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A method is developed that can emulate the dramatic enhancement of the thermoelectric power
factor (PF) traditionally predicted to occur near the band edge of high-performance thermoelectric
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materials. The method uses photo-excitation of an infrared (IR)-active intramolecular vibration
mode in a weakly-bonded (soft) organic material to couple high-mobility band states to tail states,
creating sharply-peaked Dirac-delta-like resonant states within the tail density-of-states (DOS) that
also enhance the carrier mobility (1), the number of conducting carriers (IV), and the asymmetry in
the energy distribution of conducting carriers (o(E)). The use of these resonant DOS distortions to
optimize PF is explored as a function of the number of IR photons (Np,). As Ny, is increased to
augment the coupling between valence carriers and C-C stretching vibrations, a resonant four-step
intramolecular charge transfer process is shown to shift the average energy of conducting carriers
from band states to a position in the DOS tail near the intrinsic Fermi level. A critical photon
number (INp), = 35) is observed where DOS peaks merge to create a high mobility band of states
on one side of the Fermi level and diverge to create a low mobility band of states on the other side.
As a consequence, large asymmetries develop in o(E), causing PF to attain a maximal value when
the merged high-mobility DOS peak is located ~ 2.4kgT from the Fermi level. Importantly, these
DOS distortions provide improvements in PF' in the DOS tail and is therefore accessible to carrier
concentrations achievable by traditional doping techniques.

1 Introduction rubrene, pentacene, and amorphous silicon). However,

The creation of resonant Dirac delta-like features in the elec-
tronic density of states (DOS) has long been pursued as a strategy
for high thermoelectric (TE) energy conversion efﬁciency,m as
such features provide a large asymmetry in the energy distribu-
tion of conducting carriers when the Fermi level (Er) is located
in their vicinity. Recent methods for creating such features
have included: reducing DOS dimensionalitymm and engineer-
ing resonant impurity levels, 519 both relying on creating pertur-
bations within band states to enhance the thermoelectric power
factor (PF).ﬁ——A'l'lm

While prior methods have explored the creation of sharp Dirac-
delta-like features among band states, such features have also
been observed in DOS tails. For example, sharp tail features are
known to appear in the class of weakly-bonded (soft) organic ma-
terials under both thermal (equilibrium) and non-thermal
(non-equilibrium) conditions, and have also been routinely
engineered to occur within the broader class of disordered or-
ganic and inorganic wide band gap materials®®38 that exhibit
Fermi level pinning in the DOS tail due to deep trap states (e.g.,

@ Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI
48109, USA; E-mail: swbirch@umich.edu

b Department of Electrical Engineering and Computer Science, University of Michigan,
Ann Arbor, MI 48109, USA; E-mail: pipe@umich.edu

T Electronic Supplementary Information (ESI) available: ESI Notes 1-5 and Figs.
S1-S5. See DOI: 00.0000/00000000.

very little is known about how to take advantage of these res-
onant tail features for optimal power factor enhancement, even
though tail features could be particularly useful for optimizing
PF, since achieving sufficient carrier concentration (p) to place
the Fermi level near a resonant Dirac-delta-like DOS distortion in
the tail may be possible with present doping techniques,
while achieving sufficient levels of p needed to place Er near a
similar feature within the band may not be possible.

Here, we adopt a well-established model for the formation of
Dirac-delta-like distortions in DOS tails by the optical excitation
of vibrational modes®%5¢ and use it to study the thermoelectric
properties of the prototypical soft organic material rubrene in the
presence of infrared (IR) light that couples to valence electrons
via resonant IR-active vibrational modes. 23253855758 The results
suggest that DOS distortions caused by the IR stimulation of C-C
stretching vibrations in rubrene could lead to dramatic improve-
ments in the thermoelectric PF in tail states, akin to those that
result upon introducing resonant dopants to enhance PF within
the band. 20 This resonant enhancement of PF, while induced
by photo-excitation, is distinct from the photogeneration of carri-
ers associated with Holstein small polaron formation®3°652 anqd
the Photo-Seebeck effect, and instead is shown to occur via
a resonant four-step intramolecular charge transfer process that
facilitates both charge delocalization and the creation of resonant
DOS distortions near the intrinsic Fermi level position.
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2 Physical Model

