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ABSTRACT: We apply the bootstrap kernel within time-dependent density ,
functional theory to study the one-dimensional chain of polymer polyphenylene-
vinylene and molecular crystals of picene and pentacene. The absorption spectra of
poly(p-phenylenevinylene) has a bound excitonic peak that is well-reproduced.
Pentacene and picene, electronically similar materials, have remarkably different
excitonic physics, and this difference is also well captured. We show that the

inclusion of local-field effects dramatically changes the spectra of both picene and

pentacene but not for poly(p-phenylenevinylene).

1. INTRODUCTION

Given the current urgency of investing in renewable energy
sources, it is difficult to overstate the importance of energy
efficient optoelectronic materials such as organic solar cells.
The crucial information required in the controlled design of
these systems is the optical absorption edge and spectra of the
material, especially in the low-energy region close to the band
edge. This is, in turn, dominated by the physics of bound
electron—hole pairs known as excitons. Currently, the most
prominent and state-of-the-art method to calculate an accurate
absorption spectra in the presence of excitons is to solve the
Bethe-Salpeter equation (BSE),"” a computationally expensive
scheme that becomes even more cumbersome for the systems
of interest in solar-cell technology, which typically have a few
100 atoms per unit cell. Time-dependent density functional
theory (TDDFT)? is an alternative route to calculate the exact
absorption spectra with orders of magnitude less computational
effort. However, the accuracy of the TDDFT approach rests
entirely on the approximation employed for the exchange-
correlation (xc) kernel, and the design of such a functional to
correctly describe the excitonic physics has posed a perennial
challenge to the TDDFT community.*~’

In this regard, the recently proposed bootstrap kernel® has
shown very promising results for the absorption spectra of
periodic solids.*’ The bootstrap kernel was designed d on
three-dimensional, cubic, inorganic solids (II-IV and III-V
insulators), and it is not clear that the same bootstrap
procedure will work for low-dimensional or highly anisotropic,
organic systems which constitute the materials of interest for
modern optoelectronic devices. In view of this, we apply the
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TDDFT with bootstrap approximation to a set of organic
materials; the one-dimension chain of poly(p-phenyleneviny-
lene) (PPV) and the molecular crystals of picene and
pentacene.

The choice of this set of materials is motivated by the fact
that each member is well-known to possess a rich excitonic
physics'®~"* that cannot be captured by simple xc kernels such
as the random-phase approximation (RPA) or adiabatic local
density approximation (ALDA),"® and as such, they present an
ideal test bed for the bootstrap kernel.

PPV, an example of an optoelectronic material [a one-
dimensional (1D) chain of PPV has been used in the
production of energy-efficient light-emitting diodes], for
which excitonic effects play a crucial role."*™'” A one-
dimensional chain of PPV exhibits a bound excitonic peak
below the fundamental gap,'* and this system is therefore an
ideal candidate for testing the accuracy of any new xc kernel for
1D organic polymers.

Picene and pentacene are extended solids with the
constituent molecular units bound by the van der Waals
force. This weak binding results in crystals in which the
electronic properties are mainly determined by the individual
molecular units, which provide yet another test case for the
applicability of the bootstrap kernel. Despite possessing very
similar structures and single particle spectra, picene and
pentacene exhibit strikingly different excitonic physics. In the
former, excitons are primarily of the Frenkel type'®'® while the
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latter has a large charge transfer character to the exciton.'>2%?!

In addition, one finds that pentacene displays a strong Davydov
splitting of the spectra, while picene does not.*'~>® These
pronounced spectral differences between two structurally and
electronically very similar materials presents a further severe
test for any xc kernel. With these tests, we hope to show that
TDDFT calculations with bootstrap approximation to the xc
kernel are computationally efficient and have reliable accuracy
and hence can easily be used to screen 1000s of organic crystals
in search for better optoelectronic devices.

