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Model for the dynamics of carrier injection in a band with polaronic states: Application to exciton
dissociation in organic solar cells
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We develop a quantum model for the dynamics of carrier injection in a band that presents a strong carrier-
vibration coupling. This coupling modifies the spectral density of the band and can even create pseudogaps
that signal the onset of polaronic states. The injection of a carrier that interacts with many vibration modes is
a complex many-body process that is treated by combining the quantum scattering theory and the dynamical
mean-field theory (DMFT). For the model analyzed here, which is adapted to compact phases, the number Z of
neighbors of a given site is large and in this limit the DMFT becomes exact. The model is applied to the excitonic
dissociation at the donor-acceptor interface for organic solar cells. The main ingredients are the electron-hole
Coulomb interaction, the recombination process, and the existence of polaronic states in the acceptor band.
Using parameters extracted from ab initio calculations we analyze the spectral density on the charge transfer
state (CTS), the average energy transferred to phonons on the CTS, and the quantum yield of the injection
process. We find in particular that even with a strong electron-vibration coupling, one can get a vibrationally
cold charge transfer state with a high injection yield as often observed experimentally.

DOI: 10.1103/PhysRevB.106.195420

The interfacial charge transfer between heterogeneous ma-
terials constitutes a key physical phenomenon central to a
variety of light-induced energy transport and conversion pro-
cesses such as photocatalysis, photovoltaics, energy storage,
and molecular electronics [1-8]. In the case of excitonic solar
cells such as heterojunction bulk organic solar cells the photon
is absorbed in the donor zone and leads to the creation of
an exciton which is stable because of the strong Coulomb
interaction between the electron and the hole constituting
it. The exciton must migrate to the donor-acceptor interface
in order to dissociate [9,10]. Yet once the charges are in
separate phases, they still need to overcome their mutual
Coulomb attraction which is larger than the thermal energy
room (around 0.025 eV); otherwise they recombine [11-15].
Several phenomena have been identified as facilitators of
charge separation such as built-in electric fields at donor-
acceptor interfaces, delocalization of the excitons and of the
free carrier charges, the offset in energy levels between donor
and acceptor, and structural disorder [16-22]. A central con-
cept is that of the charge transfer state (CTS) which is the first
state in which the electron hops on the acceptor side and on
which it is coupled to local vibration modes. Because of this
coupling, the electron can excite one or several phonons of the
vibration mode which corresponds to a vibrationally hot CTS.
If no phonons are excited this corresponds to a vibrationally
cold CTS. A much-debated issue is how the efficiency of the
charge separation is related to the release of energy on these
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modes (vibrationally hot CTS) or not (vibrationally cold CTS)
[19,23-30].

On the theoretical side, the treatment of charge trans-
fer in organic semiconductors is complex. Historically some
phenomenological models were developed such as the Braun-
Onsager [31,32] analytic model which is based on a classical
picture that allows one to describe separation in a strong
Coulomb potential. The Marcus theory and related approaches
are also much used and describe charge transfer at the molec-
ular level with incoherent hopping [19,20,33-37]. Ab initio
electronic structure calculations [21,22,38] also bring much
useful information concerning the electronic states and the
electrostatic potential. For a fully microscopic understand-
ing of the charge separation mechanism in these organic
photovoltaic devices, numerical methods have been proposed
such as exact diagonalization [39] and time-dependent den-
sity functional theory [40—42]. Yet the problem of describing
properly the charge separation process is still largely open and
new complementary approaches are needed.

