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ABSTRACT: An analytical description of the separation probability of a geminate pair in
organic semiconductors is given. The initial diffusion of “hot” twins is anomalously strong

due to energy disorder. This circumstance significantly increases the photogeneration —F —- — 7\
quantum yield at low temperatures and weakens its temperature dependence relative to R - A—_ ==
predictions of the Onsager model, in agreement with Monte Carlo and experimental T LT
results. s —
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hotogeneration and transport of charge carriers (electrons

and holes) are the key physical processes that underlie the
operation of photovoltaic devices based on disordered organic
semiconductors.’ It is known that energy disorder determines
the characteristics of hopping transport in these materials, in
particular, the temperature and field dependence of the charge
carrier mobility.” The effect of disorder on the carrier
photogeneration efficiency is undoubtedly significant. Usually,
the problem is considered in the context of diffusion of
molecular excitations (excitons), which is also controlled by
energy disorder.” However, in the case of fast exciton decay,
the photogeneration efficiency is determined by the separation
probability of an electron—hole pair bound by the Coulomb
interaction (geminate pair).* For the theoretical analysis of the
geminate separation probability, modifications of the classical
Onsager model™® are still mainly used, while they do not take
into account the energy disorder inherent in organic
semiconductors, as well as the hopping nature of the transport
(discreteness of the medium).””~” In addition, it is necessary
to take into account the strongly nonequilibrium nature of the
energy distribution of photogenerated carriers (“hot” car-
riers).” At a sufficiently high energy of the exciting radiation,
the initial energy relaxation of the “twins” occurs by hopping
down in energy, so that their transport has an anomalous
character.'”"" The effect of disorder and energy relaxation of
carriers, which occurs during transport (pair separation), was
modeled only by the Monte Carlo method."*~'* The above
circumstances limit the applicability of the classical Onsager
model and its modifications, especially at sufficiently low
temperatures. Indeed, according to the experimental data, the
photogeneration quantum yield depends on temperature much
weaker than predicted by the Onsager model.”'> The aim of
this work is to develop a theoretical model of geminate pair
separation that takes into account the hopping nature of
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transport and energy disorder and enables analytical modeling
of the photogeneration efficiency, in addition to the Monte
Carlo simulations.

The Onsager model assumes that a more mobile carrier (for
definiteness, an electron) performs a diffusion-drift motion in
the Coulomb field of a less mobile “twin”. In disordered
inorganic semiconductors, the hot carrier thermalizes within a
short initial time interval, after which it occupies a state near
the mobility edge,'® Ec. In organic materials, the energy Ec
should be understood as the transport level.'’ ™" In these
materials, the primary excitation is usually a molecular
excitation (exciton); that is, an electron and a hole are on
the same molecule. Further, it should be expected that the
more mobile carrier jumps to one of the nearest molecular
states, and a geminate pair (charge-transfer state) is formed.*”
In this case, the distance between the “twin” charges is on the
order of the average intermolecular distance, r; & a & 1 nm, see
Figure 1.

According to the Miller-Abrahams model, the probability of
hopping down in energy is not dependent on the energy of the
final state. Therefore, the energy distribution of electrons is
very different from that of the Fermi function. Most likely, the
electron has the energy at which the density of states is
maximum (this energy is further taken as the reference point, E
=0); i.e., the electron is “hot”. Further energy relaxation occurs
in two stages. The first stage, jumps down in energy (red
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Figure 1. Scheme of separation of the geminate pair. The dashed and
dash-dotted lines show the Coulomb interaction energy at the energy
of hopping centers equal to 0 (the highest concentration of centers)
and at the transport energy Ec, respectively.

arrows in Figure 1), occurs until the electron falls below the
energy level for which the probabilities of hopping down and
up in energy are equal. This level approximately coincides with
the transport level Ec, which is analogous to the mobility
edge.m'18 The first stage ends at some time t, (the segregation
time;'**° the moment t = 0 corresponds to the exciton decay
time). The second stage, t > f,, is a drift-diffusion motion
controlled by thermal activation jumps from states with
energies E < Ec to states with energies near the transport level.
According to the classical Onsager model, it is necessary to
solve the Smoluchowski equation
0n(?, t) _ [ > e N
" DV|Va(7,t) + an(r, H)Vo(r) 0
with the boundary conditions n(co,t) = 0, n(0,t) < o0,” to
obtain the survival probability of a geminate pair until time ¢

