-Fermi-Dirac/RT >3 v /L% i
THHE L 72 Mott Wrim FE[30-32[IC K VB L7z, o
WX dnlde &XFERE RV TE L IMFP 205

>dn 1 x X

@, =] d)’Zm‘(ﬁbJ exp(—ﬂbj dx 3)
EROWVCHELEZ., Z0Xk212L T, RAE)DT =
YARY 2= a ATk P L KNAE)ERRETE
L. LInLehnb, MITOZOEETHELND
K"AE) & P I B S D (2) WA ililz S
. ZTRITOROEREE LT, 4, 2KELT
P EKMAE)Z L D —HEEMT S, 4 OLE L P
& KWAE)DE M %, KAE) & P H3(2) A& iz 7
FORERIC KDY K Z & T, RRIIC A, Pr
EKMAE)PH CERAA TR ED. FERIIC, AF
BT, WE R 72 LICIMFP & SEP 2 ET
HIIENTXA.

4. FERLEBE

FHNE & L 7 s EORE T R L X —18
KART MVIZEHEG LT D05 2 LTk
W2 ThD. Fig. 1 1IFZ2O—HIT, mEBEID/ L
7 Jibike B OV (Bl D F W RS & B sy~ Bk %
FTaryR)a—varLEEETHD. 1ROV
7 I X B ESr(b1) D 1 [BlOFHEHEEIC X 2 sy
(s IZRFT DR, AT XX —|TEAFEL TN D
NGNS, FHEEIZX D= R X — K
BREIEKZ R L —BFICHTLTEIVEHETHD.
72385, HKSys1IFBUEAL S4172 DSEP, K*(AE)/Pk, &
o Pt OFFICAH S 5 [(1)3NU2 30 T m=0 and /=1].

Fig. 2 [IAREELSFHTIAIC L 0 15 572 IMFPA_,
TPP-2M DfE A, [1] & 2 E S % VTRt L 7o fi
A [26-291% R L TCW5. HEEDZDIZ, 4 DA

opt res TPP
&%%%,mmgg%yawm,%%b&%%bf
5. AWFETIMFP ZEH L7 A= /LF—0D
HiPH T, B R L F—fHBTIL % 2N ETHY,
TR F— IR TIE % ZBATHDH I &m0
Do A & Ay P 2 FFEJ(RMS: root-mean-square) 2,
{(Z(A oA/} 2 IXIMFP D7 — 5 $0[7], 133.1 A
Lo, ZORMSHEIE, ABFZEIZISVTHExh
ETHE L7 IMEP & TPP-2M OENR L < —81 %
ZEERLTEHEY, KREHTIED IMFP O EERARE

- 214 -



Journal of Surface Analysis Vol.13 No. 3 (2006) pp. 212-216

kE B M

EELTAHITHD Z L xR LT,

A REELS fi##fri£Cl%, IMFP & A2 SEP & #akt
ECHIETE 5. Fig.3 I REELS f@##ric L v L
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Oswald D [33], H1= /L — T3 Gergely 5512
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Fig. 1 Deconvolution of response functions of REELS spectra into
each component due to m-fold bulk and /-fold surface excitation
events at the primary energies of (a) 300 and (b) 2000 eV. Thin
solid (b1) and thick solid (s1) lines correspond to single bulk (m=1
and /=0) and single surface (m=0 and /=1) excitation events. Thin
dotted (b2), thick dotted (s2) and broken (bl+s1) lines represent
the components due to two-fold bulk (m=2 and /=0), two-fold
surface (m=0 and /=2), and single bulk and single surface (m=1 and
/=1) excitation events, respectively. The components satisfying
m+[=2 are multiplied by a factor of 4.
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Fig. 2 IMFPs for Ni determined by the present absolute REELS
analysis. lms: The present IMFP, A_,.: The IMFP calculated by
the TPP-2M equation, and ﬂopt: The IMFP calculated using the
optical data. Open circles represent the percentage difference of

A from A_ . RMS is the rms difference of A from A .
pres TPP pres TPP
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Fig. 3 SEPs for Ni obtained by the present analysis (solid circles).
For comparison, the SEPs calculated using the Oswald’s equation
[33] (open circles) and the Chen’s equation [34] (open triangles)
with the material parameter proposed for Ni by Gergely ez al. [10]
are also shown. Thick solid line is the fitted curve [Eq. (4)].