To study the redistribution of band carriers to DOS tail states due
to the mode-selective absorption of incident light, we first incor-
porate broadening in a model DOS to replicate the biexponen-
tial decay in the tail that is typically measured in soft organic
materials224292 and disordered wide bandgap inorganic mate-
rials,*3"™> recognizing that this realistic energy dependence is
particularly important for calculation of thermoelectric proper-
ties such as the Seebeck coefficient (.S). IV k] ) G Using this DOS
we then develop a framework for the non-thermal excitation of
a particular vibrational mode given by the following model for
an isolated vibrating molecule interacting with light in an optical
cavity: 5052165

H=Hy+Hj. (@D

where the unperturbed Hamiltonian H is the Hamiltonian of the
non-interacting material system and the interaction Hamiltonian
(Hy = Hyqdia. + Hdgipote), Which describes the light-coupled com-
ponent of the interacting material-radiation field system, is com-
posed of the Hamiltonians of the interacting radiation field and
the electric dipole moment of the radiative transition, given in the

dipole approximation as: =072
Hradia. = Z thZ) Z a;‘aj + Zggfs) 6502((1;‘ + aj) (2)
s J J

N
61011-01 —1—620202 + ZZ(MS@*% + Ms(l)a;)
s )

Hdipole =

X(CICQ +c;c1). 3)
Here, ¢ and e9 are respectively the ground state and excited state
energies, 95}3 is the linear coupling between the radiation field
and the local electron density (i.e., n; = C;CQ), Ms(z) is the elec-
tric dipole matrix element associated with the transition between

the two electronic levels, cJ{(?) and cy () are the creation and an-

nihilation operators for a hole in electronic levels 1 and 2, al and
a; are the creation and annihilation operators for a phonon with
transition frequency wgi) = (ea —€1)/h, Ns is the total number
of modes in the laser cavity associated with the modulation fre-
quency wgi), the subscript s denotes the particular vibration mode
that is excited, and the superscript i denotes whether or not this
vibration mode is an intramolecular mode (¢ = 1) or an inter-
molecular mode (i = 2). In what follow, we only consider modula-
tion frequencies w; that are tuned to the characteristic frequency
of an intramolecular C-C stretching vibration wg = 215 meV
(which is an optical vibration mode), 23naolBelodb /108 5 q drop the

superscript <.

2.1 General Solution

The above model formulation was originally devised to assess
the plasmonic%2:65°02 and polaronic origins®>=%>2 of reso-
nant Dirac-delta-like peaks measured by x-ray®® and ultraviolet
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angle-resolved photoemission spectroscopy (ARPES) experiments
performed on metallic materials,®” and is routinely applied in the
modeling of similar features within the DOS tail of soft organic
materials 202712256102 3 halide perovskites.2? Accordingly, the
general solution®® follows from mapping the Green’s function so-
lution of the interaction Hamiltonian onto a self-consistent field of
the unperturbed material’s Hamiltonian defined by the following
set of dynamical mean-field relations (generalized for a thermal-
ized lattice): 202224750

—nws/kpT

n_ 1 ¢
G(E") = Zs Xn: <G61(E)—Eimp(El)> ’ @

+oo ~
N p(E)
G(E)_/ dEE/—Ep—Zimp(E’)’ 5)

p(E)=—Im Gy (E),

Yimp(E) =2 (E) —i%"(B). (6)

Here, Zs = ) e~ "ws/kpT

n is the partition function associ-
ated with the optical excitation of a C-C stretching vibration
mode. Go(E) = (E— Hy)~! is the Green’s function for the non-
interacting Hamiltonian, to which we have applied a homoge-
neous broadening X"/ (E) = mAkpT/h to replicate the biexponen-
tial decay of the DOS tail that is typically measured in soft organic
materials and some amorphous wide bandgap inorganic materials
(A = 0.17 is the electron-phonon coupling associated with ther-
mal disorder in the prototypical material rubrene), 0424462 E,
is energy of the new electronic ground state formed upon small
polaron formation. G(E’) describes the renormalization of carri-
ers in the highest-occupied molecular orbital (HOMO) band dis-
persion A(k,E) (due to the dephasing of carriers brought about
by IR vibrations),

AKkE) = L / drc“T G (K, B, 7, 7e),
™

_ l Z//(E)
S SE oy EmE P

where ©”(E) = 1/2r1,; (defined above) is recognized as the in-
verse lifetime broadening or the carrier dephasing time. ¥'(F)
denotes the self-energy correction to the dephasing of carriers
in the HOMO dispersion due to the absorption and emission of
molecular vibrations having energies that are greater than the
thermal energy (i.e., iiwg > kBT):SO'SZJS“'S6

2
E/(i)(E) _ aJs|Ms| :

9 ) 2
Gy (Btws)— 9.

