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ABSTRACT: We study incoherent charge separation in a lattice
model of an all-organic bilayer. Charge delocalization is taken into
account by working in the basis of electron—hole pair eigenstates,
and the separation is described as a series of incoherent hops
between these states. We find that relatively weak energetic disorder, M
in combination with good charge delocalization, can account for GShe
efficient and weakly field- and temperature-dependent separation of
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recombination from the initial CT state and the escape toward

intermediate CT states, from which free-charge states can be reached with certainty. The separation of donor excitons also
exhibits quite high yields, less bound excitons separating more efficiently. Overall, our results support the notion that efficient
charge separation can be achieved even out of strongly bound pair states without invoking coherent effects.

B INTRODUCTION

The outstanding problem of charge carrier photogeneration at
an interface between an electron-donating (donor) and an
electron-accepting (acceptor) organic material has inspired
coordinated and interdisciplinary research efforts in the field of
organic photovoltaics (OPVs).'~* A photoexcitation of such an
interface creates strongly bound donor (or acceptor) excitons
that, after the diffusion to the donor/acceptor (D/A) interface,
dissociate forming the charge transfer (CT) state. Although the
magnitude of the Coulomb interaction between the electron
and hole in the CT state is much larger than the thermal energy
at room temperature, the subsequent charge separation and
eventual formation of free charges that can be extracted at the
electrodes is very efficient.”®

Numerous mechanisms have been invoked to understand the
origins of such an efficient conversion of strongly bound
excitons to free charges. One group of mechanisms (coherent
mechanisms) suggests that free—charge generation occurs on an
ultrafast (100 fs) time scale by virtue of the high-energy (“hot”)
CT states in which electrons and holes are highly delocalized
and spatially separated.” ™" The charge separation competes
with the subpicosecond exciton relaxation toward strongly
bound and localized CT states, which are regarded as traps for
further separation.” Another group of mechanisms (incoherent
mechanisms) conceives charge separation as a much slower
process that starts from the strongly bound (“cold”) CT states
and converts them into free carriers by means of the hopping
between localized states that is possibly assisted by the
interfacial electric field.”"'~"* The characteristic time scale for
the incoherent charge separation is of the order of tens to
hundreds of picoseconds.'”'* However, what actually drives the
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separation from “cold” CT states despite their strong binding
and pronounced localization remains elusive.”

The coherent and incoherent separation mechanisms do not
contradict each other, and both may be at play in an efficient
OPV cell.'’® Indeed, from our recent theoretical studies,'®'”
which focus upon the ultrafast dynamics following photo-
excitation of a model heterointerface, emerges that on
picosecond time scales after photoexcitation the majority of
charges are still bound in states of donor or CT excitons. In
other words, there is some (coherent) charge separation on
subpicosecond time scales, but the vast majority of charges
remains in strongly bound states on picosecond time scales,
which is in agreement with recent experimental results."’
Therefore, examining charge separation on longer time scales is
crucial to fully understand charge photogeneration in OPVs.

Recent theoretical studies have challenged the common view
that the separation from the CT state requires surmounting an
immense energy barrier.'*™>' These studies emphasize the
influence of the entropy on charge separation. In this context,
the entropy is related to the number of configurations in which
an electron—hole pair may be arranged. It is suggested that the
combined effect of entropy and disorder” or entropy and
carrier delocalization”' can substantially reduce (or even
eliminate) the Coulomb barrier, so that the electron and hole
in the CT state are not thermodynamically bound and thus
might separate if there are no kinetic obstacles.
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The charge separation from the strongly bound CT state has
been extensively studied within the framework of the Onsager—
Braun model””*® and its modifications.”* Basically, the
separation probability is determined by the competition
between the electric field- and temperature-dependent
dissociation of a localized electron—hole pair and its
recombination to the ground state. While such a treatment
has been revealed successful in reproducing experlmental
photodissociation yields in bulk molecular D/A crystals,”
has been recogmzed as unsuitable for conjugated polymer/
fullerene blends.”® The reasons for this inadequacy may be
summarized as follows. First, the Onsager—Braun model
employs the approximation of localized point charge carriers,
which does not hold in a polymer/fullerene blend. In this
regard, it has been proposed that the hole delocalization along
con}ugated se%ments of polymer chains can enhance charge
separation” because the kinetic energy of hole oscillations
along chains lowers the Coulomb barrier between the electron
and hole. The combination of the effects due to the hole
delocalization and the presence of dark interfacial dipoles®””'
has been demonstrated to reproduce the essential features of
experimental photocurrent data.”” Furthermore, the combina-
tion of the on-chain hole delocalization and the dimensional
(entropic) effects has been suggested as the main reason for
weakly field-dependent and very efficient charge separation in
polymer/fullerene bilayers.*”®> Second, for the Onsager—Braun
model to reproduce experimental data, the mobility-lifetime
product should assume unrealistically high values, meaning that
either carrier mobility or pair lifetime should be unrealistically
large. Kinetic Monte Carlo (kMC) studies have demonstrated
that efficient and weakly field- and temperature-dependent
charge separation can be achieved when relevant parameters are
carefully chosen on the basis of experimental data.’**> Third,
the Onsager—Braun model does not capture the effects of the
(energetic and/or spatial) disorder on charge separation. In ref
36, an analytical treatment of charge separation in a one-
dimensional disordered chain is presented, and it was suggested
that, at least at low interfacial electric fields, the disorder may
enhance the separation of geminate electron—hole pairs. Recent
kMC results also point toward the beneficial role of not too
strong energetic disorder on charge separation.”’

Here, we investigate the separation of geminate electron—
hole pairs in a one-dimensional lattice model of a bilayer. The
model takes into account energetic disorder, carrier delocaliza-
tion, carrier—carrier interaction, carrier recombination, and the
interaction of carriers with the phonon bath and the interfacial
electric field. The carrier delocalization is properly taken into
account by transferring the description of charge separation
from the usually used position space to the space spanned by
the exciton basis states, that is, by stationary states of an
electron—hole pair on the model interface. The charge
separation is then concieved as a sequence of transitions
between exciton basis states that are mediated by the
interaction with the phonon bath. The separation yield is
computed from the stationary solution to the rate equations for
basis states populations in two cases, for the separation starting
from CT states and donor exciton states. We find that
moderate energetic disorder and carrier delocalization promote
efficient and relatively weakly field-dependent separation of the
strongly bound CT exciton. In this process, the vital role is
played by long-lived intermediate CT states, from which further
charge separation proceeds practically without obstacles. The
separation of the strongly bound donor exciton is also efficient,

but requires quite strong electric fields to occur with certainty.
On the other hand, more separated and weakly bound donor
excitons separate with efficiency close to 1.

B MODEL AND METHODS

Model Hamiltonian, Exciton States, and Their Classi-
fication. To describe the bilayer of two organic semi-
conductors, we employ the standard semiconductor model on
a lattice with multiple single-electron and single-hole states per
site. The model to be presented is quite general and may also
be used (upon appropriate adjustments) to study the electric
field-assisted charge generation in other D/A structures. The
numerical computations are performed on a one-dimensional
system consisting of 2N sites located on a lattice of constant a.
The sites 0,.,N — 1 represent the donor part, while sites
N,..,2N — 1 represent the acceptor part of the bilayer. The
single-electron levels on lattice site i are counted by index f, so
that Fermi operators cj; () create (destroy) an electron on

site i and in single-electron state f. The single-hole levels on
site i are counted by index @, and Fermi operators dj, (d;,)
create (annihilate) a hole in single-hole state @; on site i. The
phonon bath is assumed to consist of a multitude of localized
phonon modes on each lattice site, and the sets of phonon
modes on all sites are identical. The Bose operators bj; (b;;)
create (annihilate) a phonon on site i and in phonon mode 4.
The model Hamiltonian assumes the form:

H=H +H,+H._,+H_; (1)
where H_ describes interacting carriers:
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whereas H__; represents the interaction of carriers with the
interfacial electric field F, which is assumed to be uniform
throughout the system:

— i
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In eq 2, we take that quantities E(i/},)gﬁ;)(e(ia,)(ja,’))’ which
represent electron (hole) on-site energies and transfer integrals,
assume nonzero values only for particular combinations of their
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indices. In more detail, we assume that 8%1./3)0/3,) # 0 when it
i/ UPj
represents

(1) on-site energy &j; of single-electron level f; on site i, for i

=jand f; = fij;
(2) negative electron transfer integral between single-

electron levels on nearest-neighboring sites belonging

to the same band f3, —Jj", for i and j both belonging to
the same part of the bilayer, li — jl = 1, and f; = ﬂj/;
(3) negative electron transfer integral between single-
electron levels on nearest-neighboring sites belonging
to different bands, —]fﬂ‘}’,‘:, for i and j both belonging to

the same part of the bilayer, li — jl = 1, and f; # ﬂ]’, or
(4) negative electron transfer integral between different parts
of the bilayer, —Jp,, for i = N — 1 and j = N or vice versa.

The Coulomb interaction (eq 2) is taken into account in the
lowest monopole—monopole approximation, and the inter-
action potential V;; is assumed to be the Ohno potential:

U

L (2)

* ( o ) (6)
where U is the on-site Coulomb interaction, r; is the distance
between sites i and j, ry = q*/(4me,e,U) is the characteristic
length, and ¢, is the relative dielectric constant. Charge carriers
are assumed to be locally and linearly coupled to the phonon
bath (Holstein-type interaction), as given in eq 4. In eq S, g > 0
is the elementary charge, r; is the position vector of site i, and
vector F is assumed to be perpendicular to the interface and
directed opposite the internal electric field of a space-separated
electron—hole pair (vide infra). The interfacial electric field
may originate from the different Fermi levels of the
electrodes,*® or from some other source.*

Similar to other numerical studies, which obtain charge
separation efficiency by tracking the faith of a single electron—
hole pair, we confine ourselves to the subspace of a single
electron—hole pair. We describe charge separation in the
exciton basis, whose basis vectors are stationary states of an
electron—hole pair supported by the model interface. The most
general state of an electron—hole pair can be written as
lx) = Ziai U/(fal)(jﬂ,)c;’}dizrl())’ where 10) is the vacuum of

#
electron—hole pairs. The exciton basis states are obtained by
solving the eigenvalue problem (H. + H._¢)lx) = Aiw,lx), which
in the basis of single-particle states localized at lattice sites reads
as

C v
2 (5it’5a,a/€<jﬂ,></ﬂ;> = 050 ppEla)val) ~ BiPaa 00 ppy
i'al
s

x (V; = qF-(x; = ri)))%'a/m'/z,') = oWy ()

We take into account the diagonal static disorder; that is, on-
site energies £j; and &j, depend on site index i. The disorder is
the essential element of our model, because disorder-induced
localization effects enable us to isolate exciton states that are
similar to states of free charges, as will be detailed in the next

paragraph.

It is convenient to classify the exciton basis states in a
manner similar to that we employed in our previous
. 16,17 . .
studies, "’ where we differentiated between

(1) donor exciton (XD) states, in which both carriers are
mainly in the donor part of the bilayer,

(2) acceptor exciton (XA) states, in which both carriers are
mainly in the acceptor part of the bilayer, and

(3) space-separated exciton states, in which the electron is
mainly in the acceptor, while the hole is mainly in the
donor part of the bilayer.

Here, we are interested in full charge separation, which results
in almost free carriers capable of producing electric current.
Therefore, we have to individuate exciton states of our model
that resemble these free-carrier states. To this end, we
introduce the notion of the contact region of the bilayer,
which consists of sites 0,..,]. — 1 in the donor part and sites
2N — I,..,2N — 1 in the acceptor part of the bilayer. If both
electron and hole are primarily located in the contact region
(the electron in its acceptor part and the hole in its donor part),
we consider them as fully separated carriers. More quantita-
tively, we say that space-separated exciton state x is a contact
state (state of fully separated carriers) if

-1
220 2 Wy 207

=0 j af) (8)
and
2N-1
x 2
2 X X W 207
i j=N-I af )

The space-separated states that are not contact states will be
further referred to as CT states. We point out that the
localization induced by disorder is crucial to identify contact
states. In the perfectly ordered system, there are no space-
separated states that meet the criteria of spatial localization
given in egs 8 and 9.

Theoretical Approach to Incoherent Charge Separa-
tion. Our aim is to analyze the incoherent charge separation,
that is, charge separation that occurs on long time scales so that
coherent features are not pronounced and consequently carrier
dynamics can be well described in terms of populations only.
Here, we work in the basis of electron—hole pair states x and
study charge separation by finding a stationary solution to an
appropriate equation for populations f, of exciton states.
Similar to ref 36, we assume that contact states act as absorbing
states in the course of charge separation; that is, once an
exciton reaches a contact state, it is removed from the system.
This removal may be interpreted as the extraction of the fully
separated electron and hole at the electrodes. Therefore, we
find the stationary solution to equations for populations f, of
exciton states x that do not belong to the group of contact
states (further denoted as C). These equations are Pauli master
equations in which the interaction with the phonon bath leads
to transitions between exciton states. The time evolution of the
population of exciton state x & C is described by

4,
dt

=g —n S, ~ Lo, + X wy

x'¢C (10)

where g, is the generation rate of state x (the number of
excitons generated per unit time in state x), 7, is the lifetime of
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exciton state x, w,, is the rate of phonon bath-induced
transition from state x to state x’, while the condition x’ ¢ C on
the summation in the fourth term is due to the assumption of
absorbing contact states.

We are searching for the stationary solution ﬁ to eq 10,
which satisfies

—1,0 0 0
0=g -7, f — Z weof . + Z Wef o o
x' x'¢&C

With the stationary populations of exciton states at hand, we
can compute the separation probability:

_ 2x’EC szsc %’xf:
Dec8, (12)

@

and the recombination probability:

_ Zgcn f
2ogcs, (13)
Using eq 10, it can be shown that ¢ + p = 1. Different choices
of g. allow us to investigate incoherent charge separation
starting from different initial states.
The phonon bath-assisted transition rates from exciton state
x to exction state x', w,,, can be obtained using the Fermi
golden rule. First, it is convenient to rewrite the carrier—
phonon bath interaction H,_,, (eq 4) in the relevant subspace of
single electron—hole excitations as'®

H._,= Z Fif/x'x’Xxl(biZ + by)
x‘;x (14)

where the interaction constants in the exciton basis read as

7 c o al¥ x
Fow= ; Z 8iga¥ja) )V i) 1)
)Y

-2 Z 8iaa¥(ia) i) i) (1)
o b (15)
Therefore, the phonon bath-assisted transition rate from state x

to state x’ is

Wex = 27” Z |Fﬁ/x|25(hwx’ - hwx - ha)ﬁ)nBE(ha}}L)
il

+ %” 3 Ro(ha, — ha, + hay)(1 + ngg(he,))
iA

(16)
where nyz(E) = (¢”f — 1)7! is the Bose—Einstein occupation
number at temperature T = (k)" The right-hand side of eq
16 can be simplified by assuming that all of the interaction
constants giz; and g, ; are independent of site and band indices

and equal to g;. Introducing the spectral density J(E) by

J(E) = Z lg P6(E — hw,)
A (17)

we obtain

X

2r
W, = 7Px,x](|ha)x, - ho )n(ho, — ho,) (18)

where
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whereas
nye(E), E > 0
n(E) =
1+ ny(—E),E<0 (20)

The transition rates w,,, do not depend solely on the energy
difference fiw,, — Aw, between exciton states x" and x, but also
on spatial properties (e.g, spatial localization and mutual
overlap) of these states, which is described by quantity P, (the
so-called spatial proximity factor). The spatial proximity factor
between exciton states of the same character is in general much
larger than that between states of different characters. In other
words, for the same energy difference iw, — hw,, the
transition probability w,., (eq 18) is much larger when states «’
and x are of the same character than when their characters are
different. The last point will be repeatedly used in further
discussion.

Parametrization of the Model Hamiltonian. The values
of model parameters used in our computations are summarized
in Table 1. They are selected so that the values of band gaps,

Table 1. Values of Model Parameters Used in Computations

parameter value
N 30

I 11

a (nm) 1.0
U (eV) 0.65
£ 3.0
€ho (eV) 2.63
J85 (V) 0.1
€ho (eV) -0.3
J55 (eV) -0.15
€50 (eV) 1.565
&5, (eV) 1.865
J3a (eV) 0.05
Tt (eV) 0.025
T (eV) 0.02
€ho (V) -1.03
Jia (eV) -0.15
Ton (eV) 0.1
Tha (eV) —-0.1
6 (meV) N

n 1S
E. (meV) 10

7o (ps) 250
A 0.5
T (K) 300

bandwidths, band offsets, and binding energies of the donor,
acceptor, and CT exciton that emerge from our model are in
agreement with the literature values for typical OPV materials.
While the present values are largely chosen to be representative
of the P3HT/PCBM interface, we emphasize that our aim is to
unveil fundamental physical effects responsible for very efficient
charge separation at an all-organic bilayer. Therefore, many of
the parameters listed in Table 1 will be varied (within
reasonable limits), and the effects of these variations on charge
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separation yield will be rationalized. This is also of practical
relevance, because the trends observed in such variations may
suggest which material properties should be tuned to maximize
the separation efliciency.

Actual computations are performed on the model system
having one single-electron level per site in the donor and one
single-hole level per site in both the donor and the acceptor. To
mimic the presence of higher-than-LUMO orbitals energetically
close to the LUMO level, which is a situation typical of
fullerenes,*”*" we take two single-electron levels per acceptor
site. The HOMO level of the ordered donor material is taken as
the zero of the energy scale. The model is schematically
depicted in Figure 1. The choice of the values of model

- =

Jint
3 7 F
B o i)

(A2) £F10ug

Disorder-averaged
DOS (arb. un.)

Coordinate

Figure 1. Schematic view of the model system indicating different
transfer integrals and average on-site energies listed in Table 1. The
dashed lines represent average on-site energies, while the solid lines
represent actual on-site energies, which vary from site to site due to
the diagonal static disorder. The contact region of the bilayer is
denoted by rectangles. F is the vector of the interfacial electric field.
The plot on the right presents the single-particle DOS for electrons in
the isolated acceptor (full line) and donor (dashed line) regions of the
bilayer averaged over different disorder realizations. For each disorder
realization, the electronic states of the isolated regions are obtained by
diagonalizing the free-electron Hamiltonian (the first term on the
right-hand side of eq 2) in which the D/A coupling J},, is set to 0. The
DOS for that disorder realization is computed by broadening each of
the single-electron states obtained by a Gaussian whose standard
deviation is equal to 10 meV.

parameters is almost the same as in our recent investigation of
ultrafast dynamics at a D/A heterointerface.'® Therefore, here,
we only briefly summarize the essential features of this
parameter set, while the details can be found in our recent
article.

Within each region of the bilayer, the on-site energies of
electrons and holes are drawn from a Gaussian distribution
function. For example, the probability density that the energy of
the electron on donor site i (0 < i < N — 1) is in the vicinity of
€7 can be expressed as

c c \2
c 1 (51',0 - 8D,0)
£, = exp| —
f( 1,0) O 21 262 (21)

where €p,, is the average electron on-site energy in the donor,
and o is the standard deviation of the Gaussian distribution. We
assume that the deviations of on-site energies from their
average values are uncorrelated; this assumption regards both
on-site energies of electrons (holes) on different sites and on-
site energies of electrons and holes on the same site. The
disorder strength is determined by parameter ¢, which typically

assumes values of the order of 100 meV.** To obtain analytical
insights into charge separation efficiency, we opt for a lower
value of 0 = 50 meV, which does lead to localization effects, but
does not completely destroy charge delocalization. Moreover,
the disorder-averaged values of relevant quantities, such as
exciton binding energies, LUMO-LUMO, and HOMO-
HOMO offsets, assume values that are quite close (within
few tens of meV) to the respective values in the ordered
system, which will thus often be used in the discussion.

The lattice constant a is comparable to typical distances
between neighboring constitutive elements of ordered poly-
mers” (fullerene aggregates™). The number N of lattice sites
in the donor and acceptor is then chosen so that the length of
the model bilayer is similar to the linear dimensions of the
polymer/fullerene bilayers used in experiments.”**”** Our
choice of the value of the hole transfer integral Jii' is motivated
by the literature values of the HOMO bandwidth along the 7-
stacking direction of the regioregular P3HT*>** and the values
of the hole transfer integral along the 7-stacking direction of the
same material."””** Such a choice tacitly assumes that the hole
transport in the donor part of the bilayer takes place among
different polymer chains. However, our Hamiltonian is quite
general, so that a different selection of the values of its
parameters can describe a different physical situation, for
example, the hole transport along a polymer chain. The single-
particle and optical gap of the ordered donor part of the bilayer
are tuned to be around 2.43 and 2.0 eV, respectively,”* so
that the exciton binding energy of the ordered donor material is
around 0.43 eV. The electronic parameters of the acceptor

(transfer integrals A’ff)‘t, A’f’ft, and J§57 and the energy difference
€51 — €ap between average values of electronic on-site

energies) are selected so that the single-electron density of
states (DOS) of the ordered acceptor part reproduces the most
important features of the DOS of fullerene aggregates.*””" The
single-particle gap and the binding energy of the ordered
acceptor part are tuned to the values of around 2.2 and 0.45
eV.”” The values of the LUMO—-LUMO (ca. 0.97 €V) and
HOMO-HOMO (ca. 0.73 eV) offsets between the donor and
acceptor part of the ordered bilayer are chosen by adjusting the
energy differences Ayxp cr and Ay, cr between the lowest
excited state of the heterojunction (the lowest CT state) and
the lowest exciton states in the donor and acceptor to the
typical literature values.*”***> The magnitudes of the transfer
integrals Jp, and J), between the two materials are taken to be
similar to the values obtained in ref 54.

For the spectral density of the phonon bath, we take the
Ohmic spectral density:”’

J(E) = nE e /% (22)

which is characterized by two parameters: the dimensionless
parameter # describes the strength of the system—bath
coupling, while E_ is the energy cutoff determining the energy
range of phonon modes that are strongly coupled to the system.
For the Holstein-like system—bath coupling and in the limiting
case of a charge carrier localized on a single lattice site, the
polaron binding energy is given by E, = Xlg;*/ (hw;).** In
terms of spectral density J(E), and specifically for the Ohmic
spectral density, the polaron binding energy can be expressed as

e JE)
EP°1‘fo dE=— =k (23)

DOI: 10.1021/acs.jpcc.8b03114
J. Phys. Chem. C 2018, 122, 10343-10359



The Journal of Physical Chemistry C

It is equal to the geometry relaxation energy A, upon chargin%
a molecule and to one-half of the reorganization energy Aremg.5
In ref 40, the relaxation energy of the PCq(,BM anion was
estimated to be A, = 15 meV. The authors of ref 57 found that
the polaron binding energy in a long straight polythiophene
chain is of the order of 10 meV. We use these estimates and
take the polaron binding energy E,, = 15 meV (the
reorganization energy is then A, = 30 meV). We assume
that the system—bath coupling is strongest for the low-
frequency phonon modes and therefore take that E. = 10 meV
and 7 = 1.5. All of these assumptions will be reassessed in the
Discussion.

There are different kinds of recombination processes that
limit the efficiency of organic solar cells.”® The recombination
of an electron—hole pair that originates from the absorption of
a single photon is geminate recombination. On the other hand,
an electron and a hole undergoing a nongeminate recombina-
tion event do not originate from the same photon. Here, we
consider only geminate recombination, which at a D/A
interface may occur as (a) the recombination of excitons
photogenerated in a neat donor or acceptor material, or (b) the
recombination of excitons in CT states. The recombination can
be further classified as radiative or nonradiative. In neat
polymers, recombination predominantly occurs via non-
radiative processes.”” In D/A blends, the major part of charges
recombine nonradiatively either at the interface or in the donor
material.®° However, there is no simple model that describes
the rate of nonradiative recombination in terms of microscopic
material properties. It is intuitively clear that the smaller is the
overlap between the electron and hole probability densities, the
smaller is the rate of their recombination and the larger is the
lifetime of the pair. In previous model studies of charge
separation at D/A interfaces, the last point has been recognized
as the steep dependence of the exciton lifetime on the
electron—hole separation,®’ so that the recombination is
assumed to occur exclusively from the strongly bound CT
state,’>**°! or a formula describing the aforementioned
distance dependence is proposed.’”® Here, to each exciton
state x, be it a state in the neat material or a CT state, we assign
the lifetime 7, that is inversely proportional to the weighted
overlap of the electron and hole wave function moduli:

2N-1 -1

N-1
=) BN+ Ay D 1l

i=0 i=N (24)

In the last expression, the moduli of the wave function of the
electron and hole in exciton state x are defined as

x,ep x 2
™1 = Z Z |W(jai)(iﬁi)|
B jo (25)

AEDY Z Wiay i)

o i (26)

while 7, and A, are constants that are determined so that the
lifetimes of the lowest CT, XD, and XA states in the ordered
system agree with the values reported in the literature. The
expression for the lifetime given in eq 24 captures the
previously described trend. Singlet exciton lifetimes in a variety
of conjugated polymers used in organic solar cells are of the
order of hundreds of picoseconds.”” Time-resolved photo-
luminescence measurements yield the singlet exciton lifetime in
neat P3HT around 470 ps and in neat PCBM around 740 ps.”*

From the transient absorption measurements performed in
blends of P3HT and different fullerenes, the lifetime of the CT
state was determined to be around 3 ns.”’ For the values of
model parameters listed in Table 1, the lifetime of the lowest

CT state in the ordered system is 7% ~ 2.5 ns, the lifetime of

the lowest XD state in the ordered system is 7%3 ~ 400 ps, and
the lifetime of the lowest XA state in the ordered system is 7%

~ 800 ps.

B NUMERICAL RESULTS

In this section, we present the results concerning the yield of
charge separation starting from CT and donor states. In all of
the computations, we average over different disorder
realizations, and all of the results to be presented are averaged
over 256 disorder realizations. To facilitate the discussion, in
Figure 2a—e we present disorder-averaged DOS for different

XD CT,CT,band contact  CT, CT, band XA
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Figure 2. Disorder-averaged exciton DOS (in arbitrary units and at F =
0) for (a) donor exciton states, (b) CT states belonging to CT, band,
(c) contact states, (d) CT states belonging to CT, band, and (e)
acceptor exciton states. The horizontal arrows in (a) indicate
approximate energies of XD states serving as initial states of charge
separation. The vertical double-sided arrow in (b) indicates the energy
range of the CT states acting as initial states of charge separation. The
DOS in a single disorder realization is obtained by broadening each
exciton level by a Gaussian whose standard deviation is equal to 10
meV.

groups of exciton states. Similar to our recent study, we
discriminate between CT states belonging to CT, and CT,
bands.'® We say that a CT state belongs to the CT, (CT;)
band if its electron primarily belongs to the electronic band in
the acceptor part of the bilayer arising from the single-electron
level of average energy &3, (€5,)-

Charge Separation from the Strongly Bound CT State.
As starting states for the charge separation process, here we
consider CT states belonging to the CT,, band. One particular
CT state out of all of the states in the CT, band is chosen by
requiring that the mean electron—hole separation, which for
exciton state x reads as

(Feon)e = Z li — jlh”(’icai)(j/)})
ia;
p 27)

2
|

be minimal. We will further refer to such a state as the strongly
bound CT state. The strongly bound CT state is located on the
lower edge of the disorder-averaged DOS of CT excitons
belonging to the CT band; see the vertical double-sided arrow
in Figure 2b. We set the generation rate g, appearing in eq 10
to be different from zero only for the strongly bound CT state.
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The field-dependent separation yield from this state is
presented by circles in Figure 3a. The separation yield is above
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Figure 3. (a) Field-dependent yield of charge separation from the
strongly bound CT state. The data labeled by “full” are obtained by
numerically solving eq 10, while the data labeled by “simple” are
computed using eq 34. The low-energy edges of the disorder-averaged
DOS (full lines) for (b) contact states and (c) CT states belonging to
the CT, band. The bars depict histograms of the distribution of the
energy of (b) the lowest-energy contact state and (c) the initial
strongly bound CT state. The width of the bins on the energy axis is
10 meV, while F = 0.

0.6 for all of the examined values of the electric field down to F
= 0. Figure 3b presents the low-energy tail of the DOS of
contact states (see Figure 2c) along with the distribution of
energies of the lowest-energy contact state. Figure 3¢ shows the
low-energy tail of the DOS of CT states (see Figure 2b)
together with the distribution of energies of the initial strongly
bound CT state. The disorder-averaged energy difference
between the lowest-energy contact state and the initial CT state
may serve as an estimate of the average energy barrier that an
electron—hole pair in the initial CT state has to surmount to
reach the nearest free-charge state. We obtain the average
barrier of approximately 0.13 eV (~S kgT at room temper-
ature), which is lower (at least by a factor of 2) than usually
assumed when considering separation of the strongly bound
CT exciton.®* Further discussion reveals that the actual barrier
to be overcome is smaller than the energy difference between
the lowest-energy contact state and the initial CT state. The
intermediate CT states, lying between the initial CT state and
the lowest-energy contact state and exhibiting larger electron—
hole distances as compared to the initial CT state, are crucial to
the successful separation of the initial strongly bound pairs.
Stronger electric field is beneficial to exciton separation, which,
combined with the fact that the separation yield is above 0.5
even at F = 0, implies that it exhibits relatively weak
dependence on the magnitude of the electric field.

It is instructive to analyze the results presented in Figure 3a
from the viewpoint of single disorder realizations. In Figure
4a—d we present distributions of the separation yield in single
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Figure 4. Histograms showing the distribution of the yield of charge
separation from the strongly bound CT state for different strengths of
the electric field: (a) F = 0, (b) F = 10° V/m, (c) F = § X 10° V/m,
and (d) F = 10’ V/m. The width of the bins for the separation yield is
0.0S.

disorder realizations at different strengths of the electric field. A
distinctive feature of all of the histograms is a quite small
number of disorder realizations for which the separation yield
assumes values in an intermediate range (say between 0.2 and
0.8). Even at zero electric field, the number of disorder
realizations in which the separation yield is high (above 0.8) is
greater than the number of those in which the separation yield
is low (below 0.2), which can account for the mean separation
yield above 0.5 even at zero field. As the electric field is
increased, the number of disorder realizations in which the
separation yield is low or intermediate decreases, while the
number of disorder realizations in which the separation yield is
high increases; see Figure 4b—d. At F = 107 V/m, the
separation yield is between 0.95 and 1 for somewhat less than
90% of disorder realizations, see Figure 4d, meaning that the
mean yield is close to 1. Relevant to this discussion are also the
relative positions of the lower-energy tails of the DOS of CT
states belonging to the CT, band and the DOS of contact
states, which are presented in Figure Sla—d. We observe that
the effect of increasing F on the DOS tails consists of
decreasing the energy difference between the edges of CT and
contact DOS. For sufficiently strong field, the lowest contact
state is situated energetically below the strongly bound CT
state.

We now establish which factors primarily determine the
separation yield and propose an analytical formula that is
capable of reproducing the separation yield in single disorder
realizations (and consequently the mean separation yield) quite
well. Let us begin by noticing that the initial CT state is usually
strongly coupled (by means of phonon bath-assisted
transitions) to only a couple of exciton states, which are of
CT character and whose electron—hole separation (and
consequently the lifetime) is larger than in the initial CT
state. We further refer to these states as intermediate states.
Moreover, intermediate states are in general very well coupled
to other space-separated states, meaning that, in principle, there
is no kinetic obstacle for an exciton in the intermediate state to
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undergo a series of phonon bath-assisted transitions in which
the electron—hole separation gradually increases, and finally
reach a contact state. However, because the coupling among the
initial state and intermediate states is appreciable, the
“implosion” of the pair, that is, the back-transfer from
intermediate states to the initial CT state followed by the
recombination event, should not be omitted from the analysis.
The recombination from intermediate states, as well as from all
of the subsequent states paving the way toward contact states, is
not probable, because the lifetimes of all of these states are
quite long as compared to the inverse transition rates among
them. In other words, the recombination occurs almost
exclusively from the initial CT state. We may therefore assume
that the only rate-limiting step during charge separation is the
escape from the initial strongly bound CT state x;,. The
separation yield is then determined by the competition between
the recombination rate in the initial CT state, the escape rate
from the initial CT state toward intermediate states, and the
back-transfer rate from intermediate states to the initial CT
state. This competition may be described using a simple kinetic
model whose variables are populations of the initial CT state
and intermediate states (which are considered as a single state).
Recombination is possible only from the initial CT state, while
contact states may be reached from intermediate states. The
stationarity of the initial CT state population fo;, demands that

0
Sinit — ( Tinit + Winter, mlt)flmt ~ Whnit,inted inter (28)

while a similar condition for the stationary population f3,
intermediate states reads as

ter

0
( 1mt mter contact,mter)f inter mter,initf init (29)

In eqs 28 and 29, g is the generation rate of the initial CT
state, Ty is its lifetime, Wi, in; is the total escape rate from the
initial CT state x;,;, toward intermediate states x;

Winter,init = Z Wxinterxinit
Xinter (30)
and w;

mitinter 18 the total back-transfer rate to the initial CT state
from intermediate states:

init,inter — Z wxinitxmter

w.
Xinter (3 1 )

inter®

The total escape rate from all of the intermediate states toward
contact states is

contact inter —

Z z xfxmter

Xinter  Xf (3 2)

where, for each intermediate state x;,., the summation over
final states x; is carried out only over the states from which
further transitions toward contact states are possible (it should
not include the transitions back to the initial CT state). An
adaptation of eq 12 to the problem at hand gives the following
expression for the separation yield:

0
Wcontact, inter jpter

Einit (33)

§0:

Combining eqs 28, 29, and 33, we obtain the following
expression for the separation yield:

1

—1 Winit inter
1+ (Tlmt mter,init) (1 + )

(p:

Weontact,inter

(34)

We point out that all four quantities (Zin Winteriniv Winitinter and
Weontactinter) €Ntering eq 34 are characteristic of each disorder
realization; that is, eq 34 contains no free parameters. It is then
remarkable that it reproduces quite well the field-dependent
separation yield for each disorder realization, and consequently
the disorder-averaged separation yield, which is presented by
squares in Figure 3a.

The preceding discussion suggests that the barrier the initial
CT exciton has to surmount to reach a contact state is
determined by the energy difference Ay, — Aw;,;, between
the initial CT state and the intermediate CT state exhibiting
strongest coupling to the initial state. In Figure 5a,b we present
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Figure S. Histograms showing distributions of energies of (a) the
intermediate CT state (which is most strongly coupled to the initial
CT state) and (b) the initial CT state. The histograms are computed
for F = 0.

distributions of energies of the intermediate (Figure Sa) and
the initial (Figure Sb) CT state at F = 0. We estimate that the
average energy difference (Awy,, — A®y,) is around 0.07 eV,
which is smaller than the average energy difference between the
lowest contact state and the initial CT state. Therefore, already
at F = 0, the average energy barrier opposing the separation
from the initial CT state is ~3 kgT at room temperature. For
stronger F, the height of the barrier decreases, and the barrier is
almost eliminated at F = 107 V/m, as is presented in more
detail in Figure S2a—d.

Equation 34 gives the separation yield that is always an upper
bound to the true separation yield obtained by numerically
solving rate equations embodied in eq 10. Deriving eq 34, we
assume that there is only one rate-limiting step in the process of
charge separation from the initial CT state (the escape from the
initial CT state to intermediate states), while further transitions
from intermediate states toward contact states occur with
certainty. However, in reality, some of these further transitions
may present another obstacle to full charge separation, and, to
fully reproduce the numerical data, eq 34 should be corrected
so as to take other rate-limiting steps into account (it turns out
that such corrections are really important only for strong
enough disorder, vide infra). We can elaborate more on the last
point by noticing that eq 34 is actually a version of the Rubel’s
formula®® that describes the separation of an exciton initially in
state 1 through a series of incoherent hops 1 = 2 =.<n—=n
+ 1 among localized states, which terminates when free-charge
state n + 1 is reached:
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(pRub ol =

1 n P Wy,
1+ (TIWZI) (1 + zizz Hj=2 w;_:) (35)

One of the main assumptions behind the Rubel’s formula is that
the recombination event is possible only from the initial CT
state 1, its rate being 7;'. This assumption is satisfied in our
computations, as we obtain that the major part of
recombination events occurs from the initial CT state, so that
we may identify 7, in eq 34 with 7, in eq 35. The first rate-
limiting step is the escape from the initial CT state to more
separated (and thus longer-lived) intermediate states, which
justifies the identification of Wi, i in eq 34 with w;,, in eq 3S.
Further rate-limiting steps are taken into account in eq 35 by

O
the term ) H;,:z "~ which takes care of the fact that, at

Wi+l

each step j that has to be completed to reach state i, there is a
competition between the escape rate wj,;; toward the free-
charge state n+1 and the back-transfer rate w;_,; toward the
initial state 1. Rubel et al. have assumed that the pathway from
the initial to the final state is such that hops are possible only
between neighboring states in the sequence 1 = 2 2. n —
n+1, while in our model hops are in principle possible among
any two exciton states. Thus, in our model it is difficult to
isolate particular separation paths and ensure that they do not
interfere among themselves. Nevertheless, as evidenced by
quite good agreement between the results presented in Figure
3a, taking into account only the first rate-limiting step is a
reasonable approximation to the full numerical data. This
approximation is, however, plausible only for not too strong
disorder. For stronger disorder, disorder-induced localization
effects become more pronounced, and, on its way toward
contact states, an exciton may reach a state exhibiting strong
localization. Because of its strong localization, this state is
poorly coupled to other states, meaning that it may act as
another recombination center, or it may “reflect” excitons
toward the initial state; that is, it acts as a trap state for charge
separation. Neither of these two possibilities is captured by eq
34; therefore, it cannot accurately reproduce the separation
yield for stronger disorder, as we discuss in the next paragraph.