2. METHODOLOGY

2.1. Formalism. The TDDFT equation for the dielectric
function is given by (atomic units are used):

e (g ) =1+ v(q)y(q )

=1+ y,(q, ®)v(q)

X [1 = (v(q) +f_(q ®)x(q )] (1)
where f,.(q,®) is the xc kernel, v is the bare Coulomb potential,
x is the fully interacting response function, and y, is the
response function of the noninteracting Kohn—Sham system.
The construction of an efficient scheme for the optical spectra
within TDDFT necessitates a heuristic partition of the xc kernel
in eq 1 as a sum of two terms, f,. = f}((i) + f®. While this
partition of the xc kernel is not unique, it delineates two distinct
aspects of the optical response: (1) the physics of the single
particle spectrum and (2) the excitonic physics. Single particle
band gaps calculated using local or semilocal approximations to
the xc potential within DFT are well-known to be under-
estimated. In order to obtain the correct band structure, one
must, for example, perform a computationally expensive GW
calculation. However, precisely the same physics can be
obtained by the xc kernel without recourse to many-body
perturbation theory; f,((i) is such a kernel and is responsible for
correcting the underestimated band gap. The second part of the
xc kernel, ffj’ , is responsible for capturing the excitonic physics.
The Dyson equation, eq 1, may then be written as

e (g ) =1+ (q »)v(q)

x [1 - (v(q) + £ (q, o), (q @)
(2)

where

Y (@ @) = [1 = x,(q, o) (q, @)%, (9, @) 3)
is the gap corrected Kohn—Sham response function of the
system. For all further calculations, we simply replace y,. by the
response function calculated from the scissor operator-
corrected Kohn—Sham band structure — unoccupied Kohn—
Sham eigenvalues are rigidly shifted to higher energies to make
the Kohn—Sham and exact fundamental band gap equal. In
order to keep the whole procedure parameter free, the value of
the fundamental band gap can be calculated using the GW
method.'”'>** The RPA is equivalent to setting (f<§ =0, and
the bootstrap kernel® consists of approximating f' D) by

£ (g 0) = (@, @ = 0 (q @ = 0" )

where &, is the RPA dielectric tensor. In the bootstrap
approach, eqs 4 and 2 are solved self-consistently. All the
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quantities (in eqs 1, 2, 3, and 4) are matrices in the basis of
reciprocal lattice vectors G and have the following structure:

Exx exy &z
wings
Ex &y &
3x(ng—1)
Eux gzy €2z
wings body
(ng — 1) x3 (ng—1) X (ng — 1)

where ng is the number of G vectors. Such a matrix needs to be
inverted to solve eq 1. In the original work on the bootstrap
kernel® and earlier works with the nanoquanta kernel® and
long-range kernel,”® eq 1 is separately solved for each
component. In such a case, the head is just a single c-number
and the wings have dimension (ng — 1). This procedure is fully
justified for a cubic system; however, for noncubic systems,
such a procedure is a severe approximation,”® and all the
components of the dielectric tensor must be calculated together
by using such a full matrix for y,.

Due to the nature of the bootstrap kernel (see numerator of
eq 4), fy also inherits this structure from ¢ and transforms
like a tensor (which is also an exact property of the kernel). As
for the denominator, in the original work® only the head of &,
was used and without any loss of generality the same can be
done here too. However, keeping in mind the highly
anisotropic nature of the materials studied in the present
work, we propose not just the head but also the body of the
RPA dielectric function, &y, be used (the wings of &, in eq 4 are
set to 0). We note that for cubic materials, studied in the
original work, this does not have any effect on the results.

2.2, Efficiency of the Method. All calculations have been
performed using the full-potential linearized augmented plane
wave method®® as implemented in the Elk code.”” To achieve
convergence for PPV, we required 16 X 1 X 1 k-point mesh, 60
empty states (19 occupied states), and 51 G-vectors. A
smearing width of 0.12 eV was used for calculating the optical
spectra. In the case of pentacene and picene, convergence
required 8 X 6 X 3 k-point mesh, 40 empty states (102
occupied states), and 87 G-vectors. Optical spectra were
calculated using a smearing width 0.08 eV. The calculated G,W
gaps were found to be 4.09 eV for picene and 2.08 eV for
pentacene.