3|gw. |2

Gl (E+2ws)— ——
o ) Gy H(E+3ws) — ..

where the "+" superscript denotes absorptive processes, the " —"
superscript denotes emissive processes, and Go(E £ ws) denotes
the Green’s function for the displaced cloud of polarized molecu-
lar distortions (also known as a polaron),>? formed upon light ex-
citation. Finally, to simulate the transfer of carriers into a higher-
lying excited state and a non-equilibrium build-up of carriers
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there, we invoke the following change of variable in the electric
dipole matrix element term in Eq. : Ms = guw,\/Nph + 1,00
where N, is the "cavity photons" or the average number of pho-
tons in the optical cavity.

2.2 Transport Relations

Starting from a representative DOS model before IR light excita-
tion (ESI Note 1), this framework provides a relatively straightfor-
ward and reliable means for reconciling the effects of molecular
vibrations on known perturbations of the electronic band struc-
ture, such as the “kink-like” feature that was recently measured
at the top of the HOMO band of single crystal rubrene (ESI Note
2 and 3).202729 Thys, by simply tuning the cavity photons (. ph)
and modulation frequency (ws) to be resonant with a particular
intramolecular vibration mode, Eq. to () enable an accu-
rate assessment of the effects of IR-activated vibrations (e.g., C-C
stretching vibrations) on the dephasing of p(FE) and A(k,E) [c.f
Eq. ([6) and ([7)]; from these quantities all relevant TE proper-
ties, such as the DOS [given by DOS(E) =trp(E) =), A(k,E)]
and the following transport properties: 120364

o = /U(E,EF)dE, 9
kp [ (Epr—E
s = 2 ( - >a(E,EF)dE
= fq—T(Etrpr), (10)

can be derived. Here the Fermi level and transport en-
ergy are denoted respectively by Er and Ey., the energy-
dependent electrical conductivity or the differential conductivity

o(E,Ep) = (—%) o(E) = qkgTN (E,Er) M (E,Ep) is com-
prised of the product of the energy distribution of conduct-

ing states (N(E,Er)) and the energy distribution of mobility
(M (E, EF)), which integrates to

N(Ep) = a% _ /dE( jj;) DOS(E), an
and,
de( A ) o(E)
HEn = kZT [dE (J%) DOS(E) -

to give respectively the conducting carrier density (or the
effective density-of-states at the Fermi level) and the effective
carrier mobility (or carrier mobility calculated for a given
value of Er). The carrier concentration (or carrier density)
is calculated using the new electronic ground state formed
upon IR light excitation (v = €1 o —|g2,|/wo) and is given
by p = [dE DOS(E)(1 — f(E — 1p)), where f(E — Ep)
is the Fermi function. o(E) = n2 tr ((p(E)) J (p(E )) J)
is the current-current correlation function, nd J =

an
iq X {J—gws (d}+1+&j+1 —a} —aj)} (c ¢j—¢; cz)
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current-current operator. 20472 ynless otherwise stated, through-
out our calculations we set i = 1, kg = 1 and express all energies
in units of the transfer integral J (= 143 meV for rubrene).

3 Results

Fig. [1] summarizes the results of our calculations for (a) the DOS,
(b) the carrier mobility, and (c) the thermoelectric PF in the ab-
sence (gray dotted line) and presence (blue solid line) of IR stim-
ulation having field intensities () oc Np;, = 35. Corresponding
plots of the DOS and the vibrational state shifting as a function of
IR intensity are presented in Fig.|2|(a) and (b), along with plots of
N(Ep)and u(EF) as a function of both fixed Fermi level position
and variable IR light intensity shown in Fig. |2 (c) and (d).

