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Time- and angle-resolved two-photon photoelectron (2PPE) spectroscopy has
elucidated the ultrafast dynamics of excited electrons in the energy- and momentum-spaces On the
other hand, our knowledge of the relaxation dynamics of holes injected in the valence band has been
limited. In this project, the time- and angle-resolved photoelectron differential spectroscopy was
used to investigate the ultrafast dynamics of valence holes in silicon, where holes are injected in
the valence band by 1.48-eV pump laser pulses and then 5.92-eV laser light was used to eject
photoelectrons via resonant direct transitions between the valence states and free electron-like
states located above the vacuum level. Based on the experimental results on the temporal change of
photoelectron images together with calculated results, we have elucidated ultrafast population
dynamics of photoinjected electrons and holes in photoexcited semiconductors.



B & C—19, F—19—1, Z2—19 (@)
1. HERRLYTIOER

FIERE I T 2 &, ZER ICHREE TR, BT ICIELR OIEEE RS S NS,
Ch%ﬂﬁ#kﬂ?%ﬁ\lzw#— BRI B W T4 OBELE~REZ R TN ho N
vV PR E TR L, I E T - IEFLERARLEEZ N L CHIRT 5, 2 b —HEo ke
v U T ROBEAIRIL, #%ﬁg%%%f@@m%éwm#ﬁ% ICELN B LR 2 ) BRI R
Th 3 o, IR, BEERYEIC BT 3 EREE - BWEE - B A VRE L wo e
ﬁ%m%@% HEHACHEIEZAL - SEMhRE & v o 72 BREEME ICTE R - B S LTE Y, %
DEMOFHANE KD ST E 7=,

FrY VT ROFELEEERE LT, F vV 7-F v ) TEELK X ¥+ V 7-7 + / VEELAE B
R, N DOEELIZEL 10 7 = & b (s) 2 b ¥ a b (ps) R O RFERCHAEL, X+ UV 7
@Izw#~ SEBE 2N B T BB %% KE L T B, WSV R L — F — 5l o it

LY., 7z FEEEIR 7 — v COREE S EIE R FIRE L 72 0 BN DS Fr—TIc kb
3? X U THRMEN 1 OMIE LD b T & 72, PIHHO B IR IC B W T Thb v 72X - F 7
& DM RIS CHE 13, ¥ v ) 7 R OBIZEEE) I %?5@%&%%%5&(?1# D#
¥ U7 %0EEERIC %?%lﬁ#méuA%bfW5$\mﬂ X viELNBFHEREUC
BT & IEFLIE T DA S EM IR L Y 2ATE D, %aEﬂ@ﬁmﬁﬁelﬁ% %L
THE3ZePREECTH ZHE, DEHEINTE -, ZhicH L <, B - MEDME 2 T EE T
HiFd, TANF — HEHBRERICE T 2 SRS E R OEEN M ORFFES ., IEfLE &
BELC. Ho. EEMICHIERRER Z LB RAKDHRTH 2, L LAads, B FHIELRIC
DWT IR, RIZITHBIN L RNFEDO N EHE B L CL2FER R I TEL T, EfLR
DENHR 2 8\ 2 EIEHE T2 THRORRBAKETH - 72,

2. IO HHN
Kﬁ%®ﬁ%ﬁ\l)ﬁ%?Eﬂ%@iﬁﬁ%@ﬂ&%pﬁﬁgT6%@ﬁf&%&&LT\
BT A DL RICEI A A — VRO AREM: % BHREIC 3 235, T, @H DO 26T B otk
EEMNDEEE OHFRIC X D, 2) FERICE T B BRI E %f filfi % ?mEﬂf@#%)
TRERIBRR OB 2 R AW HO M —Iclfif+ 2H, TH 3,

3. EDHE

WHoeFik

() W§fE - AN E TSt Tk v, S i EfLO % BN # R - = AL F— -
HEEE GRS T4 2 X6~ 7 b VZER) 0% RItZEfIcEs » CEBEBRE L, IELR OB
NExRFEHL 72,