We continue our discussion on the effects of disorder by
investigating the separation yield for different disorder strengths
o at zero electric field. Along with the data emerging from
numerically solving eq 10, in Figure 6 we present the data
obtained by means of eq 34. We observe that the dependence
of ¢ on ¢ is not monotonic. For very low values of & (typically
6 < 20 meV in our one-dimensional model), contact states are
generally absent from the spectrum (the disorder is so weak
that disorder-induced localization effects are not pronounced),
and consequently the separation yield within our model is
exactly equal to zero in the majority of disorder realizations.
This is different from predictions of other models describing
incoherent charge separation,?’é’37 according to which the
separation yield is different from zero for all of the values of
disorder strength down to ¢ = 0. Therefore, the predictions of
our model are not reliable for too low disorder. Bearing in mind
that typical disorder strength in organic semiconductors is
considered to be of the order of 100 meV,*” the
aforementioned feature of our model does not compromise
its relevance. For stronger disorder (typically o > 20 meV),
contact states start to appear in the spectrum, and their number
grows with increasing 0. At the same time, the average energy
difference (AW, — hw,,,) between the intermediate state and
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Figure 6. Yield of charge separation from the strongly bound CT state
at F = 0 for different strengths ¢ of the diagonal static disorder. The
gray area indicates the range of disorder strength in which the
predictions of our model are not reliable. The data labeled by “full” are
obtained by numerically solving rate equations (eq 10), while the data
labeled by “simple” are computed using eq 34.

the initial CT state decreases (see Figure S3), and the escape
rate Wipeerinie from the initial CT state to intermediate states
increases (see eq 18). Because the disorder is still not too
strong, further separation from intermediate states is much
more probable than the “implosion” of the pair, meaning that
typically Wit inter/ Weontactinter << 1. The last statement, combined
with the fact that 7,; essentially does not depend on o, gives
that the separation yield determined by eq 34 increases with
increasing 0. However, there exists an optimal disorder strength
Op for which the separation yield attains a maximum value, so
that for 6 > o, an increase in the disorder strength leads to a
decreased separation yield. In our numerical computations, o,
is around 60 meV, in good agreement with the results of ref 37,
which also point toward the existence of the optimal disorder
strength. Although for strong disorder the number of contact
states is large, the pronounced disorder-induced localization
starts to impede phonon-assisted transitions among exciton
states. The number of trap states for charge separation (cf,,
previous paragraph) increases, meaning that there is more than
just a single rate-limiting step during the separation of the initial
electron—hole pair. This leads to an increased probability of the
“implosion” of the pair into the initial CT state or the pair
recombination directly from trap states. Therefore, the
separation yield is decreased. As can be inferred from Figure
6, the yield computed using eq 34 (circles) is again an upper
bound to the separation yield obtained by numerically solving
rate equations (eq 10, squares) and approximates it quite well
only for 6 5 0.,y while for ¢ > o, the two separation yields
exhibit opposite trends with increasing disorder strength. While
the true separation yield decreases for 6 > o, the yield given
by eq 34 monotonically increases in the entire examined range
of disorder strength, consistent with the fact that (Aw,,., —
hw,,;) monotonically decreases with increasing 6. Equation 34
does not capture further rate-limiting steps in the course of
charge separation, and the highly successful escape from the
initial CT state to intermediate states does not guarantee full
charge separation.

The apparent simplicity of our model enables us to
systematically study the effects of variations of different
model parameters on the efficiency of charge separation
starting from the strongly bound CT state. Let us first examine
how the variations in the electron delocalization in the acceptor
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(mimicked by variations in the transfer integral J§§") and in the
hole delocalization in the donor (mimicked by variations in the
transfer integral Jii3") affect the separation yield. We obtain that
better delocalization of carriers promotes higher separation
yields; see Figure 7a,b. This can be rationalized using eq 34,
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Figure 7. Field-dependent separation yield from the strongly bound
CT state for different values of (a) the electron transfer integral Jiotin
the acceptor, (b) the hole transfer integral /5" in the donor, and (c)

the on-site Coulomb interaction U.

which determines the separation yield as a function of only a
couple of parameters, and following the variation of these
parameters with varying carrier delocalization. When the
separation yield is high (greater than 0.8 already at zero field
and for the lowest investigated values of J3§‘ and Ji3p), cf,, the
discussion of Figure 4a—d), reasonable variations in J3j' and
JBo do not dramatically influence the separation yield, which
remains high. When the separation yield is low or intermediate
(less than 0.8 at zero field and for the lowest investigated values
of J3o' and J§§), it exhibits a pronounced increase with
increasing transfer integrals Jio‘ and J3§'. Better carrier
delocalization leads to an increase in the escape rate Wi init
from the initial CT state, which, along with the fact that 7,
remains largely unaffected by variations in J§j§' and J§§§, means
that the separation yield determined by eq 34 is higher.

Next, we comment on the variations that the separation yield
undergoes when the magnitude of the on-site Coulomb
interaction U is changed. In Figure 7c we observe that weaker
electron—hole interaction leads to more efficient charge
separation from the strongly bound CT state. Again, this
beneficial effect of weaker Coulomb interaction may be
attributed to the product 7, Wiper e being (on average) larger
for weaker Coulomb interaction. On a more intuitive level, the
trends in the separation yield presented in Figure 7a—c may be
rationalized by following the changes in the disorder-averaged
energy difference (A, — Aw,,;,) with changing the degree of
carrier delocalization and the strength of the electron—hole
interaction. In Figure S4al—c3, we compare values of {(A®;,., —
nw,), as well as the energy distributions of the initial and
intermediate CT state, for different ]ngt, ]‘[’gi,'(;t, and U. We
conclude that better carrier delocalization and weaker
electron—hole interaction favor lower values of (AW, —
hw,y), or, in other words, lower the separation barrier from the
CT state. Let us also note that each of the effects studied can
on its own improve the separation from the strongly bound CT
state, because its binding energy strongly depends both on the

degree of carrier delocalization and on the Coulomb
interaction; compare to the discussion of the results (Figure
1la—c) concerning charge separation from the closely
separated donor exciton state.

We have also studied the temperature dependence of the
process of charge separation from the strongly bound CT state.
We observe an approximately 6-fold decrease in the separation
yield when the temperature is decreased from 300 to 100 K; see
Figure 8a. On temperature reduction from 300 to below 50 K,
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Figure 8. Yield of charge separation from the strongly bound CT state
at zero electric field as a function of (a) the temperature (in Arrhenius
representation) and (b) the LUMO—-LUMO offset. The reported
values of the LUMO—LUMO offset refer to the ordered system.

the separation yield reduces for more than an order of
magnitude. These observations are in agreement with other
numerical studies of charge separation from the strongly bound
CT state,”* and with experimentally obtained temperature
dependence of the photocurrent under an excitation at the low-
energy edge of the CT manifold.*®

The effect of the variations in the LUMO—LUMO offset on
the separation yield was studied by changing average on-site
energies £, €31, and €4, in the acceptor part of the bilayer
(see Figure 1) by the same amount, keeping all of the other
model parameters listed in Table 1 unchanged. In first
approximation, these variations manifest themselves in Figure
2a—e as rigid translations of the DOS of space-separated
exciton states (Figure 2b—d) with respect to the DOS of donor
and acceptor exciton states (Figure 2a,e). Figure 8b presents
the dependence of the separation yield at zero electric field on
the LUMO—-LUMO offset. For the LUMO—-LUMO offset
greater than approximately 0.5 eV, we observe that the
separation yield monotonically decreases with decreasing the
LUMO-LUMO offset; see Figure 8b. A decrease in the
LUMO-LUMO offset leads to a decreased energy difference
between the lowest acceptor (and also donor) state and the
initial CT state; see also Figure 2a—e. We may thus expect that
a sufficient decrease in the LUMO—LUMO offset results in the
involvement of acceptor and donor states in the separation
from the strongly bound CT state. The transitions from the
space-separated manifold toward the acceptor (donor)
manifold are in general much less probable than those inside
the space-separated manifold. However, once an exciton enters
the acceptor (donor) manifold, it can easily recombine, because
the typical lifetime of acceptor (donor) states is shorter than
the lifetime of the initial CT state. In other words, the fact that
acceptor (donor) states participate in the separation of the
strongly bound CT exciton is seen as a decrease in the
separation yield, which is due to the enhanced recombination
from acceptor (donor) states. This is shown in more detail in
Figure S5a,b, which provide data on recombination from
different groups of exciton states. While the recombination
from acceptor states can partially account for the decrease in
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the separation yield observed for LUMO—LUMO offsets below
0.65 eV, the recombination from donor states is reflected in the
decrease seen for LUMO—-LUMO offsets below 0.4 eV. We can
estimate these numbers using Figure 2a—e and having in mind
that the LUMO—LUMO offset for that arrangement of exciton
energies is ca. 0.97 eV. A rigid translation of Figure 2b—d by
approximately 0.3 eV (upward in energy) makes the initial CT
state energetically close to the acceptor states in the low-energy
tail of the acceptor DOS, meaning that they can participate in
the separation of the initial CT state. Similarly, a rigid
translation of Figure 2b—d by approximately 0.55 eV makes
the initial CT state energetically close to the donor states in the
low-energy tail of the donor DOS. However, to understand the
behavior of the separation yield in the whole range of LUMO—
LUMO offsets displayed in Figure 8b, we have to remember
that lower LUMO—-LUMO offset promotes better coupling
between the two parts of the bilayer, which is mediated by the
D/A couplings Jp, and Jh,. As a consequence, reducing the
LUMO-LUMO offset enhances the electron—hole overlap in
CT states, thus decreasing their lifetime and increasing the
recombination from CT states, which is shown in Figures S6
and SSb. Therefore, enhanced recombination from CT states
can explain the decrease in the separation yield observed for
LUMO-LUMO oftsets above approximately 0.65 eV.

Charge Separation from a Donor Exciton State. Here,
we aim at understanding which factors control charge
separation starting from a donor exciton state. In numerical
computations, the generation rate g, appearing in eq 10 is set to
a nonzero value only for donor states. We have noted in our
previous publications that the low-energy (closely separated
and strongly bound) donor states are essentially isolated from
the manifold of space-separated states and thus act as trap states
for the separation of the initial donor excitons on subpico-
second time scales."”'” On the contrary, higher-energy (more
separated and loosely bound) donor states exhibit appreciable
coupling to the space-separated manifold, and we may thus
expect that charge separation starting from these states should
be more probable than that starting from closely separated
donor states.

We perform computations of the yield of the separation of
donor excitons of different energies. We focus on the energy
windows centered around E; = 2.0 eV (the optical gap of the
ordered donor material), E,;, = 2.1 eV, and E,; = 2.2 eV
(significantly above the optical gap of the ordered donor
material), which is indicated by horizontal arrows in Figure 2a.
Because the precise energies of donor states are determined by
the disorder, we choose the initial donor state among the states
that lie in the 50 meV-wide energy windows centered around
the aforementioned energies. One particular donor state out of
the chosen states is selected by the requirement that the
squared modulus of the dipole moment for the direct
generation of donor exciton state x, which is proportional to

2
ZIED;“ s l//(ja,)(i/”,-) ' be maximum. In other words, among

donor states in a given energy window, we select the state
whose direct generation from the ground state is most
probable. Such a choice of the initial donor state is motivated
by our recent computations in which we have observed that
quite a high fraction of photogenerated excitons remain in the
initially photoexcited donor state on a picosecond time scale
following the excitation.'®

In Figure 9, we compare the yields of charge separation
starting from donor states of different energies. As we have
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Figure 9. Field-dependent yield of charge separation starting from
donor exciton states of different energies. The data represented by
filled symbols are obtained by solving the full set of rate equations (eq
10). The data represented by empty circles are obtained by solving the
reduced set of rate equations (eq 36) in case E; = 2.0 V.

expected, charge separation starting from a higher-energy donor
state is more efficient than that starting from a closely separated
donor state. The yield of the separation from a donor state
situated around E;; = 2.2 eV is practically field-independent
and greater than 0.9 for all of the examined values of the electric
field down to F = 0. The yield is somewhat higher for E; ; = 2.2
eV than for E,;, = 2.1 eV. On the other hand, the yield of the
separation from a closely separated donor state (E,;, = 2.0 eV)
is lower: it is almost constant for electric fields F < 5 X 107 V/
m, its value being around 0.6, after which it rises and reaches
values close to 1 at F ~ 10° V/m. The value of the electric field
at which the separation from a closely separated donor state
occurs with certainty is almost an order of magnitude larger
than in the case of charge separation from the strongly bound
CT state, see Figure 3a, which is consistent with the fact that
the binding energy of the donor exciton is larger than the
binding energy of the CT exciton.

Let us now analyze in more detail the separation of the
closely separated donor exciton (E,; = 2.0 eV). Our data
suggest that the major part of recombination events occur from
donor exciton states. This is consistent with the fact that
phonon bath-assisted transitions starting from the closely
separated donor exciton state couple it most strongly to other
donor states, while coupling to the space-separated manifold is
in principle much weaker (we note that its coupling to an
acceptor state is practically negligible). The states of the space-
separated manifold to which the closely separated donor state
can couple are typically well spatially separated, long-lived, and
exhibit good coupling to other space-separated states. In other
words, despite the weak coupling, once an exciton in the closely
separated donor state performs a transition to the space-
separated manifold, it is highly probable that it will eventually
reach a fully separated state. Instead of finding the stationary
solution to the full set of rate equations (eq 10) for all exciton
states (excluding contact states), we may compute the
separation yield by solving the rate equations in which we
explicitly consider only donor states x € XD and treat exciton
states x” that are not of donor character as absorbing states:

-1,0 0 0
0=g —5f) = Dowef, + D wfy
x' x'€XD (36)
The separation yield, computed by inserting the solution to eq

36 into an expression analogous to eq 12, which reads as
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is presented in case E;; = 2.0 eV by empty circles in Figure 9.
We note that the agreement between the two results (full and
empty circles in Figure 9) is quite good, thus validating our
simple picture of charge separation from a low-energy donor
state. The same procedure can be repeated when considering
the separation starting from higher-energy donor states, but the
agreement between the results obtained by solving eq 36 and
the full system of rate equations (eq 10) is worse. An analysis of
recombination events suggests that, in these cases, the acceptor
exciton states are an equally important recombination channel
as the donor exciton states. When the initial donor state is
loosely bound, its direct coupling to acceptor states cannot be
neglected. Further discussion on the limits of validity of the
simple picture of charge separation from donor states embodied
in eq 36 is presented in the next paragraph.

We now turn to the influence of the diagonal static disorder
on the yield of charge separation starting from donor exciton
states of different energies at zero electric field. We focus our
attention on the initial donor states whose energies are around
Eie = 2.0 eV and E; = 2.2 eV. Together with the separation
yield emerging from numerically solving the full set of rate
equations given in eq 10 (the true separation yield), in Figure
10a,b we also present the data obtained by solving the reduced
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Figure 10. Separation yield at zero electric field for different strengths
o of the diagonal static disorder. The initial state of charge separation
is a donor exciton state of energy around (a) E,;;; = 2.0 eV and (b) E;;
= 2.2 eV. The data labeled by “full” are obtained by numerically solving
the full set of rate equations (eq 10), whereas the data labeled by
“simple” emerge from the numerical solution to the reduced set of rate
equations (eq 36). Similar to Figure 6, the gray area indicates the range
of disorder strength in which the predictions of our model are not
reliable.

set of rate equations (eq 36). We observe that the separation
yield exhibits similar trends with varying disorder strength as
when the separation starts from the strongly bound CT state
(cf, Figure 6). In particular, for not too strong disorder, the
yield increases with increasing disorder strength, it attains the
maximum value when the disorder assumes its optimal value,
after which it decreases. For all of the examined values of
disorder strength, the yield of the separation starting from the
donor state of energy E;; = 2.2 €V is higher than in the case
Eyie = 2.0 eV; compare data represented by circles in Figure
10a,b, which again suggests that excitons initially in higher-
energy donor states separate more efficiently than those initially
in lower-energy donor states. While the maximum yield of
separation starting from the donor state of energy E; ;. = 2.0 eV
is around 0.7, the maximum yield in the case E;; = 2.2 €V is
above 0.9. For both initial states of charge separation, the yield
computed by numerically solving the reduced set of rate

10354

equations (squares in Figure 10a,b) is an upper bound to the
true separation yield (circles in Figure 10ab) for all of the
examined values of o. For E;;; = 2.0 eV, the separation yield
computed by solving the reduced set of rate equations
reproduces the true separation yield very well when the
disorder strength is from around 40 meV to around 90 meV,
while for stronger disorder the agreement between the yields
computed in two manners deteriorates. This suggests that, for
moderate disorder strength, our simple picture of charge
separation from the closely separated donor state, embodied in
eq 36, is plausible. At stronger disorder, the localization eftects
become more important, and recombination may occur from
states that do not belong to the donor manifold as well. On the
other hand, the agreement between the two separation yields in
case E;; = 2.2 eV, see Figure 10b, is less satisfactory than that
in case E;, = 2.0 eV.

We have also examined the dependence of the separation
yield starting from the closely separated donor state on the
magnitude of electron (Ji5) and hole (J§§") transfer integrals
in the donor part of the bilayer. We find that reasonable
variations in these quantities do not induce major changes in
the separation yield; see Figure 1la,b. The reason for this
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Figure 11. Field-dependent yield of charge separation starting from
the closely separated donor exciton state (E,;, = 2.0 eV) for different
values of (a) the electron transfer integral J3' in the donor, (b) the
hole transfer integral Jii5' in the donor, and (c) the on-site Coulomb
interaction U.

behavior is the fact that the donor exciton binding energy,
which is a rough measure of the energy barrier that has to be
overcome for free charges to form, is not strongly dependent
on the carrier delocalization in the donor. The factor that
primarily determines the binding energy of the donor exciton is
the strength of the Coulomb interaction. In Figure 1lc we
present the field-dependent separation yield for different values
of the on-site Coulomb interaction U. As anticipated, we find
that lowering U leads to a higher separation yield.

The temperature-dependent separation yield at zero electric
field is shown in Figure 12a. We see that lower temperature
leads to lower separation yield because the phonon bath-
assisted processes transferring an exciton in a donor state to the
space-separated manifold (and, eventually, to a state of fully
separated charges) are weaker. The separation yield exhibits a
6-fold decrease when the temperature is lowered from the room
temperature to around 50 K. The intensity of the temperature
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Figure 12. Yield of charge separation starting from the closely
separated donor state (E,; = 2.0 €V) at zero electric field as a function
of (a) the temperature (in Arrhenius representation) and (b) the
LUMO-LUMO offset. The reported values of the LUMO—-LUMO
offset refer to the ordered system. In (b), we present results in which
acceptor states are included (J},, # 0) and excluded (J},, = 0) from the
computation.

variation-induced effect on the separation yield is somewhat
smaller than in case of the separation starting from the strongly
bound CT state; compare to Figure 8a.

In the end, we examine how the value of the LUMO—
LUMO offset affects charge separation from the closely
separated donor state. Figure 12b presents the separation
yield as a function of the LUMO—LUMO offset for the values
of model parameters listed in Table 1 (J},, # O, circles), as well
as for Jj,, = 0 (squares), that is, when states of acceptor excitons
are excluded from the computation. For the LUMO—-LUMO
offset above approximately 0.6 eV, we observe that the
separation yield in both cases is essentially the same and
weakly dependent on the particular value of the LUMO—
LUMO offset. This indicates that, in this range of LUMO—
LUMO offsets, charge separation starting from the closely
separated donor state does not involve acceptor exciton states,
which once again validates our simple picture of charge
separation from that state (formally embodied in eq 36).
However, when the LUMO—LUMO offset is below 0.6 eV, the
separation yield in case Jh, # O starts to decrease with
decreasing the LUMO—LUMO offset. On the other hand, in
case Jha = 0, a similar decrease in the separation yield is
observed only when the LUMO—-LUMO offset is lower than
approximately 0.4 eV. The different behavior of the separation
yield in the two cases signalizes that, when the LUMO—-LUMO
offset assumes values lower than ca. 0.6 eV, states of acceptor
excitons are involved in charge separation, and the observed
decrease is due to the recombination from acceptor states. As
we have already noted in the analysis of Figure 8b, when the
LUMO-LUMO offset is around 0.6 eV, the low-energy tails of
the CT and acceptor exciton DOS become energetically close.
Further analysis of recombination events from different groups
of exciton states, which is presented in Figure S7, shows that
the contribution of the recombination from acceptor states to
the total recombination probability becomes appreciable when
the LUMO—LUMO offset is around 0.6 eV. When acceptor
states are excluded from the computation, the independence of
the separation yield on the LUMO—LUMO offset is disturbed
when the energy of the strongly bound CT state is
approximately equal to the energy of the initial donor state,
which occurs for the LUMO—-LUMO offset below around 0.4
eV. For even smaller values of the LUMO—LUMO offset, all of
the space-separated states are energetically above the initial
donor state, meaning that full charge separation can be achieved
only by means of energetically upward processes. The decrease
in the separation yield with decreasing LUMO—LUMO offset

can then be attributed to an increased probability of
recombination from donor states.

B DISCUSSION

This section is devoted to a more detailed discussion of some
aspects of our model.

Let us start by commenting on our results in view of the
reduced dimensionality of our model. Although formally one-
dimensional, the proposed model of a bilayer can be regarded
as a two (or three-)-dimensional model consisting of
periodically repeated chains similar to that shown in Figure 1
that are isolated from each other; that is, the transfer integrals
between (neighboring) chains are equal to zero. We have
established that, within our one-dimensional model, the degree
of charge delocalization, quantified by the values of the electron
and hole transfer integrals, is one of the factors influencing the
(CT exciton) separation efficiency; see Figure 7a,b. On simple
grounds, better delocalization is beneficial to charge separation
because it increases the mean distance (in the direction of a
single chain, which is perpendicular to the D/A interface)
between the electron and hole located in the acceptor and
donor, respectively. If we assigned nonzero values to transfer
integrals coupling different chains, the charges could also
delocalize along the direction perpendicular to the chains
(parallel to the D/A interface) and further increase their
separation. Therefore, it may be expected that the separation
yield would be enhanced in such a genuinely two (or three-
)-dimensional model. This line of reasoning is supported by
studies highlighting the beneficial role of hole delocalization
along polymer chains in charge separation,”*” particularly if we
keep in mind that the values of the intrachain transfer integrals
are typically larger than those employed in this study. We may
also say that the separation yields we obtain using an effectively
one-dimensional model are the lower limit to those that would
be obtained in a higher-dimensional system. Another possible
interpretation of our results is that they suggest that, to describe
fundamental reasons for efficient charge separation at all-
organic bilayers, it is more important to properly account for
charge delocalization than for dimensionality effects.

Next, we discuss our assumptions concerning the strength of
the carrier—bath interaction. We take that the polaron binding
energy is E,, = 15 meV, which is significantly lower than values
commonly reported in electronic-structure studies of single
PCBM molecules.””*® The selection of the values of model
parameters implicitly suggests that each lattice site may be
imagined to substitute a polymer chain or a group of fullerene
molecules. In this regard, carrier transfer from one site to
another should not be interpreted as transfer between single
molecules supporting localized carrier states, but rather as
transfer between two aggregates of molecules supporting
delocalized carrier states. It has been demonstrated recently
that, in such a case, the definition of E, (given in the text
between eqs 22 and 23) should be corrected so as to take into
account delocalization effects, which can substantially reduce
EP01.67 Having all of these things considered, we believe that our
choice of the magnitude of E,, is reasonable. Larger E,, (while
keeping all other model parameters fixed) would result in a
higher separation yield, because the phonon bath-induced
transition rates (eq 18) would be larger. In this sense, our
results may also be regarded as the lower limit to the separation
yield computed for larger E,.

Another common choice for the spectral density J(E) (eq
17) when studying charge separation in photosynthetic™ and

DOI: 10.1021/acs.jpcc.8b03114
J. Phys. Chem. C 2018, 122, 10343-10359



The Journal of Physical Chemistry C

OPV systems”"®® is the so-called Drude—Lorentz spectral

density. Because of its algebraic decay at high energies, the
Drude—Lorentz spectral density generally favors coupling to a
wider range of phonon modes than does the Ohmic spectral
density employed here. In Figure S8a—d, we find that the
Drude—Lorentz spectral density promotes higher separation
yield than the ohmic spectral density.

The next comment concerns the number of disorder
realizations over which the averaging is performed and our
definition of the contact region and contact states (eqs 8 and
9). In Figure S9a,b, we present the dependence of the (average)
separation yield at zero electric field on the number of disorder
realizations over which we average. We see that averaging over
more than 200—300 disorder realizations does not lead to
substantial changes in the separation yield. Figure S10ab
confirms that our results remain qualitatively (and to a good
extent quantitatively) the same when the linear dimension I of
the contact region and the threshold probability on the right-
hand sides of eqs 8 and 9 are varied within reasonable limits.

In the end, we note that an approach to the separation of
strongly bound CT state similar to ours (eq 34) has been
recently implemented in ref 37. We point out that eq 34 can,
for moderate disorder, reproduce the separation yield in single
disorder realizations without any tunable parameters. On the
other hand, the authors of ref 37 reproduce the nonmonotonic
dependence of the separation yield on the disorder strength
using a formula similar to eq 34, which contains disorder-
averaged transition rates and a tunable parameter. Let us also
mention that eq 34 bears certain similarity to the exciton
dissociation probability in unintentionally doped polymer
materials proposed by Arkhipov et al.®’ These authors also
assumed that the formation of free carriers is a two-step
process: the initial exciton dissociates by the electron transfer to
the dopant, while the subsequent charge separation is due to
combined effects of the internal electric field, hole delocaliza-
tion, and carrier recombination. However, the phenomenon of
our interest, that is, the formation of free charges at D/A
interfaces, is significantly different from free-charge formation
in lightly doped conjugated polymers. The model introduced in
ref 69 was devised to rationalize the weak field and temperature
dependence exhibited by the free-charge yield in doped
polymers, which is much smaller than unity. To understand
very efficient charge separation at organic D/A interfaces, this
model was further amended in refs 28 and 30-32.

B CONCLUSION

Using a one-dimensional model of an all-organic bilayer, we
have modeled and investigated the process of incoherent charge
separation. Our model is microscopic, its parameters have clear
physical significance, and their values are selected on the basis
of literature data on OPV materials. The main advantage of our
model is that it properly takes into account carrier
delocalization, whose importance for efficient charge separation
in OPV systems has been repeatedly recognized.”®™>%3*>%?
However, many studies on charge separation at organic
heterointerfaces either employ the approximation of point-like
charges,‘q’é"z's'él’70 or account for delocalization effects in an
effective way (e.g, by introducing the carrier effective
mass”®***%3%33 or evenly smearing charge throughout the
delocalization region27). On the other hand, here, carrier
delocalization is fully and naturaly taken into account by
working in the exciton basis. The charge separation is then
conceived as a sequence of environment-assisted transitions

among exciton basis states that terminates once a free-charge
state is reached. Another important ingredient of our model is
the diagonal static disorder, which is crucial to identify the
counterparts of free-charge states within our description. We
emphasize that the model and method employed in this study
are very general. They may be potentially used, upon
appropriate Hamiltonian modifications and suitable choice of
the values of model parameters, to describe field-dependent
charge generation in many different physical systems, for
example, in a neat polymer materal,'””" or at an interface
between two polymer materials.

We obtain that the synergy between moderate energetic
disorder and carrier delocalization can explain quite high and
relatively weakly field-dependent separation efficiencies ob-
served in solar cells photoexcited at the low-energy edge of the
CT manifold;® see Figure 3a. At electric fields typically
encountered in a working organic solar cell (F ~ 5—10 V/
um), the efficiency of the separation of the strongly bound CT
exciton is above 0.8. Our analytical treatment, which is sensible
for not too strong disorder, reveals that the separation of the
strongly bound CT exciton is actually governed by only a
couple of parameters, see eq 34, among which the most
important are the recombination rate from the initial CT state
and the escape rate toward more separated and long-lived
intermediate states. Because further separation from inter-
mediate states can proceed without kinetic obstacles, the
competition between the two aforementioned rates describes
the separation quite well. However, strong disorder destroys
this simple picture, because full charge separation then involves
more than just a single rate-limiting step; compare the two
curves in Figure 6. The remedy may then be enhancing carrier
delocalization; see Figure 7a,b. This result is also in agreement
with conclusions of ref 6, which emphasize that, in most
efficient solar cells, the “cold” CT state is only weakly bound
and quite delocalized. Moreover, we observe a much milder
temperature dependence of the separation yield than the
(predominantly) exponential one predicted by the Onsager—
Braun model, see Figure 8a, in agreement with experimental65
and theoretical studies.’* The fact that larger LUMO—LUMO
offsets favor more efficient free-charge generation out of the
strongly bound CT state is attributed to an increased
recombination probability from acceptor and donor states
observed for smaller LUMO—LUMO offsets; see Figure 8b.

The separation of donor excitons is also quite efficient, and
its yield depends on the exciton energy; see Figure 9. The
electric field required to separate the closely separated donor
exciton with certainty is almost an order of magnitude higher
than that needed to separate the strongly bound CT exciton.
Our results suggest that the separation of the closely separated
donor exciton exhibits only one rate-limiting step, that is, the
escape to the space-separated manifold. Carrier delocalization
does not strongly influence this escape; see Figure 11a,b. The
donor exciton separation shows weak temperature dependence,
see Figure 12a, while its decrease with decreasing the LUMO—
LUMO offset is attributed to the recombination from acceptor
states, as in Figure 12b. Relatively weak disorder is beneficial to
donor exciton separation, while strong disorder suppresses it;
see Figure 10a,b.

In summary, our results provide unambiguous evidence that
efficient charge separation can be achieved even out of stron(gly
bound pair states and are supported by experiments”'’
suggesting that free-charge generation predominantly occurs
on long time scales, from localized initial conditions.
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ABSTRACT: The exciton dissociation and charge separation occurring on
subpicosecond time scales following the photoexcitation are studied in a model
donor/acceptor heterojunction using a fully quantum approach. Higher-than-
LUMO acceptor orbitals which are energetically aligned with the donor LUMO
orbital participate in the ultrafast interfacial dynamics by creating photon-
absorbing charge-bridging states in which charges are spatially separated and
which can be directly photoexcited. Along with the states brought about by single-
particle resonances, the two-particle (exciton) mixing gives rise to bridge states in
which charges are delocalized. Bridge states open up a number of photophysical
pathways that indirectly connect the initial donor states with states of spatially

Energy

separated charges and compete with the efficient progressive deexcitation within the manifold of donor states. The diversity and
efficiency of these photophysical pathways depend on a number of factors, such as the precise energy alignment of exciton states,
the central frequency of the excitation, and the strength of carrier—phonon interaction.

B INTRODUCTION

Tremendous research efforts have been devoted to under-
standing the microscopic mechanisms governing efficient and
ultrafast (happening on a < 100 fs time scale) free-charge
generation observed in time-resolved experiments on donor/
acceptor (D/A) heterojunction organic photovoltaic (OPV)
devices.' ™ The photogenerated exciton in the donor material
is commonly believed to transform into the charge transfer
(CT) exciton.”® In the CT exciton, the electron and hole are
tightly bound and localized at the D/A interface. The Coulomb
barrier preventing the electron and hole in the CT state from
further charge separation and formation of a charge separated
(CS) state is much higher than the thermal energy at room
temperature, so that the actual mechanism of the emergence of
spatially separated charges on such short time scales remains an
open question.””"°

Electronically hot CT states, which are essentially resonant
with the initial states of donor excitons and exhibit significant
charge delocalization,'"'” are believed to be precursors to
separated charges present on ultrafast time scales following the
excitation."”"*~'® The delocalization of carriers can also reduce
the Coulomb barrier and allow the transition from CT to
CS exciton.”'”~"” The ultrafast exciton dissociation and
charge separation are not purely electronic processes, but
are instead mediated by the carrier—phonon coupling.'”*’~*°
The phonon-mediated ultrafast exciton dissociation and charge
separation can proceed via the so-called intermediate bridge
states,”>*° the vibronically hot CT states,’” or can occur
without any intermediate CT state.”* The exciton states of
mixed donor and CS character are found to open up different
photophysical pathways for ultrafast dissociation of initial

-4 ACS Publications  © 2017 American Chemical Society

donor excitons, which are concurrent with vibronically assisted
transitions within the donor exciton manifold.*

We have recently investigated the exciton dynamics occurring
on a subpicosecond time scale following the excitation of the
model D/A heterojunction.”” Our model explicitly takes into
account the physical mechanisms regarded as highly relevant
for the ultrafast heterojunction dynamics, such as the carrier
delocalization and the carrier—phonon interaction. Moreover,
the exciton generation, exciton dissociation, and further charge
separation are treated on equal footing and on a fully quantum
level, which is essential to correctly describe processes taking
place on ultrafast time scales. For the model parameters
representative of a low-bandgap polymer/fullerene blend, we
found that the major part of space-separated charges present
on 100 fs time scales after the excitation originates from the
direct optical generation from the ground state rather than
from the ultrafast population transfer from initially generated
donor excitons. The resonant mixing between single-electron
states in the two materials leads to the redistribution of oscil-
lator strengths between states of donor excitons and space-
separated charges, the latter becoming accessible by direct
photoexcitation.

In this study, we aim at giving a more detailed description of
the ultrafast heterojunction dynamics in terms of particular
photophysical pathways along which it proceeds. In order to
keep the numerical effort within reasonable limits, we still use
one-dimensional model of a heterojunction, but we extend it by
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taking into account more than only one single-electron (single-
hole) state per site. The model parameters are chosen to be
representative of the prototypical blend of poly-3-hexylthio-
phene (P3HT) and [6,6]-phenyl-C¢, butyric acid methyl ester
(PCBM). The aforementioned extension of the model is
important in many aspects. First, the degeneracy of the LUMO,
LUMO+1, and LUMO+2 orbitals of the Cg, molecule is
broken in its functionalized derivative PCBM,**>° giving rise
to three energetically close bands of electronic states of PCBM
aggregates. This fact was shown to be important for efficient
and ultrafast charge separation observed in D/A blends
containing PCBM as the acceptor.'**>*' Upon the function-
alization of Cg, together with the degeneracy of its LUMO,
LUMO+1, and LUMO+2 orbitals, the degeneracy of its LUMO+3,
LUMO+4, and LUMO+S orbitals, which are situated at around
1 eV above the LUMO, LUMO+1, and LUMO+2 orbitals, is
also broken. Second, according to the results of Ma and Troisi,*>
the precise energy alignment of higher-than-LUMO orbitals of
the acceptor can modulate the exciton dissociation rate by
orders of magnitude by opening up new exciton dissociation
channels. The LUMO—-LUMO offset in the P3HT/PCBM blend
can be quite large (around 1 €V)**™*° and thus comparable to
the energy separation between LUMO and LUMO+3 orbitals
of the PCBM molecule. It can therefore be expected that
the electronic states of a PCBM aggregate, which arise from
LUMO+3, LUMO+4, and LUMO+S orbitals of the PCBM
molecule may play nontrivial role in the ultrafast interfacial
dynamics. Surprisingly, it seems that the effect of these orbitals
has not received enough attention in previous model studies
of the P3HT/PCBM heterojunction. The ultrafast electron
transfer observed in ref 36 has been ascribed to the energy
overlap between the state of the photoexcited electron and the
electronic states of the fullerene aggregate. The result presented
in Figure 3e of ref 36 suggests that this overlap involves the
electronic states of the fullerene aggregate stemming from the
LUMO+3, LUMO+4, and LUMO+S5 orbitals of the PCBM
molecule.

Our results indicate that the exciton states in which the
charges are delocalized throughout the heterojunction play a
crucial role in the ultrafast heterojunction dynamics. In the low-
energy part of the exciton spectrum, such states emerge due
to the resonant mixing between different exciton (ie. two-
particle) states, and we denote them as bridge states. However,
in the high-energy region of the exciton spectrum, such states
form as a consequence of the resonant mixing between single-
electron states in the donor and acceptor (states originating
from LUMO+3, LUMO+4, and LUMO+S5 orbitals of the
PCBM molecule). The relevant exciton states of this kind are
those in which the charges are spatially separated (the electron
is mainly in the acceptor, while the hole is mainly in the donor)
and we denote them as photon-absorbing charge-bridging
(PACB) states,””*" since they can be directly reached by a
photoexcitation. Exciting well above the lowest donor state, we
find that excitons are generated in both donor and PACB states,
while the major part of space-separated charges present on a
100 fs time scale following the excitation resides in PACB
states. The deexcitation of initial PACB excitons proceeds via
the donor exciton manifold, while single-phonon-assisted
processes involving a PACB state and CT and CS states
belonging to the low-energy part of the spectrum are virtually
absent. The donor excitons mainly deexcite within the donor
exciton manifold and, before reaching the lowest donor exciton
state, may perform transitions to bridge states, which are

gateways into the space-separated manifold. The lowest donor
state, being essentially decoupled from the space-separated
manifold, is a trap state for exciton dissociation. The bridge
states can be either intermediate or final states in the course of
the charge separation. Once a space-separated state is reached,
the gradual energy loss within the space-separated manifold
leads to the population of low-energy CT states on a pico-
second time scale. The participation of PACB excitons in
the total exciton population strongly depends on the central
frequency of the excitation. The probability of a bridge state
being accessed during the exciton deexcitation sensitively depends
on the distribution of initially generated excitons, the energy level
alignment, and the carrier—phonon interaction strength.

B MODEL AND METHODS

Model Hamiltonian. We use the standard semiconductor
Hamiltonian with multiple single-electron/single-hole states
per site. The model heterojunction consists of 2N sites located
on a one-dimensional lattice of constant a: sites 0,.., N — 1
belong to the donor part, while sites N,..., 2N — 1 belong to the
acceptor part of the heterojunction. The single-electron levels
on site i are counted by index f, so that Fermi operators
C;';’,(Ciﬁ,) create (destroy) electrons on site i and in single-elec-
tron state . Analogously, single-hole levels on site i are
counted by index ¢, so that Fermi operators d:r(,( (di,) create
(destroy) holes on site i and in single-hole state a;. Each site
contributes a number of localized phonon modes and the corre-
sponding Bose operators bj,l (b;,) create (annihilate) phonons

belonging to mode 4; on site i. The Hamiltonian has the form

H=H_+ Hp + Hc_P + H__; (1)
where H, describes interacting carriers

H Z e(lﬂ)Qﬁ )Clﬂ }ﬂ’ - Z e(ta)Qa )dtad]a’

if;
b f"i
1 + ot
+ E Z ‘/ijciﬂlcjﬂj/cj/j]'ciﬂ Z ‘/l}dlL d]Ta dl(l dl(l
/ﬁ 7”1
z if t/id d Clﬂ
o (2)
_ i
H, = z hwiiibiﬂ,bi/li
i, (3)

is the phonon part of the Hamiltonian, H._, accounts for the

c—p
carrier—phonon interaction

- Z Z g,;u Cigciﬁ(biz, +by)
oA

- Z Z ga,l d:;dza(bizl + bi/lt)
4)

whereas H__; represents the interaction of carriers with the
external electric field E(t)

= —E(t) Z d:a/}(ci-i-}idi- + digCip)
iaf, (8

In our model, quantities €Eiﬁ.)(}'ﬁ,’) (e‘(’ial)(ju/,)), which represent

electron (hole) on-site energies and transfer integrals, are
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nonzero only for certain combinations of their indices. Namely,

€Ei/3.)(j/3’) is nonzero when it represents
i J

(1) on-site energy €f; of electron level f; on site i for i = j and
pi=Pis

(2) negative electron transfer integral between nearest
neighbors of band 3, — ]f/;i“t, for i and j both belonging

to the same part of the heterojunction, li — jl = 1, and
pi = ﬂ,/;
(3) negative electron transfer integral between nearest

neighbors of different bands, — ]fﬂeﬁ"t, for i and j both
belonging to the same part of the heterojunction, li —jl = 1,

and ﬂ i # ﬁ j,;

(4) negative electron transfer integral between different parts
of the heterojunctions, — Jp, fori=N—1andj= N or
vice versa.

