Ultrafast electronic processes
at semiconductor polymer heterojunctions

A molecular-level, quantum-dynamical perspective
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Photophysics of organic semiconductors
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_6_\ e ultrafast electronic processes

. . involving exciton states

e coupling of electronic transitions
Karabunarliev, Bittner, J. Chem. Phys. 118, 4291 (2003) to phonon modes/local modes



Semiconducting polymer based devices
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Gunes et al., Chem. Rev. 107, 1324 (2007)
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Bulk heterojunctions

Highly efficient exciton dissociation sites

ideal structure of bulk
heterojunction solar cell
Gunes et al., Chem. Rev. 107, 1324 (2007)

(a) bilayer cell
(b) bulk heterojunction cell

Peumans, Uchida, Forrest, Nature 125, 8098 (2003)



Photoluminescent vs. photovoltaic behavior

PFB/TFB

316V
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Ramon, Bittner, J. Phys. Chem. 110, 21001 (2006)
compare band offset A E with exciton binding energy eg (~ 0.5 eV):

o if AFE > ep: efficient charge separation, i.e., photovoltaic behavior
o if AFE < ep: exciton state is stable, i.e., photoluminescent behavior
o if AFE ~ ep: more complicated intermediate case, e.g., TFB:F8BT



Time-resolved photoluminescence experiments
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e picosecond scale decay of
photoluminescence in the blend

e observation of exciton
regeneration

e besides the band offset, polymer
orientation at the heterojunction
is a key factor

Sreearunothai et al., Phys. Rev. Lett. 96, 117403 (2006)

Morteani et al., Phys. Rev. Lett. 92, 247402 (2004)



Photoinduced processes at polymer heterojunctions
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e initial photogeneration of an exciton state (“bright” state)
e exciton decay to an interfacial charge transfer state (exciplex)
e possible exciton regeneration at the heterojunction



Molecular picture: the TFB:F8BT heterojunction
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Ramon, Bittner, J. Phys. Chem. 110, 21001 (2006), J. Chem. Phys. 126, 181101 (2007)

semiempirical (PM3) and TD-DFT calculations

e lowest excited state: charge transfer (CT)
state: TFBTF8BT~ (“dark” state)

e lowest excited state with significant oscillator
strength: exciton (XT) state on F8BT
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distortion

e Can one obtain a molecular-level understanding of
the processes at the heterojunction?

e How can the ultrafast nature of the exciton decay
be explained?

e What is the role of electron-phonon coupling?
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Landmark topology: conical intersections (Cls)

e Conical intersection topologies
Cl = are highly anharmonic

photochemical
funnel

e Extreme breakdown of the
Born-Oppenheimer approximation

p— i e The electronic decay at a Cl is ultrafast
(femtosecond to picosecond scale)

S
Su/\ﬂ e Cls are ubiquitous (Truhlar/Mead:

“Principle of non-rareness of Cls”)

e Polyatomic molecules; Jahn-Teller
adapted from: Schultz et al., J. Am. Chem. Soc. 125, 8098 (2003) effect in solids
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Basic model: linear vibronic coupling (LVC)*)

*)here, diabatic representation

. 0 0
Veir(xe, ®e) = Vﬁ(mt’ mc) (*)can be embedded in a correct

representation of the overall potential via
kD Az, Az, regularized diabatic states (Koppel).
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2 dimensions: Cl point

3 dimensions: Cl seam

N dimensions: (N-2) dimensional
intersection space
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Dynamics at Cls in many dimensions

In view of the complicated Cl topology:
Are “reduced” descriptions feasible at all?