3.1 Resonant power factor enhancement in the DOS tail

As shown in Flg I (a) and (b), as Ny, is increased to augment
the coupling of IR light to intramolecular C-C stretching vibra-
tions, pseudo-Jahn-Teller (PJT) distortions caused by stimulation
of these intramolecular vibration modes lead to sharp peaks and
enhanced mobility (1) in the tail of the DOS. As a result, the ther-
moelectric power factor is resonantly enhanced (by a factor > 5)
for values of the Fermi level (in the tail) that correspond to a prac-
tical range of carrier concentrations that is accessible by tradi-
tional chemical parts-per-million (ppm) doping techniques (e.g.,
p ~ pintri.) as well as defect-free doping in a field-effect geometry,
as shown in Fig. [1| (c). A third PF maximum occurs at very high
carrier concentration (p >> p;niri.) in the absence of the IR light
stimulation (grey dotted line). However, the carrier concentration
for this peak is far outside of the range attainable by traditional
chemical doping techniques used in thermoelectric optimization
(i.e., ppm chemical doping ~ 1 x 10~ to 5 x 10~ MR) or elec-
trical doping in field-effect geometries (~ 5 x 104 to 2 x 1073
MR), as discussed elsewhere.®? Here, MR is the unit of carrier
concentration expressed in molar ratio. Conversely, while interfa-
cial doping techniques such as EDLT-doping could be leveraged to
reach carrier concentrations (~ 2 x 1073 to 3 x 10~! MR) where
PF is maximized in the absence of IR light,4®7% EDLT-doping (and
OFET-doping) are not bulk doping techniques and are therefore
not as readily applicable to traditional thermoelectric device op-
timization schemes. 7374

3.2 DOS peak formation and mobility enhancement

This resonant enhancement of thermoelectric PF occurs via a res-
onant four-step intramolecular charge transfer process that cou-
ples ground state carriers (within the band) to excited state carri-
ers (within the DOS tail), establishing a new electronic ground
state within the DOS tail that is approximately Ej o | gio| /wo
from the unperturbed HOMO band edge as shown in Fig.
(a). Once in the new electronic ground state (vg) formed when
Ny, = 1, the electronic system undergoes subsequent excitation
to higher-lying vy, states, moving vq further into the tail and si-
multaneously opening up new transport channels within the tail
DOS at F = v and at energy multiples of the intramolecular vi-
bration frequency as indicated in the vibrational state energy di-
agram of Fig. |2 (b). Further increasing Ny, to Npp crir. = 25
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causes a lowering of the energies of both the electronic ground
state (o) and the first excited state (v1), at which point the
threshold for a direct transition from the vy ground state to the
vo excited state is reached. At this critical threshold photon num-
ber (Npp,crit. = 25), the 11 and vo DOS peaks converge asymp-
totically to form a quasi-delocalized band of states of consider-
ably improved carrier degeneracy. As a result, both N and p are
shown to exhibit peaked behaviors as a function of N, as the 11
and v9 DOS peaks are symmetrically distributed relative to Er
(i.e., at the center of the bifurcation gap shown in Fig.|2|(b)). See
Fig. S3 (a)-(b) for corresponding plots of the predicted Seebeck
coefficient and electrical conductivity when the Fermi level is po-
sitioned at the center of the bifurcation gaps. However, unlike
N, which is more strongly dependent on the degeneracy of states
that are in close proximity of the Fermi level, the carrier mobility
exhibits a broader dependence on Ny, due to enhanced carrier
delocalization in this region (i.e., £ > a, where ¢ is the carrier lo-
calization length and « is the lattice constant), and is shown in
Fig.[2| (d) to taper off more slowly in the N;, — oo limit than for
the predicted values of N. This is because while valence carrier
redistribution to lower-lying electronic states becomes strongly
suppressed in the N,;, — co limit, subsequent carrier redistribu-
tion into a higher-lying v, state causes carriers in the DOS tail
to experience a progressively more delocalized energy landscape
(i.e., £>> a) than for a lower-lying v, state (which has £ ~ a).

3.3 Mechanism of resonant power factor enhancement

The typical strategy to maximize thermoelectric PF in a material
with a sharp feature in its energy-dependent DOS or mobility is to
place the Fermi level ~ 2.4kpT away from the feature and thus
maximize asymmetry in the energy distribution of conducting car-
riers o(E) with respect to Er. However, given the behaviors of
DOS(E) and p(EF) near the critical cross-over points between
the v1 and the v, branches of the vibrational state energy diagram
described above, it is apparent from Fig.[1|(a) and (a) that while
sharp features may occur in the DOS tails of weakly bonded ma-
terials upon the stimulation of IR-active vibrational modes, not all
of them lead to a substantial enhancement of the thermoelectric
PF.