The Coulomb interaction described by eq 2 is taken into
account in the lowest monopole—monopole approximation
and the interaction potential V;; is assumed to be the Ohno
potential

v
e (1) o

where U is the on-site Coulomb interaction, r; is the distance

between sites i and j, r, = €*/(4meye, U) is the characteristic
length, and &, is the relative dielectric constant. Charge
carriers are assumed to be locally and linearly coupled to
the set of phonon modes (Holstein-type interaction), as
given in eq 4. We assume that the frequency of the
external electric field is such that it creates electron—hole
excitations, the interband matrix elements of the dipole
moment being diy5, and neglect all intraband dipole matrix
elements.

Theoretical Framework. Ultrafast exciton dynamics
governed by the model Hamiltonian defined in eqs 1-S$ is
treated using the density matrix formalism complemented with
the dynamics controlled truncation (DCT) scheme.””*"~*
Exciton generation (from initially unexcited heterojunction) by
means of a pulsed excitation and subsequent evolution of
thus created nonequilibrium state of the system are treated on
equal footing. We consider the case of weak excitation and low
carrier densities. The carrier branch of the hierarchy of
equations produced by the density matrix formalism can
then be truncated retaining only contributions up to the
second order in the exciting field. The truncation of the phonon
branch of the hierarchy is performed to ensure the con-
servation of the particle-number and energy after the pulsed
excitation.*?

It is advantageous to formulate theory in the subspace of
single electron—hole excitations, which is spanned by the
so-called exciton basis. The most general electron—hole pair
state is of the form lx) = Zial l//(fa’) (jﬁ])c;r/%di;IO), where 10) is the

7
vacuum of electron—hole pairs. The exciton basis states are
obtained by solving the eigenvalue problem H/lx) = Aw,lx),

which in the basis of single-particle states localized at lattice
sites reads as

¢ v
Z (5ii’5ala/€(j/f,)(//f/> - 5;‘1"5%’6(@1)0/@
i'a
i'b;
x — x
= OuBaaOy0 sy VidWiian i) = PNy ) )

The operator which creates an exciton in state x is defined
through

T x ot
X, = Z l//(i<z[)(;‘ﬁ’)ci/3,di%
ia;
i (8)
The total Hamiltonian (eq 1), in which we keep only operators
whose expectation values are at most of the second order in the
exciting field, can be expressed in terms of exciton creation and
annihilation operators as

H= ) hoXX, + ), hw,bib,
x i2;

+ 3 UK, + TAXIh,)

xx

X

i

- E(t) 2 (MX, + MX]).
x 9)

Dipole-moment matrix elements for the direct generation
(from the ground state) of excitons in state x are given as

M= 20 D Woyip b
i af (10)

while exciton—phonon matrix elements describing transitions
from exciton state x to exciton state ¥ assisted by phonon (i4;)
are

id; c x* x
Ia= ; 2 8ip1. W) 8t i8)
i %

7

a

i

-2 8iag Vi) 18) (i) 18
7 (11)

Active variables in our formalism are electronic density matrices
¥, = (X,) and ng, = (X1X,), along with their single-phonon-
assisted counterparts y, ;) = (X.by), Yu)' = (Xxb:&), and
(i)™ = (XIX,b}). The equations of motion for these variables

are given in the Supporting Information. Since the phonon
branch of the hierarchy is truncated at the level of second-order
phonon assistance, our treatment of the electron—phonon
interaction does not capture properly the processes with
higher-order phonon assistance, which are important for
stronger electron—phonon interaction. In this case, the feed-
back effects of electronic excitations on phonons would have
to be taken into account as well. To this end, in our recent
publication”” we performed a computation of subpicosecond
dynamics using surface hopping approach (which, however,
treats lattice dynamics classically) and found that the feedback
effects were not very pronounced. In order to treat the electron—
phonon interaction more accurately, other approaches based on
state-of-the-art multiconfigurational techniques,” infinite resum-
mation within Green’s function formalism**** or variational
ansitze for the wave function of electron—phonon system”” can

be used.
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The early stages of our numerical experiment (during and
immediately after the pulsed excitation) are dominated by
exciton coherences with the ground state y, and their phonon-
assisted counterparts. The corresponding coherent exciton
populations ly,/* are not a measure of the number of truly
bound electron—hole pairs and generally decay quickly after the
pulsed excitation, converting into incoherent exciton popula-
tions. This conversion from coherent to incoherent exciton
populations is in our model mediated by the carrier—phonon
interaction. The incoherent exciton populations are defined as

_ 2
Mo = My — by (12)

They represent numbers of Coulomb-correlated electron—hole
pairs and typically exist for a long time after the decay of
coherent populations. The incoherent populations of various
groups X of exciton states are defined as

incoh __ _
Nyt = )

x€X (13)

and are frequently and conveniently normalized to the total
exction population

I\Itot = Z Mex

x (14)

which is conserved after the excitation. Once created from
coherent populations, incoherent populations redistribute
among various exciton states, the redistribution being mediated
by the carrier—phonon interaction. In order to gain insight
into the pathways along which these redistribution processes
proceed, we define energy- and time-resolved exciton
populations @x(E, t) of states belonging to group X as

o (E, t) = NL Y 1 (D6(E — ha) -
tot yeX 15

so that @x(E, t)AE is the number (normalized to N,,) of
excitons from group X residing in the states whose energies are
between E and E + AE. Bearing in mind eq 12, relating the
coherent, incoherent, and total exciton population of state x,
quantity @x(E, t) can be decomposed into its coherent

pNE, ) = — ) Iy (OPS(E — ha,)
J\Ttot x€X (16)
and incoherent part

incol 1 —
Pl (E, t) = N Z . (t)3(E — hw,)

tot xeX (17)

N

The plots of ¢ as a function of E and t provide information
about states in which excitons are initially generated (the
initial exciton distribution) and the time scale on which the
conversion from coherent to incoherent exciton populations
takes place. The plots of 2" as a function of E and t reveal
actual pathways along which (incoherent) excitons are
redistributed, starting from the initial exciton distribution.
Parameterization of the Model Hamiltonian. Our
model is parametrized with the aim of describing ultrafast
exciton dissociation and charge separation in the direction
perpendicular to the D/A interface. Thls is motivated by recent
studies of ultrafast exciton dissociation®® and charge separation'”
in two-dimensional models of a D/A polymeric heterojunction
which have suggested that these processes crucially depend
on the electronic properties and geometry in the direction

perpendicular to the interface. In actual computations, we take
one single-electron level per site in the donor and one single-
hole level per site in both the donor and acceptor. In order to
mimic the presence of higher-than-LUMO orbitals energetically
close to the LUMO level (which is a situation typical of fullerenes),
as well as to investigate the effects of single-electron levels
situated at around 1.0 eV above the LUMO level on the exciton
dissociation, we take four single-electron levels per site in the
acceptor. Different types of electronic couplings are schematically
indicated in Figure 1, while the values of model parameters

B
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Figure 1. Illustration of the model system indicating different transfer
integrals present in Table 1. The plot on the right shows the single-
particle DOS for electrons in the neat donor (blue curve) and acceptor
(magenta curve) materials obtained using the values of relevant
parameters listed in Table 1. The electronic states of the isolated
materials are computed by diagonalizing the free-electron Hamiltonian
(the first term on the right-hand side of eq 2) in which the D/A
coupling is set to 0. The DOS was then calculated by broadening each
of the states obtained by a Gaussian with the standard deviation of
10 meV.

used in computations are summarized in Table 1. These values
are selected so that the main characteristics of the single-
particle and exciton spectrum (band widths, band alignments,
exciton and charge transfer state binding energies) within the
model correspond to the ones observed in P3HT/PCBM
material system. We take the HOMO level of the donor material
to be the zero of the energy scale.

The value of the lattice spacing a agrees with the typical
distance between constitutive elements of organic semicon-
ductors. The number of sites in a single material N = 11 is
reasonable since typical linear dimensions of phase segregated
domains in bulk heterojunction morphology are 10—20 nm.*”
The value of the transfer integral Jii5' was chosen so as to agree
with the HOMO bandwidth along the z-stacking direction of
the regioregular P3HT*** and the values of the hole transfer
integral along the 7-stacking direction of the same material.”>>"
The electron transfer integral Jg§' should be of similar
magmtude as the hole transfer integral along the z-stacking
direction.”® Energies of the single-electron and single-hole
levels in the donor, as well as the on-site Coulomb interaction
U, were chosen so that the lowest donor exciton state is located
at around 2.0 eV, while the HOMO—-LUMO gap (single-
particle gap) is around 2.4 eV, i.e., the binding energy of the
donor exciton is around 0.4 eV.>>

Electron transfer integrals in the acceptor ]f\"f,", A"i?t and
JioL together with the energy difference €}, — €§, between
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Table 1. Values of Model Parameters Used in Computations

parameter value
N 11
a (nm) 1.0
U (eV) 0.65
£, 3.0
€ho (eV) 2.63
B (eV) 0.1
eho (eV) -03
JES (o) ~015
€50 (eV) 1.565
€5, (eV) 1.865
€ (eV) 2.565
€55 (eV) 2.865
T (eV) 0.05
T (eV) 0.025
5 (V) 008
T35 (eV) 0.025
i (V) 002
s (eV) 0.02
55 (eV) 0.02
€ho (eV) -1.03
Ti5t (eV) —-0.15
Joa (eV) 0.1
Toa (eV) -0.1
hwnl(nwV) 10.0
g (meV) 42.0
hwpz(nwV) 185.0
& (meV) 94.0
T (K) 300.0

single-electron states, are chosen to reproduce the most important
features of the low-energy part of the electronic density of
states (DOS) of fullerene aggregates,' > such as the combined
(total) bandwidth of 0.4—0.5 eV and the presence of two
separated groups of allowed states. Let us note that, because of
the reduced dimensionality of our model, we cannot expect to
reproduce details of the actual DOS, but only its gross features.
We therefore believe that taking two instead of three orbitals
energetically close to the LUMO orbital is reasonable within
our model. The electronic DOS in the acceptor produced by
our model is shown in the inset of Figure 1. Magnitudes of
transfer integrals in the acceptor are also in agreement with the
values reported in the literature.”*** We have also included the
single-electron fullerene states which are located at around 1 eV
above the lowest single-electron state. It is well-known that
these states in Cg, are also triply degenerate and that this
degeneracy is lifted in PC4BM. Since we use a model system,
we take, for simplicity, that the degeneracy is lifted in the same
manner as in the case of lowest single-electron levels, i.e., we take
Ko =J335 JX1 = JX5 Jio = JXas and €55 — €3, = €5, — €4,
while €3, — €3 = 1.0 eV. For the magnitudes of the energy
difference €3, — €4, and the transfer integral JX§' listed in
Table 1, the single-particle gap in the acceptor part of the
heterojunction assumes the value of 2.2 eV, which is similar to
the literature values for PCBM.*>*

The energy differences Ayp_cr and Ax, cp between the
lowest excited state of the heterojunction (the lowest CT state)
and the lowest exciton states in the donor and acceptor
respectively, are directly related to LUMO-LUMO and
HOMO-HOMO energy offsets between the materials.
Literature values of Ayxp_cp representative of P3HT/PCBM

blends are usually calculated for the system consisting of one
PCBM molecule and one oligomer and range from 0.7 éV°° to
1.3 eV.** Liu and Troisi*® obtained Ayxp_cr = 0.97 eV and
pointed out that taking into account partial electron
delocalization over fullerene molecules can significantly lower
the XD-CT energy difference. For parameters listed in Table 1,
Axp_cr = 0.68 eV, which is a reasonable value, since we do
account for carrier delocalization effects. The LUMO—-LUMO
offset AE},, (see Figure 1) produced by the model parameters
is around 0.96 eV and the lowest CT state is located at 1.32 eV.
The energy difference Ay, ¢t = 042 eV, so that the HOMO—
HOMO offset is around 0.73 eV and the lowest XA state is
approximately at 1.74 eV, both of which compare well with
the available data.”” The magnitudes of the transfer integrals J§,,
and Jj, between the two materials are taken to be similar to the
values obtained in ref 28.

Interband matrix elements of the dipole moment di,; are

assumed not to depend on band indices a,f; and to be equal on
all sites belonging to the single material, d, 5 = dp for i = 0,.., N
— 1 and djzy = dy for i = N,.., 2N — 1. Since the focus of our

study is on the dissociation of donor excitons, in all the
computations we set di = 0

We assume that each site contributes one low-frequency and
one high-frequency phonon mode. The energies of the phonon
modes, as well as the carrier—phonon interaction constants,
are taken to be equal in both parts of the heterojunction.
The phonon mode of energy 185 meV, present in both
materials, was shown to be important for ultrafast charge
transfer in the P3HT/PCBM blend,26 while low-energy
(5 10 meV) phonon modes of P3HT exhibit strong coupling
to carriers.”® The strength of the carrier—phonon interaction
can be quantified by the polaron binding energy, which can be
estimated using the result of the second-order weak-couplin%
perturbation theory at T = 0 in the vicinity of the point k = 0

2 2 g2 1
epol — ePol — S0
b bi Zl 2|]| o\ 2
= (1 + "“) -1
211 (18)
where €E,°,-1 are the contributions of high- and low-frequency
phonon modes to the polaron binding energy. The values of
g1 and $2 in Table 1 are obtained assuming that €l = 50 meV
and ef] = eﬁ"zl and setting IJl = 125 meV.
Classification of Exciton States. The classification of

exciton states is unambiguous only for Jp, = Jp = O

(noninteracting heterojunction), when each exciton state
©
Wia)s) can be classified as a donor exciton state (XD), a

i=1

space-separated state, an acceptor exciton state (XA) or a state
in which the electron is in the donor, while the hole is in the
acceptor (eDhA). Because eDhA states are very well separated
(in energy) from other groups of exciton states, we will not
further consider them. In the group of space-separated states,
CT and CS states can further be distinguished by the mean
electron—hole distance

© o
(r_p)y@ = Z Iy/(fai)(jﬂ/)l li =l
i
" (19)

If the electron—hole interaction is set to zero, the mean
electron—hole distance for all the space-separated states is equal
to N. For the nonzero Coulomb interaction, we consider a
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space-separated state as a CS state if its mean electron—hole
distance is larger than (or equal to) N, otherwise we consider it
as a CT state.

In general case, when at least one of J5,, Jpa is different from
zero (interacting heterojunction), it is useful to explicitly
separate the D/A interaction from the interacting-carrier part of
the Hamiltonian (eq 2),

H. = Hc(o) + Hp, (20)
where
— c T
Hpy=—J5, D, <C(N_1)ﬁN_IcN/,N +Hec )
N-1
Py
v +
+ Jpa az (d(N—l)aN,ldNaN + H. c )
N—-1
ay (21)

is the D/A interaction, and H'®' describes interacting carriers
at the noninteracting heterojunction. Exciton states of the non-

©
interacting heterojunction yf{j,)() and corresponding exciton

energies Aw,® are obtained solving the electron—hole pair
eigenproblem of HY). Exciton states of the interacting hetero-
junction /iy (;s) are linear combinations of exciton states of the

noninteracting heterojunction

©
Viain) = 25 CiWiapi
J NO) J (22)
and their character is obtained using this expansion. Namely,
for each group X of the exciton states of the noninteracting
heterojunction, we compute the overlap of state x (of the
interacting heterojunction) with states belonging to this group

2
IC,..0l
oo (23)

The character of state x is then the character of the group x©
for which the overlap Ci is maximum.

The electron in a space-separated state is predominantly
located in the acceptor part of the heterojunction, while the
hole is located in the donor part. Since there is a number of
single-electron levels per acceptor site, the electron in a space-
separated state can be in different electronic bands originating
from these single-electron levels. A useful quantity for further
classification of space-separated states is

X —_
Cro =

2N-1

5B = 20 X Wi
j=N ia,

i (24)

which represents the conditional probability that, given that the
electron in state x is in the acceptor, it belongs to the electronic
band stemming from the single-electron level §. The index of
the electronic band S, to which the electron in space-separated
state x predominantly belongs is then the value of § for which
the conditional probability p, is maximal. In other words, space-
separated state x belongs to the CTp, band.

Let us note here that, because of the large energy separation
between the lower two (0 and 1) and the higher two (2 and 3)
single-electron levels in the acceptor, the electronic coupling
Ji55 which couples space-separated states belonging to CT,
and CT bands to the ones belonging to CT, and CT; bands, is
not effective. Therefore, the space-separated states from CT,
and CT; bands are very weakly mixed with (and essentially

isolated from) space-separated states of CT, and CT; bands,
which permits us to separately analyze these two subgroups of
space-separated states.

Role of the Donor—Acceptor Coupling and the
Resonant Mixing Mechanism. In this section, we show
that the D/A coupling is at the root of the resonant mixing
mechanism, which explains the presence of space-separated
(and XA) states that have a certain amount of donor character,
can be reached by means of a photoexcitation, and act as
gateways to the space-separated manifold for the initial donor
excitons. However, the precise role of the D/A coupling is
different in different energy regions of the exciton spectrum.
In the low-energy region of the exciton spectrum, which is
dominated by the space-separated states belonging to CT,
and CT, bands, this coupling leads to the resonant mixing
of two-particle (exciton) states. On the other hand, in the
high-energy region of the exciton spectrum, in which space-
separated states belong to CT, and CT; bands, it gives rise to
the resonant mixing of single-electron states in the donor and
acceptor.

To better appreciate the role of couplings Jha, Jpa it is
convenient to schematically represent exciton wave functions

V/(C;:)Uﬁ;) and Y, () in the coordinate space. For the clarity of

the discussion, we assume that we have only one single-electron
and single-hole state per site throughout the system. This
assumption does not compromise the validity of the conclusions
to be presented in the case of more single-particle states per site.
On the abscissa of our coordinate space is the hole coordinate,
while the electron coordinate is on the ordinate.

The wave functions of exciton states x® of the non-
interacting heterojunction are confined to a single quadrant of
our coordinate space, see Figure 2a. For example, the wave
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Figure 2. (a) At the noninteracting heterojunction, the wave function
of each exciton state is confined to a single quadrant in the position
space of the electron and hole. (b) The points at which the sums in
eq 26 are evaluated: the points relevant to the computation of the first
and the second sum are grouped by red ellipses, the points relevant to
the computation of the third and the fourth sum are grouped by blue
rectangles.

function of a donor exciton state is nonzero only when both
electron and hole coordinates are between 0 and N — 1, and
similarly for other groups of exciton states. Because of the D/A
interaction Hp, (eq 21), exciton states x of the interacting
heterojunction are mixtures of different exciton states x©) of the
noninteracting heterojunction, see eq 22. Therefore, the
wave function of a general exciton state at the interacting
heterojunction is not confined to the quadrant which is in
Figure 2a labeled by its prevalent character, but is nonzero also
in other quadrants. The D/A interaction Hp, is written in the
noninteracting-heterojunction exciton basis as
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Hp, = z hE(O)x(D)W(O))(x(OH
o (25)

with
7@ MO

h0,0 = =Jp, Z Wikay(v-1,8,_ Wka) (NB)
ka
/jN—alkﬂN
. mO» NO)
~ Joa kz Wik g )W ka) (N-1,8,_,)
Y

Pn-1PN
O RO

+ I 2 YN = 1,ay_) (5, ¥ (N (85,)
kﬂk

an-—1aN
v oM O
+ Jpa kzﬁ: Y (Na) (k)N -1y (K5,
anotoy (26)

The points at which the sums in the last equation (disregarding
band indices) are to be evaluated are presented in Figure 2b.
The first two sums in eq 26 are nonzero only when one state is
of XD, and the other is of space-separated character. Similarly,
the other two sums in eq 26 are nonzero only when one state is
of XA, and the other is of space-separated character. Therefore,
if Joo # 0 and Jp, = 0, XA states of the interacting
heterojunction are identical to XA states of the noninteracting
heterojunction, while XD (space-separated) states of the
interacting heterojunction are generally combinations of XD
and space-separated states of the noninteracting heterojunction.
Similarly, if Jp, = 0 and J5, # 0, XD states of the interacting
heterojunction are identical to XD states of the noninteracting
heterojunction, while XA (space-separated) states of the inter-
acting heterojunction are generally combinations of XA and
space-separated states of the noninteracting heterojunction.

The exact mechanism of this mixing is different in different
parts of the exciton spectrum. Let us start with the lower-energy
part of the spectrum, which contains space-separated states
belonging to CT, and CT, bands. Single-electron states in the
acceptor which originate from levels 0 and 1 do not exhibit
strong resonant mixing with single-electron states in the donor,
thanks to the large energy separation between these two groups
of states. Therefore, the relevant partitioning of the interacting-
carrier Hamiltonian H. is the one embodied in eq 20. Coeffi-
cients C,,© in the expansion of exciton state x (of the inter-
acting heterojunction) in terms of exciton states x© (of the
noninteracting heterojunction) are obtained as solutions to the
eigenvalue problem

z (6,000, + hz0,0)C,0 = hw,C 0

X XX

o) (27)

Since hy©,© contains products of two exciton wave functions,
lh 0,0l is generally much smaller than I§}l. Therefore, most of
the states in the lower-energy part of the interacting
heterojunction are almost identical to the respective states
of the noninteracting heterojunction. However, whenever
[h0,0l~ [Aw® — Aw,o|, there exists at least one state of the
interacting heterojunction which is a mixture of states *° and
x© (which have different characters!) of the noninteracting
heterojunction. In other words, states 7 and x(o), which are
virtually resonant in energy, exhibit resonant mixing to form
the so-called bridge states of the interacting heterojunction.
Apart from their dominant character, which is obtained as
previously explained, bridge states also have nontrivial overlaps

with noninteracting-heterojunction states of other characters.
For example, if J),, = 0, all the bridge states of the interacting
heterojunction are of mixed XD and space-separated character;
if Ja = 0, all the bridge states of the interacting heterojunction
are of mixed XA and space-separated character; if both
couplings are nonzero, bridge states of the interacting hetero-
junction are of mixed XD, XA, and space-separated character.
The emergence of bridge states in the low-energy part of the
exciton spectrum requires subtle energy alignment of exciton,
ie., two-particle, states. Bridge states formed by resonances
between two-particle states are thus rather scarce. Having a
certain amount of the donor character, bridge states acquire
oscillator strengths from donor states and can thus be directly
generated from the ground state. In the rest of our paper, it is
convenient to consider as a bridge state any state (in the lower-
energy part of the exciton spectrum) of dominant CS, CT, or
XA character whose amount of donor character is at least 0.01.
On the other hand, in the high-energy region of the exciton
spectrum, which contains space-separated states belonging to
CT, and CTj; bands, there is significant mixing between single-
electron states in the acceptor stemming from levels 2 and 3
and single-electron states in the donor. In this case, instead of
the decomposition of the interacting-carrier part of the
Hamiltonian given in eq 20, it is more convenient to separate
the carrier—carrier interaction (last three terms in eq 2) from
the part describing noninteracting carriers (first two terms in
eq 2). The latter part of the interacting-carrier Hamiltonian then
gives rise to single-electron states of the whole heterojunction
which are delocalized on both the donor and acceptor as a
consequence of the resonant mixing between single-electron
states in the two materials. Since one single-electron state of the
entire system generally participates in many two-particle states,
exciton states having at least one carrier delocalized throughout
the heterojunction are ubiquitous in the high-energy region of
the spectrum. They also generally have greater amount of
donor character than the bridge states in the low-energy part of
the spectrum, vide infra, making them easily accessible from the
ground state by a (suitable) photoexcitation. The dominant
character of these states can be different and to our further
discussion are relevant space-separated (CT and CS) states of
CT, and CTj; bands with partial donor character, which will be
further termed photon-absorbing charge-bridging (PACB)
states. This term has been repeatedly used in the literature to
denote space-separated states in which charges are delocalized
throughout the system.”**”** We note that the PACB states
within our model do not have any other immediate relationship
with PACB states reported in ab initio studies of D/A interfaces
apart from the charge-bridging property and relatively large
oscillator strengths permitting their direct optical generation.
The bridge states owe their name to the fact that they
indirectly connect, via phonon-assisted processes, a state of
pure XD character to a state of pure space-separated character.
In our model, these two states cannot be involved in a single-
phonon-assisted process because of the form of exciton—
phonon matrix elements F%; (eq 11), which contain products of
exciton wave functions taken at the same point. Therefore,
single-phonon-assisted transitons among exciton states of the
same character are most intensive and probable. A state of pure
XD character can, however, also be coupled (via processes
mediated by a donor phonon) to a bridge state, which can then
be coupled to a state of pure space-separated character
(via single-phonon processes mediated by acceptor phonons).
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In the remaining part of our study, we will for ease of
presentation adopt the following classification of the exciton
states. Since space-separated states belonging to CT, and CTj
bands which are relevant to our study are PACB states, we will
not discriminate between CT and CS states in CT, and CTj,
bands, but rather refer to all of them as PACB states. We will,
however, distinguish between CS and CT states in CT, and
CT, bands and, for brevity of discussion, we will denote them
simply as CS and CT states. This classification facilitates the
understanding of the role that PACB states play in ultrafast
interfacial dynamics by enabling direct comparison between
results obtained with all four and only two lower orbitals per
acceptor site, vide infra. The comparison is plausible since there
is a well-defined correspondence between XA, CT, and CS
states in the lower-energy part of the exciton spectrum
(four orbitals per acceptor site) and the corresponding states
when only two orbitals per acceptor site are taken into account.
The part of the exciton spectrum which is relevant for our study
is shown in Figure 3.

=
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5 1.81
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—— CT; band
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Figure 3. Exciton states relevant for our study divided in different groups.
In the third (the fourth) column (from the left), blue and magenta lines
denote CS (CT) states belonging to CT, and CT, band, respectively.
Ultrafast exciton dynamics proceeds along the photophysical pathways
denoted by (1)—(8), which are further specified in the Numerical Results
section. The solid arrows [pathways (1), (3), (6), (7), and (8)] indicate
the deexcitation processes occurring within one group of exciton states,
whereas the dashed arrows [pathways (2), (4), and (5)] denote
transitions among different groups of exciton states. The black (red) bolt
denotes the direct photoexcitation of excitons in donor (PACB) states.

B NUMERICAL RESULTS

In this section, we present results for the exciton dynamics at
the model heterojunction during and after its pulsed excitation.
The form of the excitation is

2

E(t) = E, cos(art) exp(—t—z]g(t + )8ty — )
¢

(28)

where w, is its central frequency, 2t, is its duration, 7 is the
characteristic time of the Gaussian envelope, and 6(t) is the
Heaviside step function. In all the computations, we set t, =
50 fs and 7g = 20 fs. Computing the energy- and time-resolved
exciton populations @(E, t) (eqs 16 and 17) or the exciton
DOS, we represent 0 functions by a Gaussian with the standard
deviation of 10 meV.

We start with the analysis of the ultrafast exciton dynamics
when model parameters assume the values listed in Table 1 and

the system is excited at the bright donor state located around
hw, = 2.35 eV, which is significantly above the lowest donor
state. We also present the results obtained taking into account
only two lower single-electron levels (of energies €5, and €5 ;)
in the acceptor per site, while the values of all other model
parameters are as listed in Table 1. The comparison of these
results helps us understand the effects that the presence of two
higher single-electron levels in the acceptor has on ultrafast
exciton dynamics in our model.

In Figure 4a we show the time dependence of the total
coherent exciton population N{' = > Iy, /% total incoherent
exciton population N = ¥ 7 and total exciton population
N (eq 14). Exciting well above the lowest donor state, the
conversion from coherent to incoherent exciton populations is
rapid and is completed in a couple of tens of femtoseconds after
the end of the pulsed excitation. Figure Sa—e presents density
plots of energy- and time-resolved distributions OM(E, t) of
coherent exciton populations for different groups of exciton
states X. Comparing the ranges of color bars in Figure Sa—e, we
conclude that the excitation predominantly generates donor
excitons. We observe in Figure Sa that the initially populated
donor states are the states located around 2.35 and 2.42 eV,
together with the lowest donor state at around 2 eV. Even
though we pump well above the lowest donor state, this state is
prone to the direct optical generation because of its very large
dipole moment M, (eq 10) for direct generation from the
ground state and the spectral width of the pulse. Apart
from donor states, PACB states are also initially populated
(see Figure Sb). In Figure Sc—e we see that energy positions of
the bright spots in the density plots on the left correspond very
well to the energy positions of red bars, which indicate bridge
states of dominant CS, CT, and XA character, on the right.
In other words, these states can be directly optically generated
from the ground state, as already discussed.

The time dependence of normalized incoherent populations
of different groups of exciton states is presented in Figure 4b.
Figure 4c shows normalized incoherent populations in the
model with only two accessible electronic states (of energies
€40 and €4 ) at each acceptor site. Comparing panels b and ¢ of
Figure 4, we conclude that the presence of PACB states
significantly affects exciton dynamics on ultrafast time scales.
In the presence of only two lower electronic levels in the
acceptor, the number of donor excitons decreases, while the
numbers of CS, CT, and XA excitons increase after the excita-
tion (see Figure 4c). On the other hand, taking into account
the presence of higher-lying electronic orbitals in the acceptor
and pumping well above the lowest donor exciton, the popula-
tions of XD, XA, CT, and CS states increase, while the popula-
tion of PACB states decreases after the excitation. The fact that
donor states acquire population after the end of the pulse may
at first seem counterintuitive, since initially generated donor
excitons are expected to dissociate, performing transitions to
the space-separated manifold. Having significant amount of
donor character, PACB states are well coupled (via single-
phonon-assisted processes) to the manifold of donor excitons,
while their coupling to space-separated states belonging to CT|,
and CT; bands is essentially negligible (see also the paragraph
following eq 24). Therefore, instead of performing single-
phonon-assisted transitions to lower-energy space-separated
states, initially generated PACB excitons perform transitions
toward donor states, i.e., the number of donor excitons increases
at the expense of excitons initially generated in PACB states.
While, at the end of the pulse, excitons in PACB states comprise
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Figure 4. Time dependence of (a) the total exciton population and its
coherent and incoherent parts, (b,c) normalized incoherent popula-
tions of different groups of exciton states. In panels a and b, we take
four single-electron levels per acceptor site, while in panel ¢ we take
only two lower single-electron levels (€5, and €%,) per acceptor site.
The dotted vertical lines denote the end of the excitation.

around 11% of the total exciton population, 900 fs after the
pulse their participation in the total population reduces to 4%.
At the same time, the normalized number of donor excitons
increases from around 85% to around 89% of the total exciton
population, meaning that some of the donor excitons are con-
verted into XA, CT, and CS states, which is seen in Figure 4b as
the increase in the populations of these states.

In the model with four accessible electronic orbitals per
acceptor site, the major part of space-separated states that are
populated on 100 fs time scales following the excitation are
directly generated PACB states. This conclusion is in line with
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Figure S. Density plots of P (E ) for (a) XD, (b) PACB, (c) CS,
(d) CT, and (e) XA states. Each density plot is complemented with
the plot of the corresponding exciton DOS. In panels b—e, exciton
DOS plots contain amounts of the donor character of exciton states
(see eq 23) [in panels c—e, as long as it is greater than 0.01].

our recent results regarding ultrafast photophysics in a model
where the LUMO—LUMO offset is comparable to the effective
bandwidth of the LUMO band of the acceptor.”” Namely, we
have recognized that the resonant mixing between single-
electron states in the LUMO bands of the two materials is at
the root of the ultrafast direct optical generation of space-
separated charges. Here, the same mechanism is responsible
for the observed direct generation of excitons in PACB states,
which now acquire nonzero oscillator strengths due to the
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energy alignment between single-electron states stemming from
the donor LUMO orbital and higher-than-LUMO acceptor
orbitals. On the contrary, if only electronic orbitals close to
the LUMO orbital are taken into account, populations of
space-separated states present on 100 fs time scales after the
excitation mainly reside in bridge states, which are formed by
two-particle resonant mixing. The populations of bridge states
are dominantly built by phonon-assisted transitions from
initially generated donor excitons (since the direct generation
of excitons in bridge states is not very pronounced for the
excitation studied). Therefore, in our model, the PACB states
can enhance the generation of space-separated charges on
ultrafast time scales by allowing for their direct optical genera-
tion and not by acting as intermediate states of charge
separation starting from initial donor excitons.

In order to understand the photophysical pathways of
ultrafast exciton dynamics, in Figure 6a—e we depict the
density plots of ¢"(E,t) for various groups X of exciton
states. For the completeness of the discussion, in the
Supporting Information we provide the density plots of
@2°P(E,t) in the model with only two lower electronic orbitals
per acceptor site and compare them to the plots presented
here. As already explained, the excitons initially generated
in PACB states (red bolt in Figure 3) undergo deexcitation
within the PACB manifold (pathway (1) in Figure 3) followed
by phonon-mediated transitions toward the manifold of donor
states (pathway (2) in Figure 3; see Figure 6b). Donor excitons
(either the ones initially generated in higher-lying bright states
(black bolt in Figure 3) or the ones originating from PACB
excitons) are involved in a series of ultrafast phonon-assisted
transitions toward lower-energy states. Most of these transitions
happen within the XD manifold (pathway (3) in Figure 3; see
the series of more or less bright bands in the density plot
of Figure 6a), which is consistent with the fact that donor
excitons comprise the largest part of the total exciton popu-
lation at every instant. The deexcitation within the XD manifold
proceeds until the lowest XD state is reached. In fact, we see
that already for ¢ > 250 fs, XD population resides mainly in the
lowest donor state at around 2 eV and the donor state at
around 2.13 eV. The lowest donor state is almost uncoupled
from the space-separated manifold, acting as a trap state for
exciton dissociation, which is in line with other studies.”
The other donor state (at around 2.13 €V) acting as a trap state
for exciton dissociation is specific to our computation.

In the course of the deexcitation from the higher-lying donor
states and before reaching a trap state for exciton dissociation,
a donor exciton can perform a transition to a bridge state
(pathway (4) in Figure 3). As seen in Figure 6c—e, the energy
positions of the bright bands in the density plots on the left
match exactly the energy positions of red bars displaying the
amount of donor character of dominantly space-separated or
XA states on the right. Figure 7b—d depicts probability distri-
butions of the electron and hole in representative bridge states
of different dominant characters, while Figure 7a shows the
same quantities for particular PACB states. All the bridge states
exhibit carrier delocalization throughout the system; this prop-
erty makes them accessible from the initial states of donor
excitons. The same holds for PACB states: since the carriers in
these states are delocalized throughout the heterojunction,
these states inherit oscillator strengths from donor excitons
and may thus be directly accessed by an optical excitation.
Moreover, this property enables eflicient phonon-assisted
coupling between PACB states and donor states. The bridge
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the corresponding exciton DOS. In panels b—e, the exciton DOS plots
contain the amount of the donor character of exciton states (see eq 23)
[in panels c—e, as long as it is greater than 0.01].

states gain significant populations during the first 100 fs
following the excitation (pathway (4) in Figure 3) and con-
comitantly the excitons initially generated in PACB states perform
phonon-mediated transitons toward donor states (pathway (2) in
Figure 3).

Once the exciton has reached a bridge state, it can deexcite
within the manifold of its dominant character (pathways (6)—(8)
in Figure 3) or it can perform a transiton to the CT manifold
(pathway (S) in Figure 3) followed by a number of downward
transitions within this manifold (pathway (7) in Figure 3; see the
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series of more or less bright bands between 1.3 and 2.2 eV in the
density plot of Figure 6d). The gradual deexcitation within the
CT manifold leads to the delayed buildup of populations of low-
energy CT states (pathway (7) in Figure 3; see bright bands at
around 1.62 and 1.32 eV in the density plot in Figure 6d), which
happens on a picosecond time scale. Apart from mediating the
charge separation, bridge states can also act as competing
final states. In our computation, at every instant, virtually all CS
excitons reside in bridge states of dominant CS character, and the
progressive deexcitation within the CS manifold (pathway (6) in
Figure 3) is not pronounced (see Figure 6¢). Analogous situation
is observed analyzing the energy- and time-resolved populations
of XA states (pathway (8) in Figure 3) in Figure Ge. This 2-fold
role of bridge states observed in our computations is in agreement
with conclusions of previous studies.”

Ultrafast Exciton Dynamics for Various Central
Frequencies. The exact photophysical pathways along which

the exciton dynamics proceeds on ultrafast time scales strongly
depend on the frequency of the excitation, the exciton dis-
sociation being more pronounced for larger excess energy.”>®
Here, we examine ultrafast exciton dynamics for three different
excitations of central frequencies Aw, = 2.35, 2.25, and 2 eV
(excitation at the lowest donor state). As the central frequency
of the excitation is decreased, i.e., as the initially generated
donor excitons are closer in energy to the lowest donor state,
the conversion from coherent to incoherent exciton population
is slower and the time scale on which exciton coherences with
the ground state dominate the interfacial dynamics is longer
(see Figure 8b). At the same time, the participation of excitons
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Figure 8. Time dependence of (a) the normalized number of excitons
in donor and PACB states, and (b) the total coherent exciton
population, for different central frequencies of the excitation. For
convenience, the total coherent population shown in panel b is
normalized so that its maximal value is equal to 1.

in PACB states in the total exciton population is decreased,
whereas donor excitons comprise larger part of the total
population (see Figure 8a). Namely, as the central frequency is
lowered toward the lowest donor state, the initial optical
generation of excitons in PACB states is less pronounced and
the pathways (1) and (2) in Figure 3 become less important,
while the possible photophysical pathways of the initially
generated donor excitons become less diverse. Therefore, the
phonon-assisted processes responsible for the conversion from
coherent to incoherent exciton populations and for the ultrafast
phonon-mediated transitions from donor states toward space-
separated states are less effective. As a consequence, the con-
version from coherent to incoherent exciton populations is
slower, and initially generated donor excitons tend to remain
within the manifold of donor states (pathway (3) in Figure 3,
down to the lowest donor state, is preferred to pathways (4)—
(7), which may lead to space-separated states). The latter fact is
especially pronounced exciting at the lowest donor state, which
is very weakly coupled to the space-separated manifold, when
around 80% of the total exciton population lies in the lowest
donor state, meaning that the ultrafast charge transfer upon
excitation at this state is not significant. In the Supporting
Information, we present the density plots of @P<"(Et) for
different groups of exciton states X and excitations of different
central frequencies.