(i1) FRFRE] - AR 2 6T T 2 Fl 7200 60E %2 F0 L . (8 R EE 7% O R - =
ANF— - EEJJE@&’)\EIFEJ B CREAIEN 5 % i L 72,

(i) 55— JRHEEERIC X 2 HERIIAS R & o AR R L o IR 2TV, = AL F — - E
B RO Z XA 3 2 ¥ v U 7THGIL B 2 BHiEIC L 72,

4. HIEBE
4-1 v ) avick ) 3liETIETL R OBEMEN 1%

HAEELLTB Y7 51(111) X7 e, Y (g,,=1.49€V,200fs) 1T X %3y FDEE
i X v IEFL% %l &ALKOWEE%#a@m S FIEFLR OB B 2 HIE S 2 72
». o 4 53 (5. 96eV p-pol.) WA RETFESDHMEZ LML 72, X 1(a) 13N
SEAHHT 1.5ps ICHBWTHIE LB TNV FOA A=V TH B, HETFIEED R OCHERAHH 2
(B398 hT7—FRINTHE, MoBEIzEA 0 GREERGAZEXrET2) &,
MENZ 7 2 Iz AAF -2 R LAV F—e BT, BODEREEZ R IHETA X
— V3. SAZETF NV R bEEHEN O FITH B free-electron like 7r-3 v K~ HLIEER
CX2bD0TH3, KM1(c) KO (d) 1. ZhZh, 0 =-5 £+5 OFAIHH TN E
DIALF =T PALTHL, FRICHE T, B 7R FHOFERIL, BLke 7o — 7o/
DIRIERE 23 %Z L2 h -1.5ps  (Black) ,+0.1ps (Red) ,+0.5ps (Blue) 33 2 #5HRTH 5,
m@%@%%mibt$%ﬁﬁik%<m9mmgbt% [ LT3 (0.5ps) & &30 5%,
Z ORE DA, FIEESEIC X B8 v FRDEAER I, ﬁ E T ~IEILBEA IRz LI
X330 Th 3, mt&@ &5LLMW ST B NBEFOMEGEZITE L, K 1) 60
SEEAZEICX Y., fHiTE CHEAS N ELREESAORRRELS7-, 4= 0.1ps ik
3= A4 f——/%l 1(b) uﬂ“?’ Kl FE T IEfLEE OS5 b X HRR L 72,

AHFE T, ta=-1.5 ~ +1000ps DHIPHIC I\ T, ZENHE TR (S 7 EFLEE 1)
%wibto3o@ﬁ&élﬁw#~ﬁﬁf@£ﬁfﬁ@hﬁxm%l2@ w3, 2C
T.ET—X2DRAER1ICRE XHICHEL, FTALF—IB T 3 EALEEORMEL %



L7, IEFLE
FE X i X
D ABicE R L
7= 1%\ ihkt% 1ps
¥ CABICHE
L72(Km 1)
%, oLl bh e
HWELTED
(5 2), 2o
RE 22 D FFEL
HEE L 72 2
¥ — {7 E T
EITR S
Vo[ 2(b) 128
WMLz Hrnr
F—fEIK I B W

ENERGY from E; (eV)

-0.75
-16

ANGLE (deg.)

0

(=)

S0

(U2)4q -4
0

T SO- T T

1
—

INTENSITY (arb. units)

— [ (=) — [S%] (53]
T T T

[01x]

(c) @=-5deg.

(d) 6 =+5 deg.

—_— =15
— +0.1
— +0.5

Delay Time (ps) ]

Fig. 1 (a) Photoelectron (PE) image from Si(111)7x7 with 5.96-eV probe light. (b) Differential PE

THREEL -1EfL image at delay time of 0.1ps. (c)(d) Energy spectra of photoelectrons emitted at -5 and +5 degree,
BR E D I FEEJ BR'N 1'[{‘ respectively, from the surface normal, acquired at delay times of -1.5 (black lines), 0.1 (red lines), and
;; T {ﬂﬁ@é’% 0.5ps (blue lines).
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Fig. 3 (a) Normal emission photoelectron spectra
measured at different delay times between the

Fig. 2 (a) The hole density in the VB states at different energies, as pump and probe laser pulses.

a function of delay time. (b) Total density of valence holes as a
function of delay time. The inset shows the same data plotted on a
semi-logarithmic scale over the enlareed delav time range.
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Fig. 4 Time evolution of intensity, (a),
energy shift, (b), and energy width, (c), of
the peak of photoelectrons emitted via
resonant transitions by 5.96-eV probe light.
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Fig. 6 Time evolution of the hole density of the

Fig. 5 The peak broadening at different energies, as a probed energy regime upon 2.06-eV pumping,

function of the density of holes injected in the valence band.
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