This complexity in optimizing PF can be illustrated by assessing
the asymmetries of the DOS and the carrier mobility within the
Fermi window (shown in Fig. [3| (a)), which illustrate how reso-
nant enhancements of N and p (shown in Fig. [2|(c) and (d)) dic-
tate the optimization of S and o for maximum PF. o4 As shown
in Fig. |3| (a), as the Fermi level is kept at its intrinsic position
(Er = EF,intri.) and Npp, is increased from 25 to 35 to shift the
vo DOS peak (and thus the energy distribution of conducting car-
riers) from the top edge of the Fermi window (+2.4kgT) to the
bottom edge (—2.4kgT), the resonant DOS peak shifts further
away from E = EF jn.yi., bolstering asymmetries in the energy
distribution of conducting carriers by causing states in the lower
half of the intrinsic Fermi window (Ep —2.4kpT < E < EFf) to
have markedly higher mobility than states in the upper half of
the Fermi window (Er < E < Ep +2.4kgT) as shown in Fig.
(b). Note that the states in the lower half of the Fermi window

4| Journal Name, [year], [vol.], 1

have high mobility because the v and 3 DOS peaks converge
there (Apeqr ~ kpT) while the states in the upper half of the
Fermi window have low mobility because the vy and v; DOS
peaks diverge there (Apeqr ~ hwo > kpT). As a result, S be-
comes optimized when the DOS peak is approximately —2.4kgT
away from the intrinsic Fermi level position, exhibiting a linear
dependence with N, in the very small photon number range
spanning 25 < Npj, < 45, and a sign change for larger values of
Ny, consistent with subsequent redistribution of valence carriers
into higher-lying v, states. At the same time, since both N and
u are dramatically enhanced at the intrinsic Fermi level position
when IR light is on (as shown in Figs. [[]and[2), the electrical
conductivity is resonantly enhanced. Together this optimization
of the Seebeck coefficient and enhancement of the electrical con-
ductivity lead to a considerably improved thermoelectric PF in tail
states when N,;, = 35. Conversely, for N, > 35, the DOS peaks
on either side of the intrinsic Fermi window region asymptote to
an energy that place them outside of the Fermi window, and they
therefore do not induce modifications in S and o that also opti-
mize PF.

4 Discussion

This interplay between the shifting of the v DOS peak and conse-
quent modifications in the behaviors of both DOS(FE) and u(EF)
within the Fermi window brings about improvements in PF that
cannot be readily explained by conventional photogeneration of
carriers via the photo-Seebeck effect or the optical generation of
Holstein small polarons. This is because while light absorption
by the photo-Seebeck effect has previously been used to modify
both the charge and thermoelectric transport properties of ma-
terials, ®%°173 such methods are typically based on direct pho-
togeneration of carriers (i.e., photo-doping) and differ from this
approach, which utilizes light coupling to a particular vibrational
mode to create sharply peaked DOS distortions in several regions
of the DOS tail. Likewise, while the optical generation of pho-
tocarriers via the indirect stimulation of Holstein small polarons
have also been shown to generate similar sharply peaked features
in the DOS tail that lower the ground state energy of the elec-
tronic system, 38150R22054155] ¢ych methods typically do not maxi-
mize asymmetries in the energy distribution of conducting carri-
ers (ESI Note 5). DOS peaks created by PJT distortions, on the
other hand, are shown in this work to evolve in such a way un-
der optical excitation that they converge on one side of the Fermi
window (with A o1 ~ kpT) to create a region of carrier energies
with high mobility and diverge on the other side of the Fermi win-
dow (Apeqr ~ hwo > kpT) to create a region of carrier energies
with relatively low mobility. Combined with the sharp changes in
N, this modification in the behavior of the carrier mobility leads
to a strong asymmetry in the energy distribution of conducting
carriers and therefore high PF.