Influence of Small Variations of the LUMO—-LUMO
Offset on Ultrafast Exciton Dynamics. In this work, we deal
with rather large LUMO—LUMO offsets, when the bridge
states emerge as a consequence of the energy resonance
between two-particle (exciton) states. The energies of these
states, as well as their number and amount of the donor
character, are therefore very sensitive to the particular exciton
energy level alignment at the heterojunction. On the other
hand, the properties of PACB states are not expected to be
particularly sensitive to the details of the energy level alignment,
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since they originate from resonances between single-electron
states in the donor and acceptor. In order to demonstrate
this difference between bridge states and PACB states, we
performed computations with different, but very close, values of
the LUMO-LUMO offset. The LUMO—-LUMO offset is
varied by changing all the parameters €} ,€41,€42€43€n0 iN
Table 1 by the same amount, keeping all the other model
parameters fixed. The effects of small variations of LUMO—
LUMO ofset are studied for Jj), = 0, when all the bridge states
are of mixed XD and space-separated character and, since dy = 0,
XA states do not participate in the ultrafast exciton dynamics.
The exclusion of XA states from the dynamics significantly
decreases the numerical effort and at the same time allows us
to concentrate on the dynamics of ultrafast electron transfer,
instead of considering both electron transfer and exciton
transfer. The main qualitative features of the ultrafast exciton
dynamics described earlier remain the same, as detailed in the
Supporting Information.

The system is excited at iw, = 2.35 eV. Figure 9a presents
the time dependence of the normalized number excitons in
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Figure 9. (a) Time dependence of the normalized number of PACB
excitons for different LUMO—LUMO offsets A. (b) The relative
number of excitons in space-separated (CT and CS) states 900 fs after
the excitation for different LUMO—LUMO offsets A.

PACSB states, while Figure 9b shows the normalized number of
excitons in space-separated states 900 fs after the excitation for
different LUMO—LUMO offsets ranging from 950 to 980 meV
in steps of 5 meV. Small variations of the LUMO—LUMO
offset between 955 and 975 meV weakly affect the portion of
PACB excitons in the total exciton population. However, for
the LUMO—LUMO offset of 980 meV, the normalized number
of excitons in PACB states is somewhat higher than for the
other considered values, while this number is somewhat smaller
for the LUMO—-LUMO offset of 950 meV. Namely, for larger
LUMO-LUMO offsets, the lowest state of CT, band is closer
to the central frequency of the excitation, and the direct optical
generation of excitons in PACB states is more pronounced.
For smaller LUMO—LUMO offsets, the initial generation of

excitons in PACB states is to a certain extent suppressed
because the energy difference between the lowest state of CT,
band and the central frequency of the excitation is larger.
On the other hand, the relative number of space-separated
excitons can change up to three times as a result of small
changes in the LUMO—-LUMO offset. The different behavior
displayed by the relative numbers of PACB excitons and space-
separated excitons is a consequence of different mechanisms
by which PACB states and bridge states emerge. The peak in
the normalized number of space-separated excitons observed
for the LUMO—LUMO offset of 965 meV signalizes that the
exciton-level alignment at this point favors either (i) formation
of more bridge states of dominant space-separated character
than at other points or (ii) formation of bridge states that
couple more strongly to initial donor states than bridge states at
other points.

Influence of Carrier—Phonon Interaction Strength
and Temperature on Ultrafast Exciton Dynamics. We
have analyzed the ultrafast exciton dynamics for different
strengths of the carrier—phonon coupling, exciting the system
at Aw, = 2.35 V. The polaron binding energy egol (eq 18),
which is a measure of the carrier—phonon interaction strength,
assumes values of 20, 50, and 70 meV.

Since the carrier—phonon interaction mediates the con-
version from coherent to incoherent exciton populations,
weaker carrier—phonon coupling makes this conversion
somewhat slower (see Figure 10a). We note that, for all the
interaction strengths considered, the total coherent population
decays 100 times (compared to its maximal value) in <100 fs
following the excitation, meaning that the conversion is in all
three cases relatively fast.

The normalized number of excitons in PACB states is smaller
for stronger carrier—phonon interaction (see Figure 10b).
The characteristic time scale for the decay of the population of
PACSB states is shorter for stronger carrier—phonon interaction,
which is a consequence of stronger phonon-mediated coupling
among PACB states and donor states (pathway (2) in Figure 3).
For larger interaction strength, the populations of CS and
CT states comprise larger part of the total exciton population
(see Figure 10d,e). Namely, the stronger the carrier—phonon
interaction, the more probable the transitions from donor
excitons to bridge states (pathway (4) in Figure 3) and the
larger the populations of CS and CT states (pathways (5)—(7)
in Figure 3). The relative number of acceptor excitons does not
change very much with the carrier—phonon interaction
strength (see Figure 10b). The variation in the relative number
of donor excitons brought about by the changes in the inter-
action strength is governed by a number of competing factors.
First, stronger carrier—phonon interaction favors larger number
of donor excitons, since phonon-assisted transitions from
PACB to XD states (pathway (2) in Figure 3) are more
pronounced. Second, for stronger interaction, the transitions
from XD to bridge states are more probable (pathway (4) in
Figure 3). Third, since phonon-mediated transitions are most
pronounced between exciton states of the same character,
stronger interaction may also favor deexcitation of donor
populations within the XD manifold (down to the lowest
XD state, pathway (3) in Figure 3) to possible transitions (via
bridge states) to the space-separated manifold (pathways (4)—
(7) in Figure 3). From Figure 10c we see that, as a result of all
these factors, the relative number of donor excitons does not
change monotonously with the interaction strength.
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Figure 10. (a) Time dependence of the total coherent exciton
population NP for different carrier—phonon interaction strengths. For
convenience, N' is normalized so that its maximum assumes the
same value for all studied interaction strengths. Dynamics of
normalized incoherent excition populations of (b) PACB and XA,
(c) XD, (d) CS, and (e) CT states, for different interaction strengths.

In order to understand how the changes in carrier—phonon
interaction strength affect the photophysical pathways along
which the ultrafast exciton dynamics proceeds, in Figure 11a—l1
we present energy- and time-resolved incoherent populations of
various groups of exciton states (in different rows) and for
different interaction strengths (in different columns).

While for the strongest studied interaction initially generated
higher-lying donor excitons and excitons in PACB states leave
the initial states rapidly (see Figure 11ij), for the weakest
studied interaction strength, significant exciton population
remains in these states during the first picosecond of the
exciton dynamics (see Figure 11a,b). The deexcitation of donor
excitons takes place predominantly within the XD manifold
(pathway (3) in Figure 3) for all three interaction strengths
(compare the ranges of color bars in Figure 11a,e,i). For the
weakest studied interaction, the lowest donor state, which is
a trap for the exciton dissociation, is largely bypassed in the
course of the deexcitation, whereas for stronger carrier—
phonon interactions, this state acquires significant population
already from the beginning of the excitation. Energy- and time-
resolved populations of CS states are very nearly the same for
all three interaction strengths studied (see Figure 1lc,gk).
The major part of the CS population resides in bridge states,
and the deexcitation within the subset of CS states (pathway
(6) in Figure 3) is not very pronounced. On the other hand,
the deexcitation within the subset of CT states (pathway (7) in
Figure 3), down to the lowest CT state, is observed for all the
interaction strengths considered (see the series of more or
less bright bands in Figure 11dh1). While for the weakest
interaction the largest portion of the CT population resides in

the bridge state of CT character located at around 2.2 eV, for
the strongest interaction, the major part of the CT population
is located in the lowest state of CT; band at around 1.63 eV.

The carrier—phonon coupling thus acts in two different ways.
On the one hand, stronger carrier—phonon interaction
enhances exciton dissociation and subsequent charge separation
by (i) enabling phonon-assisted transitons from a donor state
to space-separated states via bridge states (pathways (4) and
(5) in Figure 3) and (ii) enabling phonon-assisted transitions
within the space-separated manifold once a space-separated
state is reached (pathways (6) and (7) in Figure 3). On the
other hand, stronger carrier—phonon coupling is detrimental to
exciton dissociation and further charge separation because
(i) it makes donor states more easily accessible from initially
generated PACB excitons (pathway (2) in Figure 3), and,
similarly, it may favor backward transitions from a bridge state
to a donor state with respect to transitions to the space-sepa-
rated manifold and (ii) downward phonon-assisted transitions
make low-energy CT states, which are usually considered as
traps for charge separation, populated on a picosecond time
scale following the excitation (pathway (7) in Figure 3).

In the Supporting Information we examine the temperature
dependence of the ultrafast heterojunction dynamics. We find
that the effect of temperature variations on exciton dynamics
occurring on subpicosecond time scales is not particularly pro-
nounced, as has been repeatedly recognized in the literature.” '

B DISCUSSION AND CONCLUSION

Using a relatively simple, but physically grounded model of an
all-organic heterointerface, we have investigated subpicosecond
dynamics of exciton dissociation and charge separation in the
framework of the density matrix theory complemented with the
DCT scheme. Our model is constructed as an effective model
intended to describe the dynamics of excitation transport in the
direction perpendicular to the interface, and it is parametrized
using the literature data for the P3HT/PCBM blend.

Apart from the electronic states of the fullerene aggregate
that originate from molecular orbitals close to the LUMO
orbital of PCBM, we also account for the electronic states
stemming from orbitals situated at around 1 eV above the
LUMO orbital. Our analysis reveals the importance of the
space-separated states that inherit nonzero oscillator strengths
from donor states (bridge states and PACB states) and exhibit
charge delocalization in ultrafast exciton dynamics. Depending
on the energy region of the exciton spectrum, the origin of
these states is different. In the low-energy region of the spec-
trum, bridge states are formed as a consequence of the resonant
mixing among exciton (i.e., two-particle) states, while in the
opposite part of the spectrum the resonant mixing between
single-electron states in the two materials brings about the
formation of PACB states.

The resonant mixing has been suggested to be the key
physical mechanism responsible for the presence of separated
charges on ultrafast time scales following the excitation of a D/A
heterojunction.”'"'>**~% Employing the model of reduced
dimensionality and studying its subpicosecond dynamics on a
fully quantum level, we reach similar conclusions, and thus
believe that our one-dimensional model is capable of describing
the essential physics behind ultrafast interfacial processes.
Our one-dimensional model does not provide a detailed description
of, e.g., the role of fullerene cluster size and packing in the
ultrafast dynamics. However, it takes into account the most
important consequences of the aforementioned effects, i.e., the

DOI: 10.1021/acs.jpcc.7b05582
J. Phys. Chem. C 2017, 121, 19602—19618



The Journal of Physical Chemistry C

= 20 meV
mcnh 1/CV)

02 04 06

p ol pc)l

2.6

24

XD
Lnergy (eV)

ﬂ

= 50 meV

: 26
. 24
; | 22

02 04 06 08 0 02 04 06 08

= 70 meV
mcoh I/CV

11(11

m(‘oh XCV)

[§]

'U'
1

mz2 I
Oz {]i 05
4 4
0 02 04 06 08 _) 0 02 04 06 08 J
0.5
: {
N 5 025
¥
;:']
0 02 04 06 08 4 0 02 04 06 08 0 02 04 06 08
(c) (2) (k)
2.4 24
_ 22 22
E 2 Z
o
o g 1.8 1.8
B 1.6 1.6
; 1.4 1.4 -
: —— 1) 0 : ; =L}
0 02 04 06 08 (d) 0 02 04 06 08 (h) 0 02 04 06 08 (1)
Time (ps) Time (ps) Time (ps)
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(b,£j) PACB states; (c,gk) CS states; (d,h,]) CT states.

54.0 meV, g, = 111.6 meV. Groups of exciton states: (ae,i) XD states;

delocalization of electronic states and the accessibility of delo-
calized states of | Space- -separated charges from the states of
donor excitons.”* The effects of the dimensionality of the
model become crucial on somewhat longer time and length
scales. Namely, on 210 ps time scales, the diffusion-controlled
charge separation by 1ncoherent hops throughout the respective
materials takes place,’° and one has to take into consideration
all possible separation paths the electron and hole can follow,
which can be done correctly only within a three-dimensional
model of the heterojunction. The effects of electric polarization
and screening at realistic interfaces are rather complex and
strongly dependent on the details of the interface.”” Here,
however, we take a minimal model of the electron—hole inter-
action that reproduces the most important features of the
energetics of exciton states obtained from experimental data or
from more sophisticated models of polarization and screening

at interfaces. In that sense, our model can be considered as an
effective model whose parameters were adjusted to yield realistic
energetics of relevant exciton states.

While the PACB states in our model enhance ultrafast charge
separation by acting as additional interfacial photon-absorbing
states, the most important characteristic of the bridge states is
not their direct accessibility from the ground state, but their
good coupling with the manifold of donor states. Therefore, for
donor excitons, the bridge states act as gateways to the space-
separated manifold, so that the populations of low-lying space-
separated states are built by progressive deexcitation within the
space-separated manifold on a picosecond time scale following
the excitation.

The ultrafast exciton dynamics strongly depends on the
central frequency of the excitation. While exciting well above
the lowest donor state, there are a number of photophysical
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pathways enabling subpicosecond exciton dissociation, exciting
at the lowest donor state, the major part of generated excitons
reside in this state, and ultrafast exciton dissociation is not
pronounced. Stronger carrier—phonon interaction enhances
phonon-mediated transitions from donor states to bridge states
and is thus beneficial to exciton dissociation on ultrafast time
scales.

Our results indicate that the number of space-separated
charges that are present 1 ps after photoexcitation is rather
small, being typically less than 10% of the number of excited
electron—hole pairs (see, e.g,, Figures 4 and 10). On the other
hand, in most efficient solar cell devices internal quantum
efficiencies (IQE) close to 100% have been reported. In light of
an ongoing debate on the origin of high IQE and the time scale
necessary for the charge separation process to occur, our results
indicate that longer time scales are needed to separate the
charges. Many of the photophysical pathways that we identify
eventually lead to occupation of low-lying CT states (e.g,
in Figure 3, the pathway starting from initial donor excitons
(black bolt)[ — (3)] = (4) = (S) = (7) or the pathway
starting from initial PACB excitons (red bolt)[ — (1)] —
Q[ = (3)] = (4) - (5) = (7)). We also find that on
subpicosecond time scales a large portion of excitons remains in
donor states. Therefore, a mechanism that leads to escape of
charges from low-lying CT states and donor states on longer
time scales and consequentlgr to high IQE needs to exist.
Several recent experimental’®® and theoretical’*~"* studies
have provided evidence that the separation of charges residing
in these states is indeed possible. Along these lines, our model
could potentially be part of a multiscale model of the OPV
devices, as it yields the populations of different states at ~1 ps
after photoexcitation. The output of our model could then be
used as input for a semiclassical model that would consider the
charge separation and transport on a longer time scale.
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Origin of space-separated charges in photoexcited organic heterojunctions on ultrafast time scales

Veljko Jankovi¢” and Nenad Vukmirovié
Scientific Computing Laboratory, Center for the Study of Complex Systems, Institute of Physics Belgrade,
University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
(Received 29 December 2016; published 21 February 2017)

We present a detailed investigation of ultrafast (subpicosecond) exciton dynamics in the lattice model of
a donor/acceptor heterojunction. Exciton generation by means of a photoexcitation, exciton dissociation, and
further charge separation are treated on equal footing. The experimentally observed presence of space-separated
charges at <100fs after the photoexcitation is usually attributed to ultrafast transitions from excitons in the
donor to charge-transfer and charge-separated states. Here, we show, however, that the space-separated charges
appearing on <100-fs time scales are predominantly directly optically generated. Our theoretical insights into
the ultrafast pump-probe spectroscopy challenge usual interpretations of pump-probe spectra in terms of ultrafast
population transfer from donor excitons to space-separated charges.

DOI: 10.1103/PhysRevB.95.075308

I. INTRODUCTION

The past two decades have seen rapidly growing research
efforts in the field of organic photovoltaics (OPVs), driven
mainly by the promise of economically viable and environ-
mentally friendly power generation [1-5]. In spite of vigorous
and interdisciplinary research activities, there is a number of
fundamental questions that still have to be properly answered
in order to rationally design more efficient OPV devices. It
is commonly believed [1,6] that photocurrent generation in
OPV devices is a series of the following sequential steps.
Light absorption in the donor material creates an exciton,
which subsequently diffuses towards the donor/acceptor (D/A)
interface where it dissociates producing an interfacial charge
transfer (CT) state. The electron and hole in this state are
tightly bound and localized at the D/A interface. The CT state
further separates into a free electron and a hole [the so-called
charge-separated (CS) state], which are then transported to
the respective electrodes. On the other hand, several recent
spectroscopic studies [7—10] have indicated the presence of
spatially separated electrons and holes on ultrafast (<100 fs)
time scales after the photoexcitation. These findings challenge
the described picture of free-charge generation in OPV devices
as the following issues arise. (i) It is not expected that an
exciton created in the donor can diffuse in such a short time
to the D/A interface since the distance it can cover in 100 fs is
rather small compared to the typical size of phase segregated
domains in bulk heterojunctions. [11] (ii) The mechanism by
which a CT state would transform into a CS state is not clear.
The binding energy of a CT exciton is rather large [6,12] and
there is an energy barrier preventing it from the transition to a
CS state, especially at such short time scales.

To resolve question (ii), many experimental [7,8,13,14]
and theoretical [15-19] studies have challenged the implicit
assumption that the lowest CT state is involved in the process.
These studies emphasized the critical role of electronically
hot (energetically higher) CT states as intermediate states
before the transition to CS states. Having significantly larger
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electron-hole separations, i.e., more delocalized carriers, com-
pared to the interface-bound CT states, these hot CT states
are also more likely to exhibit ultrafast charge separation and
thus bypass the relaxation to the lowest CT state. The time
scale of the described hot exciton dissociation mechanism is
comparable to the time scale of hot CT exciton relaxation to the
lowest CT state [8,18]. Other studies suggested that electron
delocalization in the acceptor may reduce the Coulomb barrier
[9,20,21] and allow the transition from CT to CS states.
Experimental results of Vandewal et al. [22], who studied
the consequences of the direct optical excitation of the lowest
CT state, suggest that the charge separation can occur very
efficiently from this state. To resolve issue (i), it has been
proposed that a direct transition from donor excitons to CS
states provides an efficient route for charge separation [23,24].

All the aforementioned studies implicitly assume that an
optical excitation creates a donor exciton and address the
mechanisms by which it can evolve into a CT or CS state
on a ~100-fs time scale. In this work, we demonstrate
that the majority of space-separated charges that are present
~100 fs after photoexcitation are directly optically generated,
in contrast to the usual belief that they originate from optical
generation of donor excitons followed by some of the proposed
mechanisms of transfer to CT or CS states. We note that in a
recent theoretical work Ma and Troisi [25] concluded that
space-separated electron-hole pairs significantly contribute
to the absorption spectrum of the heterojunction, suggesting
the possibility of their direct optical generation. A similar
conclusion was also obtained in the most recent study of
D’Avino et al. [26]. These works, however, do not provide
information about the relative importance of direct optical
generation of space-separated charges in comparison to other
hypothesized mechanisms of their generation. On the other
hand, in the framework of a simple, yet physically grounded
model, we simulate the time evolution of populations of
various exciton states during and after optical excitation.
Working with a model Hamiltonian whose parameters have
clear physical meanings, we are able to vary model parameters
and demonstrate that these variations do not violate our
principal conclusion that the space-separated charges present
at ~100fs following photoexcitation originate from direct
optical generation. In addition, we numerically investigate the

©2017 American Physical Society
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ultrafast pump-probe spectroscopy and find that the signal
on ultrafast time scales is dominated by coherences rather
than by state populations. This makes the interpretation of
the experimental spectra in terms of state populations rather
difficult.

The paper is organized as follows. Section II introduces
the model, its parametrization, and the theoretical treatment
of ultrafast exciton dynamics. The central conclusion of our
study is presented in Sec. III, where we also assess its
robustness against variations of most of the model parameters.
Section IV is devoted to the theoretical approach to ultrafast
pump-probe experiments and numerical computations of the
corresponding pump-probe signals. We discuss our results and
draw conclusions in Sec. V.

II. THEORETICAL FRAMEWORK

In this section, we lay out the essential elements of the
model (Sec. II A) and of the theoretical approach (Sec. II B)
we use to study ultrafast exciton dynamics at a heterointer-
face. Section II C presents the parametrization of the model
Hamiltonian and analyzes its spectrum.

A. One-dimensional lattice model of a heterojunction

In this study, a one-dimensional two-band lattice semi-
conductor model is employed to describe a heterojunction.
It takes into account electronic couplings, carrier-carrier,
and carrier-phonon interactions, as well as the interaction of
carriers with the external electric field. There are 2N sites
in total, see Fig. 2(a); first N sites (labeled by 0, ...,N — 1)
belong to the donor part of the heterojunction, while sites
labeled by N, ...,2N — 1 belong to the acceptor part. Each
site i has one valence-band and one conduction-band orbital
and also contributes localized phonon modes counted by
index A;. The model Hamiltonian is pictorially presented in
Fig. 1(a), the total Hamiltonian being

H = H,+ Hy+ He_p + He_s. (1

Interacting carriers are described by

2N-1 2N-1

Ho= Y |Hi+H+ > (H

i=0 Jj=0
J#

2N-1

)+ > H, .
j=0

@)

l] +HU

the phonon Hamiltonian is

2N—-1

=) H, 3)
i=0

the carrier-phonon interaction is

2N—-1

Hep= ) (H_ ,+H). @)
i=0

while the interaction of carriers with the external exciting field
E(t) is given as

2N—1

H._ ;= Z H . 5)
i=0
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FIG. 1. (a) Illustration of the model Hamiltonian used in our
study. (b) Active variables in the density matrix formalism and their
interrelations in the resulting hierarchy of equations. The direction
of a straight arrow indicates that in the equation for the variable at
its start appears the variable at its end. Loops represent couplings to
higher-order phonon-assisted density matrices which are truncated so
that the particle number and energy of the free system are conserved.

In Fig. 1(a), Fermi operators cj' and d: (¢; and d;) create
(destroy) electrons and holes on site i, whereas Bose operators
b;&i (biy,) create (destroy) phonons in mode A; on site i. €

and €; are electron and hole on-site energies, while Jii. anéi
Jl.‘; denote electron and hole transfer integrals, respectively.
The carrier-phonon interaction is taken to be of the Holstein
form, where a charge carrier is locally and linearly coupled
to dispersionless optical modes, and g, and g}, are the
interaction strengths with electrons and holes, respectively.
Electron-hole interaction is accounted for in the lowest
monopole-monopole approximation and V;; is the carrier-
carrier interaction potential. Interband dipole matrix elements
are denoted by d;.

B. Theoretical approach to exciton dynamics

We examine the ultrafast exciton dynamics during and
after pulsed photoexcitation of a heterointerface in the pre-
viously developed framework of the density matrix theory
complemented with the dynamics controlled truncation (DCT)
scheme [27-29] (see Ref. [30] and references therein), starting
from initially unexcited heterojunction. We confine ourselves
to the case of weak optical field and low carrier densities,
in which it is justified to work in the subspace of single-
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exciton excitations (spanned by the so-called exciton basis)
and truncate the carrier branch of the hierarchy of equations
for density matrices retaining only contributions up to the
second order in the optical field. The phonon branch of
the hierarchy is truncated independently so as to ensure the
particle-number and energy conservation after the pulsed
excitation, as described in detail in Ref. [30].

In more detail, the exciton basis is obtained solving the
eigenvalue problem

> e

i

_8j'j6;/i’ _Si’iaj’jvij)l//i{j/ Zhwxwixj, (6)

where indices i,i’ (j,j’) correspond to the position of the
hole (electron) and quantities €,,, (¢, ) denote on-site electron
(hole) energies (for m = n) or electron (hole) transfer integrals
(for m # n) in the donor, in the acceptor, or between the donor
and the acceptor. The creation operator for the exciton in the

state x is then defined as

xi=Y yiclal. )
ij

As we pointed out [30], the total Hamiltonian, in which only
contributions whose expectation values are at most of the
second order in the optical field are kept, can be expressed

in terms of exciton operators Xi,X , as

H = ZﬁwXXiXX + Zha)l’lib;[)t,‘bi)w
X ik

+ > (P XIXb, + T X X by, )

ix;

— E@0) ) (M;X, + M. XD), ®)

where the exciton-phonon coupling constants are given as
idi T 7
TE = g5 Y witvl —eh, D _uiru, ©)
J J

while the dipole moment for the generation of the state x from
the ground state is

M, =) yidy. (10)

Active variables in our formalism are the coherences between
exciton state x and the ground state, y, = (X,), exciton
populations (for ¥ = x), and exciton-exciton coherences (for
X #X) ngy = (X;Xx), together with their single-phonon-
assisted counterparts Y- = (Xxbix,), Yxany+ = (Xxbj,\i),

and ngyy )t = (ij Xxb,TA)- Their mutual interrelations in the
resulting hierarchy are schematically shown in Fig. 1(b), while
the equations themselves are presented in Ref. [31]. In order
to quantitatively monitor ultrafast processes at the model
heterojunction during and after its pulsed photoexcitation,
the incoherent population of exciton state x, which gives the
number of truly bound (Coulomb-correlated) electron-hole
pairs in the state x,

flyy = Nyxy — |yx|2’ (11
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will be used. Coherent populations of exciton states, |y,|?,
dominate early stages of the optical experiment, typically
decay quickly due to different scattering mechanisms (in our
case, the carrier-phonon interaction), and do not represent
bound electron-hole pairs. The populations of truly bound
electron-hole pairs build up on the expense of coherent exciton
populations. We frequently normalize 7i,, to the total exciton
population in the system,

Nt =Y N, (12)

X

which, together with the expectation value of the Hamiltonian
(H), is conserved in the absence of the external field.
Probabilities f.(¢,r) [fu(¢,7)] that an electron (a hole) is
located at site r at instant ¢ can be obtained using the so-called
contraction identities (see, e.g., Ref. [29]) and are given as

Z)Ex(Zrh sz:; ;;r)nf)‘(t)

fult,r) = D) , (13)
_ Z)?x (X:re rxrf rxrc)nfx(t)
fh(t,r) B Zx nxx(t) ' (14)

Consequently, the probability that an electron is in the acceptor
at time ¢ is

2N-1

P5(t)= ) felt.r). (15)

r=N

C. Model parameters and Hamiltonian spectrum

The model Hamiltonian was parameterized to yield values
of band gaps, bandwidths, band offsets, and exciton binding
energies that are representative of typical OPV materials. The
values of model parameters used in numerical computations
are summarized in Table I. While these values largely
correspond to the PCPDTBT/PCBM interface, we note that
our goal is to reach general conclusions valid for a broad class
of interfaces. Consequently, later in this study, we also vary
most of the model parameters and study the effects of these
variations. Figures 2(a) and 2(b) illustrate the meaning of some
of the model parameters.

All electron and hole transfer integrals are restricted to
nearest neighbors. The single-particle band gap of the donor
E, p, as well as the offset AE},, between the lowest single-
electron levels in the donor and acceptor, assume values that are
representative of the low-band-gap PCPDTBT polymer used in
the most efficient solar cells [32,33]. The single-particle band
gap of the acceptor E, 4 and electron/hole transfer integrals
Jz/ " are tuned to values typical of fullerene and its derivatives
[34,35]. Electron/hole transfer integrals J [c)/ ¥ in the donor were
extracted from the conduction and valence bandwidths of the
PCPDTBT polymer. To obtain the bandwidths, an electronic
structure calculation was performed on a straight infinite
polymer. The calculation is based on the density functional
theory (DFT) in the local density approximation (LDA),
as implemented in the QUANTUM ESPRESSO [36] package.
Transfer integrals were then obtained as 1/4 of the respective
bandwidth. The values of the transfer integral between the two
materials are chosen to be similar to the values obtained in the
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TABLE I. Values of model parameters used in calculations.

Parameter® Value
E, p (meV) 1500
E, 4 (meV) 1950
AES, (meV) 500
[J5] (meV) 105
[J5] (meV) 295
[J4| (meV) 150
[JX| (meV) 150
[J5al: 1 Ipal (meV) 75
& 3.0
N 11
a (nm) 1.0
U (meV) 480
haw,, 1 (meV) 10
g1 (meV) 28.5
haw, (meV) 185
g2 (meV) 57.0
T (K) 300
to (fs) 50

2E, p (E, 4) is the single-particle band gap in the donor (accep-
tor). AES,, denotes LUMO-LUMO energy offset. J5/* (J¢/ V) are
electron/hole transfer integrals in the donor (acceptor). JD 4 are
electron/hole transfer integrals between the donor and acceptor. &,
is the relative dielectric constant. N is the number of lattice sites in
the donor and acceptor (2N sites in total). a is the lattice constant. U
denotes the on-site Coulomb interaction. /iwy 1> are energies of local
phonon modes, while g;,, are carrier-phonon coupling constants. T
denotes temperature. The duration of the pulse is 2#.

ab initio study of P3BHT/PCBM heterojunctions [37]. We set
the number of sites in a single material to N = 11, which is
reasonable having in mind that the typical dimensions of phase
segregated domains in bulk heterojunction morphology are
considered to be 10-20 nm [11]. The electron-hole interaction
potential V;; is modeled using the Ohno potential

U
Vj = ———, (16)

(2

where r;; is the distance between sites i and j, and ap =
e? /(4mepe, U) is the characteristic length. The relative dielec-
tric constant &, assumes a value typical for organic materials,
while the magnitude of the on-site Coulomb interaction U
was chosen so that the exciton binding energy in both the
donor and the acceptor is around 300 meV. Following common
practice when studying all-organic heterojunctions [38,39], we
take one low-energy and one high-energy phonon mode. For
simplicity, we assume that energies of both phonon modes,
as well as their couplings to carriers, have the same values in
both materials. The high-frequency phonon mode of energy
185 meV (1500cm™"), which is present in both materials,
was suggested to be crucial for ultrafast electron transfer in the
P3HT/PCBM blend [40]. Recent theoretical calculations of
the phonon spectrum and electron-phonon coupling constants
in P3HT indicate the presence of low-energy phonon modes
(<10 meV) that strongly couple to carriers [41]. The chosen

PHYSICAL REVIEW B 95, 075308 (2017)

(a)
—_lm — :JDA
N
coordinate
N donor sites N acceptor sites
C
©) 2000

E (meV)

1500

10002

510 15 20

Hole

FIG. 2. (a) One-dimensional lattice model of a heterojunction.
Various types of electronic couplings (in the donor, in the acceptor,
and among them) are indicated. There is an energy offset between
single-electron/hole levels in the donor and acceptor. (b) Band
alignment produced by our model. (c) Energies of exciton states,
in particular of donor excitons (black lines), CT (red lines), and CS
(blue lines) states. Exciton wave function square moduli are shown
for the lowest donor, CT, and CS state.

values of phonon-mode energies fall in the ranges in which
the phonon density of states in conjugated polymers is large
[42] and the local electron-vibration couplings in PCBM are
pronounced [43]. We estimate the carrier-phonon coupling
constants from the value of polaron binding energy, which
can be estimated using the result of the second-order weak-
coupling perturbation theory at 7 = 0 in the vicinity of the
point k = 0 [44]:

2

2
. 1
el = I a7)
— 2|J| g, \2
i=1 (1 + W) -1

We took g»/g; =2 and estimated the numerical values

assuming that 6501 = 20meV and |J| = 125 meV. The electric
field is centered around t = 0 and assumes the form

E(t) = Egcos(wt)6(t + 1)0(ty — 1), (18)

where w, is its central frequency, 6(¢) is the step function,
and the duration of the pulse is 2#,. The time #;, should be
chosen large enough so that the pulse is spectrally narrow
enough (the energy of the initially generated excitons is
around the central frequency of the pulse). On the other hand,
since our focus is on processes happening on subpicosecond
time scale, the pulse should be as short as possible in order
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to disentangle the carrier generation during the pulse from
free-system evolution after the pulse. Trying to reconcile
the aforementioned requirements, we choose #y = 50 fs. We
note that the results and conclusions to be presented do not
crucially depend on the particular value of # nor on the
wave form of the excitation. This is shown in greater detail
in Ref. [31], see Figs. 1 and 2, where we present the dynamics
for shorter pulses of wave forms given in Egs. (18) and (33).
Interband dipole matrix elements d;" are zero in the acceptor
(i=N,...,2N — 1), while in the donor they all assume the
same value d°' so that d*"Ey = 0.2 meV (weak excitation).

Figure 2(c) displays part of the exciton spectrum produced
by our model. Exciton states can be classified according to the
relative position of the electron and the hole. The classification
is straightforward only for the noninteracting heterojunction
(J§Y = 0), in which case any exciton state can be classified
into four groups: (a) both the electron and the hole are in
the donor [donor exciton (XD) state], (b) both the electron
and the hole are in the acceptor (acceptor exciton state), (c)
the electron is in the acceptor, while the hole is in the donor
(space-separated exciton state), and (d) the electron is in the
donor, while the hole is in the acceptor.

Space-separated excitons can be further discriminated
according to their mean electron-hole distance defined as

(recnds = 31— jl[w]. (19)
ij

When the electron-hole interaction is set to zero, the mean
electron-hole distance for all the states from group (c) is equal
to N. For the nonzero Coulomb interaction, we consider a
space-separated exciton as a CS exciton if its mean electron-
hole distance is larger than (or equal to) N, otherwise we
consider it as a CT exciton. In the general case, the character
of an exciton state is established by calculating its overlap
with each of the aforementioned groups of the exciton states
at the noninteracting heterojunction; this state then inherits the
character of the group with which the overlap is maximal.

III. NUMERICAL RESULTS

Here, the results of our numerical calculations on the model
system defined in Sec. II are presented. In Sec. III A, we
observe that the populations of CT and CS states predomi-
nantly build up during the action of the excitation, and that
the changes in these populations occurring on ~100-fs time
scales after the excitation are rather small. This conclusion,
i.e., the direct optical generation as the principal source of
space-separated charges on ultrafast time scales following the
excitation, is shown in Sec. III B to be robust against variations
of model parameters. Since the focus of our study is on the
ultrafast exciton dynamics at photoexcited heterojunctions, all
the computations are carried out for 1 ps in total (involving the
duration of the pulse).

A. Interfacial dynamics on ultrafast time scales

Figure 3(a) shows the time dependence of the numbers
of donor, CT, and CS excitons for the 100-fs-long excitation
with central frequency fiw, = 1500 meV, which excites the
system well above the lowest donor or space-separated exciton
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FIG. 3. (a) Time dependence of the numbers of donor (XD), CT,
and CS excitons. The inset shows the time dependence of these
quantities normalized to the total exciton population in the system. (b)
Probability that at time ¢ an electron is located at site r as a function of
r for various values of z. In the legend, the probability that at instant
t an electron is located in the acceptor is given, while the inset shows
its full time dependence. Dotted vertical lines indicate the end of the
excitation.

state, see Fig. 2(c). The number of all three types of excitons
grows during the action of the electric field, whereas after
the electric field has vanished, the number of donor excitons
decreases and the numbers of CT and CS excitons increase.
However, the changes in the exciton numbers brought about
by the free-system evolution alone are much less pronounced
than the corresponding changes during the action of the electric
field, as is shown in Fig. 3(a). The population of CS excitons
builds up during the action of the electric field, so that after
the first 100 fs of the calculation, CS excitons comprise 7.6%
of the total exciton population, see the inset of Fig. 3(a). In
the remaining 900 fs, when the dynamics is governed by
the free Hamiltonian, the population of CS excitons further
increases to 9.6%. A similar, but less extreme, situation is
also observed in the relative number of CT excitons, which at
the end of the pulse form 14% of the total population and
in the remaining 900 fs of the computation their number
further grows to 24%. Therefore, if only the free-system
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evolution were responsible for the conversion from donor to
CT and CS excitons, the population of CT and CS states at
the end of the pulsed excitation would assume much smaller
values than we observe. We are led to conclude that the
population of CT and CS excitons on ultrafast (<100-fs)
time scales is mainly established by direct optical generation.
Transitions from donor to CT and CS excitons are present,
but on this time scale are not as important as is currently
thought.

Exciton dissociation and charge separation can also be
monitored using the probabilities f.(z,r) [fu(¢,r)] that an
electron (a hole) is located on site r at instant ¢, as well as
the probability P§(¢) that an electron is in the acceptor at time
t, see Egs. (13)—(15). Figure 3(b) displays quantity f. as a
function of site index r at different times 7. The probability of
an electron being in the acceptor is a monotonically increasing
function of time ¢, see the inset of Fig. 3(b). It increases,
however, more rapidly during the action of the electric field
than after the electric field has vanished: in the first 100 fs of
the calculation, it increases from virtually 0 to 0.070, while in
the next 100 fs it only rises from 0.070 to 0.104, and at the end
of the computation it assumes the value 0.210. The observed
time dependence of the probability that an electron is located
in the acceptor further corroborates our hypothesis of direct
optical generation as the main source of separated carriers on
ultrafast time scales. If only transitions from donor to CT and
CS excitons led to ultrafast charge separation starting from a
donor exciton, the values of the considered probability would
be smaller than we observe.

The rationale behind the direct optical generation of space-
separated charges is the resonant coupling between donor
excitons and (higher-lying) space-separated states, which
stems from the resonant mixing between single-electron states
in the donor and acceptor modulated by the electronic coupling
between materials, see the level alignment in Fig. 2(b). This
mixing leads to higher-lying CT and CS states having non-
negligible amount of donor character and acquiring nonzero
dipole moment from donor excitons; these states can thus be
directly generated from the ground state. It should be stressed
that the mixing, in turn, influences donor states, which have
certain amount of space-separated character.

B. Impact of model parameters on ultrafast exciton dynamics

Our central conclusion was so far obtained using only one
set of model parameters and it is therefore important to check
its sensitivity on system parameters. To this end, we vary one
model parameter at a time, while all the other parameters retain
the values listed in Table I.

We start by investigating the effect of the transfer integral
between the donor and acceptor JB/X . Higher values of JIC)/X
favor charge separation, since the relative numbers of CT and
CS excitons, together with the probability that an electron is in
the acceptor, increase, whereas the relative number of donor
excitons decreases with increasing J [C,/X , see Figs. 4(a)—4(c).
In light of the proposed mechanism of ultrafast direct optical
generation of space-separated charges, the observed trends can
be easily rationalized. Stronger electronic coupling between
materials leads to stronger mixing between donor and space-
separated states, i.e., a more pronounced donor character of
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FIG. 4. Time dependence of the relative number of (a) donor and
CT, (b) CS excitons, and (c) the probability P; that an electron is
in the acceptor, for different values of the transfer integrals |J}),| =
[Jpal = Jpa between the donor and the acceptor. Dotted vertical
lines indicate the end of the excitation.

CT and CS states and consequently a larger dipole moment for
direct creation of CT and CS states from the ground state.
The results concerning the effects of the energy offset
AES,, between LUMO levels in the donor and acceptor
are summarized in Figs. 5(a)-5(c). The parameter AEY, ,
determines the energy width of the overlap region between
single-electron states in the donor and acceptor, see Fig. 2(b).
The smaller is AES,,, the greater is the number of virtually
resonant single-electron states in the donor and in the acceptor
and therefore the greater is the number of (higher-lying) CT
and CS states that inherit nonzero dipole moments from donor
states and may thus be directly excited from the ground state.