- 215 -



Journal of Surface Analysis Vol.13 No. 3 (2006) pp. 212-216

kE B M

5.%¢9

LIk, IMFP & SEP %iffaxt REELS A-X7 h LfR#T
WZ XV RIRFCIRET 2TIE L, BONToRERIC
DOWTHER L7, #aHE T L 7= IMFP |4 TPP-2M
DOffi & Ln—F %R L7-. SEPIZRF % Chen D
WCEENDIWERT A—ZIZHONWT, NilgxT 5
EERE L. LLEOREREND, ikt REELS A7
kN VEEMTIEDS, IMFP & SEP % SEERAJIHE G Tk
ETDHOICHEMRTHETHDL 2R L.

References

[ 1]S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface
Anal.17,911(1991).

[2]S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface
Anal. 17,927 (1991).

[3]S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface
Anal. 20,77 (1993).

[4]S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface
Anal. 21,165 (1994).

[5]S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface
Anal. 36,1 (2004).

[ 6]G. Gergely, Prog. Surf. Sci. 71,31 (2002).

[ 7]1C.J.Powelland A. Jablonski,J. Phys. Chem. Ref. Data 28,
19(1999).

[ 8]S. Tanuma, S. Ichimura, and K. Goto, Surf. Interface Anal.
30,212 (2000).

[91J. Zemek, P. Jiricek, B. Lesiak, and A. Jablonski, Surf. Sci.
531,1335(2003).

[10] G. Gergely, M. Menyhard, S. Gurban, J. Toth, and D.
Varga, Surf. Interface Anal. 36,1098 (2004).

[11]Y.F.Chenand Y. T. Chen, Phys. Rev. B 53,4980 (1996).

[12] C. M. Kwei, C. Y. Wang, and C. J. Tung, Surf. Interface
Anal. 26,682 (1998).

[13] T. Nagatomi, R. Shimizu, and R. H. Ritchie, Surf. Sci. 419,
158(1999).

[14] Z.J.Ding, H. M. Li, Q. R. Pu, Z. M. Zhang, and R. Shimizu,
Phys. Rev. B 66,085411 (2002).

[15] W. S. M. Werner, C. Eisenmenger-Sittner, J. Zemek, and
P Jiricek, Phys. Rev. B 67,155412 (2003).

[16] F. Yubero and S. Tougaard, Phys. Rev. B 71, 045414
(2005).

[17] W. S. M. Werner, W. Smekal, C. Tomastik, and H. Stori,
Surf- Sci. 486,1.461 (2001).

[18] W. S. M. Werner, Surf. Sci. 526,1.159 (2003).

[19] G. Gergely, M. Menyhard, S. Gurban, A. Sulyok, J. Toth,
D. Varga, and S. Tougaard, Surf. Interface Anal. 33,410

WX A — 2= 2N f g 0 7 KT 59 R D AER]

(2002).

[20] T. Nagatomi and K. Goto, Appl. Phys. Lett. 87,224107
(2005).

[21]1L. Landau, J. Phys. (Moscow) 8,201 (1944).

[22] K. Goto, N. Sakakibara, and Y. Sakai, Microbeam Anal.
2,123 (1993).

[23] H. Yoshikawa, Y. Irokawa, and R. Shimizu, J. Vac. Sci.
Technol. A 13,1984 (1995).

[24] T. Nagatomi, T. Kawano, and R. Shimizu, J. Appl. Phys.
83,8016 (1998).

[25] T. Nagatomi, R. Shimizu, and R. H. Ritchie, J. Appl. Phys.
85,4231(1999).

[26] R. H. Ritchie and A. Howie, Phil. Mag. 36,463 (1977).

[27] D.R. Penn, Phys. Rev. B 35,482 (1987).

[28] E. D. Palik, Handbook of Optical Constants of Solids
(Academic, New York, 1985).

[29]D. Pines, Elementary Excitations in Solids (W. A.
Benjamin, New York, 1964).

[30]N. F. Mott and H. S. W. Massey, The Theory of Atomic
Collisions (Oxford, London, 1965) 6th ed.

[31]Y. Yamazaki, Ph.D Thesis, Osaka University, (1977).

[32] S. Ichimura and R. Shimizu, Surf- Sci. 112,386 (1981).

[33]R. Oswald, Ph.D Thesis, Eberhard-Karls-Universitdt,
Tiibingen, (1992).

[34] Y. F. Chen, Surf. Sci. 519, 115 (2002).

- 216 -