Q) = fo din(?, t) o)

and the separation probability, Q, = lim,_,,Q(t), where n(#,t)
is the distribution function of mutual positions of charge
carriers at a given time (in a typical case of great asymmetry of
mobilities it is a position of the more mobile carrier (say, an
electron) relative to the less mobile carrier, D is the diffusion
coeflicient, T is the absolute temperature, k is the Boltzmann’s
constant, and ¢(r) is the electrostatic potential (including the
Coulomb potential)). Equation 1 is written for quasi-
equilibrium transport conditions.

It should be noted that transport occurs in an anomalous
regime if the initial energy distribution of charge carriers is far
from quasi-equilibrium. Operationally, at any moment of time
one can consider two fractions of hopping centers: the
“transport states”, which make the main contribution to the
transfer process, and traps, after capture in which the carrier is
delayed, and apply the formalism of the multiple trapping
model.”" In the initial time interval (after the photogeneration
pulse), which may exceed the separation time of the geminate,
the transport has a number of anomalous characteristics and is
described by specific equations (extremely nonequilibrium, or
dispersive transport) ZIOI21822,23

One can find the separation probability as a solution of a
steady-state problem, assuming a stationary generation rate of
carriers at a given initial position, 7, and finding the
normalized flux of carriers across an infinite sphere.
Alternatively, one has to solve the problem in the space of
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initial positions with other boundary conditions.” In either
case, the steady-state Smoluchowski equation

- e o -
V|Vn(?) + an(r)V(p(r) 0 3)
does not depend on the diffusion coefficient. It seems
(erroneously) that the separation probability does not depend
on peculiarities of transport of “geminies”: whether it occurs in
quasi-equilibrium or not, whether it is band-like or hopping,
etc. It is important that the Smolukhovskii equation includes
the thermal energy, kT, that results from Einstein’s ratio, D/u
= kT/e.

For the case of dispersive transport, the analogue of the
Smoluchowski equation

n(r, t) — n(r, 0) = Dyr(£)V

e
Vn(r, t) + an(r, t)Vo(r) @
where ¢(r) = —e/4meeyr, has been used previously in many
works; see, for example.”” ** In eq 4 D, is the diffusion
coefficient of conductive carriers, and 7(t) is an increasing
function of time with the meaning of the time-dependent
lifetime of conductive carriers until trapping to the “currently
deep” states, i.e., those states for which the release of a
previously captured carrier is unlikely until time t. Population
of these states is far from quasi-equilibrium, but until an
equilibration time, .., the majority of carriers occupy states
below this energy, so that energy distribution is essentially
“hot”, which causes the dispersive (or extremely non-
equilibrium) transport regime.””> In eq 4 Dyr(t)=

a*/ f_ i(t)dE%lf), where E4 (t) is the time-dependent energy

separatin% the “currently deep” and the “currently shallow”
states,"™'” N, is the concentration of states.

It can be argued that the term e/kT persists in eq 4.
However, an analysis shows that at low temperatures (kT <
Ey E, is the energy scale of the density of states (DOS))
during the initial time interval, t < t; < t,,, the kinetics of
energy relaxation and transport essentially does not differ from
the low-temperature limit (T = 0), since relaxation and
transport occur by hopping down in energy. See Supporting
Information, section 1. In this case, for exponential DOS, it has
been shown that the energy scale of the DOS, E,, replaces the
thermal energy, kT, in the relation between dispersion and drift
shift."®*® In fact, the process of initial thermalization of “hot”
carriers takes place at t < f,, and the Onsager model can only be
applied at t > t,, taking into account the dispersive nature of the
transport, see eq 4. We use the spatial distribution of carriers at
time t, ®(ry), as the distribution over the true initial
separations r;,.