: Fr- T LA W=
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FIG. 5. Time dependence of the relative number of (a) donor and
CT, (b) CS excitons, and (c) the probability Pj that an electron is in
the acceptor, for different values of the LUMO-LUMO energy offset
AEY, ,. Dotted vertical lines indicate the end of the excitation.
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FIG. 6. Time dependence of the relative number of (a) donor and
CT and (b) CS excitons, for different values of electronic coupling
in the acceptor Jj. (c) Squared moduli of dipole matrix elements (in
arbitrary units) for direct generation of CS excitons from the ground
state for different values of electronic coupling in the acceptor Jj.
Dotted vertical lines indicate the end of the excitation. Note that,
globally, squared moduli of dipole matrix elements are largest for
|J4] = 200 meV (completely filled bars).

This manifests as a larger number of CT and CS excitons, as
well as a larger probability that an electron is in the acceptor,
with decreasing AEY, ,.

Figures 6(a)—6(c) show the effects of electron delocalization
in the acceptor on the ultrafast dynamics at the model hetero-
junction. Delocalization effects are mimicked by varying the
electronic coupling in the acceptor. While increasing |J§| has
virtually no effect on the relative number of donor excitons,
it leads to an increased participation of CS and a decreased
participation of CT excitons in the total exciton population.
CT states, in which the electron-hole interaction is rather
strong, are mainly formed from lower-energy single-electron
states in the acceptor and higher-energy single-hole states
in the donor. These single-particle states are not subject to
strong resonant mixing with single-particle states of the other
material. However, CS states are predominantly composed
of lower-energy single-hole donor states and higher-energy
single-electron acceptor states; the mixing of the latter group
of states with single-electron donor states is stronger for larger
|51, just as in case of smaller AEY, ,, see Fig. 2(b). Therefore
the dipole moments for direct generation of CS excitons
generally increase when increasing | J§ |, see Fig. 6(c), whereas
the dipole moments for direct generation of CT excitons at the
same time change only slightly, which can account for the
trends of the participation of CS and CT excitons in Figs. 6(a)
and 6(b).

We now turn our attention to the effects that the strength
of the carrier-phonon interaction has on the ultrafast exciton
dynamics at heterointerfaces. In Figs. 7(a)-7(d), we present
the results with the fixed ratio g,/g; = 2.0 and the polaron
binding energies defined in Eq. (17) assuming the values of
approximately 20, 40, 60, and 140 meV, in ascending order
of g;. We note that it is not straightforward to predict the
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FIG. 7. Time dependence of the relative number of (a) donor, (b)
CT, (c) CS excitons, and (d) the probability Pj that an electron is in
the acceptor, for different strengths of the carrier-phonon interaction.
Dotted vertical lines indicate the end of the excitation.

effect of the variations of carrier-phonon interaction strength
on the population of space-separated states. Single-phonon-
assisted processes preferentially couple exciton states of the
same character, i.e., a donor exciton state is more strongly
coupled to another donor state, than to a space-separated
state. On the one hand, stronger carrier-phonon interaction
implies more pronounced exciton dissociation and charge
separation because of stronger coupling between donor and
space-separated states. On the other hand, stronger carrier-
phonon interaction leads to faster relaxation of initially
generated donor excitons within the donor exciton manifold to
low-lying donor states. Low-lying donor states are essentially
uncoupled from space-separated states, i.e., they exhibit low
probabilities of exciton dissociation and charge separation.
Our results, shown in Figs. 7(a)-7(d), indicate that stronger
carrier-phonon interaction leads to smaller number of CT and
CS excitons, as well as the probability that an electron is in
the acceptor, and to greater number of donor excitons. We
also note that stronger carrier-phonon interaction changes the
trend displayed by the population of CS states. While for
the weakest interaction studied CS population grows after the
excitation, for the strongest interaction studied CS population
decays after the excitation. This is a consequence of more
pronounced phonon-assisted processes leading to population
of low-energy CT states once a donor exciton performs a
transition to a space-separated state. This discussion can
rationalize the changes in relevant quantities summarized in
Figs. 7(a)-7(d); the magnitudes of the changes observed are,
however, rather small. In previous studies [38,45], which did
not deal with the initial exciton generation step, stronger
carrier-phonon interaction is found to suppress quite strongly
the charge separation process. The weak influence of the
carrier-phonon interaction strength on ultrafast heterojunction
dynamics that we observe supports the mechanism of ultrafast
direct optical generation of space-separated charges. If the
charge separation process at heterointerfaces were mainly
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driven by the free-system evolution, greater changes in the

quantities describing charge separation efficiency would be

expected with varying carrier-phonon interaction strength.
Additionally, we have performed computations for a fixed

value of eEOl [Eq. (17)] and different values of the ratio
g»/g1 among coupling constants of high- and low-frequency
phonon modes. The result, which is presented in Ref. [31] (see
Fig. 4), shows that the increase of the ratio g,/g; increases
the number of CT excitons and decreases the number of donor
excitons, while the population of CS states exhibits only a weak
increase. Stronger coupling to the high-frequency phonon
mode (with respect to the low-frequency one) enhances charge
separation by decreasing the number of donor excitons, but at
the same time promotes phonon-assisted processes towards
more strongly bound CT states, so that the population of CS
states remains nearly constant.

Our formalism takes into account the influence of phonons
on excitons. However, if this influence were too strong, the
hierarchy of equations would have to be truncated at a higher
level, which would make it computationally intractable. When
the effects of lattice motion on excitons are strong, one has,
in turn, to consider the feedback of excitons on phonons,
which is not captured by the current approach. The feedback
of excitons on the lattice motion can be easily included
in a mixed quantum/classical approach, where excitons are
treated quantum mechanically, while the lattice motion is
treated classically. To estimate the importance of the feedback
of excitons on the lattice motion, we have performed the
computation using the surface hopping approach [46,47] (see
Ref. [31] for more details). In Fig. 3 of Ref. [31], we show
the time dependence of the probability that an electron is
in the acceptor obtained from simulations with and without
feedback effects. The result is nearly the same in both cases,
suggesting that feedback effects are small. As a consequence,
our approach is sufficient for properly taking into account the
influence of phonons on excitons.

We have also studied the influence of the temperature on
the ultrafast exciton dynamics at a heterojunction. It exhibits a
weak temperature dependence, see Fig. 5 of Ref. [31], which
is consistent with existing theoretical [48] and experimental
[49] insights, and also with the mechanism of direct optical
generation of space-separated carriers.

Finally, the consequences of introducing diagonal static
disorder in our model will be studied. It is done by drawing
the (uncorrelated) on-site energies of electrons and holes in the
donor and the acceptor from Gaussian distributions centered
at the values that can be obtained from Table I. We have
for simplicity assumed that the standard deviations of all the
Gaussian distributions are equal to o. As we do not intend to
obtain any of the system properties by a statistical analysis of
various realizations of disorder, but merely to check whether or
not the presence of disorder may significantly alter qualitative
features of the proposed picture of ultrafast exciton dynamics
at heterointerfaces, we present our results only for a couple
of different disorder realizations and compare them to the
results for ordered system. In Figs. 8(a)-8(d), we show the
time dependence of the relative number of space-separated
(CS and CT) excitons and of the probability P§ for three
different realizations of disorder with standard deviations o =
50 and 100 meV. For these disorder realizations, the quantities
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FIG. 8. (a) and (b) Time dependence of the relative number of
space-separated (CT and CS) excitons for three different disorder
realizations (rl, 12, and r3). (c) and (d) Time dependence of the
probability that an electron is in the acceptor for three different
disorder realizations. Time evolution of the respective quantities in
ordered system is shown on each graph for comparison. Disorder is
diagonal (affects only on-site energies), static, and Gaussian, standard
deviations being o = 50 [(a) and (c)] and 100 meV [(b) and (d)].

we use to describe ultrafast heterojunction dynamics show
qualitatively similar behavior to the case of the ordered system.
Namely, changes in the relative number of space-separated
excitons and the probability of an electron being in the acceptor
are more pronounced during the action of the pulse than after
its end. The characteristic time scales of these changes (for
the disorder realizations studied) are not drastically different
from the corresponding time scale in the ordered system. The
presence of disorder in our model does not necessarily lead
to less efficient charge separation as monitored by the two
aforementioned quantities. Our results based on the considered
disorder realizations are in agreement with the more detailed
study of the effects of disorder on charge separation at model
D/A interfaces [16], from which emerged that regardless of
the degree of disorder, the essential physics of free hole and
electron generation remains the same.

In summary, we find that regardless of the particular
values of varied model parameters (J lC)/X ,AE} ., J§, carrier-
phonon coupling constants), the majority of CT and CS states
that are present at ~100fs after photoexcitation have been
directly generated during the excitation. Trends in quantities
describing ultrafast heterojunction dynamics that we observe
varying model parameters can be explained by taking into
consideration the proposed mechanism of ultrafast direct
optical generation of space-separated charges.

IV. ULTRAFAST SPECTROSCOPY SIGNATURES

Exciton dynamics on ultrafast time scales is typically
probed experimentally using the ultrafast pump-probe spec-
troscopy, see, e.g., Refs. [7,8]. In such experiments, the
presence of space-separated charges on ultrafast time scales
after photoexcitation has been established and the energy
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resonance between donor exciton and space-separated states
was identified as responsible for efficient charge generation
[7], in agreement with our numerical results. However, while
our results indicate that the majority of space-separated
charges that are present at ~100 fs after photoexcitation have
been directly optically generated, interpretation of experiments
[7] suggests that these states become populated by the
transition from donor exciton states. To understand the origin
of this apparent difference, we numerically compute ultrafast
pump-probe signals in the framework of our heterojunction
model. In Sec. IV A, we present the theoretical treatment of
ultrafast pump-probe experiments adapted for the system at
hand. Assuming that the probe pulse is deltalike, we obtain an
analytic expression relating the differential transmission AT
to the nonequilibrium state of the system “seen” by the probe
pulse. The expression provides a very clear and direct interpre-
tation of the results of ultrafast pump-probe experiments and
allows to distinguish between contributions stemming from
exciton populations and coherences, challenging the existing
interpretations. It is used in Sec. IV B to numerically compute
differential transmission signals.

A. Theoretical treatment of the ultrafast pump-probe
spectroscopy

In a pump-probe experiment, the sample is firstly irradiated
by an energetic pump pulse and the resulting excited (nonequi-
librium) state of the sample is consequently examined using a
second, weaker, probe pulse, whose time delay with respect to
the pump pulse can be tuned [50-52]. Our theoretical approach
to a pump-probe experiment considers the interaction with the
pump pulse as desribed in Sec. II B and Ref. [30], i.e., within
the density matrix formalism employing the DCT scheme
up to the second order in the pump field. The interaction
with the probe pulse is assumed not to change significantly
the nonequilibrium state created by the pump pulse and is
treated in the linear response regime. The corresponding
nonequilibrium dipole-dipole retarded correlation function is
then used to calculate pump-probe signals [52,53].

To study pump-probe experiments, we extended our two-
band lattice semiconductor model including more single-
electron (single-hole) energy levels per site. Multiple
single-electron (single-hole) levels on each site should be
dipole-coupled among themselves in order to enable probe-
induced dipole transitions between various exciton states.
We denote by cjﬂl (cig,) creation (annihilation) operators for

electrons on site i in conduction-band orbital ;; similarly, dL’_
(dia,) create (annihilate) a hole on site i in valence-band orbital
«;. The dipole-moment operator in terms of electron and hole
operators assumes the form

P =Y (d'c|yd}, +Hc)
f’,’di
+ Y dfclyen— ) diwdfa’,dmi. (20)
ﬁi;ﬁ,{ ‘li;%{

Intraband dipole matrix elements di° (d;") describe electron
(hole) transitions between different single-electron (single-
hole) states on site i, as opposed to the interband matrix
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elements d;”, which are responsible for the exciton generation.
Performing transition to the exciton basis, which is defined
analogously to Eq. (6), dipole matrix elements for transitions
from the ground state to exciton state x are

Mo = df* Vi ip» 2D
ﬂil“‘i

while those for transitions from exciton state x to exciton state
X are

X
M; = Z Zw(l%)(]ﬁ/) i 1lf(wt)(Jﬁ)

a#a ﬁ/

- Z Z Vapasndi Wiiapisy- (22)

ﬁ,#ﬁ a,

Operator P [Eq. (20)] expressed in terms of operators
Xx,Xi assumes the form (keeping only contributions whose

expectation values are at most of the second order in the pump
field)

P = Z(M Xt +Mix,) — ZM"XTX (23)
We concentrate on the so-called nonoverlapping regime
[52], in which the probe pulse, described by its electric field
e(t), acts after the pump pulse. We take that our system meets
the condition of optical thinness, i.e., the electromagnetic
field originating from probe-induced dipole moment can be
neglected compared to the electromagnetic field of the probe.
In the following considerations, the origin of time axis t = O is
taken to be the instant at which the probe pulse starts. The pump
pulse finishes att = —t, where 7 is the time delay between (the
end of) the pump and (the start of) the probe. The pump creates
a nonequilibrium state of the system which is, at the moment
when the probe pulse starts, given by the density matrix p(0),
which implicitly depends on the pump-probe delay 7.
In the linear-response regime, the probe-induced dipole
moment d,(t) for ¢t > 0 is expressed as [52]

d,(t) = /dt/x(t,t/)e(t/), (24)

where x(¢,t') is the nonequilibrium retarded dipole-dipole
correlation function

/ i / /
x(@.r) = —EQ(t — ) Tr(p(O[P (), P(1)D.  (25)
Time dependence in Eq. (25) is governed by the Hamiltonian
of the system in the absence of external fields [Eq. (8)]:
Hg—0 = Ho + He.ph, (26)

where Hj is the noninteracting Hamiltonian of excitons in
the phonon field [the first two terms in Eq. (8)], while H,
accounts for exciton-phonon interaction [the third term in
Eq. (8)]. For an ultrashort probe pulse, e(t) = epd(t), the
probe-induced dipole moment assumes the form

dy(1) = eox(1.0) = eo(—2 ) THp(O)P(). PO)D.  27)

Probe pulse tests the possibility of transitions between various
exciton states, i.e., it primarily affects carriers. Therefore,
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as a reasonable approximation to the full time dependent
operator P(t) appearing in Eq. (27), operator PV(z), evolving
according to the noninteracting Hamiltonian Hy in Eq. (26),
may be used. This leads us to the central result for the
probe-induced dipole moment:

d,(1) = eo( =2 ) TP 00 PO (28)

Deriving the commutator in Eq. (28), in the expression for
d,(t) we obtain two types of contributions, see Eq. (A3) in
Appendix. Contributions of the first type oscillate at frequen-
cies w, corresponding to probe-induced transitions between
the ground state and exciton state x, while those of the second
type oscillate at frequencies wz — w, corresponding to probe-
induced transitions between exciton states X and x. Here, we
focus our attention to the process of photoinduced absorption
(PIA), in which an exciton in state x performs a transition
to another state ¥ under the influence of the probe field.
Therefore we will further consider only the second type of
contributions.

PHYSICAL REVIEW B 95, 075308 (2017)

The frequency-dependent transmission coefficient T (w) is
defined as (we use SI units)

Clo dp (w)
T =1+ —Imlhio——|, 29
(@) &r{we@) (29)
where d,(w) and e(w) are Fourier transformations of d,(¢) and
e(t), respectively, while S is the irradiated area of the sample.
The differential transmission is given as

AT (t;w) = T™(t;w) — T (w). 30)

The transmission of a system, which is initially (before the
action of the probe) unexcited, is denoted by 7°(w). The
transmission of a pump-driven system 7"°(7; w) depends on
the time delay t between the pump and the probe through the
nonequilibrium density matrix p(0). Since our aim is to study
the process of PIA and since T°Y(w) is expected to reflect
only transitions involving the ground state, we will not further
consider this term. After a derivation, the details of which are
given in Appendix, we obtain the expression for the part of the
differential transmission signal A Tpjs(7; w) accounting for the
PIA:

ATpia(T; @) o Im|:Z ((MXM;‘,)* hiw

xx’

- hw
MM
+Z( T M e + (hoy —hoy) +in

Xxx’

+3° (MM v
Yo + (iwoy —hoy) + 1

Xxx'

ho — (hwy —ho,) +in

hiw

(0) — M MY, (0

() xha)+(ha)x/—ha)x)+1nyx()>
%(0)y:(0) — MY M2 e £(0)y,(0)
Yl * i — oy —hag) +in> %
i2(0) — MY M o e (0) 31)
Nyx - T — Ny .

T hw — (lwy —hoy) +1in

In the last equation, we have explicitly separated the coherent contributions by introducing the correlated parts of exciton
populations and exciton-exciton coherences iz, = nz, — yiy, [see also Eq. (11) defining incoherent exciton populations], while
n is a positive parameter effectively accounting for the spectral line broadening [53]. y,(0) denotes the value of the electronic
density matrix y, at the moment when the probe pulse starts, and similarly for 72z, (0). The coherences between exciton states
and the ground state y,(0), as well as correlated parts of exciton-exciton coherences 71z,(0) (¥ # x), are expected to approach
zero for sufficiently long time delays between the pump and the probe [54]. In this limit, Eq. (31) contains only the incoherent

exciton populations 7i,.,:

n-ho

n-hw

ATp]A(T;a)) X Z |M;r,|2|:

xx’

This expression is manifestly negative when it describes probe-
induced transitions from exciton state x’ to some higher-energy
exciton state x. The last conclusion is in agreement with
the usual experimental interpretation of pump-probe spectra,
where a negative differential transmission signal corresponds
either to PIA or to stimulated emission [51]. Our expression
[Eq. (31)] demonstrates, however, that this correspondence
can not be uniquely established in the ultrafast regime, where
it is expected that both coherences between exciton states and
the ground state y,(0) and exciton-exciton coherences 715, (0)
(¥ # x), along with incoherent exciton populations 7i,,(0),
play significant role. This is indeed the case in our numerical
computations of pump-probe spectra, which are presented in
the following subsection. For each studied case, we separately
show the total signal [full Eq. (31)], the y-part of the signal

(i + (o —hiwy))? +

_x/x/ . 2
+@w—Ww—wa+ﬁ} © 32

(

[the first two terms in Eq. (31)], and the 7i-part of the signal
[the third term in Eq. (31)]. We note that it would be possible
to further separate the 7i-part of the signal into the contribution
stemming from incoherent exciton populations 7, [Eq. (32)]
and exciton-exciton coherences iz, (¥ # x). As shown in more
detail in Ref. [31] (see Fig. 7), the overall 7i-part of the signal
is qualitatively very similar to its contribution stemming from
incoherent exciton populations. Therefore, for the simplicity of
further discussion, we may consider the 7i-part of the signal as
completely originating from incoherent exciton populations.

B. Numerical results: ultrafast pump-probe signals

In order to compute pump-probe signals and at the same
time keep the numerics manageable, we extended our model
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by introducing only one additional single-electron level both
in the donor and in the acceptor and one additional single-hole
level in the donor. Additional energy levels in the donor and the
corresponding bandwidths are extracted from the aforemen-
tioned electronic structure calculation on the infinitely long
PCPDTBT polymer. The additional single-electron level is
located at 1160 meV above the single-electron level used in all
the calculations and the bandwidth of the corresponding zone
is estimated to be 480 meV. The additional single-hole level
is located at 1130 meV below the single-hole level used in all
the calculations and the bandwidth of the corresponding zone
is estimated to be 570 meV. The additional single-electron
level in the acceptor is extracted from an electronic structure
calculation on the Cgy molecule. The calculation is based
on DFT using either LDA or B3LYP exchange-correlation
functional (both choices give similar results) and 6-31G basis
set and was performed using the NWCHEM package [55]. We
found that the additional single-electron level lies around 1000
meV above the single-electron level used in all the calculations.
The bandwidth of the corresponding zone is set to 600 meV,
see Table L.

In this section, we assume that the waveform of the pump
pulse is

2

E(t) = Epcos(w,t) exp <—£—2>9(Z +1)0(ty — 1), (33)
G

where we take 7 = 20fs and 7y = 50fs, while the probe is
e(t) = epd(t — (1o + 1)), (34)

with variable pump-probe delay 7. The intraband dipole matrix
elements d7°,d;"” in Eq. (20) are assumed to be equal in the
whole system:

vV intr 1 jev
d* = dYY = d™ = 14, (35)

The positive parameter n, which effectively accounts for the
line broadening, is set to n =50 meV. We have checked
that variations in 1 do not change the qualitative features
of the presented PIA spectra, see Fig. 6 in Ref. [31]. In
actual computations of the signal given in Eq. (31), we
should remember that the pump pulse finishes at instant £y,
while in Eq. (31), all the quantities are taken at the moment
when the probe starts, which is now #y + t; in other words,
yx(o) - yx(to + T)» ﬁ)?x(o) - ﬁ)?x(to + 7:) when we compute
pump-probe signals using Eq. (31) and the pump and probe
are given by Eqs. (33) and (34), respectively.

In Figs. 9(a) and 9(b), we show the PIA signal from space-
separated states after the excitation by the pump at 1500 meV.
The frequency w in Eq. (31) is set to 1000 meV, which is (for the
adopted values of model parameters) appropriate for observing
PIA from space-separated states. At small pump-probe delays
(r < 300fs), we see that the oscillatory features stemming
from coherences between exciton states and the ground state
(y-part of the signal) dominate the dynamics. At larger delays,
the part originating from established (incoherent) exciton
populations (7i-part of the signal) prevails, see Fig. 9(b), and
the shape of the signal resembles the shapes of signals from
space-separated states in Fig. 4(c) of Ref. [7]. The signal
decreases at larger delays, which correlates very well with
the fact that the numbers of CT and CS excitons increase,
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FIG. 9. Differential transmission signal ATps [Eq. (31)] as a
function of the pump-probe delay for (a) pump at 1500 meV (826 nm)
and probe at 1000 meV (1240 nm) testing PIA dynamics from space-
separated states, and (c) pump resonant with the lowest donor exciton
(1210 meV, 1025 nm) and probe at 1130 meV (1096 nm) testing
PIA dynamics from donor states. The inset of (c) shows the coherent
exciton population | yXDOI2 of the lowest donor state XDy. (b) The
same signal as in (a) at longer pump-probe delays (>300fs). (d)
i1 part of the signal shown in (c); the inset displays the incoherent
exciton population 7ixp, of the lowest donor state.

see Fig. 3(a). In other words, at larger pump-probe delays, at
which the influence of coherences between exciton states and
the ground state is small, the signal can be unambiguously
interpreted in terms of charge transfer from the donor to the
acceptor.

Figures 9(c) and 9(d) display PIA signal from donor
excitons following the pump excitation at the lowest donor
exciton (1210 meV). The frequency w in Eq. (31) is set to
1130 meV. The overall signal shape is qualitatively similar to
the shape of donor exciton PIA signal in Fig. 4(a) of Ref. [7],
but its interpretation is rather different. While the authors of
Ref. [7] suggest that the monotonically increasing PIA signal
from donor excitons reflects their transfer to space-separated
states, our signal predominantly originates from coherences
between donor states and the ground state [y-part of the
signal in Fig. 9(c)]. Furthermore, the shape of the total signal
matches very well the decay of the coherent population
of the lowest donor exciton, see the inset of Fig. 9(c),
while the shape of the 72-part of the signal corresponds well to
the changes in the incoherent population of the lowest donor
state, see the inset of Fig. 9(d). This incoherent population
does not decay during our computation: immediately after the
pump pulse, it rises and at longer times it reaches a plateau,
which signals that the donor exciton population is “blocked”
in the lowest donor state. The lowest donor exciton is very
strongly dipole-coupled to the ground state, its population
comprising around 75% of the total generated population.
Therefore, according to our numerical results, the observed
PIA signal from donor excitons in this case mimics the
conversion from coherent to incoherent exciton population
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of the lowest donor state. This, however, does not necessarily
mean that the concomitant charge transfer is completely absent
in this case. Instead, the presence of coherences between
exciton states and the ground state, which dominate the
signal for all pump-probe delays we studied, prevents us
from attributing the signal to the population transfer from
donor excitons to space-separated states. The aforementioned
conversion from coherent to incoherent exciton population of
the lowest donor state is rather slow because of the relatively
weak coupling between low-lying donor excitons on the one
hand and space-separated states on the other hand (this weak
coupling was also appreciated in Ref. [7]). On the other hand,
pumping well above the lowest donor and space-separated
states, the couplings between these species are stronger and
more diverse than for the pump resonant with the lowest donor
exciton; this situation resembles the one encountered for the
excitation condition in Fig. 4(c) of Ref. [7].

In conclusion, our computations yield spectra which overall
agree with experimental spectra [7], and we find that the shape
of the spectrum in Figs. 9(c) and 9(d) originates from the decay
of coherences between donor excitons and the ground state,
rather than from transitions from donor excitons to space-
separated states.

V. DISCUSSION AND CONCLUSION

We studied ultrafast exciton dynamics in a one-dimensional
model of a heterointerface. Even though similar theoretical
models have been lately proposed [38,56], we believe that our
theoretical treatment goes beyond the existing approaches,
since it treats both the exciton generation and their further
separation on equal footing and it deals with all the relevant
interactions on a fully quantum level. Namely, the vast majority
of the existing theoretical studies on charge separation at
heterointerfaces does not treat explicitly the interaction with
the electric field which creates excitons from an initially
unexcited system [17,19,38,45,56], but rather assumes that
the exciton has already been generated and then follows
its evolution at the interface between two materials. If we
are to explore the possibility of direct optical generation
of space-separated charges, we should certainly monitor the
initial process of exciton generation, which we are able to
achieve with the present formalism. We find that the resonant
electronic coupling between donor and space-separated states
not only enhances transfer from the former to the latter
group of states [7,15], but also opens up a new pathway to
obtain space-separated charges: their direct optical generation
[25,26]. While this mechanism has been proposed on the basis
of electronic structure and model Hamiltonian calculations
(which did not include any dynamics), our study is, to the
best of our knowledge, the first to investigate the possibility
of direct optical generation of separated charges studying the
ultrafast exciton dynamics at a heterointerface. We conclude
that the largest part of space-separated charges which are
present ~100fs after the initial photoexcitation are directly
optically generated, contrary to the general belief that they
originate from ultrafast transitions from donor excitons.
Although the D/A coupling in our model is restricted to
only two nearest sites (labeled by N — 1 and N) in the
donor and acceptor, there are space-separated states which
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acquire nonzero dipole moment from donor excitons. The
last point was previously highlighted in studies conducted on
two- [25] and three-dimensional [26] heterojunction models,
in which the dominant part of the D/A coupling involves more
than a single pair of sites. We thus speculate that the main
conclusions of our study would remain valid in a more realistic
higher-dimensional model of a heterointerface. While there is
absorption intensity transfer from donor to space-separated
states brought about by their resonant mixing, the absorption
still primarily occurs in the donor part of a heterojunction.
Our results show that on ultrafast time scales the direct
optical generation as a source of space-separated carriers is
more important than transitions from donor to space-separated
states. This, however, does not mean that initially generated
donor excitons do not transform into space-separated states.
They indeed do, see Figs. 3(a) and 3(b), but the characteristic
time scale on which populations of space-separated states
change due to the free-system evolution is longer than 100 fs.

The ultrafast generation of separated charges at heteroin-
terfaces is more pronounced when the electronic coupling
between materials is larger or when the energy overlap region
between single-electron states in the donor and acceptor is
wider, either by increasing the electronic coupling in the
acceptor or decreasing the LUMO-LUMO offset between
the two materials, see Fig. 2(b). Our results are therefore
in agreement with studies emphasizing the beneficial effects
of larger electronic couplings among materials [56], charge
delocalization, [17,21,38,56], and smaller LUMO-LUMO
offset [57] on charge separation. We find that strong carrier-
phonon interaction suppresses charge separation, in agreement
with previous theoretical studies [38,45] in which the effects
of variations of carrier-phonon coupling constants have been
systematically investigated. However, changes in the quantities
we use to monitor charge separation with variations of carrier-
phonon coupling strength are rather small, which we interpret
to be consistent with the ultrafast direct optical generation of
space-separated charges. Our theoretical treatment of ultrafast
exciton dynamics is fully quantum, but it is expected to be valid
for not too strong coupling of excitons to lattice vibrations,
since the phonon branch of the hierarchy is truncated at a
finite order, see Sec. I in Ref. [31]. Results of our mixed
quantum/classical approach to exciton dynamics show that
the feedback effect of excitons on the lattice motion, which
is expected to be important for stronger exciton-phonon
interaction, is rather small. We therefore expect that more
accurate treatment of exciton-phonon interaction is not crucial
to describe heterojunction dynamics on ultrafast time scales.
If one wants to treat more accurately strong exciton-phonon
interaction and yet remain in the quantum framework, other
theoretical approaches, such as the one adopted in Ref. [45],
have to be employed.

Despite a simplified model of organic semiconductors, our
theoretical treatment takes into account all relevant effects.
Consequently, our approach to ultrafast pump-probe experi-
ments produces results that are in qualitative agreement with
experiments and confirms the previously observed dependence
of the exciton dynamics on the excess photon energy [7]. Our
results indicate that the interpretation of ultrafast pump-probe
signals is involved, as it is hindered by coherences (dominantly
by those between exciton states and the ground state) which
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cannot be neglected on the time scales studied. Time scales on
which coherent features are prominent depend on the excess
photon energy. We find that higher values of the excess photon
energy enable faster disappearance of the coherent part of
the signal since they offer diverse transitions between exciton
states which make conversion from coherent to incoherent
exciton populations faster. Pumping at the lowest donor
exciton, our signal is (at subpicosecond pump-probe delays)
dominated by its coherent part, conversion from coherent to
incoherent exciton populations is slow, and therefore it cannot
be interpreted in terms of exciton population transfer between
various states.
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(ELECTROMAT), as well as the contribution of the COST
Action MP1406. Numerical computations were performed
on the PARADOX supercomputing facility at the Scientific
Computing Laboratory of the Institute of Physics Belgrade.

APPENDIX: DETAILS OF THE THEORETICAL
TREATMENT OF PUMP-PROBE EXPERIMENTS

The commutator in Eq. (28) is to be evaluated in the
nonequilibrium state p(0) at the moment when the probe pulse
starts. Therefore, deriving this commutator, only contributions
whose expectation values are at most of the second order in
the pump field should be retained. The commutation relations
of exciton operators, which are correct up to the second order
in the pump field, read as

[Xe X1 =80 — Y CLY XL X, (A1)

X'x

x Xk
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xx’ Xxx’
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The expectation values [with respect to p(0)] of the operators appearing in the last equation are simply the active purely electronic
density matrices of our formalism computed when the probe pulse starts, i.e., Tr(0(0)X,) = y,(0) and Tr(,o(O)X;C X,) = nz(0).

As already mentioned, in order to study the process of PIA, in Eq. (A3) only terms which oscillate at differences of two
exciton frequencies should be retained. Computing the Fourier transformation of d,(¢) [Eq. (28)], we obtain integrals of the type

+00 :
f dt gi(wfﬂvLin)t — ;.’ (A4)
0 w—Q+1in
where we have introduced a positive infinitesimal parameter n to ensure the integral convergence. Physically, introducing 7,
effectively accounts for the line broadening. For simplicity, we assume that only one value of 7 is used in all the integrals of the
type (A4). Using the computed Fourier transformation d,,(w) in Egs. (29) and (30), we obtain the result for ATpjs(7; @) given in

Eq. 31).
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We investigate the dynamics of the exciton formation and relaxation on a picosecond time scale following a
pulsed photoexcitation of a semiconductor. The study is conducted in the framework of the density matrix theory
complemented with the dynamics controlled truncation scheme. We truncate the phonon branch of the resulting
hierarchy of equations and propose the form of coupling among single-phonon-assisted and higher-order phonon-
assisted density matrices so as to ensure the energy and particle-number conservation in a closed system. Time
scales relevant for the exciton formation and relaxation processes are determined from numerical investigations
performed on a one-dimensional model for the values of model parameters representative of a typical organic
and inorganic semiconductor. The exciton dynamics is examined for different values of central frequency of
the exciting field, temperature, and microscopic model parameters, such as the strengths of carrier-carrier and
carrier-phonon couplings. We find that for typical organic semiconductor parameters, formation of bound excitons
occurs on a several-hundred-femtosecond time scale, while their subsequent relaxation and equilibration take
at least several picoseconds. These time scales are consistent with recent experimental studies of the exciton

formation and relaxation in conjugated polymer-based materials.

DOI: 10.1103/PhysRevB.92.235208

I. INTRODUCTION

The continual and ever-increasing demand for economic
and efficient ways of utilizing solar energy drives a huge
part of current research activities. In particular, organic
solar cells have developed rapidly in the past decade and
have become promising candidates for economically viable
large-scale power generation due to their flexibility, cost
effectiveness, relatively simple fabrication techniques, and
mass production [1,2]. Processes upon which the operation of
solar cells is based are the light absorption in a semiconducting
material and the subsequent conversion of photons into mobile
charge carriers that produce an electric current [3,4]. An
optical excitation of a semiconductor creates an exciton, i.e.,
an electron-hole pair in which Coulomb attraction between
oppositely charged electron and hole prevents their separa-
tion. In a conventional inorganic semiconductor, relatively
weak Coulomb interaction (primarily due to large dielectric
constant) results in the exciton binding energy of the order of
10 meV [5-7]. Thus, thermal excitations are likely to split the
exciton in an electron and a hole. On the other hand, in a typical
organic semiconductor, the attraction between an electron
and a hole is much stronger (mainly due to low dielectric
constant), the exciton binding energy being of the order of or
larger than 500 meV [3,8]. Therefore, while optical absorption
in an inorganic semiconductor results in almost immediate
generation of free charges, in an organic semiconductor it
leads to formation of tightly bound electron-hole pairs, which
should be separated in order to generate current [1,3,4]. This
last conclusion has an enormous impact on the design and
geometry of organic photovoltaic devices.

Photoexcitation of a semiconductor creates electron-hole
pairs in a highly nonequilibrium state. Apart from the Coulomb
interaction, which primarily induces correlations, the carrier-
phonon interaction is also vital for a thorough understanding
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of nonequilibrium processes taking place in photoexcited
semiconductors. Theoretical approaches for treating these pro-
cesses are most often based on the density matrix theory [9,10]
or the nonequilibrium Green’s functions formalism [11].
Density matrix theory has become the preferred technique
in the treatment of experiments with ultrashort pulses since it
deals with quantities that depend on one time argument and
are directly related to observables.

Previous theoretical studies of the exciton formation pro-
cess after an ultrafast optical excitation of a semiconductor
were typically focused on inorganic semiconductors. Early
studies were conducted in the framework of the semiclassical
Boltzmann approach [12,13]. The fully microscopic and
quantum theory for the interacting system of electrons, holes,
photons, and phonons, capable of treating a wide variety of
optical and excitonic effects after an ultrafast optical excitation
of a semiconductor, was elaborated in Refs. [14—18]. On the
other hand, the exciton formation from an initial state of
two opposite charges in organic semiconductors was typically
modeled by simulating the time evolution of empirical Hamil-
tonians applied to small systems, where the effects of the lattice
are not included or are treated classically [19,20].

The main aim of this work was to investigate the dynamics
of exciton formation on short (up to several ps) time scale. This
time scale is of particular relevance for the operation of organic
solar cells since it has been well established that the exciton
separation at the interface of donor and acceptor materials
occurs on a subpicosecond time scale [21,22]. However, the
details of the exciton formation and separation process and the
factors that determine its efficiency are still not well under-
stood. In recent years, significant insights have been obtained
from subpicosecond time-resolved experiments performed
both on neat materials [23,24] and blends [25-29]. The results
of all these experiments highlight the importance of nonequi-
librium nature of excitons formed after photoexcitation.

In our study, we employ the Hamiltonian which includes
all relevant physical effects in the system: electronic coupling
which leads to band formation, electron-hole interaction

©2015 American Physical Society
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which causes exciton formation, electron-phonon interaction
that leads to relaxation, and the interaction with external
electromagnetic field. We do not, however, include the effects
of stimulated emission which lead to radiative recombination
of excitons since we are interested in the exciton dynamics
on a short time scale, where these effects are negligible. From
the time evolution of relevant quantities, we identify the time
scale of the processes of formation of free charges and bound
excitons and their subsequent relaxation. Rather than focusing
on the details of one particular material system, we have chosen
a Hamiltonian whose parameters can be easily varied so that
we can identify the influence of different physical effects on
relevant time scales. The study is conducted in the framework
of the density matrix formalism combined with the so-called
dynamics controlled truncation (DCT) scheme, first developed
in 1994 by Axt and Stahl [30,31]. This method is particularly
suited for a system described by a pair-conserving Hamiltonian
which is initially unexcited and was successfully applied to
study the dynamics of exciton formation for near-band-gap
excitations and low-excitation densities [32-34]. Here, we
truncate the phonon branch of the hierarchy so as to ensure
that the resulting equations are compatible with the energy and
particle-number conservation in a closed system. Furthermore,
we propose the form of coupling between single-phonon-
assisted and higher-order phonon-assisted electronic density
matrices which is compatible with the energy conservation in
a closed system.

The paper is organized as follows. In Sec. II, the general
form of the Hamiltonian, along with the equations which de-
scribe the exciton formation process, is presented. Section III
is devoted to the results of our numerical investigations of
the exciton formation process which are carried out on a
one-dimensional model system. The discussion of our results
in light of recent experimental investigations of ultrafast
exciton dynamics is presented in Sec. IV, whereas concluding
remarks are given in Sec. V.

II. THEORETICAL FRAMEWORK

We use the standard two-band semiconductor model which
takes into account the interaction of carriers with the external
electromagnetic field applied to the semiconductor, as well as
carrier-carrier and carrier-phonon interactions. We will work
in the electron-hole picture which is particularly suited for
describing the effects which arise after the optical excitation of
an initially unexcited semiconductor. Notation from Ref. [35]
will be used. The Hamiltonian has the form

H=H + th + Hc—ph + H.y, (D

where H, describes interacting carriers

= Z €4CqCa ~ Z ng;dq

qeCB qeVB
+ = Y vesselclae, + = Y vndidldd,
quleCB qulEVB
veev vvee) T gt
+ z : ( plkg — qul)ckdqdl’cl’ @)
pg € VB
kl € CB
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is the free-phonon Hamiltonian, Hp, describes the carrier-
phonon interaction

Hepn = Z (qu p€ bT +V117Lq* ) Pbﬂ)

pq € CB
n

— > (yhdid,bl +ylrdidb,), (4

l”{ q pq p
pg € VB
n

whereas the coupling to the optical field is given by

s=-E®0)| Y Mydoc,+ > Mocldl | ()

peVB p eCB
q €CB q € VB

Fermi operators cjl (cq) create (annihilate) an electron of
energy €, in the single-particle state g in the conduction band,

while Fermi operators qu (dy) create (annihilate) a hole of
energy —e¢, in the single-particle state ¢ in the valence band.
Matrix elements of the Coulomb interaction potential V (x — y)
are defined as

Vx,,x oy

pakl / dxdy ¢y (X" (X V(X — Y ¥)d) (¥),
(6)

where ¢2” (x) are single-particle eigenfunctions for an electron
in the state p and in the band X ,. Bose operators bL (b,) create
(annihilate) a phonon in mode 4, while y,, are carrier-phonon
matrix elements. We neglect intraband contributions to the
carrier-field interaction and retain only interband dipole matrix
elements.