The most expensive part of the bootstrap calculation is
constructing the matrix y,. If one were to consider only the
heads of the matrices in eqs 1—4, the method becomes
exceptionally computationally efficient. Choosing head-only
approximation is equivalent to ignoring local field effects
(LFE). In Figure 1 is shown the time needed for calculation of

PPV

T T
A

Pentacene
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G W,+BSE G,W,+TD (full) G,W,+TD (head)

Figure 1. Time (in mins) required for BSE and TDDFT calculations
for PPV (top) and pentacene (bottom). All calculations are performed
in parallel on 8 processors.
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spectra for PPV and pentacene. Three facts are clear from this
figure: (1) GyWy+TDDFT calculation is far more computa-
tionally efficient as compared to GyW,+BSE; (2) the head-only
bootstrap method is more efficient than the full bootstrap
method; (3) assuming that the bootstrap method has an
accuracy comparable to BSE for organic insulators, and we will
show that is the case for the materials considered here, then the
computational bottleneck shifts from the calculation of optical
properties to the calculation of the electronic ground state. As
there exist very efficient schemes for calculat1n§ the ground
state, for instance the Tran-Blaha functional®®® which gives
correct band gap (but not necessarily the band-structure)
eliminating the need to perform GyW, calculations, it is clear
that TDDFT can form the basis for the high-throughput
screening of organic insulators for a desired optical property.

3. RESULTS

For very large systems, the head only version of bootstrap is
much quicker than a full bootstrap calculation, and thus, we
first check the quality of TDDFT calculations using only the
heads of the matrices in eqs 1—4. The quality check is
performed by comparing the results with full BSE calculations
and/or experimental data.

3.1. 1D PPV Chain. Isolated PPV chain displayed in Figure
2 is a conjugated polymer with 8 carbon atoms and 6 hydrogen
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Figure 2. 1D poly(p-phenylenevinylene) chain.
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atoms per unit cell.'” The results for the imaginary part of the
dielectric function, &,, for PPV obtained with the electric field
polarized along the direction of the chain are presented in the
top panel of Figure 3. The physics of the bound electron—hole
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Figure 3. Dielectric tensor for PPV obtained using the bootstrap
kernel, RPA, and by solving BSE as a function of energy (in
electronvolts). The quasi-particle gap is indicated by a dashed (black)

line.

pair is, as expected, totally missing in the RPA results which
show a peak just above the quasi-particle gap at 3.3 eV (shown
as black dotted line in Figure 3). On the other hand, the results
obtained using the bootstrap kernel show a strongly bound
excitonic peak at 2.66 eV. These results are in good agreement
with the experimental absorption data'* which shows the first
transition peak at 2.5 V. It is well-known experimentally'® that
for ordered polymers, the strength of the peak at 2.5 eV is
much larger than the peak at 6 eV, as seen in the present work.
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It is also clear from Figure 3 that the TDDFT results are in
excellent agreement with the dielectric function obtained by
solving the BSE. It is important to point that the BSE results
obtained in the present work (shown as (gray) shaded area in
Figure 3) are in excellent agreement with previous
calculations.'®** Other than the main peak at 2.5 eV, the
experimental absorption data'*'® shows transitions at 3.7, 4.8,
and 6 eV. All these transitions are also well-reproduced by the
bootstrap kernel that shows peaks at 4.04, 5.0S, and 5.8—6 eV.
Solving the full TDDFT problem, which is equivalent to the
inclusion of LFE, does not change the spectrum significantly.

The lower panel of Figure 3 shows the dielectric function
obtained using different electric field configurations: the electric
field in the plane of the polymer but perpendicular to the chain
and the electric field perpendicular to the polymer plane. In
both cases, the RPA spectrum is very different from the
TDDFT spectrum, with the later always showing a large
excitonic peak.