Q=47 [ ()0 (7)
0 ©)

In eq 5 Q™(r,) = exp(—rc/ro),”° where rc = ¢/ (4mee kT)
is the Onsager radius (Coulomb radius), and ¢ is the relative
dielectric permittivity. In this work, one assumes a small
external field strength, F, namely, (eFro/kT < 1).

In this Letter, it is shown that carrier transport in the initial
energy relaxation regime can also be described (in the diffusion
approximation) by the Smoluchowski equation in the
dispersive (strongly nonequilibrium) transport regime; see
Supporting Information, section 1. However, in this equation
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the drift term contains the factor g[E4(t)]/ [ E‘,‘gt)dEg(E) instead
of 1/kT, where g(E) is the DOS function, and E4(t) is the
energy separating states populated in the quasi-equilibrium and
in the nonequilibrium manner.'”"*'*** The distribution ®(r,)
= n,(r = r,t,) is found by solving the Smoluchowski equation in
the dispersive mode of transport for the spatial-temporal
distribution function of the mobile “twin”, n; (r,t)

n(r, t) — n(r, 0) = S(OV|n(r, t) + Eini(r, HVe(r)

t<t (6)

where n(r,0) = 8(r — 1)/ (4nr?), 3(£) = [In(vet)/ (27) )%, 7 is
the inverse localization radius of the wave function, and v is
the frequency factor of the Miller-Abrahams model. The
solution of eq 6 is obtained in the semiclassical Wentzel-
Kramers-Brillouin (WKB) approximation; see Supporting
Information section 3. To show the capabilities of the model
over a wide temperature range, consider the exponential
energy distribution of hopping centers: g(E) = (N,/E;)exp(E/
E,), E < 0, where N,,, = a>. The time interval of the dispersive
mode of transport is especially wide for exponential
distribution. For this DOS, t, = v,' exp(2.32E,/kT), see
Supporting Information, section 2.

The initial energy relaxation of mobile charge carriers in a
geminate pair (for definiteness, electrons) is considered. As a
result, a distribution of primarily thermalized carriers arises
instead of carriers separated by the initial distance. After the
first jump, a geminate pair is formed, separated by r; = a. The
formed distribution is characterized by larger values of
distances r,. The quasi-equilibrium distribution is not yet
established by the time t; at kT < E, the dispersive mode is
limited only by the filling of deep states for exponential DOS.
It should be expected that the separation probability of
thermalized pairs will be much greater and will depend less on
temperature than what follows from the Onsager model in the
case of ry = 1;.

Figure 2 shows the results of our Monte Carlo calculations
of the survival probability of the geminate pair as a function of
time for several temperatures, as shown in Figure 2. The

100 4
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Figure 2. Time dependence of the survival probability of the geminate
pair for several temperatures, in Kelvin, obtained from Monte Carlo
simulations. Other parameters are ¢ = 3.8, E, = 0.05 eV, v, = 10" 57/,

and F= 105%. to = exp(2yay) /vy ~ 546 X 10712 s is the typical
hopping time.
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simulation data are given in Supporting Information, section 4.
The lattice constant g, = a and localization radius are relatively
large, which allow the carrier to go beyond the Onsager radius
after a relatively small number of hops. This circumstance
increases the significance of the initial energy relaxation
(hopping down in energy). Indeed, the initial time dependence
of the survival probability is universal; i.e., it does not depend
on temperature.

The results of the analytical model and Monte Carlo
calculations are compared in Figures 3 and 4. Both the Monte
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Figure 3. Comparison of Monte Carlo results (squares) and the
analytical model (circles) for the temperature dependence of the
separation probability (quantum yield) of the geminate pair. The
dashed line shows the result of the Onsager model at ry = r; = ay. The
other parameters are the same as for Figure 2.
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Figure 4. Same as in Figure 3, but in the case of a small typical jump
length and strong localization. t, = 2.2 X 10~ s. The other parameters
are the same as for Figure 2.