We note that the Hamiltonian of interacting carriers
[Eq. (2)] includes the limiting cases of Wannier and Frenkel
excitons. Namely, when single-particle eigenfunctions are of
the Bloch form labeled by a wave vector k, then under suitable
approximations, described, e.g., in Ref. [36], we obtain the
Hamiltonian describing the limiting case of Wannier excitons.
On the other hand, if single-particle eigenfunctions are taken
to be atomic states labeled by a position vector R, then using
approximations that exploit localization properties of this basis
set the Hamiltonian appropriate for the limiting case of Frenkel
excitons is obtained [37].

We study the dynamics of exciton formation in photoexcited
semiconductors in the framework of the density matrix theory.
Differential equations for dynamic variables are formed and,
due to the many-body nature of the problem, an infinite
hierarchy of differential equations is obtained. The main
approximation is then the truncation of the hierarchy, which
can be based upon different physical pictures. The Hamiltonian
defined by Egs. (1)-(5) has the property that only the
interaction with the optical field can change the number of pair
excitations. The DCT scheme relies upon the aforementioned
property of the Hamiltonian and classifies higher-order density
matrices according to their leading order in the optical
field [30,35,38]. Namely, when the system is initially in the
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ground state represented by the vacuum of electron-hole pairs,
the expectation value of the normal-ordered product of .
electron operators ¢! and ¢, ny, hole operators d' and d and
an arbitrary number of phonon operators b' and b is at least
of the order m = max{n.,ny} in the applied field. Therefore,
higher-order density matrices are also of higher order in the
optical field and only a finite number of electronic density
matrices contributes to the optical response at any given
order in the optical field. The DCT scheme truncates only
the electronic branch of the hierarchy and can be used along
with any strategy to deal with the phonon-assisted branch
of the hierarchy [7]. We limit ourselves to the case of weak
optical field and low carrier densities, in which it is justified to
neglect biexcitonic effects and keep only contributions up to
the second order in the optical field. In Refs. [32,35] a reduced
treatment of the phonon branch of the hierarchy, which can be
combined with the DCT scheme for the electronic branch of the
hierarchy, was presented. This treatment includes correlation
expansion for phonon-assisted variables combined with the
Markov approximation. As a result, phonon-assisted variables
are eliminated from the formalism and only two types of
electronic density matrices remain. These are the interband
transition amplitude (excitonic amplitude)

Yo, = (dacp) (N
and the electron-hole pair density (excitonic population)
Navea = (cldjdeca). @®)

In this study, we adopt a different strategy for dealing with
the phonon-assisted density matrices. In order to facilitate the
truncation of the phonon-assisted branch of the hierarchy,
the following generating functions for the phonon-assisted
electronic density matrices are defined [35]:

= (d,c, FP), ©)

NP = (cldld.caFP), (10)

a

FP = (FPy = <exp (Za,,bf> exp (Z Bob >> an

where {a,} and {B,} are arbitrary sets of real parameters.
As a consequence of the generating-function property, all
phonon-assisted electronic density matrices can be obtained
as derivatives of these functions taken at o, = B, = 0. The
electron and hole populations and correlations (cjlcb) and
(dj,d;,), as well as their phonon-assisted counterparts, do
not have to be considered as independent variables in the
formalism since they can be eliminated in favor of N by
identities (contraction identities) that are exact within the
second-order treatrnent [35,38]. The differential equations for
variables Ya and N/ wbea ATE given in Appendix A.

The most general form of an electron-hole pair state is [36]

= Y Yacjdl0). (12)

aeVB
beCB

where |0) represents the state in which the conduction band is
completely empty and the valence band is completely filled.

PHYSICAL REVIEW B 92, 235208 (2015)

The excitonic basis is defined by the eigenvalue problem
H.|p) = E|p) which can be transformed into equations for
amplitudes V-

(€ — e+ D (Voese = Vouse)
p€VB
q €CB

X =l (13)

The excitonic basis is orthonormal

v, = (14)

a €VB
beCB

We perform all calculations in the excitonic basis and expand
all density matrices in the excitonic basis, for example,

Yap = Y ¥, Vi, (15)
N, abcd = Z 1/’5;
Xx
and similarly for the corresponding phonon-assisted electronic

density matrices; in the case of single-phonon assistance, the
explicit definitions are

Vea Nixs (16)

Yapur = (dacsb}) leabyx,ﬁ (17a)
Nabeap+ = (chdjdecabl) =Y Wiz, (17b)

The creation operator for the exciton in the state x can be
defined as

xt= " yicldl. (18)
a€CB
b € VB

The number of excitons in the state x, after performing the de-
coupling (which is exact up to the second order in the op-

tical field) (cad ld.cg) = (ca )(d cq) + 8(Cad d.c;), where

1) (cldgdccd) stands for the correlated part of the electron-hole
pair density, can be expressed as the sum

(XIX0) = yel? + s, (19)

where 7z, = nge — yiy,. The first term in Eq. (19) de-
scribes the so-called coherent excitons, whereas the second
term describes the incoherent excitons. Namely, an optical
excitation of a semiconductor first induces single-particle
excitations in form of optical polarizations and carrier den-
sities. Optical polarizations decay very fast due to various
scattering mechanisms present [15]. Therefore, their squared
moduli, which are usually referred to as coherent excitonic
populations [32], do not provide information about the true
excitonic populations, which are the consequence of Coulomb-
induced correlations between electrons and holes and which
typically exist in the system for a long time after the decay
of optical polarizations [7]. In order to describe true excitons,
which are atomlike complexes of electrons and holes bound
by the Coulomb attraction, we have to consider two-particle
correlations between them, and not single-particle quanti-
ties [15]. The last conclusion justifies identification of the term

8 (cldgdccd) with the incoherent excitonic populations.
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The dynamic equations for the relevant variables should be
compatible with the energy conservation in a system without
external fields. Our system, however, interacts with external
optical field, but, since we consider a pulsed excitation, the
energy of the system should be conserved after the field has
vanished. The total energy of the system, i.e., the expectation
value of the Hamiltonian (H) defined in Egs. (1)-(5), is
expressed as

€ = Ec+ Epn+ Eepn + Eo, (20)

where the carrier energy is

Eo=) hogny, @

the phonon energy is

En =Y hawy (blby). (22)

"

the carrier-phonon interaction energy is

Eeph =2)  Re{Thneg}, 23)

XX

and the carrier-field interaction energy is

Eer =—E1) ) (Miy + yiM,). (24)

In Egs. (20)—(24) we have kept only contributions up to
the second order in the external field and transferred to the
excitonic basis. We also introduce excitonic dipole matrix
elements

M, = > yuM;, (25)
a VB
b eCB

as well as matrix elements of the carrier-phonon interaction in
the excitonic basis which describe the coupling to the phonon
mode [:

o=y WZZ(Z Vibar = D V;ﬁélﬂi‘;;)- (26)
a € VB keCB keVB
beCB

Within previous approaches to solving the hierarchy of
equations obtained after performing the DCT scheme, single-
phonon-assisted density matrices ng,,+, which appear in
Eq. (23), were not explicitly taken into account, but the
respective differential equations were solved in the Markov
and adiabatic approximations. However, it can be shown that
the total energy under these approximations is not exactly
conserved after the external field has vanished. In order to
satisfy the energy conservation, we retain density matrices
nzxu+ as independent dynamic variables in the formalism.
The dynamics should also conserve the particle number
after the external field has vanished since all the other terms
in the Hamiltonian given by Egs. (1)-(5) commute with the
total particle-number operator. The number of electrons (and
also the number of holes, since carriers are generated in pairs
in this model), with accuracy up to the second order in the
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external field, is given as

Ntot:Ne :Nh: anx~ (27)

X

The equations for the purely electronic relevant variables
and phonon distribution function are

1
3:)’x = _iwxyx - _E(t)M,\
ih
1 1
13 Wk
+— Z T Yows + Z Ty, (28)
X X
1
atn)?x = _l(a)x - w)?)n)?x - _hE(t)(y;Mx - M;yx)

1

1 1
+ ;i Z ngrnjx/ﬂJr — E Z Ff—:/xnj/qur

nx’ nx

1
n*x JEs
+ E , x’xn;kc’)?;ﬁ - E Z Fif’nii’/ﬁ’ (29)
x nx
4 2
3 (blby) = - Zlm{l"?xnjxw}. (30)

Even at this level, without specifying the form of equations
for one-phonon-assisted electronic density matrices, using
Eq. (29) with vanishing electric field it is easily shown that,
in the absence of external fields, our dynamics conserves the
total number of particles.

We will neglect hot-phonon effects and assume that in
all the equations for y,, njz,, and their phonon-assisted
counterparts the phonon numbers assume their equilibrium
values nﬁh = (ePMr — 1)~1. We will, however, retain Eq. (30)
in the formalism because it is necessary to prove the energy
conservation.

In equations for phonon-assisted electronic density matrices
we neglect the coupling to the light field, i.e., we neglect
contributions arising from the combined action of the phonon
coupling and the interaction with the light field (so-called
cross terms) [35,39]. The equations for the electronic den-
sity matrices with one-phonon assistance contain electronic
density matrices with two-phonon assistance, from which we
explicitly separate the factorized part and the correlated part,
for example

(cldld.cablb,) = (cld}deca)8,,nt + 8(cld}d.cablb,),
(31

(dacybl,bp) = (dacs)8ont + 8(dacsblby).  (32)

We should bear in mind that the two-phonon-assisted elec-
tronic density matrices with two creation (annihilation) phonon
operators, whose factorized part vanishes, should be consid-
ered on this level of truncation of the phonon branch [40].
Further comments on the factorization performed in Eq. (31)
are given in Appendix B. The following equations for the
electronic density matrices with single-phonon assistance are
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obtained:
ph
Inzeyr = —i(Wy — W — W Nzxp+ + — ZF i
1 ph
_ +;“ ZF“ Ny
l 7/
1
lh (F Sngy xptp~ + F anfx,ﬁer)
lh (Fp*(Snx“ﬁp +r’ 6nmﬂ+p+) (33)

ph
atyx;ﬁ = —i(wy — w/t)y)wfr + e Z Fxx Y

+ i—h > (T2 8ywusor + T8 8ywurp ). (34)
px’

. 1 + nh
O up- = —i(@yx + @) Your + i Z Ty

1
i ih < (fo/‘st’pW* + 0 8ywpu-). (39

The correlated parts of two-phonon-assisted density matri-
ces appearing in Egs. (33) (8nzy,+p-, 055+ p+), (34), and (35)
can be obtained solving their respective differential equations,
in which all three-phonon-assisted density matrices have been
appropriately factorized and their correlated parts have been
neglected, in the Markov and adiabatic approximations. This
procedure closes the phonon branch of the hierarchy. However,
the full solution to these equations, when combined with
Eq. (33), is cumbersome to evaluate, so further approximations
are usually employed. The most common one is the so-
called random phase approximation, which neglects sums
over correlated parts of one-phonon-assisted electronic density
matrices (which are complex quantities) due to random phases
at different arguments of these density matrices [9]. After
performing all the discussed approximations, the last two
summands in Eq. (33), which represent the rate at which ng,,+
changes due to the coupling to electronic density matrices with
higher phonon assistance, reduce to

(atn)?x,u*)higher = —Vixulzxpt, (36)
where yz,, is given as
Ven = 5Ty 4+ Tx), (37)
27 2
e == ) [T 8o — hos + hew,)n®"
Xp

+ |12 *8(hoo, — hoox — hao,)(1+1PM)]. (38)

Details of the procedure employed to close the phonon branch
of the hierarchy are given in Appendix B.

It was recognized that this form of the coupling to higher-
order phonon-assisted electronic density matrices is at variance
with the energy conservation [9,10,41]. In this work, we will
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use the following form of the coupling to higher-order phonon-
assisted density matrices:

+ +
(atngzxL)higher = Vxxunxxﬂ + Vxxunix;ja (39)

where yx,, 1s, as before, defined by Eqs. (37) and (38).
This form of (a’”xxu)hlgher is compatible with the energy
conservation, as long as excitonic matrix elements of the
carrier-phonon interaction I'Y, are purely real, which is the
case relevant for our numerical investigation in Sec. III.
Namely, as is shown in Appendix C, the rate at which the
total energy changes after the pulse is equal to the rate at
which the carrier-phonon interaction energy changes due to
the coupling of the single-phonon-assisted electronic density
matrices ng,,+ to density matrices with higher-order phonon
assistance,

0 &= (9 gc—ph)higher

=2 Re{T%, (3 Neey higher - (40)

XX

Itis then clear that, if all F“ arereal, the form of (0; Rz y+)y; igher
given in Eq. (39) does not violate the energy conservation.
Furthermore, as ng,,+ describes the elementary process in
which an exciton initially in the state x is scattered to the state x
emitting the phonon from the mode , the reverse microscopic
process, described by n,z,- = nj, . is also possible, so in the
differential equation for ng,,+ the quantity n%, .+ May appear.
In Appendix C, we comment on the energy conservation in
greater detail.

Similar strategy can be adopted to simplify the coupling
to electronic density matrices with higher phonon assistance
in (34) and (35), with the final result

By S higher = —Vau Y45, @1

where
Yxu = %Fx» (42)

and I', is defined in Eq. (38).

An alternative route to derive equations for the relevant
variables is to rewrite the Hamiltonian given in Eq. (1) in terms
of operators X, X)T( [see Eq. (18)], keeping only contributions
whose expectation values are at most of the second order in
the optical field. The result is

H= Zhw xix, +Zhwﬂb b,

+ 3 (TAXIX.b] + T XX, )

XX

—E®) Z(M;: X, + M, xD). (43)

The excitonic operators (up to the second order in the optical
field) satisfy Bose commutation relations [XX,X;] =4,z. In
this representation [42], the excitons are treated as noninter-
acting bosons and the form of the exciton-phonon interaction
is transparent, with exciton-phonon coupling constants I'%,
defined in Eq. (26).
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III. ONE-DIMENSIONAL SEMICONDUCTOR MODEL
AND NUMERICAL RESULTS

Numerical computations will be carried out on a two-band
one-dimensional semiconductor model. We use a tight-binding
model on a one-dimensional lattice with N sites and lattice
spacing a to describe the semiconductor. Periodic boundary
conditions are used. The Hamiltonian describing interacting
carriers is given as

N—1 N—-1
H. = Ze(‘j clei — Z Jé(cleisr + CL_lCi)
0 i=0
N—1 . N-1
— > edldi+ ) Il +dl, dy)
i=0 i=0

+
N =

> (clei —dlanVi(cle; —dldy. (@4

i,j=0

It is assumed that the carrier transfer integrals J¢,JV are
nonzero only among nearest-neighbor pairs of sites. The
Coulomb interaction is taken in the lowest monopole-
monopole approximation [43], and the interaction potential
Vi; is taken to be the Ohno potential

U
Vij = ——— 43)

Ve

U is the onsite carrier-carrier interaction, while ay is the char-
acteristic length given as ap = 2 /(4mepe, U), where ¢, is the
static relative dielectric constant. This form of carrier-carrier
interaction is an interpolation between the onsite Coulomb
interaction U and the ordinary Coulomb potential (in which the
static relative dielectric constant is taken) e? /(4 epe,r) when
r — oo (see, e.g., the discussion on the effective electron-hole
interaction in Ref. [5]). The interaction with phonons is taken
to be of the Holstein form, where a charge carrier is locally
and linearly coupled to a dispersionless optical mode

N—1 N—1
Hepn =Y g% clei(bi + b)) = > g"dldi(b; + b)), (46)
i=0 i=0
where the free-phonon Hamiltonian is

N-1

Hpw = Y lopmb!b;. (47)
i=0

Despite the fact that the carrier-phonon interaction in real
materials has a more complicated form, we choose for our
numerical investigations its simplest possible form [Eq. (46)]
capable of providing the energy relaxation of the electronic
subsystem. The interaction with the electric field is

N-1
Hep = —de E(t) Y (dic; +cld)). (48)

i=0
As the system described is translationally symmetric, we

can transfer to the momentum space and obtain the same
Hamiltonian as described in Egs. (1)—(5) with the following
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values of parameters:

elf/v = eg/v — 27 cos(ka), (49a)
gC

Vi, = 5kz,k1+qﬁ forky,k, € CB, (49b)
gV

Yok, = 5k|,kz+qﬁ forky k> € VB, (49¢)

V/Z;Zlc = Sk+g.p+1 Vi1 /Zlckcqv =0. (49d)

The signs of the transfer integrals are J¢ > 0, JY < 0. The
constant energy € > 0, while €) < 0 is chosen so that the
maximum of the valence band is the zero of the energy scale.
Vi—; is the Fourier transformation of the Ohno potential and it
is computed numerically as

N-1
Vi = % Z V;je tkali=, (50)

i,j=0
The translational symmetry of our model enables us to
solve efficiently the eigenvalue problem (13) which defines
the excitonic basis. Instead of solving eigenvalue problem of
a N% x N? matrix, we can solve N -independent eigenvalue
problems of matrices of dimension N x N, thus obtaining
N? excitonic eigenstates and their eigenenergies, which are
counted by the center-of-mass wave vector Q and the band
index v. Thus, the general index of an excitonic state x should
be, in all practical calculations, replaced by combination
(Q,v). This has the following consequences on the matrix
elements in the excitonic basis: dipole matrix elements reduce

to

Mgy =800des Y _ V0 k. (51)
ke

whereas carrier-phonon interaction matrix elements reduce to

1
Do) = 80.01a—= 2 Voi
(Qv)(Q'v) Q'.0+q Q—ke ke
VN

X (gcw(QQ—luce),Q/—QJrke - gvl//(QQ’—ukz.ke)‘ (52)
Due to the translational symmetry of our model, only the
dynamic variables for which the total created wave vector is
equal to the total annihilated wave vector will have nontrivial
values in the course of the system’s evolution. For example,
from all density matrices y(p,) only those with Q = 0 can have
nonzero values.

Our objective is to analyze, in the framework of this rela-
tively simple model, the characteristic time scales of exciton
formation and relaxation in a photoexcited semiconductor,
along with the impact that various model parameters have
on these processes. Basic parameters in our model are transfer
integrals J¢,JV (which determine bandwidths of the conduc-
tion and valence bands), electron-phonon coupling constants
g°%,g", the phonon energy hwyy, the dielectric constant &, and
the onsite Coulomb interaction U. We will, throughout the
computations, assume for simplicity that J* = J¥ = J and
g=8"=g.

As is well known, the main differences between a typical
organic and inorganic semiconductor can be expressed in terms
of bandwidths, dielectric constant, and the carrier-phonon
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interaction strength. Namely, inorganic semiconductors are
characterized by wide bands and high value of dielectric
constant, whereas organic semiconductors have narrow bands
and small value of dielectric constant. The carrier-phonon
interaction is stronger in organic than in inorganic semi-
conductors. Having all these facts in mind, we propose two
sets of model parameters which assume values typical of an
organic and inorganic semiconductor. Values of our model
parameters are adjusted to material parameters of GaAs for
the inorganic case and pentacene for the organic case. Values
of carrier-phonon coupling constants are chosen to correspond
to typical values for mobility and/or typical values for the
polaron binding energy.

Typical bandwidths in organic semiconductors are W ~
500 meV [8], which corresponds to the transfer integral J ~
125 meV, whereas inorganic semiconductors usually exhibit
bandwidths of several electronvolts [8] and we take in our
calculations the value of the transfer integral J = 500 meV.
In both cases, the lattice constant was fixed to a = 1 nm. The
dielectric constant in a typical inorganic semiconductor is of
the order of 10 and in the calculations we take the value of static
dielectric constant of GaAs ¢, = 12.9. For a representative
value of the dielectric constant in organic semiconductors
we take ¢, = 3.0 [4,8]. The value of the onsite Coulomb
interaction U is chosen to give the correct order of magnitude
for the exciton binding energy, which is calculated numerically.
For the organic parameter set, we set U = 480 meV, which
gives the exciton binding energy around 320 meV, while for the
inorganic parameter set U = 15 meV and the corresponding
exciton binding energy is roughly 10 meV.

The carrier-phonon coupling constants for the inorganic
case are estimated from the mobility values. The mobility of
carriers is estimated using the relation u = et/m*, where
is the scattering time and m™ is the effective mass of a carrier.
For cosine bands considered in this work, m* = h?/(2|J |a?)
in the vicinity of the band extremum. The scattering time is
estimated from the expression for the carrier-phonon inelastic
scattering rate based on the Fermi’s golden rule, which around
the band extremum k = 0 assumes the following form:

1 g nP?

2
(k) hlJ| \/1 — (cos(ka) — r;m)z’

(33)

where nP" = (ef"@m — 1)~1. Therefore, the carrier-phonon
coupling constant in terms of the carrier mobility reads as

2ea? oy, \ > v

_[1 - (1 — "“) } TS

hunph 21J|

Using the value for the electron mobility in GaAs at

300 K pte &~ 8500 cm?/(Vs) [44], we obtain g & 25 meV.
We can also estimate the carrier-phonon coupling constants

from the polaron binding energy. As an estimate of this

quantity, we use the result of the second-order weak-coupling

perturbation theory at 7 = 0 in the vicinity of the point

k =0 [45]:

g =1l

8 !
211 \/(cos(ka) + ZT’;T)Z —1

(k) = (55)
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TABLE 1. Model parameters which are representative of a
typical organic and inorganic semiconductor. References from which
material parameters are taken are indicated.

Parameter Inorganic Organic
E, (meV) 1519 [32] 2000 [47]
J (meV) 500 125

& 12.9 [32] 3.0 [8]

g (meV) 25 40
heg, (meV) 36.4 [32] 10.0 [48,49]
U (meV) 15 480

It is known that polaron binding energies in typical inorganic
semiconductors are eg(’l ~ 1 meV and we used this fact along
with Eq. (55) to check our estimate for g from the value

of mobility; for g &~ 25 meV, we obtain 6501 ~ 2 meV. The
polaron binding energies in polyacenes lie in the range
between 21 and 35 meV [46]. The value of g in the set of
model parameters representative of organic semiconductors
was estimated from the polaron binding energy in pentacene,
which is around 20 meV. We obtain that g =~ 40 meV. The
values used for the organic/inorganic set of parameters are
listed in Table I.

The form of the electric field is assumed to be a rectangular
cosine pulse

E(t) = Eocos(w:)0(t + 10)0(to — 1), (56)

where w, is the central frequency of the field and 6(¢) is the
Heaviside step function. Time #; is chosen large enough so
that the pulse is so spectrally narrow that the notion of the
central frequency makes sense. On the other hand, the pulse
should be as short as possible, so that after its end we observe
the intrinsic dynamics of our system, the one which is not
accompanied by the carrier generation process, but merely
shows how initially generated populations are redistributed
among various states. Trying to reconcile the aforementioned
requirements, we choose fy = 250 fs. The amplitude of the
electric field E and the interband dipole matrix element d., are
chosen so that we stay in the low-density regime; particularly,
we choose them so that the corresponding Rabi frequency
hwr = d.y Eo assumes the value of 0.2 meV, which is smaller
than any energy scale in our problem and ensures that the
excitation is weak.

In order to quantitatively study the process of exciton
formation after a pulsed excitation of a semiconductor,
we solved the system of quantum Kinetic equations for
electronic density matrices y,,nz, and their single-phonon-
assisted counterparts [Egs. (28), (29), (33), (34), and (35)
supplemented with Eqgs. (36) and (41)] using the fourth-order
Runge-Kutta algorithm. The computations are performed for
the temperature 7 = 300 K and the central frequency of the
pulse equal to the single-particle gap (hw. = E;). The exciton
is considered bound (unbound) if its energy Aw(gy) is smaller
(larger) than the smallest single-particle energy difference
€r, — €9k, [47]. The equation of the boundary line which
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separates bound from unbound pair states reads as

— 2/ (J)2 + (JV)2 —2J¢J" cos(Qa).

(57)

Esep(Q) = 68 - 6(‘)/

An unbound exciton may be considered as (quasi)free electron
and hole, so this way it is possible to distinguish between bound
excitons and free carriers.

The pulsed excitation of a semiconductor leads, in the first
step, to the generation of coherent electron-hole pairs that are
described in our formalism by the coherent pair amplitudes y,.
The decay of the coherent pair occupation

Neon = Z |yx|2 (58)

is due to the scattering processes which initiate already during
the generation of the pairs and gives a direct measure of the
loss of coherence [32]. At the same time, incoherent pair
occupations start to grow, driven by the loss rate of coherent
pair occupations [32,35]. In order to quantify the process of
exciton formation, we will follow the time dependence of the
total number of incoherent bound excitons

Nincoh,b = Z (nyx — |YX|2)~ (59

x€bound

This quantity represents the number of truly bound electron-
hole pairs which exist even after the optical field has vanished
and as such is the direct measure of the efficiency of the exciton
formation process. We will, when useful, also consider the
number of incoherent excitons in a particular band v, Nipcon,y-
The quantities Nincoh,b and Nincon,» Will be normalized to the
total number of excitons Ny defined in Eq. (27).

A. Numerical results: Organic set of parameters

We start this section by an overview of properties of the
excitonic spectrum, shown in Fig. 1(a), which will be relevant
for further discussions of the exciton formation process. The
lowest excitonic band is energetically well separated from
the rest of the spectrum, the energy separation between the
minima of the bands v =0 and 1 being around 200 meV,
which is much larger than both the value of k3T at room
temperature and the phonon energy in our model (see Table I).
As a consequence, downward transitions that end at the lowest
excitonic band start almost exclusively from the statesonv = 1
band and an exciton, which is at some instant in a state on
the v = 0 band, cannot be scattered to an unbound excitonic
state.

We briefly comment on the size of the exciton for these
values of model parameters. From the exciton wave function
]/f(Qij) k. in k space, we can obtain the exciton wave function
in real space performing the Fourier transformation

HE = Dy
ke

— ¢! QUretr)/2 Ze*l(Q 2k, )(rrrh)/Zl/,(ij) - (60)
ke

The exciton wave function in real space is a product of the
plane wave which describes the motion of the center of mass
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FIG. 1. (Color online) (a) Excitonic spectrum for the organic set
of parameters. Dots represent individual excitonic states (Q,v), while
thick red line is the boundary between bound and unbound excitonic
states computed using Eq. (57). (b) Squared modulus of the wave
function which describes the relative motion of an electron-hole pair
[Eq. (61)] calculated for different states (Q = 0,v). Mean electron-
hole separations in these states are 0.7a (v = 0), 2.5a (v = 1), 4.6a
(v = 2),and 7.8a (v = 3). Computations are performed for N = 101.

with the wave vector Q and the wave function of the relative
motion of an electron and a hole:

1 —i(Q—=2ke)(re—rp)/2 1. (QV)
EZm—Ze’Q ey 0 (61)

ke

The latter part is directly related to the exciton size. We
calculated squared modulus of the wave function of the
relative motion of a pair for states (Q = 0,v) in various bands.
The result is shown in Fig. 1(b). It is clearly seen that an
electron and a hole are tightly bound in these states and
their relative separations are of the order of lattice constant,
which is the typical value for the exciton radius in organic
semiconductors. We point out that this does not mean that an
exciton is localized; due to the translational symmetry of our
system, it is delocalized over the whole lattice, as described by
the plane-wave factor in the total wave function of a pair.
Moreover, we note that the system size N = 101 is large
enough for the results to be numerically accurate, as it is much
larger than the typical size of the exciton in a bound state.

235208-8



DYNAMICS OF EXCITON FORMATION AND RELAXATION ...

——hwe = hw(g—p,p=1)

———— hw;_- s h-w[Q:[J‘r/:'Z)
hwe = By

| | I 1 I | ' |
0 0 1 2 3 4 5

Time (ps)

FIG. 2. (Color online) Time dependence of the relative number
of incoherent bound excitons for different central frequencies of the
pulse.

The impact that different parameters have on the exciton
formation process is studied by changing one parameter, at
the same time fixing the values of all the other parameters
to the previously mentioned ones. We performed all the
computations for a limited number of lowest excitonic bands,
which crucially depends on the central frequency w, of the
excitation. For the given excitation, we took into account all
the bands whose minima lie below Aw,. + akpT, where « ~ 5
is a numerical constant.

We will first discuss the exciton formation process for
different central frequencies of the exciting pulse. We have
considered central frequencies in resonance with (Q =0,
v = 1) state, (Q =0, v = 2) state, single-particle gap, and
the central frequency which is 100 meV above the band gap.
As can be noted from Fig. 2, raising the central frequency of
the laser field leads to lower relative number of incoherent
bound excitons. Namely, the higher is the central frequency,
the higher (in energy) are the bands in which the initial
coherent excitonic populations are created and the slower is
the conversion of these coherent populations to incoherent
populations in lower excitonic bands. However, in the long-
time limit, the relative number of incoherent bound excitons
should not depend on the central frequency of the laser,
but tend to the value predicted by the Maxwell-Boltzmann
distribution, which is above 99%. Such a high value is due
to the large energy separation between the lowest excitonic
band and the rest of the spectrum. We can thus infer, based on
Fig. 2, that the semiconductor dynamics right after the pulsed
excitation shows highly nonequilibrium features. Relaxation
towards equilibrium occurs on a time scale longer than the
picosecond one.

Next, we consider the dependence of the exciton formation
process on temperature. The temperature enters our model
only through phonon numbers nP". The overall behavior of
the relative number of incoherent bound excitons for different
temperatures is shown in Fig. 3. During the pulse, the relative
number of incoherent bound excitons is highest for 7 = 300 K
and lowest for T = 100 K, which is the consequence of the fact
that scattering processes from higher excitonic bands (in which
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FIG. 3. (Color online) Time dependence of the relative number
of incoherent bound excitons for different temperatures. The inset
shows the portions of the same curves after the pulse.

initial coherent excitonic populations are created and which are
situated both in the pair continuum and below it) towards lower
excitonic bands are most efficient at 7 = 300 K. After the
generation of carriers has been completed, phonon-mediated
processes lead to the redistribution of created incoherent exci-
tons among different excitonic states and the relative number
of incoherent bound excitons increases with decreasing the
temperature, which is the expected trend. In the inset of
Fig. 3 we also note that the relative number of incoherent
bound excitons after the pulse experiences an initial growth
followed by a slow decay at T = 300 K, whereas at T = 100
K it monotonically rises. The initial growth at 7 = 300 K is
attributed to downward scattering processes, but since at this
temperature upward scattering events cannot be neglected, the
following slow decay is due to the fact that some excitonic
bands well below the pair continuum (bands v = 1,2,3) lose
excitons both by downward scattering and upward scattering
to excitonic states which are near to or belong to the pair
continuum [see Figs. 4(a) and 4(b)]. At T = 100 K, these
upward processes are much less probable than downward
processes, thus the decay of the relative number of incoherent
bound excitons is not observed; in Figs. 4(c) and 4(d) we see
that lowest excitonic bands (v = 0, 1,2) gain excitons, whereas
bands which are near to or belong to the pair continuum
(v =9,11,13,15) lose excitons. The population of the lowest
excitonic band v = 0 continually grows at all the temperatures
studied, due to the large energetic separation between this band
and the rest of the spectrum.

We briefly comment on the behavior of the number of
coherent excitons N, and its temperature dependence. Right
after the start of the pulse, coherent excitons comprise virtually
the total excitonic population (see Fig. 5). Due to the carrier-
phonon interaction, the relative number of coherent excitons
decays during the pulse, so that at its end coherent excitons
comprise around 1% of the total excitonic population. The
conversion from coherent to incoherent populations is thus
almost completed by the end of the pulse. From the inset of
Fig. 5, we note that N o/ Ny exhibits a very fast decay after
the pulse has vanished, with decay times of the order of 50 fs or
less. Therefore, we infer that the transformation from coherent
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FIG. 4. (Color online) Time dependence of the relative popula-
tion of various excitonic bands for different temperatures 7 = 300 K
for panels (a) and (b) and 7 = 100 K for panels (c) and (d). Panels
(a) and (c) concern bands which are well below the pair continuum
(v =0,1,2,3), whereas panels (b) and (d) deal with the bands which
are near the continuum (v = 9) or in the continuum (v = 11,13,15).

to incoherent excitonic populations takes place on a 50-fs time
scale. Based on Fig. 5, we also note that the lower is the
temperature, the slower is the transformation from coherent to
incoherent excitonic populations, which is the expected trend.

We continue our investigation by examining the effects that
changes in the carrier-phonon coupling constant g have on
the exciton formation process. Since increasing (lowering)
g increases (lowers) semiclassical transition rates, just as
increasing (lowering) T does, the changes in g and 7 should
have, in principle, similar effects on the exciton formation
process. Considering first the relative number of incoherent
bound excitons, whose time dependence for different values
of g is shown in Fig. 6(a), we note that after the end of the

1 T £ T J T T T

Ny 1 T =300K
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FIG. 5. (Color online) Time dependence of the relative number
of coherent excitons for different temperatures. The inset shows the
portions of the same curves (note the logarithmic scale on the vertical
axis) after the pulse.
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FIG. 6. (Color online) Time dependence of (a) the relative num-
ber of incoherent bound excitons, (b) the relative number of
incoherent excitons in the v = 0 band, for various values of g. The
inset in the panel (a) shows the portions of the same curves after the
pulse.

pulse itincreases with decreasing g. However, during the pulse,
higher values of g lead to more incoherent bound excitons,
as is expected since scattering processes which populate
low-energy states are more intensive for larger g. We also
show the time dependence of the relative number of excitons
in v = 0 band in Fig. 6(b). It is observed that the lower is g, the
lower is the number of excitons in the lowest excitonic band.
This is due to the fact that populations on the lowest band are
generated mainly via scattering processes from the v = 1 band
and these processes are less efficient for smaller g.

We conclude this section by studying the effects that
changes in the onsite Coulomb interaction U have on the
process of exciton formation. Changing U has profound effects
on the excitonic spectrum. Exciton binding energy lowers with
lowering U along with the energy separation between the band
v = 0 and the rest of the spectrum. We studied the impact of
U on the exciton formation process for three values of U,
U = 480, 240, and 48 meV, for which the exciton binding
energy is ~ 320, ~ 175, and ~ 40 meV, respectively. Lowering
U lowers the relative number of incoherent bound excitons,
as is shown in Fig. 7. Smaller energy separation between the
lowest excitonic band and the rest of the spectrum means that
phonon-mediated transitions which start/end on the band v =
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FIG. 7. (Color online) Time dependence of the relative number
of incoherent bound excitons for various values of U. The inset shows
the portions of the same curves after the pulse.

0 can end/start not predominantly on the band v = 1, but also
on higher excitonic bands, which, for lower U, are more certain
to belong to the electron-hole pair continuum than to the part of
the spectrum which contains bound pair states. Thus, the lower
is U, the more likely are the dissociation processes in which
an exciton, initially in a bound state, after a phonon-mediated
transition ends in an unbound pair state, which explains the
observed trend in the relative number of incoherent bound
excitons. This agrees with the usual picture according to which
thermal fluctuations are likely to dissociate loosely bound
electron-hole pairs. For U = 48 meV, in the long-time limit
and according to the Maxwell-Boltzmann distribution, around
78% of the total number of excitons should be in bound states,
whereas for the other two values of U this number is above
99%. Thus, the dynamics observed is highly nonequilibrium,
but unlike the cases U = 480 and 240 meV, in which we cannot
observe that the relative number of incoherent bound excitons
starts to tend to its equilibrium value, for U = 48 meV we
observe such a behavior (see the inset of Fig. 7).

In summary, we list the time scales of the exciton formation
and relaxation that stem from our computations. The transfor-
mation from coherent to incoherent excitons takes place in
less than 50 fs. A significant number of incoherent bound
excitons are established on a time scale of several hundreds of
femtoseconds, whereas the subsequent relaxation of excitonic
populations occurs on a time scale longer than the picosecond
one. Further discussion of these results is deferred for Sec. IV.

B. Numerical results: Inorganic set of parameters

In this section, we will investigate the exciton formation
process in the case when material parameters assume values
typical of inorganic semiconductors, i.e., relatively large band-
widths, large dielectric constant (weak Coulomb interaction),
and weak carrier-phonon interaction. The excitonic spectrum
is shown in Fig. 8(a). We see that almost all excitonic bands
belong to the pair continuum, except for a couple of lowest
bands, which is more clearly seen in the inset of Fig. 8(a). This
is an entirely different situation from the one that we encounter
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FIG. 8. (Color online) (a) Excitonic spectrum for the inorganic
set of parameters. Dots represent individual excitonic states (Q,v),
while thick red line is the boundary between bound and unbound
excitonic states computed using Eq. (57). The inset shows the same
spectrum in the range of energies around the single-particle gap.
(b) Squared modulus of the wave function which describes the relative
motion of an electron-hole pair [Eq. (61)] calculated for different
states (Q = 0,v). Mean electron-hole separations are 9.1a (v = 0)
and 29.4a (v = 1), while states (Q =0, v =2)and (Q =0, v = 3)
are not bound. Computations are performed for N = 151.

for the organic set of parameters, where large energy separation
of the lowest excitonic band from the rest of the spectrum
was crucial to understand the exciton formation process. As a
consequence, excitons in bound states are likely to scatter to a
state in the pair continuum, in contrast to the situation for the
model parameters representative of an organic semiconductor.

Having noted the important characteristics of the excitonic
spectrum, we move on to comment briefly on the exciton size
for the inorganic set of parameters. We plot in Fig. 8(b) the
squared modulus of the wave function of the relative motion
of the pair, which is defined in Eq. (61). We note that for
the inorganic set of parameters, electron and hole are not as
tightly bound as for the organic set of parameters, which is
in accord with the fact that excitons in a typical inorganic
semiconductor have large radii, typically of the order of 10
lattice constants [5,6]. From Fig. 8(b), it is also clear that, if
we are to see the lowest excitonic state (Q =0, v =0) as a
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FIG. 9. (Color online) (a) Time dependence of the relative num-
ber of incoherent bound excitons for excitation resonant with the
single-particle gap and the one which is 100 meV above it. The
temperature in both cases is 7 =300 K. (b) Time dependence
of the relative number of incoherent bound excitons for various

temperatures. The central frequency of the laser pulse is 100 meV
above the single-particle gap.

bound pair, we should take the system size N 2 120. We opted
for N = 151 because this value makes a good compromise
between the minimal size of the system needed for the results
to be numerically accurate and the computational time.

