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Outline

® [ntroduction, time-resolved
two-photon photoemission (2ppe)

® |inewidth analysis

® 4H - SiC(0001)
Mott-Hubbard splitting of dangling-bond states

® Si(001)

m and T - dangling bond states
electron dynamics and recombination
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Rohlfing, Pollmann, Phys
Rev. Lett. 84 (2000) 135
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Rekonstruktionsphasen auf 4H-SiC(0001)

Praparation LEED UPS
EFermi
VBM i
(6v3x63) i i
R30° : :
besetzter ,
N OFZ |
- -
g B
1100°C B ; !
5min § ! :
< N
800°C + Si (V3x+3) }
30min R30° |
1000°C :
30min ]r
(3%3) |
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= asymmetric splitting

g 4 | !
=0 - 1 .7 :
&g S 3prtessss ssehd a4’ AE = 1.46 eV
58 & 2l o .l l_____ S AE = 1.05 6V
?g— g 1 ‘—‘—‘—0—....__.‘.000 """ _— -
5% 0 Y
TR il
5 1wl il

r K M r

calculation done for 6H-SiC(0001)-(v3x+3)R30° !
4H-SiC(0001): larger splitting (due to a larger bulk band gap)

Conclusions

4H-SiC(0001)-(N3xV3)R30°:

The occupied and the unoccupied surface state can be observed
with 2PPE simultaneously in one experiment.

The proposed asymmetric splitting can be confirmed: AE = 2.51 eV.
—> Occupied surface state <> Egggy: 1.05 eV £ 0.02 eV
— Unoccupied surface state <> Egggy s 1.46 eV £ 0.02 eV

6H-SiC(0001)-(N3x\3)R30°:

A smaller splitting can be observed: AE = 2.34 eV.
This can occur due to the smalier bulk band gap.



Asymmetric Dimers = occupied D, &

_____unoccupied Dgown
| surface band
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J. Pollmann et al., Appl. Surf. Sci. 104/105, 1 (1996)

Caa M c(4x2) 2x2
| - 4 < <+~ P < <+ <4 <
| %W Mb'nch, SemicondUctor_ Surfaces and Interfaces (1993)
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Si(001): Occupied D,,, state

——
—

IR+UV hv=1.61eV

UvV+UV

S

2PPE signal

Dup Dup
x20

T I T T L) T 1 L] L] L] L] I L] L] L] ¥ ))_ 1 1 1 L] T I ¥ T T T 1

0 0.5 1.0 3.5 4.0
Kinetic energy [eV]

Resonance;
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(93]
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Peak intensity [arb. units]

)
oy
=

1.55 1.60 1.65
Photon energy {eV]

J T

Al

= Occupied Dp SS
—> Resonance with unoccupied SS
approx. 0.7 eV below Ey/




Si(001): Unoccupied state

IR+UV
> 0.9-
2 s=1.9
S
= 0.8-
73]
O
O
§ 0.7
a " §=4.2
0.6 1
1.55 1.60 1.65
Photon energy [eV]
occupied empty inter-
initial state mediate state
slope: slope:
4-Ahv 1-Ahv
< 1h\f EVac
I 4 n
- 2
o e
W w
3hv

= Resonance between occupied (D)
and unoccupied (0.7 eV below Eyy.)
surface state




m=-1.1 1.59 eV

@ Y. Enta et. al., PRL 65, 2704 (1990) kg A

= |s unoccupied SS an image-potential state?
Esurface(Si 001) = 12...13
O.85eV_[8-—1 :

E. = =0.6eV
bind n® e+ 1]

Lifetime of unoccupied state: 10 £ 5 fs
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Si(001)

L Dup, Dgyown identified in two-photon photoemission

e Surface-state gap at I": 960 * 50 meV

® FElectron & hole dynamics: ps for T = 300K
~us T=150K

What is the Fermi-level peak?

(seenin UPS @ 120 K)

@
c
|
o
s
P
2
9
L J’ K
/\
Binding energy (eV) r() J
\/

2ppe: energy 0.15 eV below Udown

Theory: Dyown (2X1) vs. c(4x2):  0.35 eV (GWA) [1]
0..56 eV (LDA) [2]

[1] J. E. Northrup, PRB 47 (1993) 10032.
[2] P. Kriiger, priv. Commun.



Conclusions

® Linewidth analysis (large delay)

~ Im { Lorentzian(pure dephasing 2I"*) ®

| F[ pulse-envelope x exp(-[/21)] |2}

® 4H - SiC(0001)

Mott-Hubbard splitting
of dangling-bond states is asymmetric
and dependent on band gap (6H)

lifetime measurements failed - defects ?

® Si(001)

n and ©” - dangling bond states
electron dynamics and recombination
Fermi-level peak ?

T=300K
ps - time scale, phonon assisted recombination
T=150K

us - time scale, radiative recombination