Carlo calculations and the analytical model, see eq 5, give
quantum yield values that are significantly higher than those of
the Onsager model (provided that ry = r, = a,), see Figure 3.
The analytical results are in qualitative agreement with the
Monte Carlo data, showing a relatively weak dependence on
temperature and a decrease in the quantum yield with a
decrease in the typical hop length (the latter decreases with a
decrease in the localization radius). The initial energy
relaxation of charge carriers due to the energy disorder
significantly increases the effective initial separation of
geminate pairs. One can see that Q. ~ exp(—r./ D), e >
r, if the temperature is not too low, since the initial (¢ < tg)
diffusion is stronger than that at longer times. This explains
why researchers often use the values r, = 7, > 2 nm for fitting
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experimental data, which is considerably larger than r, & a,.
This effective initial separation increases with decreasing
temperature, which weakens the temperature dependence of
the separation probability. The results of this model are not
quantitatively accurate, first, since an exponential distribution
of hopping centers is considered instead of a Gaussian, which
is typical for organic materials,” and second, it is assumed that
the characteristic energy in eq 4, replacing kT, is equal to E, at
t < tg and kT at t > tg, although the transition between these
asymptotes occurs gradually. However, it should be noted that
recently, both experimental and theoretical arguments have
been proposed in favor of the exponential tails of the energy
distribution of hopping centers in some organic materials.”

Figure 4 shows the results of test calculations that were
carried out for parameter values that are more consistent with
the classical Onsager model (a4, < r, strong localization). As
expected, the results are relatively close to those of the Onsager
model (dashed line). The Monte Carlo method gives
somewhat larger values due to the finiteness of the jump
length, in accordance with the known results.”® Thus, the
analytic results stress the significant influence of the hopping
parameters, namely, the localization parameter, ya, and the
degree of disorder, kT/E,, on the temperature dependence of
the photogeneration quantum yield.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.3¢02120.

Equations of dispersive hopping transport (section 1);
characteristic energies and times (section 2); solution for
escape probability in WKB approximation (section 3);
algorithm of Monte Carlo numerical simulation (section
4) (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Vladimir R. Nikitenko — National Research Nuclear
University “MEPhI” (Moscow Engineering Physics Institute),
Moscow 115409, Russia; © orcid.org/0000-0001-8673-
5048; Email: vladronik@yandex.ru

Oleg V. Prezhdo — Department of Chemistry, University of
Southern California, Los Angeles 90089 California, United
States; ® orcid.org/0000-0002-5140-7500;
Email: prezhdo@usc.edu

Authors
Artem V. Toropin — National Research Nuclear University
“MEPhI” (Moscow Engineering Physics Institute), Moscow
115409, Russia
Nikolai A. Korolev — National Research Nuclear University
“MEPhI” (Moscow Engineering Physics Institute), Moscow
115409, Russia

Complete contact information is available at:

https://pubs.acs.org/10.1021/acs.jpclett.3c02120

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

A.V.T. and V. R. N. acknowledge support of Russian Science
Foundation, project 22-22-00612. O. V. P. acknowledges

support of the US National Science Foundation, grant CHE-
2154367.

B REFERENCES

(1) Kéhler, A; dos Santos, D. A.; Beljonne, D.; Shuai, Z.; Bredas, J.
L,; Holmes, A. B,; Kraus, A,; Mullen, K; Friend, R. H. Charge
Separation in Localized and Delocalized Electronic States in
Polymeric Semiconductors. Nature 1998, 392, 903—906.

(2) Bissler, H. Charge Transport in Disordered Organic Photo-
conductors A Monte Carlo Simulation Study. Phys. Status Solidi B
1993, 175, 15—56.

(3) Fishchuk, I. I.; Kadashchuk, A.; Hoffmann, S. T.;
Athanasopoulos, S.; Genoe, J.; Bissler, H.; Kohler, A. Unified
Description for Hopping Transport in Organic Semiconductors
Including Both Energetic Disorder and Polaronic Contributions. Phys.
Rev. B 2013, 88, 125202.

(4) Liraz, D.; Tessler, N. Charge Dissociation in Organic Solar
Cells—From Onsager and Frenkel to Modern Models. Chem. Phys.
Rev. 2022, 3, 03130S.

(5) Onsager, L. Initial Recombination of Ions. Phys. Rev. 1938, 54,
554-557.