For the inorganic set of parameters, we note that incoherent
unbound excitons comprise the major part of the total excitonic
population [see Fig. 9(a)], which is different from the case
when model parameters assume values representative of an
organic semiconductor, when excitons in bound states prevail.
Considering an unbound exciton as quasifree electron and hole,
we interpret the last observation in the following manner: after
an optical excitation of an organic semiconductor, (strongly)
bound electron-hole pairs (excitons) are mainly generated,
whereas in the case of an inorganic semiconductor an optical
excitation predominantly generates (quasi)free charges. In
Fig. 9, we also note that for higher central frequency of the
laser field, the relative number of bound excitons is lower.
However, in the long-time limit the number of incoherent
bound excitons should assume the value predicted by the
Maxwell-Boltzmann distribution, which is around 36.5%,
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irrespectively of the central frequency of the pulse. The values
of the relative number of incoherent bound excitons at the end
of our computations do not strongly deviate from the value
predicted by the Maxwell-Boltzmann distribution, in contrast
to the situation for the organic set of parameters, where this
deviation was more pronounced (see Fig. 2). It can thus be
inferred that nonequilibrium features of the semiconductor
dynamics after a pulsed excitation are more pronounced for
the organic than for the inorganic set of parameters.

Finally, we comment on the temperature dependence of the
exciton formation process for the excitation whose central
frequency is 100 meV above the single-particle gap. The
lower is the temperature, the higher is the relative number
of the incoherent bound excitons [see Fig. 9(b)]. During the
pulse, higher temperature leads to higher relative number of
incoherent bound excitons, which has already been explained
in the section dealing with the organic set of parameters. The
long-time limit values of the relative number of incoherent
bound excitons are 44.7% for T =200 K and 62.7% for
T =100 K. In all three cases, the dynamics is highly
nonequilibrium, but it displays the trend of a slow, but
monotonic, approach towards the equilibrium.

IV. DISCUSSION

In this section, we discuss the time scales of exciton forma-
tion and relaxation processes obtained from our calculations
in light of recent subpicosecond time-resolved experiments. In
Ref. [23], femtosecond-resolved fluorescence up-conversion
spectroscopy was applied to investigate the exciton dynamics
in pristine PCDTBT polymer. The results obtained were
interpreted to originate from formation of free charges on
less than 100 fs time scale, followed by formation of bound
excitons in less than 1 ps and their further relaxation at a
longer time scale. Similar results were obtained in Ref. [24]
for P3HT polymer. Despite the fact that our Hamiltonian
does not include the effects of disorder that are present
in real materials and uses an oversimplified form of the
carrier-phonon interaction, we obtain time scales consistent
with these data in our computations. Namely, for the organic
parameter set we find that significant population of bound
excitons is formed on the time scale of several hundreds
of femtoseconds and that their further relaxation occurs for
at least several picoseconds. These conclusions are further
corroborated by fitting the relative number of incoherent bound
excitons Ninconb/Niot after the carrier generation has been
completed to a sum of three exponentially decaying terms.
For the organic parameter set, we obtain characteristic time
scales of ~50fs, ~500 fs and > 1 ps. We attribute the fastest
time scale to decoherence processes which are responsible
for conversion from coherent (|y(|?) to incoherent (ii,,)
populations due to the interaction with phonons. The time scale
of ~500 fs may be associated with the buildup of the Coulomb-
induced correlations between electrons and holes by formation
of bound incoherent electron-hole pairs via phonon-assisted
scattering processes. After this time scale, however, intraband
coherences 7z, (X 7 x), as well as single-phonon-assisted
density matrices ng,+, still have significant values. In the
long-time limit, these variables asymptotically vanish, and we
remain only with incoherent populations whose dynamics will
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eventually lead to thermalized distribution of excitons [35].
As our computations are certainly not long enough to observe
these effects, we speculate that the slowest time scale we obtain
may be related to the decay of the intraband coherences and/or
phonon-assisted variables.

Next, we comment on the relation of our results with recent
experimental insights which have challenged the commonly
accepted physical picture of the generation of free charges in
bulk heterojunction solar cells. Namely, it is widely believed
that physical processes leading to current generation are
formation of bound excitons due to light absorption in the
donor material, their diffusion to the donor/acceptor interface,
and their subsequent separation at the interface [4]. From
the discrepancy between the distance that a donor exciton
can diffuse in 100fs and the distance it has to cover in
order to reach the donor/acceptor interface in efficient bulk
heterojunction solar cells, Cowan et al. [25] conclude that
the subpicosecond charge transfer to the acceptor occurs
before exciton formation in the donor. The results of our
computations, which indicate that the formation of incoherent
bound excitons occurs on a ~500-fs time scale, are therefore
consistent with their observations. The formation of hot
charge transfer excitons which occurs in less than 100 fs and
which is followed by their relaxation to lower energies and
shorter electron-hole distances on a picosecond time scale was
experimentally observed in a small molecule CuPc/fullerene
blend using time-resolved second harmonic generation and
time-resolved two-photon photoemission [28]. The presence
of hot charge transfer excitons, which are delocalized, i.e., in
which the electron-hole separation is rather large, and their
essential role in subpicosecond charge separation in efficient
OPV systems were also identified in Refs. [26,27,29]. Our
simulation results that indicate exciton equilibration times
longer than picoseconds are fully consistent with observations
that during charge separation at the donor/acceptor interface
the excitons remain out of equilibrium (hot excitons).

V. CONCLUSION

In conclusion, we have investigated the exciton dynamics
in a photoexcited semiconductor on a picosecond time scale.
The study was conducted on the two-band semiconductor
Hamiltonian, which includes relevant physical effects in
the system, using the density matrix theory combined with
the DCT scheme. We truncate the phonon branch of the
hierarchy and propose the form of coupling between electronic
density matrices with single-phonon assistance and higher-
order phonon assistance so as to achieve the compatibility
of the resulting equations with the energy and particle-number
conservation in a system without external fields. The numerical
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study aiming at identifying time scales of exciton formation
and relaxation processes was performed on a one-dimensional
model system for the values of model parameters represen-
tative of a typical organic and inorganic semiconductor. We
concluded that the dynamics on a picosecond time scale
shows highly nonequilibrium features, relaxation processes
towards equilibrium occurring on a longer time scale. While
for the organic set of parameters the excitons generated are
mainly tightly bound, for the inorganic set of parameters
the major part of excitons is in unbound pair states and
may thus be considered as (quasi)free electrons and holes.
In other words, a photoexcitation of an initially unexcited
organic semiconductor leads to creation of bound electron-hole
pairs, whereas in an inorganic semiconductor it leads to
generation of free charges. This difference can be mainly
attributed to different properties of the excitonic spectrum,
which for the organic set of parameters exhibits large energy
separation between the lowest excitonic band and the rest
of the spectrum. Furthermore, although the carrier-phonon
interaction is stronger for the organic set of parameters, we
have noted that the number of excitons in bound states more
strongly deviates from its equilibrium value for the organic
set of parameters than for the inorganic one. This observation
emphasizes the importance of nonequilibrium effects for the
proper understanding of the ultrafast dynamics of photoexcited
organic semiconductors and unraveling the working principles
of organic photovoltaic devices.
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APPENDIX A: EQUATIONS OF MOTION

In this appendix, we present equations of motion for
relevant dynamic variables. These are the same equations as
in Ref. [35], with only slight modifications in notation, which
are exact up to the second order in the external field. We
point out that, according to the generating function property,
differential equations for the corresponding phonon-assisted
density matrices are obtained after performlng appropriate
differentiations and setting o, = B, =

@ud, ) Yoy

—E@OMS FP, (A1)
ke VB

n

235208-13



VELJKO JANKOVIC AND NENAD VUKMIROVIC PHYSICAL REVIEW B 92, 235208 (2015)

iR Nypey = (€ — € + €5 = €)Napea + D ((Vooie = Vyoie) Nammg = (Vosey = Vopae) Nopea)

p €VB
q €CB

+ Zhwu (ﬂuaﬁ — a0 au abcd + Z de(aau + Bu) + Via aﬂu) abck (Vk’iﬁw + Vak (aﬂu + O‘u)) kbﬁcd)

I k € CB
I
- Z ((ch (3% + /SM) + Vi aﬁu)Nabkd (Véi% + Vkl;* (8#& + aﬂ))Nakcd) E(’)(M ﬁa* ba Yﬁf)-
k € VB

ya
(A2)
APPENDIX B: CLOSING THE HIERARCHY OF EQUATIONS

In Eq. (33), correlated parts of two-phonon-assisted density matrices dngy,+5- and dngy,+,+ appear. In their differential
equations, three-phonon-assisted density matrices are present. In order to close the hierarchy of equations, we factorize them
into all possible combinations of phonon distribution functions and phonon-assisted electronic density matrices and neglect their
correlated parts. The strategy for the factorization is the one we employed in Eq. (31) where we considered an exciton as a basic
entity and did not take into account contributions arising from the excitonic amplitude (with possible phonon assistance). Namely,

the two-phonon-assisted electronic density matrix (cldgdccdblb,,) can be written in terms of exciton creation and annihilation

operators [see Eq. (18)] as > . i fd(X;Xxbpr). Since it appears in the equation of motion for one-phonon-assisted

(+)

electronic density matrix ny,, , which is coupled to Eq. (29) describing excitonic populations and intraband coherences, we treat

an exciton as a basic entity and accordingly perform the factorization (ij X, bpr) = (ij X,) (bpr) +46 (Xjz X, bpr). In the case
of three-phonon-assisted electronic density matrices, the described factorization procedure, neglecting the correlated part, gives

(chd}decablblbe) = 8,0 (chd)decabl)n + 8,0 (cld)d.cabl)nt". (BL)

w’p

Performing transition to the excitonic basis, the following differential equation for the variable §ng,,+,- is obtained:

h
. 1 +na ny .
8, 5nmp+g— = —l((,()x — Wy + Wy — wp)8nx_xp+o'* + E Fxx,nxx pt — E E Fi,xnfﬂﬁ

1+ nb
- ih ZF e xxa++_zr‘xx Nyzo+s (Bz)
T

and similarly for the variable dng,,+s+. Solving Eq. (B2) in the Markov and adiabatic approximations [39,40], the following
result is obtained:

Szapto- = (1 +nbh) Zr D(hwy — hw, — hwg)nzy s — nb" Zr D(hws — hwy — hwg g+
+ (14 n2") Z 25D (hwsy — hos — hop)nte,. — nb" Z 7 D*(hay — hwy — honte, .. (B3)
where D(e) = —imd(e) + P(1/€). We thus expressed two-phonon-assisted electronic density matrices in terms of one-phonon-

assisted electronic density matrices. When these results are inserted in Eq. (33), we neglect all terms involving principal values
which, in principle, lead to polaron shifts in energies [9,40]. Furthermore, we note that the inserted terms involve multiple
summations over excitonic indices x and we use the random phase approximation to simplify the expression obtained. This
approximation is easier to understand and justify when we transfer to a particular representation for the excitonic index x, for
example, the one that we used in our computational study, where we took advantage of the translational symmetry and had
x = (Q,v). Electronic density matrices with one-phonon assistance (5,00 v)g; ATe complex quantities, which acquire nontrivial
values during the evolution provided that the condition Q + g, = Q is satisfied. Having in mind the selection rule for carrier-
phonon matrix elements in the excitonic basis [see Eq. (52)], we can express the first term which describes the coupling of the
one-phonon-assisted electronic density matrix 71(9—q,,5)(0.v)q+ to density matrices with higher phonon assistance [see Eq. (33)] as

1
—E Fp* (Sl’lx 'xputp
T
qp* q h
~ Z (éfq,uﬁfoq,ﬁqp,v’)F(é,vawﬂ.v’)(1 +”5p)5(h‘“<Q+qmv/> = hog.) = hewg, (g, +4,.7)Q+4, gt
qp,V', V'
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In the first, the third, and the fourth sums in the previous equation we perform summation of terms which involve complex-
valued single-phonon-assisted electronic density matrices over the wave vector g,, whereas in the second sum the summation is
not carried out over any of the wave vectors describing the density matrix. In the lowest approximation, we can assume that all
the sums apart from the second are negligible due to random phases at different wave vectors. For the sake of simplicity, in the
second sum we keep only the contribution for 7" = ¥, thus expressing the coupling to higher-phonon-assisted density matrices
only in terms of the single-phonon-assisted density matrix for which the equation is formed. Restoring the more general notation,

we obtain the result

Zr Sy = —% %: P2 B8 (haos — hoos + hep) | neaer- (BS)

Repeating similar procedure with the remaining three terms which describe coupling to density matrices with higher-order
phonon assistance in Eq. (33), we obtain the result embodied in Eqgs. (36)—(38).

Analogously, the following results for two-phonon-assisted electronic density matrices 8yy,+s-,0yx,+o+ are obtained, solving
their respective differential equations in the Markov and adiabatic approximations

8yxpra- = (14+n") Y T Dby — ho, — harg)yt) — ni Y " T0ED*(hao, — hoy — ha,)yL,). (B6)

and similarly for the variable 8y, ,+,+. Inserting the results obtained in Eqs. (34) and (35) and performing the random phase
approximation as described, the result given in Egs. (41) and (42) is obtained.

APPENDIX C: COMMENTS ON THE ENERGY CONSERVATION IN THE MODEL

In this appendix, we will comment on the energy conservation in the model after the external field has vanished. Using
Egs. (21), (22), (29), and (30), we obtain the rate at which the energy of carriers and phonons changes after the pulse

2
0 (et Em) = —7 > (hao, — hoy — heo ) Im{ T4 gy ). (C1)

nxx

which exactly cancels the part from 9; &..pn [see Eq. (23)] that originates from the free rotation term —i(wy — we — W, )zey+ in
Eq. (33). The terms in d; &.pn which arise from the second and third terms in Eq. (33) are identically equal to zero each since
they are purely real, which is easily checked. Therefore, the rate at which the total energy changes after the pulse is equal to
the rate at which the carrier-phonon interaction energy changes due to the coupling of single-phonon-assisted to higher-order
phonon-assisted density matrices, (9, Sc_ph)higher, which is equal to [see Eq. (33)]

2 2
(3 Ecpphigher = =7 1m D AT Snewrp ¢ — +Im D TETL neaus o
HXx nxx
pf/ ,D)_(/
2 [ pn 2
+Im D AT Snewusp ¢ + +Im D TETY Sneeuspr (- (C2)
XX HxXx
px’ px’

The first and the third terms on the right-hand side of Eq. (C2) are separately equal to zero (since the quantities under the
sign of the imaginary part are purely real), whereas the second and the fourth terms exactly cancel each other, so the total
energy is conserved. In particular, this is true for the form of the correlated parts of two-phonon-assisted density matrix 67z, +o-
given in Eq. (B3) and the similar form of the density matrix 6ng,,+o+. In Eq. (C2), all the sums are performed over all
indices that are present in a particular expression, so the crux of the proof that the energy is conserved is the interchange of
dummy indices combined with the properties Sn“ tg— = ONyzotp- and Sngypto+ = SNgrg+,+. However, when we apply the
random phase approximation, the aforementioned properties are lost and the energy is not conserved any more. For example,
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the first term on the right-hand side in Eq. (C2) after performing the random phase approximation is not equal to zero, but to
_%T(ZW2 T2, |2nf)h6(ha)); — hox + ho,)RelY ¢, Trine+} [see Eq. (B5)], which is just one term of the total rate (3, Ee-phigher

when we use the result from Eq. (36).
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A wide range of disordered materials contain electronic states that are spatially well localized. In this work, we
investigated the electrical response of such systems in nonequilibrium conditions to external electromagnetic field.
We obtained the expression for optical conductivity valid for any nonequilibrium state of electronic subsystem.
In the case of incoherent nonequilibrium state, this expression contains only the positions of localized electronic
states, Fermi’s golden rule transition probabilities between the states, and the populations of electronic states. The
same form of expression is valid both in the case of weak electron-phonon interaction and weak electron-impurity
interaction that act as perturbations of electronic Hamiltonian. The derivation was performed by expanding the
general expression for ac conductivity in powers of small electron-phonon interaction or electron-impurity
interaction parameter. Applications of the expression to two model systems, a simple one-dimensional Gaussian
disorder model, and the model of a realistic three-dimensional organic polymer material, were presented as well.

DOI: 10.1103/PhysRevB.90.224201

I. INTRODUCTION

Electronic transport in semiconductors has been attracting
significant research attention for more than half a century. Par-
ticular classes of semiconductors where interesting physical
effects arise in electronic transport are semiconductors where
a certain type of disorder is present in the system which leads
to localization of electronic states. These include amorphous
inorganic semiconductors (such as amorphous Si or Ge) [1],
inorganic crystals doped with randomly positioned impurities
[2,3], and organic semiconductors based on conjugated poly-
mers or small molecules [4—-10]. The latter class of materials
triggered a particular interest in the past two decades due to
their low production cost, which led to the development of a
variety of organic electronic devices [11-17].

There is currently a solid understanding of equilibrium
electronic transport in disordered systems with localized
electronic states. dc transport in such systems can be modeled
using an equivalent network of resistors that connect each two
sites where electronic states are localized [18,19]. Electronic
conductivity or mobility in the material can then be calculated
by finding the equivalent resistance of the network or estimated
using percolation theory. However, dc mobility which quanti-
fies electronic transport properties over long length scales is in
many cases not the most relevant quantity when the description
of electronic transport processes is concerned. In particular,
in organic solar cells based on a bulk heterojunction of two
organic semiconductors, charge carriers travel over very short
length (on the order of nanometers) and time (on the order
of picoseconds) scales before they reach the interface of two
semiconductors [20-22]. The high frequency (terahertz) ac
mobility is a much better measure of charge transport over
such short time scales.

The approaches for simulation of ac conductivity are
usually based on Kubo’s formula which expresses the ac
conductivity in terms of the mean square displacement of a
diffusing carrier [23-27]. Such approaches therefore assume
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that carriers are in equilibrium and that they are only slightly
perturbed by external alternating electric field. However, in
many realistic situations, the carriers are not in equilibrium;
a typical example concerns the carriers created by external
optical excitation across the band gap of a semiconductor.
While general approaches for the treatment of nonequilibrium
electronic transport, such as the density matrix formalism [28]
or the nonequilibrium Green’s function formalism [29-31], do
exist, it is in practice quite difficult to apply them to disordered
materials, where one needs to consider large portions of
material to obtain reliable information about its properties.

The main goal of this work was to derive a simple
expression that relates the optical conductivity of a material
with localized electronic states to its microscopic parameters.
To accomplish this goal, we first derive in Sec. II the
relation between nonequilibrium optical conductivity and the
corresponding current-current correlation function. Then, in
Sec. III we derive an expression for the conductivity of the
system of localized states with electron-phonon interaction
that acts as perturbation valid for arbitrary nonequilibrium
state of the electronic subsystem. In the case of incoherent
nonequilibrium state, the obtained expression appears to have
a rather simple form—the only quantities that appear in it are
the positions of localized states, their populations, and the
phonon-induced transition probabilities between the states.
In Sec. IV we show that the same expression is obtained if
additional static potential acts as a perturbation. In Sec. V, we
present the results obtained from the application of the derived
formula to a simple one-dimensional hopping model and to a
realistic disordered conjugated polymer material. We discuss
our results in light of the other results that exist in the literature
in Sec. VL.

II. GENERAL EXPRESSION FOR NONEQUILIBRIUM
OPTICAL CONDUCTIVITY

In this section, we consider an arbitrary quantum system
described by the Hamiltonian A whose state is given by the
statistical operator p(¢). We will derive the time evolution
of p(¢) due to a weak external perturbation A'(t) which is
turned on at = 0. Next, for the system that contains charged

©2014 American Physical Society
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particles, we will find the current density caused by external
electric field that acts as a perturbation. While the results of this
section are mostly available in the literature, we repeat them
here for completeness of the paper, as well as to introduce the
notation and terminology for the remainder of the paper.

A. Evolution of the density matrix

The equation for the density matrix A(¢) describing the state
of the system for ¢t > 0 is

dp(r)
dt

=[H + H't),p0)]. (1

We search for the solution of Eq. (1) in the form A(r) =
Dtree(t) + f (), where

7 p(0)e! " @

is the statistical operator of the system in the absence of
external perturbation, 5(0) is the statistical operator describing
the state of the system just before the external perturbation
is turned on, while f (1) is the contribution to the statistical
operator due to linear response of the system. It satisfies the
differential equation

df()

Ptree(t) = €~

—[H, f(O1 = [H'(1), Prree(D)], 3)
with the initial condition f(0) = 0. After solving the last
equation up to linear terms, we obtain [32]

H

1 (i, !
p0) = TR pO R o / dr' LA, 0)]e

“

where H;(t) = ¢' % H'(t)e~ 7' Equations given in this section
are strictly valid only for an isolated quantum system and do
not include the relaxation of the system from some nonequilib-
rium to the equilibrium state. In realistic systems, interaction
of the system with the environment leads to relaxation of
the system to the equilibrium state. Therefore, the equations
that we will derive are valid only if the characteristic time
of external perturbation is short compared to the relaxation
time 7. Since we shall study the response to the electric field
oscillating with a frequency w, the aforementioned condition
reads

ot > 1. (5)

In that case, the relaxation of the system towards equilibrium
during one period of the perturbation is negligible and can be
ignored in the considerations.

B. Nonequilibrium optical conductivity

Next, we assume that the system contains mobile charged
particles and that external electric field acts as a perturbation.
The system responds to external electric field by nonzero value
of current density. The current density operator is given by [33]

- 1 N . A

Ja® = =" g0 — £,) + 8 — £)p)ar  (6)
2m =
where ¢ and m are the charge and the mass of a carrier,
respectively, while p, and &, are the momentum and the
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position operator for a single carrier, and a denotes the
component of the current density operator (x, y, or z). Using
Eq. (4), we find that the current density at time ¢ is given as

(Ja(®)); = Tr(p(t) ju(r))
= Tr(5(0) ju(t,1))

1 [ A A
+%/0 dt’ Te(pO)[ ja(t. 1), H; (), (7)

where J,(t,r) = ¢ i j,(r)e i". The first term in Eq. (7) does
not depend on the electric field, while we are interested
in the response of the system to the applied electric field.
Consequently, we shall further only consider the second term
in Eq. (7) given as

1 ! n R
Tuen = - / ' T PO u . AL, ®)
0

We shall also assume that we are dealing with a spatially
homogeneous system at the macroscopic scale. The current
density averaged over the volume of the system

Ju(t) = / &r Ty(tr) ©)

will be considered as the response to the applied field. The
Hamiltonian of interaction with electric field E(¢) is given as
[34]

A'(t)=—-1-E@), (10)

where IT is the electric dipole moment operator defined as
=g . a1
n

Using Egs. (9), (8), and (10), the quantity [J,(#) can be
expressed as

7.(t) = / A otV Ep(0), (12)
0
where the tensor
oup(t,t') = };—VTr(ﬁ(O)[fa(t)ﬁb(t')]) (13)

describes the linear response to the applied electric field. In
Eq. (13), the operator J,(¢) is defined as

= [drjen=260. b

The operators f[a (t) and A () satisfy the equal time commu-
tation relation

R R . Ng*
[{1a(0). (0] = ih=1=5. (15)
where N is the number of carriers, and the continuity equation
Jo =L, (16)
a - dl’ a M
When the condition
[5(0),H] =0 (17)

is satisfied, the tensor oy,(¢,#’) defined in Eq. (13) does not
depend separately on ¢ and ¢, but only on their difference
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u =t — t'. The optical conductivity tensor can then be defined
as ogp(w) = f0+°° du oq,(u) e and reads

. +m ) R .
(@) = - / dt ¢ ROy, 0. (18)
0

Using Egs. (16) and (15), Eq. (18) can be cast into a more
familiar form (n = N/V is the concentration of carriers)

2 1 +o00 )
oup(@) = i L5+ —— / di &
maw 0

X Tr((O)[Ja (1), Jo(0)]). 19)

The equation for the optical conductivity (19) can be consid-
ered as a generalization to the nonequilibrium stationary case
of well-known results [35] which relate optical conductivity to
the equilibrium current-current correlation function. General-
izations of this sort have already been proposed in the literature
[in the context of the fluctuation-dissipation theorem, which
relates the dissipative part of the optical conductivity to the
(non)equilibrium current fluctuations] [36,37].

In the case, when [5(0), H ] # 0, the tensor oap(t,1) defined
in Eq. (13) depends separately on ¢ and ¢’

1 i [T N
oap(t,t)) = ‘W“( “n 1 p(0)e [ J,(0), T, (—(t — £))]).

(20)

Using Egs. (16) and (15), one obtains the following expression:

’

2 ; t—t
"9 s, — L/ dt
m hvV 0

x Tr(e™#1=0 p(0)e 1Dy (), Jp(0)]). 1)

oap(t,t’) =

III. OPTICAL CONDUCTIVITY IN THE PRESENCE
OF ELECTRON-PHONON INTERACTION

In this section, we derive the expression for optical
conductivity of a system with localized electronic states in the
presence of weak electron-phonon interaction. In Sec. III A
we introduce the Hamiltonian of the system, derive the current
operator, and obtain the frequency-time representation of the
conductivity tensor. In Sec. III B, we derive the expression
for conductivity valid for the arbitrary reduced density matrix
of the electronic subsystem and in the limit of low carrier
concentration. For incoherent density matrix of the electronic
subsystem, this expression contains only the populations of
single-particle electronic states, their spatial positions, and
Fermi’s golden rule transition probabilities between these
states.

A. Model Hamiltonian and preliminaries

We consider the system of electrons and phonons described
by the Hamiltonian

I:I = ﬁO + I:Ie-ph = ﬁe + ﬁph + ﬁe-ph’ (22)
where

Hy=H.+ Hyp =Y eullia+ Y hoxbibe (23
o k
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is the Hamiltonian of noninteracting electrons and phonons,
while

Ao = ZZ(gw cEhewbi+ gl Eleab) @4

is the electron-phonon interaction Hamiltonian. In previous
expressions, B,T{ (by) are the creation (annihilation) operators for
the phonon mode k that satisfy bosonic commutation relations,
6; (¢y) are creation (annihilation) operators for electronic
single-particle state o that satisfy fermion anticommutation
relations, Awy; is the energy of a mode k phonon, while
€y, 1s the energy of electronic state «. Matrix elements of
electron-phonon interaction satisfy the relation

= 8aak (25)

and their particular form depends on details of the electron-
phonon interaction mechanism.

We will assume that the phonon subsystem is in thermal
equilibrium and therefore we will adopt the following factor-
ization of the initial density matrix f(0):

;5(0) = lae Iaph,eq~ (26)

The operator pyp ¢q describes the phonon subsystem in equi-
librium at the temperature Ty, = and it is given as

+
goux’,k

kﬂ

e—ﬁphﬁph

L 27
Prh.eq Trph e*ﬁPthh ( )

whereas p. is the reduced density matrix of the electronic
subsystem. The state of the system described by Eq. (26)
assumes that electrons are out of equilibrium, while the
phonons are in equilibrium. Such states can arise naturally in
several relevant physical scenarios. A typical example of such
a scenario is a semiconductor structure excited with photons
whose energy is larger than the band gap of the structure.
Most of the energy of incident photons is then transferred
to electronic degrees of freedom and therefore it is quite
reasonable to assume that electrons are out of equilibrium,
while the phonons are in equilibrium.

The electric dipole moment operator [1, introduced in
Eq. (11) can be expressed in the second quantization repre-
sentation as

Mo =q) Xaap Ehép. (28)

where x5 = (@|X,|B) are the matrix elements of the single
electron position operator. Using Eq. (16), we find that the
operator J, reads J, = J{ + J®, where

X iq At a
J;l) = N Z(Ga — €8)Xaap C(];Cﬂ (29)
ap

describes the contribution to the operator J, due to direct
interaction of electrons with electric field, while

A lq o
P = T gl Flaclel 0
k
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describes the contribution arising from electron-phonon inter-
action. The coefficients F p.k Are given by

thwﬂ,k = Z(g;ta',k Xaw' — xa;aa’giﬂ’k) (31)

a/
and satisfy the relation

+
Fu;aﬂ.k = _Ff;;a,k' (32)

In this work, we are mainly interested in the case of localized
electronic states when the matrix elements of the position
operator between different states are negligible. This condition
can be mathematically expressed as

Xaap = Saﬁ Xaya- (33)

Therefore, in the case of localized electronic states, f;l) =0
and consequently J, = ff).

Next, we treat electron-phonon interaction as a perturbation
and perform the expansion of Eq. (21) with respect to small
interaction constants g «- The evolution operator that appears
in Eq. (21) can be expanded in Dyson series as

- 1 rt o o
e—EH —e hHoz + — / dt/e—%HO(t—z)He_phe—%Hgt 4.

th Jo

(34)

Consequently, the expansion of the time-dependent operator
J,(t) from Eq. (21) reads

Tdt' g oA I
/785%1 e_phe—hHofi|+..., (35)
0

Furthermore, the expansion of the first term under trace in
Eq. (21) gives

e A=) p(0)e T H(-1)

p(0)+Z ( ’(t_f)> (A, ... [A.50)]...1.

(36)

Our aim is to obtain the first nonzero term in the expansion
of Eq. (21) in the case of localized electronic states. It
is therefore sufficient to take only the first term in the
expansion given by Eq. (35) and to isolate the contribution
from the expansion given in Eq. (36) which does not contain
electron-phonon coupling constants. One can show by direct
inspection, using the factorization of the initial density matrix
given by Eq. (26), that every summand under the sum on the
right hand side of Eq. (36) has only one term which does
not contain electron-phonon coupling constants and which is
of the type L(—"=2)'[He, ... ,[He,pe]...1Ppheq. All these
: ——
n
contributions can be resummed so that we finally obtain the
zeroth-order term in the expansion given by Eq. (36)

FAC=D 50)e n A0 = g~ 7 Heli=D 50y o Heli=D) | ..
37
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The first nontrivial term in the expansion of Eq. (21) in the
case of localized electronic states is thus given by

2 . t—t'
4 s, — / dr
m hV 0

x Te(p(0) e =D [ [P0 (z), jP(0)]e#HC-D))
(38)

oap(t,t') =

where J?0(7) = e - Hot J(z)e"H‘” Next, we consider the
frequency-time representation of the conductivity tensor which
can be defined as

+00 A
ou(t,w) = / du oy(t,t —u)e'. (39)
0

When o,,(¢,t") depends only on the difference t — ¢’, Eq. (39)
defines the conventional optical conductivity tensor o,,(w).
The frequency-time representation of the conductivity tensor
given in Eq. (38) is

) +00
1 .
Uah(t,a)) = %8(1}) + W\/ du e'“"
0

{0 eH I J00) Te H0-0),
(40)

In the case when o,,(f,w) varies slowly with ¢ on the 1/w
time scale, it can be interpreted as the conventional optical
conductivity tensor at time ¢.

We also note that when the condition of localized electronic
states [Eq. (33)] is not satisfied, the dominant term in the J,
operator is the J( term. The leading terms in expansions
(35) and (36) are then given by first terms in Egs. (35) and
(37), where J, is replaced by J(1 in Eq. (35). These terms are
independent of electron-phonon coupling constants and lead to
the following expression for the frequency-time representation
of the conductivity tensor:

- +00
ing 1 .
— 8(1 d rwu
mw + hoV / we
XTr(p(o)ehHsa O[O )J(l)] f%ﬁsa—u)).
(41)

Oab (t,a))

The physical origin of this term is direct absorption
of electromagnetic radiation by the electronic subsystem.
However, since this term vanishes for a system with localized
electronic states, which is of main interest in this work, this
term will not be considered in the remainder of the paper.
The focus will be on the term from Eq. (40) which arises due
to phonon-assisted transitions between states, as will become
evident in Sec. III B.

B. Frequency dependence of mobility
in low carrier density limit

We will now start from Eq. (40) for the frequency-
time representation of conductivity to derive the expres-
sion for the optical conductivity that explicitly contains
the populations of electronic states (diagonal elements
of p.) and coherences (off-diagonal elements of p.). By
replacing Eq. (30) into the expression for mean value

224201-4



NONEQUILIBRIUM OPTICAL CONDUCTIVITY IN ...

PHYSICAL REVIEW B 90, 224201 (2014)

Tr(p(0) e et _”)[fa(z)'o(u), f,fz) Je~ 7 =1y and tracing out the phonon degrees of freedom one obtains

. -2
Te(p(0) e =0 [ 120 (u), ;P Je™ 10 0) (%)

_ - + —L(ey—esthopu _ p+ - L (¢, —es—hay)u (ea—€p+e,—€s)t yat A AT
=Y > (FrupaFosne ™ Foopitoysne ™ Je Comerte—a (o «CE)Cs)e

k apyé

- + — L (e, —eg+hwp)u + - — +(ea—€,+hwy)u L(eq—ep)t ATA
t 2D Faay aFilypuce 770N — Byl Fryg e B o0) Ny ehlCmenl (gl g).

k aBy

+ Z Z (F;ay,kF;;Vﬁ’k e_%(ey_fﬁ—hw,‘)u .

k aBy

Here, Ny is the number of phonons in mode k given by
the Bose-Einstein distribution, ( - )e denotes averaging with
respect to A, and coefficients F= «p. are given as [by the virtue
of the definition of the localized electronic states from Eq. (33)]

Fjqu (43)

See Eqgs. (31) and (32).

In the limit of low carrier densities, only single-particle
electronic excitations are relevant. One can therefore restrict
the Hilbert space of the system to the space given as a product
of single-particle electronic space and the phonon space. In
this restricted space, the operators c/.¢s and czéﬂé; Cs reduce
respectively to |a)(B] and &g, |a) (5, while the Hamiltonian in
this restricted space reads

I:I = Zeﬂa)(al +Zhwkézék
o k

DY G )@ 1B+ 8 L) (@' 1B]).

koo

= gaﬁ,k(xa;ﬁ - xa;a)~

(44)

The average values of the expressions appearing in Eq. (42)
are then given as

(Clég)e = Tre(Peclép) = (BlPelar) (45)

and
(el 2sel és)e = Tre(Peclepeles) = 85, (BlPcla).  (46)

Combining Egs. (45), (46), (42), and (40), the following
equation for the frequency-time representation of the conduc-
tivity tensor is obtained:

2

. n
Oun(t.0) = i A 5 — fup(t.0) = fuplt, — ), (47)
me
where £, (t,a)) is defined as
fap(t.0) = Z Y er T (Bl o)
k aBy
X (F 1 iy D(€p — €, — iy + ho)(1 + Ny)

+ Fa ay .k b VB, kD(eﬁ € + hoy + hw)Ny). (48)

Function D(¢) is given as
D(e) =né(e) +iP(/e). (49)

In the expressions (47) and (48), there are two clear signatures
of nonequilibrium: the explicit time dependence and the

Fyay iFulypi € HOm0 T (A 4 Ny e @ (el 2g)e.

(42)

(

presence of off-diagonal elements of p. (coherences). Both
of these effects would be absent for the system in equilibrium.

Next, we consider the case when the reduced density matrix
of the electronic subsystem is an analytic function of the
electronic Hamiltonian I:Ie, when we have

(Blpelot) = Sap ras (50)

where

D

is the average occupation of electronic state «. Then in Eq. (48)
we remain only with the average occupations of individual
electronic states and since the quantity f,;(f,w) does not
depend explicitly on ¢, o,,(¢,w) also does not depend on ¢
and represents the frequency-dependent conductivity tensor.
Starting from Eqs. (47) and (48) one can show that under the
aforementioned condition the following relation for the real
part of the optical conductivity holds:

o = (0| Pelat)

2
q
Re o,p(w) = SV Z(-xa;ﬂ — Xa:a)(Xb:8 — Xb:a )T
af

— €4 + hw)
€q — hw)]a

X [Wwgq,ph(€p
— Wga,ph(€p — (52)

where the terms wgq py are of the form
7 - 2
Whaph(€p = €a) = S 3 [18ap i Blep — € + )N
k

— hop)(1 + Npl.
(53)

+1gd5 4 78(ep — €q

These are identical to the rates that would be obtained by
applying Fermi’s golden rule to calculate the transition prob-
ability from the state g to the state o due to electron-phonon
interaction. Equation (52) gives a rather simple expression for
the dissipative part of the optical conductivity as it involves the
positions of electronic states, their occupations, and Fermi’s
golden rule transition probabilities. Equations (52) and (53)
also offer an intuitive interpretation of elementary processes
giving contribution to the dissipative part of the optical
conductivity in the lowest nontrivial order of the perturbation
expansion. These processes are one-particle transitions 8 — «
induced by emission (absorption) of one phonon accompanied
by emission (absorption) of the quantum of the external
electromagnetic field fw. One should note that within our
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lowest-order perturbative approach, one does not take into
account multiphonon transitions which may be important in
some systems.

From the definition of mobility, one then also obtains for
the real part of ac mobility

s

Zy ry

q
Re pap(w) = % Z(xa;ﬂ - xa;a)(xb;ﬂ - xb;a)
ap

X [wpe,pn(€p — € + hw)
- wﬁa,ph(eﬂ — €y — h(x))] (54)

Equation (54) was derived under the assumption that hopping
rates have the mathematical form given by Eq. (53). In
Sec. V, the hopping rates given by Egs. (70) and (66) will
be used. Equation (70) can be derived from Eq. (53) under
the assumption that electron-phonon coupling elements are
proportional to wave function moduli overlap (see Ref. [38]).
Equation (66) can then be obtained from Eq. (70) if one
assumes that wave function overlaps decay exponentially with
distance between states and that phonon density of states
(DOS) is such that energy dependence in Eq. (70) disappears.
Therefore, both Eqgs. (70) and (66) are compatible with the
mathematical structure of Eq. (53) and it is appropriate to use
them in Eq. (54).

IV. OPTICAL CONDUCTIVITY IN THE PRESENCE
OF IMPURITY SCATTERING

In this section, we will show that similar expressions for
optical conductivity are obtained if electrons interact with an
additional static potential, rather than with phonons. A typical
cause of such potential could be the impurities that are present
in the material.

Therefore, we consider the Hamiltonian

A=H+0=Y cilltat+) Aupiles. (59
o 73}

where Hj is the noninteracting part of the Hamiltonian, while
U describes the interaction of electrons with static potential.
The operator J, can be computed using Eq. (16) and reads

A

Ja — f(gdir) + j{gimp)

iq o iq At A
E Z xa;aa’(ea - Ga/)clca/ + E Z Aa?“ﬂ ctlxcﬂ'
ao’ af

(56)

The J(4" operator is analogous to the operator J(! in the case
of a system with electron-phonon interaction and describes
direct interaction of electrons with perturbing electric field. On
the other hand, the ffmp) operator describes the contribution
to fa due to the interaction with the static potential (or, in
particular, with impurities). The coefficients A, that appear
in Eq. (56) are given as

Aa;aﬂ = Z(Aaa’xa;a’ﬁ - xa;aa’Aa’ﬁ) (57)
o

and satisfy [compare to Eq. (32)]
Aapa = _AZ;a,s~ (58)
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We will treat the interaction with the static potential as
a perturbation and we will derive the formula for optical
conductivity in the lowest order of the perturbation expansion
with respect to small coefficients A,g. We will assume that
electronic states are localized; see Eq. (33). This way, the
expression for the operator J, simplifies to

R i iq o n
Jo = JOmP) = - § Ap(Xap — Xaa)Ehép.  (59)
apf

The starting point for the perturbation expansion is again
Eq. (21). Following a discussion, similar to that conducted in
Sec. III, we obtain that the first nonzero term in the expansion
of Eq. (21) in the case of localized electronic states is quadratic
in quantities Aqg and that the corresponding expression for
the time-frequency representation of the conductivity tensor
[Eqg. (39)] reads

. 2 +00
ing 1 oot
—8up + —— dt e'”
o T hov _/0
XTI.(I@(O)e,‘%llflg(t—u)[j(gimp),o(u)’jéimp)]e—%f!o(t—u))‘
(60)

oap(t,w) =

The notation féimp)’o(t) again suggests that the time depen-
dence is governed by the noninteracting Hamiltonian.