In the present study, we develop a formalism for the anal-
ysis of carrier injection in a band with polaronic states. The
injection of a carrier that interacts with many vibration modes
is a complex many-body process that is treated by combining
the quantum scattering theory and the dynamical mean-field
theory (DMFT). This avoids perturbative theories, such as
the Fermi golden rule [43,44], which is often used but is
justified only at the weak electron-vibration coupling. This
mean-field approach becomes exact for models with a number
Z of neighbors which becomes large and is therefore well
adapted to compact systems. We apply it to the dynamics
of the exciton dissociation process in organic solar cells. For

©2022 American Physical Society
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FIG. 1. Representation of the model. |I) is the initial state when
the electron is on the LUMO orbital on the donor side. |0) is the state
when the electron is on the CTS (L = 0) where it can recombine
with a rate I'. The electron propagates through the different layers
L=0,1,2,...and can excite the local vibration modes.

simplicity, we consider only one band on the acceptor side and
retain only the excitonic state on the donor side which couples
most efficiently to charge transporting states [19]. We use
a simple Holstein Hamiltonian which describes an electron
that interacts with one mode on each site of the acceptor. All
the modes are equivalent and have the same frequency and
the same coupling to the electron. In addition, we include
the electrostatic potential due to the electron-hole interaction
near the donor-acceptor interface. On the acceptor side, we do
not include a disorder potential whose effect on the injection
process can be moderate as shown in [45]. A typical range
for the parameters of the Hamiltonian is estimated from ab
initio calculations [26-29,46]. We analyze the spectral density
on the CTS, the energy released by emission of phonons on
the CTS, and the quantum yield. We establish in particular
a phase diagram for the energy released on the CTS and the
quantum yield as a function of the injection energy and of
the recombination rate. We find that in the presence of the
electron-hole attraction, the electron can be injected into the
acceptor with moderate initial energy and we show that the
charge transfer state can stay vibrationally cold [19,23] with a
high yield even with a strong electron-vibration coupling.
Our charge separation model is presented in Fig. 1. We
consider optical modes with frequencies higher than the ther-
mal energy at room temperature so that all vibration modes
are initially empty when the charge injection process starts.
The red ball is the hole that is considered fixed and the black
balls represent the different positions of the electron. The state
|I) is the excited singlet state from which the electron can be
injected into the charge transfer state (CTS) via the hopping
integral m. In this state |I), the electron is on the LUMO
orbital on the donor side and the hole is on the HOMO orbital.
The electron can jump, on the sites i of the successive layers
L=0,1,2,... (the layer L = 0 is the CTS itself), and it can
excite phonons on all sites of a given layer. We assume that
the sites i are distributed on a Bethe lattice [47,48] which is
known to reproduce correctly the local environment of a com-
pact system (see the Supplemental Material (SM) [49]). For
simplicity, we take the standard limit of infinite coordination
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FIG. 2. Schematic representation for the charge injection process
in the Hilbert space. ®} are the recombination fluxes that enter the
recombination channels and @} are the injection fluxes that enter in
the injection channels (acceptor side). The values of the fluxes are
determined from the self-energies Ag(e; — nhiw) and A (g; — nhw)
as explained in the SM.

of this Bethe lattice, in which case the mean-field solution
given by the DMFT is exact.
In this paper the total Hamiltonian H takes the form [50,51]
1%
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where the index i denotes the different sites, i = 0 being the
CTS. ¢; is the energy of the incoming electron of a molecule
at the donor site. The hopping parameter m between the donor
site and the CTS will be taken as weak compared to the pure
electronic bandwidth 4J so that we can take the limit m — 0.
For a site i the electron creation (annihilation) operators are
cl.+ (c;). The electrostatic potential at site i which is on the
layer L; is _LL-H It is due to the electron-hole interaction
and is characterized by the parameter V. The phonon creation
(annihilation) operator of the local vibration mode at site i is
a; (a;) and fiw is the phonon energy. J; ; are the hopping ma-
trix elements between nearest neighbors i and j on the Bethe
lattice and are expressed from J as explained in the SM. g is
the electron-vibration coupling parameter. The Hamiltonian
Hp, represents the recombination processes.

The injection process is analyzed in the full Hilbert space
of the electron + vibration modes system (represented in
Fig. 2). The initial state |I) corresponds to the electron on
the donor side with no vibration mode excited. The hopping
term m allows the transfer to the CTS with zero phonons
|0). Then the electron-vibration coupling couples the states
[0}, |1), ..., |n) with n phonons created on the CTS and no
other mode excited on the acceptor side. Starting from state
|n) there are two channels in which the electron leaves the
CTS. Channel nA corresponds to the propagation on the ac-
ceptor side and channel nR corresponds to the recombination
process. The probabilities of injection in channels nA (nR) are

195420-2



MODEL FOR THE DYNAMICS OF CARRIER INJECTION ...

