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Fig. 1 (Color online) Application research areas of time-resolved
X-ray spectroscopies

27 AWM A L IoWEORMICIE, &R A —ICEs
A5 XAF I 7 A% GRS 570 /0y — (F4R
R0 WX A 27 ARREDLETH b,

X NEF 94 (Xray Photoelectron spectroscopy,
XPS) &, WBEREOERT « AV <AL REA BB
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fFRE I 505, QGO S e A FIE 4 %75
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XWHEFDHEDFEL, IS U THEIE nTRE 72 Ry
RIZ7r =& 7 2 AN OH (Bl HEAWY, AR
T, Q)OSR O 5 ffhe & FIR L 72 & FhikgH]
SRR X AREET 5 IOV TR T 5,
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Fig. 2 (Color online) (a) Time structure of SR storage ring. There
exist three characteristic temporal parameters: duration of
bunch (Ty), bunch interval time (TgpXn), and revolution
time (T,). (b, ¢, d) Examples of filling patterns of SR
storage ring at SPring-8 used for time-resolved photoelec-
tron spectroscopy (PES) experiments: (b) D-mode, 1/7-fill-
ing + 5 bunches, (c) F-mode, 1/14-filling + 12 bunches, (d)
H-mode, 11/29-filling+ 1 bunches. The ring currents in all
the filling patterns are kept at 100 mA.
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70— E % i 72 R 5 G TE A 45 5B T 100 kHz
~1kHz TEBRATHOND, ZDI, @HEONEF5HK
Kl 2 OFEEHC/EE, HEMiETHE T1000~100,0006%
WS4t I/ A C L1072 5,

KETlE, Fx 2 SPring-8 BLOTLSU IZ 35\ CRIF L
TR ik X LT AT — v a vicksWwW T, &
D XS T DR iR L /o033 %, Fig. 312k
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WA T %, (DEMEER XY —LAF 4, QFHAM
FTRERITY 2 T A S REEF ot ds, (L —8—, @k
S L L —F— DR,

2.1 SPring-8 BLO7LSU

SPring-8 BLO7LSU 3R WO 5 E My o 27 /Y 2
V=2 % Yi e L CRALCEEERK X BT vyl —
RE—=LFGAVTHDY, BER 7 OAT VY2 L—213
SPring-8 D REMITICHBE S N/2TmORRNT VY 2
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Fig. 3 (Color online) Schematic overview of time-resolved PES system at SPring—8 BLO7LSU. Time-resolved measure-
ments are performed with SPring—8 several bunch mode (D-mode) which consists of five electron bunches and a
bunch train. Synchrotron radiation (SR) pulses, generated at the undulator, pass through a monochromator,
being composed of mirrors (M0, M1, M2), a plane-grating (PG), and an exit slit (S). The SR beam is focused by
post focusing mirror (M3 and M4) at a sample position. A Ti:Sapphire laser system (BLO7LASER) is installed at
the beamline. The sample is irradiated by both SR and laser pulses. Timing of the light pulses is checked with a
zeroth-order beam monitor after PG and a photodiode (PD) in an experimental chamber. Photoelectrons, emit-
ted from a sample, are analyzed by a time-of-flight spectrometer, equipped with a two dimensional delay-line-

detector (DLD).
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Fig. 4 (Color online) Schematic of timing synchronization and
control system for time-resolved PES system at SPring—8
BLO7LSU. (Reprinted from M. Ogawa et al., Rev. Sci. In-
strum., 83 (2012) 023109.[6])
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Fig. 5 (Color online) Start trigger signal for the operation of a
time-of-flight analyzer in the several bunch mode of SPring—
8. Unequally-spaced start trigger signal (3™ from the top) is
generated by a delay generator from the equally-spaced sig-
nal (2" from the top) and the mask signal (top). Also
shown is the time structure of SR pulses in SPring—8 several
bunch mode (D-mode) operation (bottom).
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Fig. 6 (Color online) Schematics of energy diagrams for n-type
semiconductors with light OFF (a) and with light ON (b).
Ef is the energy of Fermi level. Ec and Ev are the energies of
conduction and valence band edges, respectively. The
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tovoltage (SPV) effect when the light is ON. The region of a
space charge layer (SCL) is indicated with an arrow.
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Fig. 7 STM images of various Si(111) surfaces with different Indi-
um surface coverages: (a) clean Si(111)7x7 (0 ML-In),
(b) {3 x3-In/Si(111) (0.3 ML-In) [16], (c) {31% 31—
In/Si(111) (0.5 ML-In) [12], (d) 4 x1-In/Si(111) (1 ML
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white rectangular in the figures.
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Fig. 8 Time-resolved PES spectra of Si2p core level on the ﬁ X
J3-In/Si(111) surface at different pump-probe delay times.
The power density of pump laser was 3.1 uJ/cm?/pulse.
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Fig. 9 (Color online) Energy shift of Si2p3/2 core level on the sur-
faces of (a) {3 x /3 -In/Si(111) and (b) 4 x 1-In/Si(111)
as a function of delay time. The power density of pump laser
was 3.1 uJ/cm?/pulse. (Reprinted from M. Ogawa et al.,
Phy. Rev. B, 88 (2013) 165313. [9])
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10 (Color online) Energy shift of Si2p3/2 core level on the surfaces of (a, b) ﬁx ﬁ—ln/Si(l 11) and (c,d) 4% 1

—In/Si(111) as a function of delay time. The power density of pump laser was 3.1 uJ/cm?/pulse. In the panels of
(a, c), the data are fitted with a double exponential function [Eq. (3)]. The energy shift on the vertical axis is
plotted on a logarithmic scale, and the delay time on the horizontal axis is plotted on a linear scale. The time con-
stants of double exponential functions are given in the figure. In the panels of (b, d), the black broken and red
solid lines are the results of curve fits using tunneling [Eq. (5)] and thermionic [Eq. (6)] models, respectively.
The energy shift on the vertical axis is plotted on a linear scale, and the delay time on the horizontal axis is plotted
on a logarithmic scale. The time constants of the thermionic and tunneling models for the surfaces are given in

the figure.
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Fig. 1 (Color online) Various time constants of () Tgow, (b) Tras, (¢) 75, and (d) Tiumne are plotted as a function of the

amount of band bending V,. The sample surfaces are labeled. The data points of , in the panel (c) are well fitted
with an exponential function (broken line). (Reprinted from M. Ogawa et al., Phy. Rev. B, 88 (2013) 165313.
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Recent advances in surface carrier dynamics
research by time-resolved soft X-ray photoelec-
tron spectroscopy
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Abstract Synchrotron radiation is a pulsed light source with a temporal width of about 50 picoseconds.
Time-resolved soft X-ray photoelectron spectroscopy (PES), which combines synchrotron radia-
tion X-ray with ultrashort pulse laser, allows to study the transient variation of electronic struc-
tures of materials with a time resolution of 50 picosecond in a wide range of time scale from
picoseconds to milliseconds. In this review article, the experimental details on the time-resolved
soft X-ray photoelectron spectroscopy system developed at SPring—8 BLO7LSU will be described.
As an example of experimental results with time-resolved PES, carrier dynamics on semiconduc-
tor surfaces will be presented. In addition, future directions of the time-resolved photoelectron
spectroscopy will be discussed.
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