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o, BWMXHAETFS R TOHES M (HARPES:
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(@) (c

arbol 5nm

)
‘{ 3D core-level spectra }7—| Correct Information ]—
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(b)
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Time-dependent NAP-HARPES data || Time-division analysis of depth profiles

Time Conc. Time by sparse modeling
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Energy
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Depth (&)

Fig. 1 (Color online) Schematic picture of the model sample for multilayer stacked film interfaces (a), the depth profile
obtained by RBS (b), time-division depth profiles analyzed from time-dependent NAP-HARPES data (c).
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Principle of depth-profiling technique

Photon energy: [=1,2,3++- Photoelectron intensity from a slab of v

r= hv!
Time:t=1,2,3 ) Emission angle: k=1,2,3+++ faadd
Horizontal: e B
& oLy o ip2p-lp
&
&
o/
1
L2
£ 3
R
v
vl
(3

Atomic concentration: xﬁf
. Elemental component: pr=1,2,3+++
Photoelectron intensity:
K Kl 4 v —-1)ét
yitoot = f SyKeT o "u’mz x4y exp (- g
v "

A
cos ﬂk) = ATy = A=,

We can determine transfer matrix A,/ (6, hv— depth) by Lambert=Beer law (Bouguer, 1729).
;:
2

v-1
_ 2 _ 1 klpot _ I _L
lly- ;;(xf)llz-;;m:,mz (yu YA I lx,,,mwsek))

, where
_vpor
1 LA
A ran

Fig. 2 (Color online) Principle of depth-profiling technique based
on Lambert = Beer law.

x: Atomic concentration, y: Photoelectron intensity, 4 Elemental component,
k: Emission angle, I: Photon energy, v Depth, p: Horizontal, Ggybscripry: Vertical,
= Time, o: Photoionization crosssection, A: Attenuation length of photoelectrons

Scheme for time-division analysis

X;: Depth Profile  Y: Angle Profile Zy: Spectral Data f, g: Function
X, €EX y, €Y 2z, € Z (Vector Space: X,Y, Z)
Sparse modeling . _Mf«}”l"_“L"‘e_"?’fl_’)i r_nit_hgd_ nalytical model
Xp—- Xq — Xy — X{—I'L’ Xf - X{+1"'*Xn -1—Xy ‘i"xN
(Past) R F-1 © (Future)
! ! | 1 ! ! fo1
Yyi Y2 Ye-1: Ye Yésa Yn-1 Ya!
! } ! g

Z, 7 Zg1 Zg Zfq
97L: Peak fitting analysis ~ Measurement data
(Present)
2 '
L) = ewr = foo@ealls + B Su S0 [x00° | @'<é-1) sem
----------------- L} norm term

’ pat
pot pot poT, X
—aulviy ~ X~ X 108 (F24T<E-1)
uv

x: Atomic concentration, y: Photoelectron intensity, z: Spectral Data
3 p v Depth, g2 . o Vertical, 7,7°: Time

Fig. 3 (Color online) Scheme for time-division analysis by using
sparse modeling and MEM.
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Spectral data
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Angle profiles
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Sparse modeling-
Jackknife MEM

uDepth profiling
Fl

Fig. 4 (Color online) Procedure to solve inverse and direct problem for spatiotemporal ARPES data.
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@ Nonlinear least squares Peak Fitting @ Sorting Various Data @Source Data: Energy+Angle+Time
by using Voigt functions etc. (Arraying spectra) (*.pxt, *.ibw, *.txt, *.vms)

m—p— “Source st

“mﬂ{','y{"ﬂll

(Energy, Intensity, Gaussian etc.) of Fitting Parameters ~1,000,000 spectra per ~2 min

Fig. 5 (Color online) Peak-fitting software with descriptions of major components as follows:
(D Nonlinear least squares peak fitting by using Voigt functions etc.,

) Sorting various data,

® Browsing of source data,

(@ Monitoring of normalized fitting parameters (energy, intensity, gaussian etc.),

(® Viewing of 3D scattered plot of fitting parameters, and

(® Demonstrating high speed analysis (~1,000,000 spectra per ~2 min).