PHYSICAL REVIEW B 106, 195420 (2022)

@7 (®%). From these quantities, it is possible to express the
quantum yield Y which is the probability for the electron to
be injected into the acceptor and the average vibration energy
Erg on the CTS [52]. One has

[e.¢] oo
Y=Y op=1-) &, (2a)
n=0

n=0

Ers =Y nho[®} + ®p). (2b)

The probabilities @} and @} of injection in the channels
nA and nR are computed from the scattering theory [39,53—
56] and depend only on the self-energies Ay(e; — nhiw) and
Ag(g; — nhow) which represent the effect of the corresponding
channels. As shown in the SM, A4(z) is computed from the
DMFT.

Solving the coupled mean-field equations for an inhomo-
geneous model, as for the case with electron-hole interaction,
is difficult with standard methods. In order to solve these
equations, we use development in continued fractions which
is very efficient [56]. In this approach, the self-energy A4(z)
is represented by a continued fraction with a finite number of
stages N (N is up to 2000) and the energy resolution improves
when N increases. Mathematically the real and imaginary
parts of As(z) are related so that one has only to reconstruct
the imaginary part. For a finite continued fraction with N
stages the imaginary part is a sum of N delta peaks with
ImA4(z) = Y pid(E — E;). In order to limit numerical fluc-
tuations, we convolute each delta peak by a Gaussian function
with an adjustable width AE which determines the energy
resolution (see SM for more details). Physically such a broad-
ening can be seen as reproducing a small coupling to other
degrees of freedom not considered in the Hamiltonian. Here
the resolution is estimated in the range 0.1J-0.2J which is
sufficient for the present discussion.

The recombination process is modeled as an injection into
a continuum and we discuss two limits where this continuum
is either narrow with a width comparable to the electronic
acceptor band (of the order of 4J) or is much wider. We expect
that the wideband limit is valid if the hole and the electron
recombine by emission of a photon whose energy is larger
than 4J. This wideband limit can be a good approximation
for other recombination pathways since the total energy of
a few eV that is released is again larger than the typical
bandwidth of the acceptor 4J. For a recombination process
into a wide continuum, we neglect the dependence of Ag(z)
with z and for simplicity, we take Ag(z) = —iAl" where I is
the recombination rate.

We discuss now the results obtained for the local density
of states (LDOS) on the site |0), the energy Ergs lost by the
electron on the CTS, and the quantum yield Y of the injec-
tion. All energies are given in units of J (the pure electronic
bandwidth is 4J) and for all cases, we consider /iw = 1. The
LDOSs are given in units of 1/J. We consider four cases
that combine g = 1 or g = /2 for the electron-vibration cou-
pling parameter with V =0 or V = 1.5 for the electrostatic
potential parameter [see the expression of the Hamiltonian in
Eq. (1)]. Additional results for other values of the parameters
confirm the behavior discussed here (see SM).
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FIG. 3. The spectral density n(E) and the average energy lost
on the CTS E,;(¢;) (E,; = —Erg) without recombination. The cyan
curve represents E,;,(¢y) in the case where g — 0. For panel (a) g = 1
and the potential parameter is V = 0 (red) and V = 1.5 (blue). For
panel (b) g = +/2 and the potential parameter is V = 0 (orange) and
V = 1.5 (green). For both panels, the horizontal dashed gray line
indicates the limit of vibrationally cold and hot CTS regimes.