Two strategies:
Strategy 1: explicit multi-dimensional quantum calculations

Strategy 2: define (few) effective modes, constructed so as to
describe the short-time dynamics correctly

14



Strategy 1: explicit multidimensional dynamics

to solve the time-dependent Schrodinger equation: ih¥ = H¥

A~

(or the Liouville-von-Neumann equation: ithp = Lp)

U(r,t) = > A;(t)®,(r,t)

M
with ®;,(r,t) = H gog.z)(rm t)

k=1

Multi-Configuration Time-Dependent Hartree (MCTDH)

primary dissipative  ¢f- Meyer and co-workers, Phys. Rep. 324, 1 (2000)

modes

modes

(XM Gaussian-based hybrid method: G-MCTDH

M P
secondary CI)J(I', t) = H 90;:)(1"@’ t) H g;::)(rna t)
m{c;c(jﬂc;s k=1 , 5:M—|—1 ,

primary modes secondary modes

Burghardt, Meyer, Cederbaum, JCP 111, 2927 (1999)
Burghardt, Nest, Worth, JCP 119, 5364 (2003) 15



Variationally optimized dynamics

M P
(ry,.oosrpst) =D e > Ajip®) [P @et) T 08, t)
J1 ip k=1

r=M-+1

gﬁ'{)(rm t) = exp [r& . a§“)(t) P €§-R)(t) * I + nﬁ-“)(t)]

multidimensional Gaussian functions™
with time-dependent parameters: A;“) — {ag“), g;"), n; "}

Dirac-Frenkel variational principle:

o
OVIH —i1—|¥) =0
(o] zc’?tl ) *Note: for on-the-fly
applications, use Gaussians only!

— dynamical equations
16



Dynamical equations

Burghardt, Meyer, Cederbaum, JCP 111, 2927 (1999)
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The dynamical equations are non-classical — except if one has a
single Gaussian, which evolves according to Newton’s equations!
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Example: S5-5; Cl in pyrazine

Comparison G-MCTDH (full lines) vs. MCTDH (dotted lines)

0.05 - 4 sys + 20 bath modes | 0.1 - 4 sys + 20 bath modes

{1 (to)[%(2))]

0 0
0 100 200 0
time [fs] time [fs]
linear Cl model quadratic Cl model

G-MCTDH (i) converges towards the “exact” dynamics, and

(i) permits approximations + an on-the-fly implementation

Burghardt, Nest, Worth, JCP 119, 5364 (2003); Worth, Robb, Burghardt, Faraday Discuss. 127, 307 (2004) 18



MCTDH = High-precision tool for < 100 dof’s

1

| (¥ (o) |9 (2)) ]
x10
0.5 A
FT
24 modes
0 . .
0 100 200
“diffuse” spectral structures time [fs]

Yamazaki et al., Faraday Discuss. 75, 395 (1983)

But: Often a highly detailed
knowledge on long time scales
is not required

What is the right approximation on short time scales?

19



Strategy 2: Effective-mode models

Reduced-dimensionality models for large systems

N K‘,,(L-l) 9 573 }\,,,:B,,, ? Noff Kél) X,,; AiXi
H=> H"+ . Ha=5Y HY+

i=1 Nz kD i=1 AX; KP X

N potentially very large! Nee SMall

e approximation should be valid
on short time scales

e X;'’s are collective modes, or
generalized reaction coordinates
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Example: high-dimensional avoided crossing

e.g., ‘tuning” of energy gap by many modes

1D crossing + Z < i i 0 > + HO

i=1,N 0 —Ri 4

Keff X e 0 ~
foelt ) + Hn_1

1D crossin
g + ( 0 _Kleﬁ'Xeﬁ'

\ . J/
~~

short time dynamics exact
via 1 effective mode

(“Brownian oscillator” type model)

1D crossing
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General conical intersection: three effective modes

: . 1 1,.(=) €T;
H=) H= Z (pz+az)+v;h“ Vit = CeMaa |

shift + energy gap + coupling

X+:Zl<,,§+)wi X—:an_)wi XA:Z)\iwi

The potential simplifies:

Zvlin 1X n %X— XA
— ¢ 2T X, —ix_

cf. Atchity & Xantheas & Ruedenberg (1999): (X _, X A) span the branching plane
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Topology and dynamics

Adiabatic . Diabatic PESs
PESs E, - Branching plane State characters
V.,#V,,(GD vector) _

E Conical Intersection
1
V1=V, V,,=0

Vit V12) 1 3 X-  Xa
Ea iabatic — UTVia aicU° Via atic — = -X
diabat diabat 3 diabat <V12 Vas > +-|—<

e two intrinsic modes (X _, X ) along which the degeneracy is lifted

e three intrinsic modes (X, , X_, X,) reproduce the short-time dynamics
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Construction of orthogonal effective modes

transformation ({zs}, 15 ... xng)—{zs}, X1, X2, X5, X4. .. Xny)

system modes {xs}

'

electronic subsystem

effective modes { X, X>, X3}

short-time, “inertial”
dynamics

residual modes { X4, ... Xng}

N~

Hs({xs}) + Heg (X1, X2, X3)

describes all short-time effects exactly!

intermediate and
long time dynamics

(i.e., the first few moments of the Hamiltonian, (0| F™|0) are reproduced.)