In the low density limit, the projection of the Hamiltonian
onto the single-particle subspace reads

Ho="cala)lel + Y Auglar) (BI. (61)
o aff

with the average values (6(];6/3) = (B|p(0)|a). Deriving
Eq. (60) we obtain the expression for the frequency-time
representation of the conductivity tensor which bears formal
resemblance to the analogous expression [Eq. (47)] in the case
with electron-phonon interaction,

. ng* .
Oup(t,w) =i —— 8ap — fup(t,) — fap(t, —w)*,  (62)
maw

where f,;(t,) is defined as

2
q i (ey—e A
fap(t,0) = 15— D TR DBl peler) Ay (Yay = Fa)
afy
x Ay p(xp,g — xb;y)'D(Elg — €, + hw). (63)

Again, when the initial density matrix p(0) is an analytic
function of the electronic part of the Hamiltonian Hy, the
quantity f,,(f,w) defined in Eq. (63) contains only populations
of the individual electronic states r, = {(«|0(0)|a) and does
not depend explicitly on time. Thus o,,(¢,®) is the optical
conductivity tensor (entirely expressed in terms of populations
of electronic states). The final expression for the real part of ac
mobility in the presence of interaction with impurities reads

q g
Re pap(@) = ——— > (Xaip — Xaa)Xpp — Xpo) =
2hw % 2Ty
X [wﬁa,imp(eﬁ — € + ho)
- wﬁa,imp(eﬁ — €y — hw)], (64)
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where the terms wgq imp are of the form

2 2
Why,imp(€p — €4) = ?|Aaﬂ| d(eg — €a)- (65)

We emphasize the formal analogy between Egs. (54) and
(64) for the ac mobility. The form of both equations is
the same, regardless of the particular interaction mechanism
(electron-phonon interaction or interaction with an additional
static potential) which causes transitions between localized
states.

V. NUMERICAL RESULTS

A. One-dimensional model with Miller-Abrahams rates
and Gaussian density of states

In this section, we apply the derived formulas to a one-
dimensional Gaussian disorder model. The assumption of
the model is that the states are located on the sites of a
one-dimensional lattice with spacing a and that the energies
of the states are drawn from a Gaussian distribution with
standard deviation o. The transition rates were assumed to
take the Miller-Abrahams form and only the hops between

J

Lmin o =Xyl 2%7
dosrs x
M(x) =

Fimax 1(1 _ exwﬂe—x) + Fiin 1(1 _ e—xwﬂe—x)’

Dosrs X

Dosrs X

where x,, , 11 = Ble, — €,41] and rmax (Fmin) is the population
of the state with larger (smaller) energy among the states y
and y + 1.

The frequency range in which this formula can be applied
is determined by the condition (5) where t is the relaxation
time towards equilibrium. The relaxation time T must be
larger than the reciprocal value of largest hopping rates
T 2w, Lea/an: 5o that the relevant frequencies obey the
condition f > (2m) ™" wq e~/ A<,

The calculations were performed for a lattice with 10°
sites, where the following values of the parameters were used:
T =300 K, 0 =100 meV, a =1 nm, aq =2a/9, and
wo = 1.0x 10" s~!. Two different cases for initial popula-
tions of localized states were considered. In case 1, we assume
that initial distribution of carriers are nonequilibrium, but
still of Maxwell-Boltzmann form with electronic temperatures
T. which can be different than T. Therefore, in this case
ry = e P& where B, = 1/(kgT,). In case 2, we assume that
only the states in some narrow energy window are initially
populated, while the other states are not populated. The initial
populations are then given as r, =1 for emin < €, < €max,
r, =0 otherwise. The results for different values of the
parameter 7 in case 1 and different intervals (€pin,€max) i
case 2 are shown in Figs. 1 and 2.

As can be immediately seen from expressions in
Egs. (67)-(69), for sufficiently high frequencies f, such that
hf > max, |€, — €,41], real part of the ac mobility decreases
as Re p,(f) ~ 1/f. On the other hand, for sufficiently low
frequencies f, such that hf < min,, |e, — €,4], real part of
the mobility tends to a constant value which depends on the
particular choice of r,.

PHYSICAL REVIEW B 90, 224201 (2014)

nearest neighbors were considered. Under these assumptions,
the transition rate from the state g to the state y has the form

€g—€, — |leg — ¢
wp, = Wo e~/ hoe exp( b y2k |Tﬂ yl) , (66)
B

where aj, is the localization length which is assumed equal for
all sites, T is the temperature, and wy is a constant prefactor.
Real part of the frequency dependent mobility can under all
these assumptions be written in the form

Re o (@) = )ty yi1(@), (67)
Y

where ., ,11(w) is the contribution of the pair of sites
(y,y +1) given as

2

—a/aic M i 68
2,T L0¢ (x) (68)

My yt1(@) =

In the last equation, x is a dimensionless parameter defined
as x = Bhw [B = 1/(kgT)], while M(x) is the function that
reads

X < Xyt
(69)
X > Xy y+1,

(

In case 1 and in the intermediate frequency range real part of
the ac mobility reaches its maximum value. The height of this
maximum (measured relative to the low-frequency limit of the
mobility) decreases with increasing the temperature 7. The
position of the maximum moves towards lower frequencies
with increasing the temperature 7. Namely, the position of
the maximum of the mobility spectrum is determined by the
positions of the maximum of the function M (x). For all values

——— . ,
//
10t -
8 L7 __T=200K
13 c
> | —~ T=300K
A . T =400 K
.. T =500 K
107
TR R | L TR R | L
10

hf/o

FIG. 1. (Color online) Frequency dependence of real part of
the normalized mobility fi,, = . /(qa’Bwoe /= /2) for different
electronic temperatures 7. in one-dimensional Gaussian disorder

model. The nonequilibrium populations of electronic states were
assumed as r, = e Fecv,
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FIG. 2. (Color online) Frequency dependence of real part of
the normalized mobility fi, = i, /(ga®Bwoe=/“x /2) for different
choices of the energy interval € € (€min,€max) Of the populated states
in one-dimensional Gaussian disorder model. The nonequilibrium

populations of electronic states were assumed as 7, = 1 for ep, <
€, < €max, and r, = 0 otherwise.

of the parameter T, considered in Fig. 1, it can be shown (by
direct inspection) that the function M (x) has its maximum at
X = Xy,+1. At low temperatures 7. the lowest energy states
have the highest values of the factors r,, and the typical energy
difference |€,, — €,41] of the pair of neighboring sites giving
significant contribution to the mobility (at least one of the states
should have high enough population factor) is fairly high, so
that the peak of the contribution p,, 4 is at high frequencies.
This typical energy difference decreases with increasing the
temperature 7 (since higher energy states, which are more
numerous, also have appreciable values of population factors),
which leads to the shift of the peak position towards lower
frequencies. For small enough |€,, — €, ;1| (compared to kg T),
the function M(x), for x < x,,,, 11, can be approximated by a
constant, which leads to flattening of the maximum, as seen at
higher electronic temperatures in Fig. 1.

A similar analysis can be used to understand the shapes
of the mobility spectra for case 2 shown in Fig. 2. The
contribution to the mobility of the pair (y,y + 1) reaches
its maximum at frequency f, such that hf, > [, — €,41].
When the interval (€pmin,€max) 18 in the tail of the Gaussian,
the typical energy difference |e, — €, 1| is rather high for
the pairs contributing significantly to the mobility, so that the
maximum of the mobility spectrum is at high frequencies.
Moving the interval towards the center of the Gaussian, the
typical energy difference decreases and so does the position of
the maximum of the mobility spectrum. For sufficiently small
energy difference (compared to kpT'), the function M(x) can
be well approximated by a constant in the range x < x,, , 41
which explains the disappearance of the maximum.

Since the flattening of the maximum in the mobility
spectrum appears due to the presence of carriers at higher
energies under nonequilibrium conditions, this flattening may
be considered as a signature of nonequilibrium effects in the
system. Itis less pronounced when nonequilibrium distribution
is of Maxwell-Boltzmann type with a different electronic
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temperature and more pronounced in the case when the carriers
are present only at energies in a certain spectral window—a
situation where the carrier distribution more strongly differs
from the equilibrium one.

B. Model of a disordered conjugated polymer material

Next, we apply the derived formula for frequency depen-
dence of the mobility to a realistic polymer material—strongly
disordered poly(3-hexylthiophene) (P3HT) polymer. The po-
sitions of electronic states, hopping probabilities between the
states, and the energies of states were extracted from our pre-
vious calculations reported in Ref. [39]. For completeness, we
briefly summarize the methodology employed in these calcula-
tions. First, the positions of atoms were obtained from classical
molecular dynamics simulations using a simulated annealing
procedure. 50 different realizations of the 5 nm x5 nmx5 nm
portion of material (that consists of 12024 atoms) were
obtained from these simulations and were subsequently used
in electronic structure calculations. Charge patching method
[40] was used to obtain the single-particle Hamiltonian that
approximates well the Hamiltonian that would be obtained
from density functional theory in local density approximation.
This Hamiltonian was diagonalized using the overlapping
fragments method [41]. The transition rates for downhill
transitions between the states were then calculated as

Wop = &’ Sy5[N(€up) + 11Dpn(€ap)/€ap.  (70)

where Dpp(E) is the phonon DOS normalized such that
I Dpn(EYAE =1, €45 = |€q — €], N(E) is the phonon
occupation number given by the Bose-Einstein distribution at
a temperature T, Spp = fd3r|1//a(r)| - |yrg(r)]| is the overlap
of the wave function moduli, and « is a constant factor equal
to 107 eV s~!/2. The phonon energies and the phonon DOS
were calculated from the classical force field that was used
in molecular dynamics simulations by diagonalizing the
corresponding dynamical matrix, as reported in Ref. [42].
Equation (70) gives a good approximation of the transition
rates that would be obtained from Eq. (53), as shown in
Ref. [38]. The value of the parameter « in Eq. (70) was chosen
to provide the best fit of Egs. (70) to (53).

Frequency dependence of the real part of hole mobility
was then calculated using Eqgs. (52) and (70) where all data
from 50 different realizations of the 120 24 atom system were
used. The results obtained from the calculation are presented
in Fig. 3. We note that the data from electronic structure
calculations that were performed are not sufficient to yield
convergent results for the mobility. This can be evidenced
from the noisy dependence in Fig. 3 and from the fact that the
mobility obtained from a smaller number of realizations of the
system is different than the one in Fig. 3. Larger number of
calculations or the calculations performed on larger systems
would be needed to obtain converged value of the mobility.
However, such calculations require a huge computational cost
and we cannot currently perform them. Nevertheless, from the
set of calculations that were performed one can identify the
main trends in the frequency dependence of the mobility. As
in the simple model discussed in Sec. V A, the real part of
the mobility exhibits a peak at a frequency that corresponds to
typical transition energies in the system, which is then followed
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FIG. 3. (Color online) Frequency dependence of real part of
hole mobility in disordered P3HT polymer for different electronic
temperatures 7, and the lattice temperature 7 = 300 K.

by a decay at higher frequencies. The mobility also increases
with an increase in electronic temperature, as expected.

We next compare the results obtained in this work to
measurements of high-frequency P3HT hole mobility reported
in the literature. These measurements are typically based on
time-resolved terahertz spectroscopy [43] and cover the fre-
quencies around 1 THz. At these frequencies our simulations
yield the mobilities on the order of (50-100) cm?/(V's). In
Ref. [44] the mobilities on the order of 10 cm?/(V's) were
extracted from the fits to measurements. On the other hand,
the mobilities on the order of 50 cm?/(V s) were obtained in
Ref. [45]. Therefore, the simulation yields the same order of
magnitude of the terahertz mobility as previously reported in
experiments.

VI. DISCUSSION

In this section, we discuss our results in light of other results
that exist in the literature and concern optical conductivity in
a system with localized states.

Our result for nonequilibrium optical conductivity should,
of course, in the special case of equilibrium reduce to the
formula valid in equilibrium case. A well-known expression
for the real part of optical conductivity in equilibrium that
relates it to the mean square displacement of a diffusing carrier
reads (see, for example, Ref. [24])

q*w? tanh (Bhw/2)
— Re
\%4 hw

+00 .
Reo(w) = / dt e AX%(1),
0

(71)

where AX2(1) = ((X(r) — X(0))?), X is the sum of position
operators of all electrons, and (---) = Tr(e’/‘m <o)/ Tr e PH
is the thermodynamic average at the temperature T=1/(Bkp).
While, at first sight, Eq. (71) seems to lead to rather different
results for the lowest-order optical conductivity than the one
embodied in Eq. (52), a detailed proof can be conducted,
showing that the two expressions are identical for the system
with localized states in equilibrium. The details of this proof
are given in the Appendix.
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A somewhat different version of Eq. (71) is often encoun-
tered in the literature which contains the /2 term instead of
the 22 PR/2) term and reads [23,26,27,46]

2,2 +00
TOPpe [ ar dax’e. a2

2V 0
When the condition Bhw < 1 is satisfied these two expres-
sions are approximately equal. However, at high frequencies
these two expressions essentially differ. While Eq. (71) leads
to the real part of the conductivity that vanishes at sufficiently
high frequencies, Eq. (72) gives a constant real part of the
mobility at these frequencies which is not the correct trend.
Therefore, Eq. (72) should be applied only if the condition
Bhw < 1 is satisfied.

An expression for optical conductivity in the form similar to
the one given in Eq. (52) has also been previously obtained for
the case of equilibrium [47,48]. These expressions [Eq. (12)
in Ref. [47] and Eq. (3.21) in Ref. [48]] in the limit of low
concentration are the special case of Eq. (52) for the case of
equilibrium in the limit ~iw < kpT . It is very interesting that
our main result given by Eq. (52) has the same mathematical
form as the expressions for the case of equilibrium. Therefore,
we have generalized the result that was known for the case of
equilibrium to the case of nonequilibrium systems that satisfy
the assumptions of factorization of the density matrix into the
electron and the phonon part [Eq. (26)] and weak relaxation at
relevant time scales [Eq. (5)].

As we have already pointed out, our results are not expected
to be valid at low frequencies, such that the period of
perturbation is larger than the carrier relaxation time. For
that reason, one can certainly not assume that dc mobility
or conductivity is equal to the low frequency limit of our
results. There is an additional reason that our results cannot
be extended to low frequencies. It has been pointed out in
Refs. [47,48] that conductivity at low frequencies cannot be
obtained from a formal expansion in powers of electron-
phonon interaction strength, which is an approach used in
our work.

From the previous discussion, we can conclude that our
results reduce to previous results from the literature for the case
of equilibrium state. On the other hand, there have been almost
no works in the literature with an attempt to obtain similar
results for the system out of equilibrium. The exceptions are
Refs. [36,37] where Eq. (19) was derived. However, we are
not aware of any attempt to obtain a more specific form of
nonequilibrium conductivity in a system with localized states
and the main contribution of our work is that it covers this so
far unexplored area.

Reo (w) = —

VII. CONCLUSION

In conclusion, we have developed an approach for the
treatment of nonequilibrium optical conductivity in a system
with localized electronic states and weak electron-phonon or
electron-impurity interaction. Starting from nonequilibrium
generalization of Kubo’s formula and performing the expan-
sion of optical conductivity in powers of small electron-phonon
interaction parameter, we obtain a relatively simple expression
for the optical conductivity of the material. In the special case
of incoherent nonequilibrium state the expression contains
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only the positions of electronic states, their nonequilibrium
populations, and Fermi’s golden rule transition probabilities
between the states. Interestingly, the same mathematical form
of the expression is valid both in the case of electron-phonon
and electron-impurity interaction. Our result opens the way
to better understanding of the response of nonequilibrium
systems to electromagnetic radiation. A typical example where
our results can be applied is photoexcited semiconductor where
electrons and holes are formed by the optical excitation. If
that semiconductor is then probed by low energy (terahertz)
excitation, the response will depend on the nonequilibrium
distribution of excited carriers. Our final expressions should
be able to predict the response of the system to such probes.

J

PHYSICAL REVIEW B 90, 224201 (2014)

The application of the derived formula to two model systems
was presented to illustrate the features that one may expect to
see in terahertz conductivity spectra.
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APPENDIX: PROOF OF EQUIVALENCE OF THE LOWEST-ORDER OPTICAL CONDUCTIVITY CALCULATED
FROM EQ. (71) AND THE EXPRESSION IN EQ. (52)

The operator }A((t) — X(O) appearing in Eq. (71) can be expressed as [see Egs. (11) and (16)]

d(R (D) — X(0) = / ar' (),
0

(AD)

so that in the case of localized carriers, when J, = =J; J@ | the operator (X(r) — X(0))? is quadratic in electron -phonon coupling

constants. If we are to obtain the conductivity up to quadrat1c terms in small interaction constants g=

bk it is clear that the

following factorization of the equilibrium statistical operator should be adopted [compare to the decomposition of the initial

density matrix in Eq. (26)]

e~ H/GksT)

~

o~ He/(ksT)

e~ Hm/(ksT)

Tr e—H/(ksT)

Tre e~ Ae/ksT) Ty, o= A/ ks T)’

(A2)

and that time dependencies appearing in (71) should be taken with respect to the noninteracting Hamiltonian H,. The average

value (()A( (t) — X (0))?) is then transformed into

i (eq—es—H L (e, —es+hawy
((X([) _ X(O))2> — Z Z(xﬂ . xa)(xa _ _xy)(éT EﬂéT 65>e gi kg+6 keh(€ eg—hawp)t _ 1 eh(éy es+hw )t _ (1 N Nk)
T aprs ¢ 14 ap.kSys, ea—eﬁ—ﬁwk ey—€5+hwk
4 e%(éa*EﬂJrhwk)t -1 e%(eyquhwk)t —1
+ 9 /S A3
Bapk8ysk €x — €+ hoy €, — €5 — hay k (A3)

where (- - -

)e denotes averaging with respect to the electronic part of the decomposition (A2). Combining Eqs. (71) and (A3)

and in the limit of low carrier densities, when Egs. (46), (50), and (51) can be used, the following expression for the optical

conductivity (w # 0) is obtained:

Re oy (w) = 1

2
T tanh <2k T) Z(xﬂ — xy)? rglwpa,phl(€p —

— hw) + wge ph(€g — € + hw)], (A4)

where the transition probabilities wgq pn are defined in Eq. (53) and the average occupation of electronic state g is rg =

e~/ T) /Ty, e~

He/®ksT) T order to prove that the relation (52) (in which we take rg = e~#/®sTw) Ty, ¢~
same result for the lowest-order optical conductivity as Eq. (A4) (assuming that T =

He/(kaTm)) gives the
Ton), we note that the transition probabilities

satisfy the detailed-balance condition (in the low-density limit and in the presence of external harmonic perturbation)

hw
Whaph(€p = €a +10) _ (e eyharjiyry _ Ta L H 10N 57 (AS)
Wep,ph(€x — €5 — hw) rﬁ 1 — tanh 2?"}
Interchanging the dummy electronic indices ¢, 8 in the first summand in Eq. (52) we obtain
6]2 2
Re gxx(w) = bV %:(xﬁ - xa) [_rawaﬁ,ph(eot — € — h(,()) + rg wﬂa,ph(eﬁ — € + ha))]» (A6)
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whereas performing the same operation on Eq. (A4) gives

Re oy (w) =

PHYSICAL REVIEW B 90, 224201 (2014)

2 h
q tanh < @ > Z()C5 — xa)z[rawa,g,ph(ea —€p — hw) + rﬂwﬁa,ph(eﬁ — €y + hw)]. (A7)
ap

The right-hand sides of Eqgs. (A6) and (A7) are equal since, by the condition (AS5), single summands under the double sums are

mutually equal.
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Abstract—The process of exciton splitting at heterojunctions
of two organic semiconductors in organic photovoltaic
devices was investigated. Theoretical model is based on a
Hamiltonian taking into account the effects of electronic
coupling, interaction of carriers with external electromagnetic
field, Coulomb interaction between electrons and holes and
carrier-phonon  interaction.  Exciton = dynamics  at
subpicosecond timescales was investigated within density
matrix theory complemented with the dynamics controlled
truncation scheme. Our results indicate that the efficiency of
charge separation on subpicosecond timescales is low and
that the majority of space-separated charges that occur on
these timescales are directly optically generated. Next, we
investigated charge separation process on longer timescale by
considering it as a sequence of phonon-assisted transitions
between electron-hole pair states at the interface. We found
that donor exciton separation yields larger than 90% can be
achieved in agreement with experimentally observed internal
quantum efficiencies close to 100% in most efficient organic
photovoltaic devices.

L INTRODUCTION

Significant research attention in the last two decades was
devoted to the development of photovoltaic devices based on
organic semiconductors which offer the advantage of easy and
cheap processing. Nevertheless, understanding of the details
of the processes that take place in a solar cell device is still
limited. It is well understood that binding between an electron
and a hole that are created by an incident photon is sufficiently
strong to form a bound electron-hole pair (exciton). For this
reason, efficient devices can be obtained only if they are
composed of (at least) two semiconductors (donor and
acceptor) whose band edge alignment is chosen to
energetically allow the dissociation of an exciton into an
electron in the acceptor and a hole in the donor. A simple
picture of photon-to-charge conversion process suggests that it
takes place by photon absorption that creates an exciton,
exciton diffusion to an interface between the two materials,
exciton separation to charges at opposite sides of an interface,
and charge transport from an interface to external contacts [1,
2].

To better understand the mechanism of exciton splitting at
the interface, several ultrafast spectroscopy studies that probe
the dynamics at subpicosecond timescales have been
performed in the last decade [3, 4, 5, 6]. These studies

typically register response signals with subpicosecond decay
times, which are often interpreted to originate from ultrafast
separation of donor excitons into space-separated charges.
Nevertheless, the nature of exciton evolution on these
timescales and the mechanism of its possible separation
remains unclear.

In this presentation, we will review our recent results on
exciton dynamics at photoexcited organic heterojunctions [7-
9].

II. METHODS

We model the heterojunction of two organic
semiconductors using a microscopic Hamiltonian that takes
into account the effects of electronic coupling, interaction of
carriers with external electromagnetic field, attractive
Coulomb interaction between electrons and holes and
interaction of charges with lattice vibrations. We consider a
one-dimensional model of a semiconductor in which it is
represented using a lattice of sites. Each site provides at least
one electron and and at least one hole level from which the
conduction and valence band of the material are derived.
Interaction with phonons is modeled using local Holstein
interaction, while electron-hole interaction is modeled in the
lowest monopole-monopole approximation with the Ohno
interaction potential between the charges.

The parameters of the model — electronic coupling
between the sites, site energies, electron-phonon interaction
parameters, on-site Coulomb interaction parameter — were
chosen to yield values of band gaps, band offsets, bandwidths
and exciton binding energies that are representative of typical
organic photovoltaic materials.

To model exciton dynamics on ultrafast timescales, we use
the density matrix theory along with the dynamics controlled
truncation scheme. We consider the case of low excitation
field and low carrier densities when it is appropriate to work in
the subspace of single electron-hole excitations. The carrier
branch of the hierarchy of equations in density matrix
approach was truncated by keeping the contributions up to
second order in the excitation field. The phonon branch is
truncated in such a way to ensure the conservation of particle
number and energy [7].



ITII. RESULTS

Our results indicate that space-separated charges present
around 100 fs after the optical excitation, originate mainly
from direct optical generation. There is also a certain degree of
donor exciton population transfer but it is not the main source
of space-separated charges, see Figs. 1(a) and (b). We also
find that such a conclusion is insensitive to the values of
model parameters since similar behavior is obtained when
material parameters were changed within reasonable limits

[8].
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Fig. 1. (a) Dependence of the number of incoherent excitons in donor
(XD), charge transfer (CT) and charge separated (CS) states. Optical
excitation is centered at photon energy of 1500 meV and lasts from -
50 to 50 fs. (b) Time evolution of spatial electron probability
distribution. (c¢) and (d) Simulated photoinduced absorption signal
from space separated states after pumping at photon energy of 1500
meV. (e) Simulated PIA signal from donor states after pumping to
lowest donor state.

Our analysis indicates that microscopic mechanism
responsible for direct optical generation of space-separated
charges is resonant mixing between donor states and states of
space-separated charges. We find that the efficiency of charge
separation at these time scales is quite low, as can be seen for
example in Fig. 1(a).

Next, within our theoretical approach we simulate the
photoinduced absorption (PIA) signal obtained in ultrafast
pump-probe experiments [3]. Our results indicate that for
interpretation of PIA signal it is of essential importance to

consider not only the excitonic populations, but also the
coherences between the exciton and ground state, as well as
the coherences between exciton states. Calculated signals
presented in Figs. 1(c)-(e) qualitatively agree with
experimental signals obtained in [3]. In the case of excitation
well above the lowest donor exciton, PIA signal from space-
separated states [labeled as total signal in Figs. 1(c) and (d)] is
initially dominated by the contribution of coherences between
the exciton and ground state [labeled as y-part of the signal in
Figs. 1(c) and (d)], while at longer times the contribution of
excitonic populations dominates [labeled as 71-part of the
signal in Fig. 1(d)]. On the other hand, in the case of excitation
to the lowest donor exciton, PIA signal completely originates
from the contribution of coherences between the exciton and
ground state, see Fig. 1(e). Therefore, such a signal does not
originate from ultrafast transfer of donor excitons to states of
space-separated charges, but rather from relatively slow
conversion from coherences to populations of lowest donor
state.

Overall, our simulations at subpicosecond timescale do not
show that there is ultrafast charge transfer and cannot explain
high internal quantum efficiencies observed in best solar cell
devices. For this reason, we investigated charge separation
process on longer timescale by considering it as a sequence of
phonon-assisted transitions between electron-hole pair states
at the interface. Our preliminary results indicate that donor
exciton separation yields larger than 90% can be achieved in
agreement with experimentally observed internal quantum
efficiencies close to 100% in most efficient organic
photovoltaic devices.
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Resume : Recent studies [1,2,3] have challenged the view
that free-charge generation in all-organic blends
predominantly occurs on ultrafast time scales via
delocalized hot charge transfer states. However, the
mechanisms behind very efficient and weakly electric field-
dependent charge separation on longer time scales remain
highly debated. We investigate field-dependent charge
separation in a one-dimensional lattice model of an all-
organic bilayer. Charge separation is considered as a
sequence of phonon-assisted transitions among eigenstates
of an electron-hole pair supported by the interface. We find
that the yield of charge separation starting from the strongly
bound charge transfer state is weakly field-dependent and
above 50% even at zero electric field. Moderate diagonal
static disorder and good charge delocalization increase the
yield by strengthening the transitions from the initial state
toward long-lived states with increased electron-hole
separation, from which further separation proceeds without
kinetic obstacles. We also observe almost field-independent
(at low to moderate fields) charge separation starting from a
donor exciton state, while the yield varies from around 40%
(from the lowest-energy donor state) to around 80% (from
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The promise of economically viable and environmentally friendly conversion of sunlight into electrical energy
has driven vigorous and interdisciplinary research on donor/acceptor heterojunction organic photovoltaics.
However, the actual mechanism of the emergence of free charges on subpicosecond (<100-fs) time scales
following the excitation of a heterojunction remains elusive.

We investigate subpicosecond exciton dynamics in the lattice model of an all-organic heterojunction. Exciton
generation by means of a photoexcitation, exciton dissociation, and further charge separation are treated on
equal footing and on a fully quantum level using the density matrix formalism combined with the dynamics
controlled truncation scheme [1]. Our results indicate that the space-separated charges appearing on <100-fs
time scales following the photoexcitation are predominantly directly optically generated [2], in contrast to the
usual viewpoint that they originate from ultrafast population transfer from initially generated excitons in the
donor material. The space-separated states acquire nonzero oscillator strengths from donor excitons thanks to
the strong resonant mixing between these two groups of exciton states. The results of ultrafast pump-probe
experiments are commonly interpreted in terms of exciton populations only. Our theoretical insights into the
ultrafast pump-probe spectroscopy highlight the importance of coherences, which cannot be disregarded on
such short time scales, in the interpretation of pump-probe spectra [2].
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The promise of economically viable and environmentally friendly
conversion of sunlight into electrical energy has driven vigorous and
interdisciplinary research on donor/acceptor heterojunction organic
photovoltaics. However, the actual mechanism of the emergence of free
charges on subpicosecond (<100-fs) time scales following the excitation
of a heterojunction remains elusive.

We investigate subpicosecond exciton dynamics in the lattice model of an
all-organic heterojunction. Exciton generation by means of a
photoexcitation, exciton dissociation, and further charge separation are
treated on equal footing and on a fully quantum level using the density
matrix formalism combined with the dynamics controlled truncation
scheme [1]. Our results indicate that the space-separated charges
appearing on <100-fs time scales following the photoexcitation are
predominantly directly optically generated [2], in contrast to the usual
viewpoint that they originate from ultrafast population transfer from initially
generated excitons in the donor material. The space-separated states
acquire nonzero oscillator strengths from donor excitons thanks to the
strong resonant mixing between these two groups of exciton states. The
results of ultrafast pump-probe experiments are commonly interpreted in
terms of exciton populations only. Our theoretical insights into the ultrafast
pump-probe spectroscopy highlight the importance of coherences, which
cannot be disregarded on such short time scales, in the interpretation of
pump-probe spectra [2].
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Recent years have seen vigorous and interdisciplinary research activity in the field of organic
photovoltaics with the aim of deeper understanding of ultrafast processes which govern their operation.
We have investigated the dynamics of exciton formation and relaxation on a picosecond time scale
following a pulsed photoexcitation of a semiconductor [1]. The study is conducted on the two-band
semiconductor Hamiltonian, which includes relevant physical effects in the system, employing the
density matrix theory combined with the dynamics controlled truncation scheme. We truncate the
phonon branch of the resulting hierarchy of equations and propose the form of coupling among single-
phonon-assisted and higher-order phonon-assisted density matrices so as to ensure the energy and
particle-number conservation in a system without external fields. Time scales relevant for the exciton
formation and relaxation processes are determined from numerical investigations performed on a one-
dimensional model for the values of model parameters representative of a typical organic
semiconductor and organic semiconductor heterojunction. We find that in a neat organic semiconductor
the phonon-mediated conversion from coherent to incoherent excitonic populations happens on a 50 fs
time scale, followed by the formation of bound excitons on a several-hundred-femtosecond time scale
and their subsequent relaxation and equilibration which takes at least several picoseconds. At a
heterojunction of two organic semiconductors, we find that the strong (resonant) mixing between
interfacial excitonic states and excitonic states in neat materials, as well as proper accounting for
interband excitonic coherences, are critical for the accurate description of charge transfer from the
donor to the acceptor and subsequent charge separation. Time scales that emerge from our numerical
study are consistent with recent experimental reports on the exciton formation and relaxation in
conjugated polymer-based materials. We believe that the insights obtained from our study of a typical
organic/organic heterojunction may contribute to more profound understanding of fundamental OPV
physics.
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Nonequilibrium Electrical Transport in Materials with Localized Electronic States
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A broad range of disordered materials contain electronic states that are spatially well localized. In this
work we studied the electrical response of such materials to external terahertz electromagnetic field [1].
We obtained expressions for nonequilibrium terahertz conductivity of a material with localized electronic
states and weak electron-phonon or electron-impurity interaction. The expression is valid for any
nonequilibrium state of the electronic subsystem prior to the action of external field. It gives
nonequilibrium optical conductivity in terms of microscopic material parameters and contains both
coherences and populations of the initial electronic subsystem's density matrix. Particularly, in the case
of incoherent nonequilibrium state of the electronic subsystem, the optical conductivity is entirely
expressed in terms of the positions of electronic states, their nonequilibrium populations, and Fermi's
golden rule transition probabilities between the states. The same mathematical form of the expression is
valid both in the case of electron-phonon and electron-impurity interaction. Moreover, our result for the
nonequilibrium optical conductivity has the same form as the expressions previously obtained for the
case of equilibrium. Our results are expected to be valid at sufficiently high frequencies, such that the
period of the external field is much smaller than the carrier relaxation time. We apply the derived
expressions to two model systems, a simple one-dimensional Gaussian disorder model and the model of
a realistic three-dimensional organic polymer material obtained using previously developed multiscale
methodology [2]. We note that the simple one-dimensional model captures the essential features of the
mobility spectrum of a more realistic system. Furthermore, our simulations of the polymer material yield
the same order of magnitude of the terahertz mobility as previously reported in experiments.

[1] V. Jankovi¢ and N. Vukmirovi¢, Phys. Rev. B 90, 224201 (2014).
[2] N. Vukmirovi¢ and L.-W. Wang, Nano Lett. 9, 3996 (2009).
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Abstract. A broad range of disordered materials contain electronic states that are spatially well
localized. These include amorphous inorganic semiconductors, inorganic crystals doped with
randomly positioned impurities and organic semiconductors based on conjugated polymers or
small molecules. Usual approaches to simulation of ac conductivity of these materials rely on
Kubo’s formula which expresses the ac conductivity in terms of the mean square displacement
of a diffusing carrier. Such approaches therefore assume that carriers are in equilibrium and that
they are only slightly perturbed by external alternating electric field. However, in many realistic
situations, the carriers are not in equilibrium; a typical example concerns the carriers created by
external optical excitation across the band gap of a semiconductor.

In this work we obtain the expression for the optical conductivity in a material with localized
electronic states and weak electron-phonon or electron-impurity interaction [1]. The expression
is valid for any nonequilibirum state of the electronic subsystem prior to the action of electric
field. It gives nonequilibirum optical conductivity in terms of microscopic material parameters
and contains both coherences and populations of the initial electronic subsystem’s density
matrix. Particularly, in the case of incoherent nonequilibrium state of the electronic subsystem,
the optical conductivity is entirely expressed in terms of the positions of electronic states, their
nonequilibrium populations, and Fermi’s golden rule transition probabilities between the states.
The same mathematical form of the expression is valid both in the case of electron-phonon and
electron-impurity interaction. Moreover, our result for the nonequilibrium optical conductivity
has the same form as the expressions previously obtained for the case of equilibrium. The
derivation was performed by expanding the general expression for ac conductivity in powers of
small electron-phonon or electron-impurity interaction parameter. Our results are expected to be
valid at sufficiently high frequencies, such that the period of the electric field is much smaller
than the carrier relaxation time. We apply the derived expressions to two model systems, a
simple one-dimensional Gaussian disorder model and the model of a realistic three-dimensional
organic polymer material obtained using previously developed multiscale methodology [2]. We
note that the simple one-dimensional model captures the essential features of the mobility
spectrum of a more realistic system. Furthermore, our simulations of the polymer material yield
the same order of magnitude of the terahertz mobility as previously reported in experiments.
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A broad range of disordered [aterials contain electronic states that are spatially well Tocalized. These
include amorphous inorganic semiconductors. inorganic crystals doped with randomly positioned impurities
and organic semiconductors hased on conjugated polymers or ¢mall molecules. Usual approaches 1o simulation
of ac conductivity rely on Kubo's formula which expresses the ac conductivity in terms of the mean sguare
displacement of a diffusing carrier. Such approaches {herefore assume that carriers are in equilibrium and that
they are only slightly perturbed by external alternating electric field. However, in many realislic sitations, the
carriers are not in equilibrium: a typical example concerns the carriers created by external optical excitation
across the band gap of a semiconductor.

[n this work we obtain the expression for the optical conductivity in a material with localized electronic
states and weak electron-phonon or clectron-impurity interaction [1]. The expression is valid for any nonequili-
birum state of the electronic subsystem prior to the action of electric field. Particularly. in the case of incoherent
poncquilibrium state of the clectronic subsystem, the optical conductivity is entirely expressed in terms 0 f the
positions ol electronic states. their noneguilibrium populations, and Fermi's golden rule transition probabilities
between the states. The samc mathematical form of the expression is valid both in the casc of electron-phonon
and electron-impurity interaction. Moreover, our result for the nonequilibrinm optical conductivity has the
same form as the expressions previously obrained for the case of equilibrium. The derivation was performed by
expanding the general cxpression for ac conductvity in powers of small electron-phonon or electron-impurity
interaction parameter. Our results are expected to be valid at sufficiently high frequencies. such that the pe-
riod of the electric feld is much smaller than the carrier relaxation time. We apply the derived expressions
to wo model systems, a simple one-dimensional Gaussian disorder model and the maodel of a realistic three-
Jdimensional organic polymer material obtained using previously developed multiscale methodology [2]. We
aote that the simple one-dimensional model captures the essential features of the mobility specirum of a more
pealistic system. Furthermore, our simulations of the polymer material yicld the same order of magnitude of
the terahertz mobility as previously reported in experiments.
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A broad range of disordered materials contain electronic states that are spatially
well localized. In this work [1] we studied the electrical response of such materials
to external terahertz electromagnetic field. We obtained expressions for
nonequilibrium terahertz conductivity of a material with localized electronic states
and weak electron-phonon or electron-impurity interaction. The expression is valid
for any nonequilibrium state of the electronic subsystem prior to the action of
external field. It gives nonequilibrium optical conductivity in terms of microscopic
material parameters and contains both coherences and populations of the initial
electronic subsystem's density matrix. Particularly, in the case of incoherent
nonequilibrium state of the electronic subsystem, the optical conductivity is entirely
expressed in terms of the positions of electronic states, their nonequilibrium
populations, and Fermi's golden rule transition probabilities between the states. The
same mathematical form of the expression is valid both in the case of electron-
phonon and electron-impurity interaction. Moreover, our result for the
nonequilibrium optical conductivity has the same form as the expressions
previously obtained for the case of equilibrium. Our results are expected to be valid
at sufficiently high frequencies, such that the period of the external field is much
smaller than the carrier relaxation time. We apply the derived expressions to two
model systems, a simple one-dimensional Gaussian disorder model and the model
of a realistic three-dimensional organic polymer material obtained using previously
developed multiscale methodology [2]. We note that the simple one-dimensional
model captures the essential features of the mobility spectrum of a more realistic
system. Furthermore, our simulations of the polymer material yield the same order
of magnitude of the terahertz mobility as previously reported in experiments.

REFERENCES
[1] V. Jankovi¢ and N. Vukmirovi¢, Phys. Rev. B 90, 224201 (2014).
[2] N. Vukmirovi¢ and L.-W. Wang, Nano Lett. 9 , 3996 (2009).

55