Figure 3 presents results in the absence of recombination.
We consider first the upper part of the panels (a) and (b)
which show the LDOS n(E’) on-site |0). Panel (a) shows the
results for g=1 and for V =0 (red) or V = 1.5 (blue). We
define Epji, as the minimum energy of the spectrum in the
bulk that is for V = 0. n(E) tends to zero at large energies
but its spectrum is infinite. n(E) presents oscillations with
minima separated by about Ziw = 1 which indicates the pre-
formation of polaronic bands. For V = 1.5 the electrostatic
potential depends on the distance to the CTS and tends to zero
far from the CTS. Therefore close to the CTS the electronic
density is modified but far from the CTS one expects that
the system is similar to the bulk, that is, to the case V = 0.
For V = 1.5 there is a continuum part of n(E) which starts at
the same minimum value Eyg, as for V = 0. This is expected
because the states of the bulk can propagate up to the site
|0) and give therefore contributions to the LDOS n(E) for
all energies E > Eyin. Yet the LDOS n(E) on state |0) is
strongly modified by the electrostatic potential induced by the
electron-hole interaction. In addition, there are localized states
below the minimum energy Epg, of the bulk spectrum. These
states are analogous to bound electronic states in atoms or to
impurity states in semiconductors and are spatially localized
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around the CTS. One may expect that there is an infinite
series of such states close to Epi, but their weight is too
small to be detected numerically. Yet the results indicate that
the total weight of the localized states [essentially the two
peaks shown in panel (a)] is about 0.34 which means that the
continuum has a weight of about 0.66. This confirms that the
electron-hole potential strongly modifies the LDOS. For the
strongest electron-vibration coupling [g; = +/2, in panel (b)],
the two lower subbands of the continuum are nearly separated
by gaps for V =0 and the global width is larger than for
g = 1. As for panel (a) the introduction of the electron-hole
interaction strongly modifies the LDOS both in the contin-
uum part and by the creation of localized states. The total
weight of the localized states is about 0.20 and therefore
the continuum weight is about 0.80. Note that very close to
the bottom of the continuum there is a narrow peak with a
small weight of about 0.01. We cannot discriminate whether
this peak is below the continuum and localized or whether
it belongs to the continuum, but this has no impact on our
discussion.

The lower part of the panels of Fig. 3 represents the average
energy E,, = —Erg lost by emitting phonons on the CTS. In
order to inject an electron into the bulk, the initial energy ¢&;
must be larger than the minimum energy Epj, of the bulk
spectrum. Depending on &; two regimes occur. In the first
regime there is less than one phonon emitted on average,
which is a vibrationally cold transfer state regime [57] if
Enin < €1 < Epgy With Epge =~ 1.5 for g=1 and Epyp = 1
for g = +/2. So the range of values &; for injecting electrons
with a vibrationally cold CTS is of about 4, i.e., close to
the pure electronic bandwidth. The second regime occurs at
higher values of ¢; when the electron can excite one or several
phonons which correspond to a vibrationally hot CTS. The
existence of these two regimes can be understood by consid-
ering the limit of small g and the energy conservation during
the injection process (see Fig. 3). Indeed when ¢; is between
Emin = —2 and Ey,, = 2 (the values of the bounds of the
continuum for the pure electronic spectrum) the system does
not need to emit phonons to inject an electron in the acceptor
side. But when ¢; > Ej,, it is necessary to emit a phonon
prior to injecting an electron in the band and when ¢; > 3J
it is necessary to emit two phonons to inject electrons, and
so on. This leads to the staircase curve in the lower part of
panel (a). So the average energy of phonons for ¢; in the range
[Eptax, 00] will be Erg >~ (& — Eyax + hw). We see that the
case g = 1 is close to g — 0. For g = +/2, oscillations that
reflect the preformation of polaronic bands appear but the
global trend is identical.

We focus now on the effect of recombination. If the re-
combination is treated as an injection in a narrow continuum
the two channels nA and nR (see Fig. 2) correspond to nar-
row bands and this is a situation similar to that of Fig. 3.
As discussed previously the energy conservation imposes the
existence of a vibrationally hot CTS for sufficiently large ¢;.
For every n the flux shares between ¢’} and @} so that the
yield Y is partial.