Cederbaum, Gindensperger, Burghardt, Phys. Rev. Lett., 94, 113003 (2005), Burghardt, Gindensperger, Cederbaum,
Mol. Phys., 104, 1081 (2006), Gindensperger, Burghardt, Cederbaum, J. Chem. Phys. 124, 144104, 144105 (2006)
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Construction of orthogonal effective modes, cont’d

X1 Ty, T2 O X4

X2 — T21 T22 0 X _

X3 T31 133 T33 XA
branChing Cederbaum, Gindensperger, Burghardt, Phys. Rev. Lett. 94, 113003 (2005).

plane
or:

seam coordinate X, Ty, Ty Tis X,

branching plane X - 0 T T3 X

coordinates X 0 Th Tis XA
cf. Yarkony’s (g,h,s) vectors! Burghardt, Gindensperger, Cederbaum, Mol. Phys., 104, 1081 (2006).
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Additional transformations of the residual bath
— hierarchy of modes within the residual space

effective modes + chain(s) of residual modes:

e cf. Rubin model, Mori continued fractions, Adelman (MTGLE), . ..

e construct a chain in such a way that truncation at the order n
(i.e., 3n + 3 modes) conserves the Hamiltonian moments (cumulants)

up to the (2n 4+ 3)rd order
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Hierarchical electron-phonon (HEP) model

A™ = Hg+ Z I:Iféi
=1
3143 3143 i—1
gY = NP+ XHi di:| B;P; + X;X; |1
res Z 2 ( 7 T 7,) T . Z Z J J + J
1=3l+1 t=3l4+1 3=1—3
/ di1 di2 diz dig \
d21  dz2 d23 dag das band-diagonal form

d31 dzz2 d3zz d3za dzs dsg

dq1 dy2 daz dga dgs  dae  day
ds2 ds3 dsqg dss dseg dsy  dss

degz dga dgs dee der des deg

via Jacobi/Givens
type transformation

dry drs drg dry drg drg .« o Elcj:rpggalgdt, Tadr!‘lura.2006
roceedings
dgs dge dg7r dgg dgg ... Tamura, Bittner, Burghardt,
JCP 126, 021103 (2007)
dge dg7 dog dgg ... cf. Gindensperger et al.
\ . . . ) JCP 126, 034106 (2007)
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Example: butatriene cation

[C=C=C=C]* D,/D, Cl

2 system + 20 bath modes — 2 system + 3 effective modes

1

sys (2) —— 1 sys+eff (2+43) ——
{2 (to) (1)) |

exact (22) --------- exact (22) ---------

sys=el+2-mode
bath=20-mode

t [fs] t [fs]

Burghardt et al., Mol. Phys., 104, 1081 (2006), Gindensperger et al., J. Chem. Phys. 124, 144105 (2006)
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Photoinduced processes at polymer heterojunctions

(A) Charge transfer ™ (B) N
Exciton state state w
| hole RN
ex0|to * I il < 4O) I \ %: hv /
TFB:F8BT 41— _T_l— —
heterojunction 'c‘j?ttt'cr?
Ground state \distortion _/

Tamura, Bittner, Burghardt - -
JCP 126, 021103 (2007) © afgggtvorw (C) F8BT (e-acceptor)
: 3.16 eV

it

-2.98 eV

e initial photogeneration of an exciton state ( “bright” state)

e exciton decay to an interfacial charge transfer state (exciplex)
e possible exciton regeneration at the heterojunction
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Exciton decay at a TFB:F8BT heterojunction

Exciton — charge transfer state (“exciplex”) nonadiabatic transition

2-state electron-phonon coupling model:

N=24

H= ) Hizz%@f + wf) + V"