The mechanism of resonant power factor enhancement de-
scribed in this work is therefore to be interpreted on the ground
of the above novel, yet broadly generalizable class of resonant
type—vp—sn+2 pseudo-Jahn-Teller electronic transitions, which
has its advantages in that it allows for the engineering of reso-
nant enhancements of PF at both degenerate and non-degenerate
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carrier concentrations, provided that the cavity photons (Np)
or the intensity of IR light is precisely tuned to facilitate a res-
onant type—v,_,n+2 transition into a shallower or a deeper en-
ergy level. Furthermore, since the modified ground state of the
perturbed electronic system resulting from this interplay between
redistributed carriers and molecular vibrations is shown to be
effectively lowered by ~ 240 meV by the IR light interaction,
the ionization potential of the material becomes considerably re-
duced, making these enhancements accessible to practical range
of doping concentrations accessible by many p-type molecular
dopants.”® Together, this flexibility over tuning Npp, (and thus
the asymmetries in the energy distribution of conducting carriers
and the ionization potential of the material) provides a promis-
ing route for dramatically improving thermoelectric performance,
especially within the technologically appealing class of weakly-
bonded (soft) organic materials that is often characterized by low
lattice thermal conductivity, but faces challenges when it comes
to optimizing PF due to dopant limitations that are exacerbated
in the presence of dynamic disorder.”*

In addition to enabling enhancement of the thermoelectric PF
at both degenerate and non-degenerate carrier concentrations,
this method utilizing vibrational mode-selective DOS distortions
provides the means for optimizing the temperature at which this
enhancement occurs. There are two considerations in tuning the
temperature dependence of the enhancement. First, as tempera-
ture increases, the DOS peaks broaden (Fig.E-] (a)), thereby reduc-
ing asymmetry in the energy distribution of conducting carriers
relative to F'r. Second, as temperature increases, the Fermi win-
dow gets wider, causing more DOS peaks to span the +2.4kgT
domain of the Fermi window. While both effects are shown in
Fig. [4] (a) to (c) to be particularly detrimental to thermoelectric
performance for the intramolecular vibration frequency consid-
ered in this work, it follows from the above discussion that if
DOS peaks are engineered to be further apart, while allowing
for high mobility and low mobility regions to coexist on oppo-
site sides of the Fermi window (as described above), large asym-
metries in the energy distribution of conducting carriers could
also be engineered to occur at a higher temperature (7" > 300
K). The challenge, however, remains that in order to realize such
enhancement of the thermoelectric PF, intramolecular vibrations
with larger energies (and therefore larger peak spacings) would
have to be considered. Nevertheless, since coupling valence car-
riers in weakly-bonded materials to higher energy intramolecular
vibration modes (hwg > 2J ~ 3000 K) can under certain condi-
tions oxidize the material, 224277 hreak bonds,”8? or mix vibra-
tional modes, %83 additional strategies to mitigate these possi-
bilities may need to be implemented to take advantage of these
DOS distortions for high-temperature TE applications.

In this work we consider the explicit coupling of valence car-
riers to IR-active intramolecular vibrations and approximate the
effects of intermolecular interactions (e.g., acoustic phonon scat-
tering) by mapping the electronic problem onto an thermalized
phonon bath governed by Peierls intermolecular electron-phonon
interactions (which dictate the broadening of the Dirac-delta DOS
peaks). Intermolecular interactions,®®2 such as those arising
from the direct application of strain® or the engineering of

Journal of Materials Chemistry C

supramolecular interactions, 84 could however alter the position-

ing and broadening of DOS peaks and therefore the optimal value
of PF. Strain effects in soft materials, for example, are known
to induce work function variation® and vibrational frequencies
shifts,%® and have been used to modulate the strength of the
electron-phonon coupling (and thus, in the context of this work,
the number of carriers that are redistributed to excited states).2>
Because intermolecular interactions may impact molecular ar-
rangements and sy‘mmetries,%'89 a robust incorporation of their
effects in predicting vibrational mode-selective PF enhancements
may require a detailed study of the full phonon dispersion®1"¢3
or experimental measurements of strain effects.