3.2. Molecular Crystals. We now turn our attention
towards the organic molecular crystals. Linear acenes like
picene and pentacene have attracted much attention**>* due
to the presence of large charge-carrier mobilities needed for
field-effect transistors. For these systems at the level of single
molecule calculation, Grimme and Parac®® demonstrated that
applying TDDFT with traditional and global hybrid functionals
fail in correctly describing low-lying excited states. More
sophisticated long-range-corrected density functionals®® or
double-hybrids® were also applied to investigate the exciton
energies, and it was demonstrated”' that the large charge
transfer character of excitons in pentacene plays a major role in
the photo physics of the single crystals and can be used as a
direct pathway to singlet fission,® converting high-energy
photons into multiple electron—hole pairs, making the study of
low-energy excitons in these crystals of particular importance.

Both picene and pentacene are polycyclic aromatic hydro-
carbons composed of five benzene rings that for pentacene are
made up of linearly fused benzene rings joined in zigzag
conformation,””*® while for picene are in the armchair
conformation® (for details see Figure 4).

As a first step, we calculate the ground-state and, as expected,
find that the Kohn—Sham gaps obtained using LDA within
DFT are small (2.45 eV for picene and 0.68 eV for pentacene)
and a scissors correction is needed to make the Kohn—Sham

4 B &
' 3 Y&
Y &
o @ o ] ) ’ y’y §
JJ/)J J/)J‘J/Jj Pi:ﬁ V;%
# Y ¢
s j:f{u’ 5 &Y
s o ° § r% , ¢
& & %
»
Ay %
SRR L 51
gi,a J’,/JJJ‘)‘/,J 7 9° & ,"1@ y %
e N fJ e I 4 «‘%\( \{ }g(‘
o o o ° ,f ‘f'@ %‘g “f% *6%

Figure 4. Molecular and crystalline structure of picene (top) and
pentacene (bottom).
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gap equal to the quasi-particle gap,'>*® which is 4.08 eV for
picene and 2.08 eV pentacene.

3.2.1. Pentacene. The results obtained by solving the BSE
are considered to be the gold standard for the excitonic physics.
Before testing the bootstrap xc kernel, it would be instructive to
look at the accuracy of the BSE results; several BSE calculations
have been done in the past for Pentacene crystal, and in Figure
S we compare all these including the BSE results obtained in

7
L This work
~— Beljone et al.
Draxl et al.

=—a Tiago et al.
e—e Cudazzo et al.

1 |
3 4
Energy(eV)

Energy(eV)

Figure S. Dielectric tensor for pentacene, obtained by solving the BSE,
as a function of energy (in electronvolts) in two different polarization
directions (x and y). Previous BSE data is taken from refs 11, 12, and
20 and quantum chemical data is taken from ref 21. The quasi-particle
gap is indicated by verticle dashed (black) line.

the present work. In Figure 5 are also presented the highly
accurate quantum chemical data of Beljonne et al.”' for
comparison with these results obtained by solving the BSE. In
the low-energy region (1—3 eV) optical spectra of Beljonne et
al,, Tiago et al.?°, and the present work are in good agreement
with each other; all three show a sin%le excitonic peak below
the gap. The results of Cudazzo et al."” are slightly red-shifted
(by ~0.3 eV) with reslpect to all these works. The results of
Ambrosch-Draxl et al."' are totally different in that there is
almost no spectra weight in this energy window of 1-3 eV.
In the high-energy region (3.5—6 eV), the present results
agree very well with the previous data of Cudazzo et al.'’;
however, the data of Ambrosch-Draxl et al.'' are red-shifted.
These differences perhaps could be attributed to computational
parameters or the ground-state basis set used in various
calculations. This spread of the BSE results point to limitations
not of the BSE method itself but rather of the differences in
various implementations. It is impossible to say from these
results what the definitive BSE spectra should be for this
material. The question we now ask ourselves is how close are
the TDDFT results to their BSE counterpart? To answer this
question, we determine the spectra using the bootstrap xc
kernel within TDDFT, and the results are plotted in Figure 6.
We first look at the results obtained by including the LFE.
Due to the low symmetry and molecular nature of the crystal,
the dielectric function is highly anisotropic. There are no
transitions up to an energy of 1.51 eV for light polarized along
the x and y axes and 3.5 eV for the polarization axis along the z
axis. The main peak in the dielectric functions occur at ~5 eV
for all three polarizations of light. In the low-energy region
(1.5-3 eV), the response in the x direction shows a clear
excitonic peak below the gap, indicating the presence of a
bound exciton. In the y direction as well, there is substantial
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Figure 6. Dielectric tensor for pentacene obtained using the bootstrap
kernel as a function of energy (in electronvolts) in three different
polarization directions (x, y, and z). The quasi-particle gap is indicated
by a dashed (black) line.

