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Organic electronics

Innovation driven by new materials discovery

« Semiconducting properties imparted
by n-electrons

« Earth-abundant, low-temperature,

solution-processible optoelectronic
materials
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Organic opto- and bioelectronics
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Thin film transistor technologies - Overview

Property Amorphous | Polycryst. Si | Oxide TFT | Organic TFT
SiTFT TFT (low T)
Mobility <1 50-100 10-50 1-10
[cm2/Vs]
Leakage 1012 1012 10-12-10-13 10-12-10-13
current [A]
TFT reliability Moderate High High Moderate
Process 250-350°C <500°C < 250°C RT-100°C
temperature -
Manufacturing Low High Potentially Potentially
cost low low -
Yield High Medium High High
Flexibility Moderate Low Moderate High &

« Charge carrier mobilities “good enough” for many large-area

applications
» Low-cost manufacturing and mechanical properties driving adoption




Charge transport physics of high mobility organic

semiconductors
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Electronic structure of organic semiconductors
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Band transport in molecular crystals

« Extended Bloch electrons expected if electron-phonon coupling and disorder
could be neglected — Bandwidth on the order of 100 meV
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Charge transport physics of molecular semiconductors
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Structural dynamics in soft molecular crystals
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Charge transport - Transient localisation
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Correlation between crystal packing and in-plane

charge carrier mobility
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Mobility in transient localisation regime

« Key parameters:

e Ja-Jp-Jc - Overall magnitude of J less
important than distribution

AJ AJ AJ
. a/]a’ b/]b’ ¢ Jc - Mobility sensitive
magnitude of thermal disorder

*  wq- Influences not just 7, but also strength
electron-phonon coupling

« Ability to quantitatively predict charge carrier
mobilities
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Fratini, Troisi et al., Nature
Materials 16, 998 (2017)
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Unraveling the complexity of the structural dynamics

* Units cells with 100 atoms — Several hundred phonon modes

« Do all these modes couple to the charge motion or are specific modes
particularly relevant ?

* Need for low-frequency vibrational spectroscopy probing intermolecular

motions
Terahertz time-domain spectroscopy Inelastic Neutron Scattering
(THz-TDS) (INS)

o S |SIS

Combined experimental and theoretical study

1. THz-TDS (20-80 cm-") + INS (150-1500 cm-)

2. State-of-the-art fully-periodic quantum
mechanical calculations

= ISIS Pulsed Neutron & Muon Source
5% UNIVERSITY OF
&% CAMBRIDGE Rutherford Appleton Laboratory, UK



Low frequency vibration spectra
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corrected’1% PBE with split-valence triple-zeta 6-311G(2d,2p)

Schweicher, Ruggiero, Davino et al. Adv. Mat. 1902407 (2019)
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Mode-resolved non-diagonal electron phonon

coupling constants in DNTT and C8-DNTT-C8
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Mode-resolved non-diagonal electron phonon

coupling constants in DNTT and C8-DNTT-C8
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Mode-resolved non-diagonal electron phonon

coupling constants in DNTT and C8-DNTT-C8
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Mode-resolved non-diagonal electron phonon

coupling constants in DNTT and C8-DNTT-C8
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Comparison of dynamic disorder between different

molecules

DNTT BTBT rubrene
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Example of molecular design rules — Effect of side-

chain substitution on thermal disorder

\,\-\,'\.\\

1\. \\\\\\\\‘ .\(

« Amplitude of long axis fluctuations
suppressed by side chain
substitution
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Conclusions |

« Transport physics governed by close coupling between charge and
structural dynamics

« Transient localisation - most appropriate framework for describing the
unique charge transport physics of molecular semiconductors.

- Mode-resolved understanding of electron phonon coupling allows
identification of “killer” modes that dominate dynamic disorder.

- Differences in degree of dynamic disorder between molecules are a
key factor that needs to be taken into account for quantitative
prediction of charge carrier mobilties.

- Side chain substitution could be an even more effective strategy for

reducing thermal disorder if approaches could be found for

minimizing %</,
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Spin transport - Molecular tuning of spin injection

detected by line width broadening
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Spin transport - Molecular tuning of spin injection

detected by line width broadening
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Charge transport in conjugated polymers — Spatial

variations in conformation cause energetic disorder

oy/By=008 0yBy=010 op/By=0.12

~1,80

-1.85
& -1.90
= 195 ~Troisi, Phys.
L% -2.00 - Chem. Chem.

- Phys, 16, 9997
(2014)

.05 [N\
2.0 {*
~2.15

03 04 05 03 04 05 03 04 05 0.6
R/L

H(p,-,x,_-) = HSI + g huel + J/¢l-nucl + Vel(l‘)

2
o Di |
= E Bili) i+ 1| + E . —I——2mc02x,-2

i=1,N

+ > axili) (il + Y w0+ 1] + he

i—1,N

A. Salleo

Vibrational dynamics induces coupling
between localized eigenstates of the static,
disordered chain Hamiltonian




Polymers with low degree of energetic disorder due

uniform / torsion-free backbone conformation

High, gate voltage independent

- Temperature activated mobility
mobility of 1.5- 2.5 cm?/Vs
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Investigation of charge transport and spin relaxation

physics by field induced electron spin resonance
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source diode
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Temperature dependence of spin relaxation times in

IDTBT FETs
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Motional narrowing regime - Extraction of motion

frequencies and hopping lengths
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Motional narrowing model breaks down above 150K.



High-temperature regime — Coupling between spin

and structural dynamics

Frequency [cm™]
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along polymer backbone (infrared active vibrational modes).

-
o
1

o o
I

-
[$)]
1

* Model — Elliott Yafet type spatial scattering: small probability
of spin flip whenever wavefunction moves in real space:
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Conclusions |l

« Electron spin resonance provides sensitive probe of charge and spin dynamics
in high mobility conjugated polymers.

* Quantification of long hopping lengths and fast hopping times in motional
narrowing regime (20 nm and 1GHz in IDTBT at 150 K)

* Near room temperature spin relaxation in conjugated polymers is determined
by similar transient localisation processes than those that govern spin
relaxation in molecular crystals.

« Fascinating and unique transport regime in which structural, charge and spin
dynamics are intimately coupled.
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Intimate coupling between structural, charge and

spin dynamics
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