Conclusions

We have developed a model that accounts for the effects of mode-
selective molecular vibrations, induced via the direct application
of IR light, on the thermoelectric properties of a prototypical
soft organic material. Vibrational coupling induces a resonant
enhancement in the bi-exponential tail region of carrier density-
of-states that is most accessible to practical doping strategies for
such materials. As the the number of photons that couples to C-
C stretching vibrations is increase from Ny, = 15 to Ny, = 35,
pseudo-Jahn-Teller distortions, caused by a lowering of the en-
ergy and the symmetry of the electronic ground state, create
sharp peaks in the DOS tail that merges on the lower side of
the Fermi level (Ep — 2.4kgT < E < Ef) and diverges on the
upper of the Fermi level (Er < E < Ep +2.4kgT) to maximize
the asymmetries in the energy distribution of conducting carriers.
These peaks provide enhancements in carrier mobility and ther-
moelectric PF for a range of carrier concentrations corresponding
to locations of the Fermi level in the tail, and is physically distinct
from the scenario of the direct photogeneration of free carriers by
the Photo-Seebeck effect or the indirect photogeneration of car-
riers via small polaron formation. Thus, while the interaction of
light with matter has been traditionally interpreted in the thermo-
electric context as a method to dope TE materials, here we find
that it can also be used to create resonant impurity states akin to
those that occur in traditional high-performance TE material in
which resonant dopant impurities are introduced to resonantly
enhance DOS(E) (e.g., thallium-doped lead telluride). Addi-
tional design considerations involving the engineering of inter-
molecular interactions and their associated vibration modes may
have to be developed in order to take advantage of these resonant
DOS distortions for maximum power factor enhancement in tail
states.
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Fig. 1 Resonant photoenhancement of the thermoelectric PF. Calculated modification of (a) carrier DOS, (b) carrier mobility (¢), and (c)
thermoelectric power factor upon coupling of incident IR radiation to an intramolecular vibrational mode of the prototypical soft organic material,
rubrene. All energies are expressed in units of the transfer integral (J = 143 meV), and mobility in units of 1o =7 cm?/Vs. The red and blue arrows
indicate enhancements in DOS(FE), u(Er) and PF measured relative to the case when IR light is off (dark grey dotted line), and when the Fermi level
position is £2.4 kpT from the most strongly peaked Dirac-delta-like resonance at E =6.33.J [c.f. Fig. (a)]. Note that the resonant PF enhancement
that occurs on the +2.4kpT side of this resonant peak (indicated by blue arrow in Fig.[1|(c)), lies very close to the intrinsic Fermi level position for
the case when N, =35, and is therefore accessible by both chemical parts-per-million (ppm) doping or defect-free doping in organic field-effect
transistor (OFET) geometry.#0
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Fig. 2 Mechanism of resonant power factor enhancement. (a)-(b). Calculated DOS showing the evolution of Dirac-delta-like resonances and the
shifting of the ground and excited vibrational state energies as the IR intensity is increased from Np; =1 to Np, = 50 (with increments of 5) to
facilitate the redistribution of valence carriers from band states to tail states. Several bifurcation gaps are shown to emerge in the plot of the vibrational
state energy shifts v vs. N, shown in Fig. |2 (b). These bifurcations occur at energy multiples of the stimulated intramolecular vibration frequency
wo and are interpreted as a symmetry-broken electronic ground state created upon the formation of a pseudo-Jahn Teller distortion. The evolution of
N and p as the IR intensity is increased to vary a DOS peak across all four of bifurcation points studied in this work is shown in Figs. (c) and (d),
respectively.
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Fig. 3 Close-ups of the asymmetries in the energy distribution of conducting carriers. (a) Highlights of the DOS peak shifting (black lines) within
the Fermi window showing how subtle changes in the behaviors of DOS(FE) and u(Er) maximize asymmetries in the energy distribution of conducting
carriers when N;, = 35. Corresponding plots for how the Seebeck coefficient, electrical conductivity, and the thermoelectric PF are modified as a
result of this enhanced asymmetry in the energy distribution of conducting carriers are displayed in Fig.|3| (b) and (c), respectively, for values of Ny,
between 25 and 45.
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Fig. 4 Temperature dependence of Dirac-delta-like resonances for 7' > 300 K. (b) and (c) show that the thermoelectric PF predicted near the
intrinsic Fermi level position declines considerably as temperature is increased, primarily due to a widening of the Fermi window to include more resonant
peaks. Note that a higher energy vibrational resonance would lead to a greater peak spacing and hence greater performance at high temperatures. As
shown in the inset of (c), the predicted reduction in PF doesn't appear to originate from the thermal broadening of the DOS(E) shown in (a) since
the values of N(EF) predicted to occur at the intrinsic Fermi level position are essentially the same for all temperatures T' > 300 K examined in this
work.
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