How weak DOS is important: Energy level alignment
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Importance of low density states in energy gap
1) Impurity (doping)

2) Defect - Disorder



Gap States of Materials

The electric properties of materials are governed by

not only HOMO (Valence band) and LUMO (Conduction band)
but also weak density of states in HOMO-LUMO gap.

In the case of [—— LU MO

organics
Interface state?

Disorder?

Defect? D(E)

Impurity states = Gap S‘i?s/

= \‘{ HOMO

Metal Organic Metal Organic

“Gap states” are important for...
v" Energy level alignment and carrier injection

v" Control of Fermi level position — p-type, n-type

v' Carrier trap — Electric transporting nature



DOS in energy gap has been evaluated by using indirect

methods such as electric measurements and optical
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n-doped silicon
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R Bié .. L
Interstitial atom Substitutional larger atom

Vacancy Frenkel-pair Substitutional smaller atom

https://sirs4quality.org/ja/difference-
between-point-defect-and-line-defect
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Anderson localization
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9, Gap states
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Band Tail State

J. F. Wager, AIP ADVANCES 7, 125321 (2017)
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Thermal, structural, impurity,
and/or compositional disorder
can all lead to the formation of
band tail states.
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Although it is evident that band tail states are exponentially distributed in energy as a
result of disorder, their precise atomistic nature and a clear explanation for why they
give rise to an exponential distribution are questions that seem to have not yet
been answered to everyone’s satisfaction.



J. F. Wager, AIP ADVANCES 7, 125321 (2017)
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Photoemission spectroscopy
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Available information : 10nization energy, density of states (DOS),
band dispersion, molecular orientation etc.



High—Sensitivity Photoemission

Photoemission 1s a good tool to probe DOS

Extremely low background level by pure monochromatic light

(b) By using monochromatized Discharge lamp
— T 71 .Sueyoshi et al., Appl. Phys. Lett.,, 95 (2009)

: as-de
® +20 hpNz F. Bussolotti, et al,, Phys. Rev. Lett. 110, 267602 (201:
, +5ho | F Bussolotti et al,, J. Electron Spectrosc. Relat. Phen

204, 29 (2015).
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Our Apparatus for UPS and PYS

Typical sample current (<1pA) is two or
three orders of magnitude smaller than
conventional UPS.  Charge-up free

Electron Analyzer
(PSP RESOLVE120)

detection is possible even for device-scale He lamp
system and organic single crystals /7
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hv-dependent HS-UPS of PTB7 film
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hv-dependent HS-UPS of PTB7 film

T. Sato et al., Applied Physics Express 10, 011602 (2017) T Sato
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HS—-UPS of Pentacene film
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HS-UPS of C60

E, ~170meV ? Eo ~400meV ?

DOS/ cm™ eV’

The relation between the observed DOS and electric characteristic is unde
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Exponential Deca

E (annealed film)
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Indium gallium zinc oxide (IGZO)
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Application to Insulating Polymer: Triboelectricity

Triboelectric series =  * - V.L.
s

Nylon—6,6

Polyvinyl alcohol

Cotton Gap states?
Polymethyl methacrylate
(PMMA)

Polyethylene terephthalate
(PET)

Polystyrene(PS)
Polyethylene(PE) Long-standing discussion

Polypropylene(PP) . . . )
Solvvingl ehioride(PVG) on the tribo-charging mechanism:

Polytetrafluoroethylene Electron transfer or lon transfer?
(Teflon)

Insulator Metal

We have tried to examine whether the gap state

density 1s enough to explain charging properties.

Y. Yamaguchi at al., IEICE Trans. Electron., E102-C, 168 (2019).
T. Sato et al., Appl. Phys. Lett. 110, 111102-1~4 (2017)



Density of states
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Too much trapped electrons?
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Analogy with solvated electron?

o

VBE & cavity radius Yamaguch
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Energy Diagram
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Summary

Energy level alignment

® OS

Trap state, Exciton

D
state
Exponentially
>/ decaying gap

state

Mobility edge

C—
- Gaussian

distribution

High-Sensitivity UV
Photoemission Spectroscopy

Wéh%l\:/%)succeeded to directly measure tail
states of organic and inorganic materials with
exponential decay.

The gap states of tetratetracontane (TTC), a
modle oligomer of polyethylene was
observed.

TTC has a high-density trap states.

Electron emission from the trap states above
the vacuum level was observed.

The comparison with theoretical work is underway.
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