(6) Pai, D. M.; Enck, R. C. Onsager Mechanism of Recombination in
Amorphous Selenium. Phys. Rev. B 1975, 11, 5163—5174.

(7) Wojcik, M,; Nowak, A.; Seki, K. Geminate Electron-Hole
rRcombination in Organic Photovoltaic Cells. A Semiempirical
Theory. J. Chem. Phys. 2017, 146, 054101.

(8) Braun, C. L. Electric Field Assisted Dissociation of Charge
Transfer States As a Mechanism of Photocarrier Production. J. Chem.
Phys. 1984, 80, 4157—4161.

(9) Tachiya, M. General Method for Calculating the Escape
Probability in Diffusion-Controlled Reactions. J. Chem. Phys. 1978,
69, 2375-2376.

(10) Nikitenko, V. R. Theoretical Model of Dispersive Tunnel
Transport in Disordered Materials. Sov. Phys. Semicond. 1992, 26,
807—811.

(11) Baranovskii, S. D.; Faber, T.; Hensel, F.; Thomas, P. On the
Einstein Relation for Hopping Electrons. Phys. Stat. Sol. B 1998, 205,
87-90.

(12) Albrecht, U.; Bissler, H. Yield of Geminate Pair Dissociation in
an Energetically Random Hopping System. Chem. Phys. Lett. 1995,
23S, 389—-393.

(13) Ries, B.; Bissler, H. Dynamics of Geminate Pair Recombination
in Random Solids Studied by Monte Carlo Simulation. J. Molecular
Electronics 1987, 3, 15—24.

(14) Groves, C; Marsh, R. A,; Greenham, N. C. Monte-Carlo
Modeling of Geminate Recombination in Polymer-Polymer Photo-
voltaic Devices. J. Chem. Phys. 2008, 129, 114903.

(15) Emelianova, E. V.; van der Auweraer, M.; Bissler, H. Hopping
Approach Towards Exciton Dissociation in Conjugated Polymers. J.
Chem. Phys. 2008, 128, 224709.

(16) Mott, N. F.; Davis, E. A. Electron processes in non-crystalline
materials; Clarendon Press: Oxford, UK, 1979.

(17) Baranovskii, S. D. Mott Lecture: Description of Charge
Transport in Disordered Organic Semiconductors: Analytical
Theories and Computer Simulations. Phys. Status Solidi A 2018,
21§, 1700676.

(18) Nikitenko, V. R.; von Seggern, H.; Bissler, H. Non-Equilibrium
Transport of Charge Carriers in Disordered Organic Materials. J.
Phys.: Condens. Matter 2007, 19, 136210.

(19) Khan, M. D.; Nikitenko, V. R;; Tyutnev, A. P.; Ikhsanov, R. Sh.
Joint Application of Transport Level and Effective Temperature
Concepts for an Analytic Description of the Quasi- and Non-
equilibrium Charge Transport in Disordered Organics. J. Phys. Chem.
C 2019, 123, 1653—1659.

(20) Monroe, D. Hopping in Exponential Band Tails. Phys. Rev. Lett.
1985, 54, 146.

(21) Saxena, R.; Nikitenko, V. R.; Fishchuk, L. I; Burdakov, Ya. V.;
Metel, Yu. V.; Genoe, J.; Bissler, H.; Kohler, A.; Kadashchuk, A. Role

https://doi.org/10.1021/acs.jpclett.3c02120
J. Phys. Chem. Lett. 2023, 14, 7892—7896