@ Compatible with Hard X-ray (10 @ Monitoring optimization (3 On-demand optimization method
keV), 103 elements, and 18 orbitals (2, -aS, L'-norm, efc.) (LMS, Sparse modeling, MEM etc.)

Parameters of depth profile analysis

Angle Profile: Firvsus v fog Progress of Objective Func. (calc)
Bro1s

Propety: | subat

Comr: 1687 %

sparity - =

Depth Profile (simu.) Depth Profile (30 calc)
o198

s el o amsd

- ) /
@ Verification by comparison between & Parameters changeablé in ® High speed analysis:
direct and inverse problems real-time by checking results ~1,000,000 profiles per ~1/2 day

Fig. 6 (Color online) Depth-fitting software with descriptions of major components as follows:
(D Parameters compatible with Hard X-ray (10 keV), 103 elements, and 18 orbitals,
(@ Monitoring optimization, 3 Selecting on-demand optimization method,
(@ Monitoring of verification by comparison between direct and inverse problems,
(® Parameters changeable in real-time checking results, and (6 Demonstrating high speed analysis (~1,000,000
profiles per ~1/2 day).
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S 610, @EO Laptop PCTAEUICADYIGRWA  ZEG AT FVE) EBAEVICHARE LN K DIC
N PNV T =AU TEL LD, TIVITVALEHREL L7z, ZOREHE, A€V AMDI3W%DEIK (7699240 A

BT May 2022 Vol.35 No.3 ¢ 203



(a)
HDD/SSD
l Input Spectral Data (Big data)

Memory Memory

CPU
:I Background Subtraction |::

], CPU

Spin-Orbit
Deconvolution

CPU
,__'I Initial Guess I:

CPU
,__'l Optimized Parameters I::

1
I

Fitting Parameters

3
Various Spectral Data (Big data)

HDD/SSD

I Output Data/Parameters

—delete

(b)

—~ 3

8 When reading 76,992 spectra

g

£ 2 S

2 \.-93%

31

S

b4

o .

B et
Before After

(c)

Fitting parameters depending on  Fitting parameters not depending on
number of component number of component

150

2 components

“N.-55%

Before After Before After

Fig. 7 (Color online) (a) Improved algorithm for handling 4D-XPS measurement Bigdata. (b) Memory reduction
effect of spectral data. (c) Reducing fitting parameters: Parameters that (does not) depend on the number of

components are shown.
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Fig. 8 (Color online) Forward/reverse simulation verification of time-division angle-resolved APXPS measurement
data: The upper part of the figure is a spectrum obtained by solving the forward problem scheme xt — yt — zt and
adding Poisson noise (the degree of noise is 3 levels) . The middle and lower part of the figure is depth profiles by

solving the reverse scheme zt — yt —xt.
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Fig. 9 (Color online) Simulation verification of time-division angle-resolved APXPS method including spatial resolu-
tion: spatiotemporal concentration profiles analyzed by the right answer, sparse modeling and Jackknife MEM.
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Depth profile analysis of multi-layer laminated
thin film interface by spatiotemporal
angle-resolved APXPS method
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Abstract We have developed spatiotemporal depth profiling analysis of the multilayer stacked film interface
based on Ambient Pressure X-ray Photoelectron Spectroscopy (APXPS). To begin with, depth
profiles of the multilayer stacked film interfaces have been achieved by time-division Near Am-
bient Pressure Hard X-ray Angle-Resolved PhotoEmission Spectroscopy data. We then have
promoted our methods to quickly perform peak fittings and depth profiling from time-division an-
gle resolved APXPS data including spatial resolution, which enables us to realize spatiotemporal
depth profiles of the interfaces under reaction conditions such as oxidation and reduction. In addi-
tion, it is found that the traditional maximum entropy method (MEM) combined with Jackknife
averaging of sparse modeling is effective to perform dynamic measurement of depth profiles with
high precision.
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