K',(-l) 9 57 )\ZZBZ

)\ia:i K‘,,E ) £r;
parameterization for polymer state 1 = exciton (XT) state
dimer; semi-empirical (PM3) state 2 = charge transfer (CT) state
calculations + Wannier-function
representation “phonon bath”: C=C stretch, ring torsional modes

Bittner et al., JCP 122, 214719 (2005) A. Pereverzev and E. R. Bittner, J. Chem. Phys. (2006)
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Phonon bath and effective-mode construction

Vibrational modes

Y e . s s A
g=t-C=cc=c < )
High-frequency Low-frequency

12 modes 12 modes
Total 24 modes

The effective/residual-mode hierarchy features
the high- vs. low-frequency branches in alternation:

(X1, X2, X3): high-frequency
(X4, X5, Xg): low-frequency
(X7, Xg, X9): high-frequency

32



XT/CT nonadiabatic coupling region

representation in the branching space coordinates (X, X5)
(both of high-frequency, C=C stretch type)

The dynamics happens “below” a conical intersection
33



XT population

Exact dynamics vs. effective-mode approximation

1 .
3 modes e very fast (~ 250 fs) decay
08 followed by oscillations (cf. 24
' 6 modes modes = exact)
//m
0.6 1 ' 9 modes o 3 effective modes: not a
04 good approximation
24 modtes e 9 effective modes: very close
0.2 - (exact) to the exact 24-mode result!
0 500 1000 1500

time [fs]

The low-frequency (torsional) modes play a crucial role
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Decisive role of energy redistribution/dephasing
between the phonon branches

e temperature not included as yet
e but the explicit multi-dimensional phonon bath
acts so as to induce dissipation/dephasing

A o6
"”"'“W'Jn i L”l“'l”‘ Wl l“lﬂil“hv - Heff
0.41 o H
E 02‘ l' IJ_\.\«f,.\'k\ “"Jh‘.\'-\_k'rr""wl'"\‘ /‘,»'Mw\\ //. resz
w o Hres?-res2
4 , , , Heff-res
0 300 60_0 900 1200 1500
time [fs]
B o7 ‘
06 H
> 1057 ‘ |H il ‘ ‘l\“ |||| | |F| T n
2
041, R ———
o *...* o L
0.2 Hss
0 300 600 900 1200 1500

time [fs]
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Change of topology :r
due to low-frequency &
modes: |

The branching plane is

periodically “shaken” by the

low-frequency modes <
0.0 0.00

-0.05 er -0.05 XT 2% CT
16 -12 -08 -04 00 16 -12 -08 -04 00
X, X,
e
( [)]_0 H (f)D.U
_05 '0.5_
b & X,
left: t =0 fs 1.0 0y
] -t = 15 A5
right: ¢ 150 fs ] . - e =




Combined effective/residual-mode potential

Qualitatively correct model:
branching-plane mode X,
+ residual mode X,

= 2D avoided crossing
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Dynamics far from equilibrium

(A)

blue: XT red: CT
wavepacket “trajectories” ((X1)¢ (X2)t):

coherent dynamics is dominant
Tamura, Bittner, Burghardt, J. Chem. Phys., 126, 021103 (2007)
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Markovian closure of the mode hierarchy

H™ = Hg+ > al+alm
Np wa, 3n+3 Np
(N 1 ,\2 . ~
Hli/[a)rkov — Z 2 B 1 —I_ wB 7,)1 _I_ Z Z dm ( X'ng> 1
1=1 t=3n+1 j3=1
’
08 - 6 modes add Ng = 15-mode Ohmic
0.6 - bath (resonant with low-
0.4 - 6 modes + dissipation frequency modes); here: T' =0
0-2 | | |
0 500 1000 1500 2000

time [fs]
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Surrogate Liouvillian generators/propagators