The wideband limit of the recombination is completely
different as we show now. We present only the case g =1
in Fig. 4 since results for g = +/2 are qualitatively similar
[58]. Panel (a) shows that the results are rather similar for both
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FIG. 4. Panel (a) shows the quantum yield Y (¢;) and the average
energy E,;(¢;) lost on the CTS, with recombination #I" = 0.1 and
for V =0 (red) and V = 1.5 (blue). The horizontal dashed gray line
indicates the limit of vibrationally cold and hot CTS regimes. Panel
(b) is a phase diagram as a function of the incident energy &; and
of the recombination rate I" for V = 1.5. It shows the zones of high
yield (Y > 0.5) or low yield (Y < 0.5) and the zones of vibrationally
hot CTS (red) or cold CTS (white).

values of V.= 0and V = 1.5. When ¢; < 2 the recombination
effect is moderate and the CTS is vibrationally cold. This
regime is rather similar to the vibrationally cold state regime
of Fig. 3 without recombination. When &; > 2 the quantum
yield decreases with a vibrationally hot CTS regime. For even
higher values of ¢; the average energy E7g decreases meaning
again a vibrationally cold CTS regime with a small quantum
yield Y < 0.5. This results from a regime of tunneling. In-
deed, the condition of energy conservation implies that the
electron can enter the acceptor channels only after having
excited several phonons. A simple physical image is that the
excitation of several phonons, which is performed in a tun-
neling regime, requires a time that increases with ;. During
this time there is a transfer in the recombination channels
with small n at a constant rate I' which leads to a smaller
yield and smaller number of phonons emitted. We note that
if there were additional electronic bands at higher energies in
the acceptor the electron could be injected into these bands
without exciting phonons. This could lead to an efficient in-
jection with a high quantum yield for high injection energy.
For example, the experimental results in [23] show that the
efficiency of the injection does not depend on the injection
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energy. These results are not compatible with the conclusions
of our model, which suggests that the injection can be done
in several electronic bands in the acceptor material for these
systems.

In panel (b) of Fig. 4 the results for V = 1.5 are sum-
marized in a phase diagram with the two variables ¢; and
I'. The red zone represents the vibrationally hot CTS cases
with more than one phonon emitted and the white zone
represents the vibrationally cold CTS regime. One sees
that for sufficiently strong recombination I' > I'¢ there are
no more values of & leading to a vibrationally hot CTS.
Note that for energies between —2 and Ep, ~ —2.4 (not
shown here) the yield will decrease again and becomes zero
if & < EMin~

Several additional comments are useful. In the presence
of electron-hole interaction localized states are created for
which the electron is spatially close to the CTS. Despite these
localized states it is possible to inject electrons at higher
energies with a high yield. Indeed for a particle that is initially
in a state (the LUMO orbital of the donor side) coupled to
a continuum, this corresponds to a resonant injection into a
continuum [45]. Note that if the hopping integral m had a
finite value the localized states of the donor+-acceptor system
would have a finite component on the LUMO orbital by a hy-
bridization effect. This has been discussed in [59]. In that case,
the yield would be smaller than one even within the limit of
vanishing recombination. Indeed the component of the initial
state that is on the localized states cannot leave the interface.
Therefore a too high value of the hopping integral m can be
deleterious to the quantum yield due to the hybridization with

the localized states. This may suggest a way to improve the
quantum yield.

To conclude the present model shows that in a large range
of incident energies ¢;, of the order of the pure electronic
bandwidth 4J, there can be a high quantum yield of injection
and a vibrationally cold CTS despite the electron-vibration
coupling. This is consistent with many experiments [19].
Therefore a vibrationally cold transfer state with a high yield
is compatible with a strong electron vibration coupling which
creates pseudogaps and polaronic states on the acceptor side.
In addition, the model shows that the recombination process
plays an essential role in the occurrence of vibrationally hot
or cold charge transfer states. For large values of g we
show that the energy conservation imposes the injection to
occur after several phonon excitations, which is a tunneling
process. In this regime, the detailed characteristics of the
recombination process have a strong influence on the quan-
tum yield of the electron transfer. We emphasize that the
present approach could be used to treat models with other
characteristics, such as multiple vibration mode frequencies,
multiple excitonic states, or complex bands in the acceptor.
It should also be useful for transfer processes at inter-
faces in other photovoltaic systems or even in photosynthetic
systems [60-62].
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