https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02120?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c02120/suppl_file/jz3c02120_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladimir+R.+Nikitenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8673-5048
https://orcid.org/0000-0001-8673-5048
mailto:vladronik@yandex.ru
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleg+V.+Prezhdo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5140-7500
mailto:prezhdo@usc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artem+V.+Toropin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikolai+A.+Korolev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02120?ref=pdf
https://doi.org/10.1038/31901
https://doi.org/10.1038/31901
https://doi.org/10.1038/31901
https://doi.org/10.1002/pssb.2221750102
https://doi.org/10.1002/pssb.2221750102
https://doi.org/10.1103/PhysRevB.88.125202
https://doi.org/10.1103/PhysRevB.88.125202
https://doi.org/10.1103/PhysRevB.88.125202
https://doi.org/10.1063/5.0099986
https://doi.org/10.1063/5.0099986
https://doi.org/10.1103/PhysRev.54.554
https://doi.org/10.1103/PhysRevB.11.5163
https://doi.org/10.1103/PhysRevB.11.5163
https://doi.org/10.1063/1.4974812
https://doi.org/10.1063/1.4974812
https://doi.org/10.1063/1.4974812
https://doi.org/10.1063/1.447243
https://doi.org/10.1063/1.447243
https://doi.org/10.1063/1.436920
https://doi.org/10.1063/1.436920
https://doi.org/10.1002/(SICI)1521-3951(199801)205:1<87::AID-PSSB87>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1521-3951(199801)205:1<87::AID-PSSB87>3.0.CO;2-P
https://doi.org/10.1016/0009-2614(95)00121-J
https://doi.org/10.1016/0009-2614(95)00121-J
https://doi.org/10.1063/1.2977992
https://doi.org/10.1063/1.2977992
https://doi.org/10.1063/1.2977992
https://doi.org/10.1063/1.2938088
https://doi.org/10.1063/1.2938088
https://doi.org/10.1002/pssa.201700676
https://doi.org/10.1002/pssa.201700676
https://doi.org/10.1002/pssa.201700676
https://doi.org/10.1088/0953-8984/19/13/136210
https://doi.org/10.1088/0953-8984/19/13/136210
https://doi.org/10.1021/acs.jpcc.8b11520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b11520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b11520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b11520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.54.146
https://doi.org/10.1103/PhysRevB.103.165202
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

of the Reorganization Energy for Charge Transport in Disordered
Organic Semiconductors. Phys. Rev. B 2021, 103, 165202.

(22) Arkhipov, V. L; Nikitenko, V. R;; Rudenko, A. L; Shutov, S. D.
Geminate Recombination Kinetics in Amorphous Semiconductors. J.
Non-Cryst. Sol. 1987, 90, 53—56.

(23) Korolev, N. A,; Nikitenko, V. R;; Tyutnev, A. P. Numerical
Modeling of the Polarization Current of Geminate Pairs in Disordered
Polymers with Traps. Semiconductors 2013, 47, 1292—1297.

(24) Tyutnev, A. P,; Kundina, Yu.F.; Saenko, V. S.; Doronin, A. N,;
Pozhidaev, E. D. Radiation-Induced Conductivity of Poly-
(ethyleneterephthalate): Theoretical Model and Its Applications.
High Perform. Polym. 2001, 13, S493—S504.

(25) Baranovskii, S. D. Theoretical Description of Charge Transport
in Disordered Organic Semiconductors. Phys. Status Solidi B 2014,
251, 487—525.

(26) Arkhipov, V. I; Adriaenssens, G. ]J. Low-Temperature
Relaxations of Charge Carriers in Disordered Hopping Systems. J.
Phys.: Condens. Matter 1996, 8, 7909—7916.

(27) Novikov, S. V. Density of States in Locally Ordered Amorphous
Organic Semiconductors: Emergence of the Exponential Tails. J.
Chem. Phys. 2021, 154, 124711.

7896

https://doi.org/10.1021/acs.jpclett.3c02120
J. Phys. Chem. Lett. 2023, 14, 7892—7896


https://doi.org/10.1103/PhysRevB.103.165202
https://doi.org/10.1103/PhysRevB.103.165202
https://doi.org/10.1016/S0022-3093(87)80382-4
https://doi.org/10.1134/S1063782613100163
https://doi.org/10.1134/S1063782613100163
https://doi.org/10.1134/S1063782613100163
https://doi.org/10.1088/0954-0083/13/3/340
https://doi.org/10.1088/0954-0083/13/3/340
https://doi.org/10.1002/pssb.201350339
https://doi.org/10.1002/pssb.201350339
https://doi.org/10.1088/0953-8984/8/42/010
https://doi.org/10.1088/0953-8984/8/42/010
https://doi.org/10.1063/5.0045864
https://doi.org/10.1063/5.0045864
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