.vvvvxom/v\/v\ovwv\ow\/\/» .+« | Markovian closure

M

f m

Lﬁ5+eﬂ = —’i[Heffa ﬁS—l—eﬂ'] ‘I‘ LMarkovﬁS+eff

psiexr = reduced density operator in the augmented system
+ effective-mode space

generalized Brownian oscillator models
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Beyond the two-state model

absorption spectrum TFB:F8BT

experiment

24
q DOS
¥ .. -
22 | L \ 0.6 -
XT

ﬂ
= XTo 4
T
2.0 |- . hv ™ 0.2 -
vV e 7 e e
i Av
1.8 - ' 15 2 25 3 35 4 45 5
(a)TFR:FSBT (L)PFB:FSBT frequency [eV]
Ramon, Bittner, J. Phys. Chem. 110, 21001 (2006) Tamura, Bittner, Burghardt, JCP 127, 034706 (2007)

A second CT state might play a non-negligible role
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Three-state extension of exciton decay model

Multidimensional landscape of intersecting surfaces

® 'V Y 1.0
0. £ 0B CT
> = 0.6
X a
o.l 0.2 IS
0'[_)2 TLJ) 1 5 813 0.06 560 1060 _1560 2060 2500 3000
X time [fs]

XT = exciton state CT = charge transfer state IS = intermediate state

Tamura, Ramon, Bittner, Burghardt, arXiv:0707.2163 [cond-mat.soft]
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populations

Direct vs. indirect XT — CT pathways

1.0 1.0
0.8 CT 5 08
=
0.6 206
©
0.4 XT §.0.4-
Q.
0.2 IS 02
0.0 0.0 | |
0 500 1000 1500 2000 2500 3000 Y0 300 600 900 1200 1500
time [fs] -
.- time [fs]
superposition of direct only XT - IS -~ CT

+ indirect pathways

The IS state (and other states) can function as a “bridge”
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Extended effective-mode model

. Kil)Xi + D;X; Aglz)Xi Agl?’)X,,;
H.g = HO‘I‘Z Aglz)Xz- K,EZ)X,L- — D; X; AEZ?’)Xi + bilinear couplings
i=1 A X, AP X, K9 X,
1.0
_é 0.8
c_;; 0'6: X ... Xg: high-frequency
S g::ﬂ X7 ... X2 low-frequency
0.0

0 200 400 . 600 800
time [fs]

Tamura, Ramon, Bittner, Burghardt, arXiv:0707.2163 [cond-mat.soft]
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Different interface configurations

: (a)10 Eclipsed (c) 10 Staggered
(a) Eclipsed (E) (b) 0B cT 0.8 XT 99
[ 0 @
N Q-cptr ' XT S 06

a8 0.4

o)
Q. 0.2

. S S — e
Staggered (S) 000 300 600 900 1200 1500 0O 300 600 900 1200 1500
o _, time [fs] time [fs]
' 5 54 (b) 1.0 , (d) 1.0
PI ALY & wdlow s YRNDS Eclipsed XT Staggered
i!&ﬂg!iii” S A s 'ﬁughpéﬁ ¢ 0.81 0.8
4 g Rg| ¢ ot 5 ‘.:.‘ g @
ol ' S 0.6 S 0.6
© <
§04' §04- -
<02 ¥ eT S 0.2
2-state XT/CTmodel

‘ ‘ s 0.0
0O 300 600 900 1200 1500 0 300 600 900 1200 1500
time [fs] time [fs]

Exciton decay dynamically robust in the presence of intermediate state(s)
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T I LB I Y s staggered:

Interface configurations: role of stacking

o ""‘ ’ XT eclipsed:

 Ad A
0=0-0=-0=0

® e 0 0 o
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What about site-site hopping?

e not included in the model so far

e current assumption: charge separation/recombination occurs “close” to
where the photoexcitation takes place (i.e., domain size of the order of
the exciton diffusion length)
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Conclusions

e LVC model plus HEP hierarchy suitable to describe the ultrafast exciton
decay at the heterojunction interface

e Exact quantum dynamical analysis for 2- and 3-state models
(parameterized by semiempirical calculations for a 24-mode phonon bath)

e The electron-phonon coupling is dominated by the high-frequency
(C=C stretch) modes

e However, the low-frequency (ring torsional) modes are decisive
in generating the XT — CT decay

e The ultrafast dynamical processes are far from equilibrium, and cannot
be addressed by conventional rate theories (Marcus etc.)

e Results depend on the details of the interface morphology, vibrational
frequencies, energy gaps etc. —— engineering of these properties
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