spectral weight below the gap. The difference in energy of the
excitonic peak along the x and y axes is interpreted at the
Davydov splitting.'>"® TDDFT results give a value of Davydov
splitting to be 0.18 eV, which is in agreement with the
experimental data (0.15 ev). 2>

Now turning our attention to the differences between spectra
with and without LFE, it is clear from Figure 6 that the
TDDFT results in the low-energy region (<3 eV) obtained
using the head only approximation (i.e,, without LFE) are in
agreement with the BSE results in terms peak positions but not
in terms of the height of the peaks. On the other hand, in the
high-energy range (>3 eV), results obtained without LFE are
red-shifted with respect to the BSE results, and good agreement
between TDDFT and BSE requires the inclusion of LFE within
TDDFT. It is very interesting to note that TDDFT results with
and without LFE, though substantially different from each
other, lie in between the two extremes of various BSE data; in
the high-energy region results obtained with LFE agree with
BSE data of the present work and that of Cudazzo et al.,"> while
without LFE, the TDDFT results are in agreement with those
of Ambrosch-Draxl et al.'' In the low-energy range (1—3 eV),
the TDDFT results obtained with LFE are in agreement with
the BSE data of the present work and that of Tiago et al.*°

3.2.2. Picene. The electron energy loss spectra (EELS) (i.e.,
the imaginary part of the inverse dielectric function) for solid
picene is presented in Figure 7. The TDDFT spectra, calculated
without LFE, in the xy plane (shown in the left panel) is in
excellent agreement with the experimental data. We note that in
terms of the relative peak heights and positions, the TDDFT
results are in slightly better agreement with the experiments as
compared to the BSE data (except for the initial peak at 3.3 eV,
which is blue-shifted in the TDDFT results). For the
polarization vector along the z axis, the TDDFT and the BSE
results agree well with each other but not with the experimental
data in the low-energy region (<5 eV). On the other hand, in
the energy range above S eV, the agreement of the calculations
(both TDDFT and BSE) with the experiments is much better.
In the z direction, the TDDFT spectra with LFE is blue-shifted
(in energy) with respect to the experimental data and is in
better agreement with the BSE data of Roth et al.* We would
also like to mention that picene shows no Davydov splitting in
the absorption spectra (not shown here).

DOI: 10.1021/acs.jctc.5b00133
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xy-plane z-axis

Experiment I ‘
— BSE
— Bootstrap (no LFE)
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EELS (arb. units)

Energy(eV) Energy(eV)

Figure 7. Electron energy loss spectra for picene obtained using the
bootstrap kernel as a function of energy (in electron volts) in the xy
plane (average of the response along the x and y axes) and along the z
axis. The experimental and BSE data are taken from ref 40 indicated in
the legend. The quasi-particle gap is indicated by a dashed (black) line.

4. CONCLUSIONS

To conclude, it is clear from these results that bootstrap
method in its simplest and computationally most efficient form
(ie, using only the head of the xc kernel) consistently gives
good results in the energy range most important for the design
of solar cell materials (ie., close to the band edge), thus
constituting an excellent method for the study of the optical
properties of organic materials. The strikingly different
excitonic physics of picene and pentacene is very well captured
by bootstrap; even subtle features such as the presence of a
small Davydov splitting in pentacene and the absence of such in
picene, are well-reproduced. We further note that for the case
of pentacene, bootstrap results with and without local field
effects, even though differ substantially from each other, are still
not as different as BSE results obtained using different
numerical implementations of the BSE. These results indicate
that the head-only bootstrap kernel can be used to perform the
first screening of 1000s of organic materials for designing solar
cells followed by which more accurate calculations by solving
BSE or by including LFE within TDDFT can be performed for
selected prescreened interesting materials.
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