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ABSTRACT Photon harvesting in organic solar cells is highly dependent on the

anisotropic nature of the optoelectronic properties of photoactive materials. Here, we
demonstrate an efficient approach to dramatically enhance photon harvesting in planar
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heterojunction solar cells by using a graphene—organic heterointerface. A large area,
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residue-free monolayer graphene is inserted at anode interface to serve as an atomically

thin epitaxial template for growing highly orientated pentacene crystals with lying-down
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orientation. This anisotropic orientation enhances the overall optoelectronic properties, 0.0 02 0.4
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including light absorption, charge carrier lifetime, interfacial energetics, and especially the e

exciton diffusion length. Spectroscopic and crystallographic analysis reveal that the lying-
down orientation persists until a thickness of 110 nm, which, along with increased exciton diffusion length up to nearly 100 nm, allows the device optimum
thickness to be doubled to yield significantly enhanced light absorption within the photoactive layers. The resultant photovoltaic performance shows
simultaneous increment in V,, J;., and FF, and consequently a 5 times increment in the maximum power conversion efficiency than the equivalent devices
without a graphene layer. The present findings indicate that controlling organic—graphene heterointerface could provide a design strategy of organic solar

cell architecture for boosting photon harvesting.
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anisotropic nature of the optoelectronic

properties of conjugated organic mol-
ecules has been investigated as one of the
important parameters for the optimization
of organic electronic devices.' '8 Especially,
it has been well established that the orien-
tation of conjugated organic molecules
determines their electrical properties by
governing the overlap of s orbitals in the
direction of charge transport." ' For field-
effect transistor applications, the molecular
planes perpendicular to the substrate is
beneficial for the lateral transport of charge
carriers through the channel region, which
is one of the determinant for the field-effect
mobility and resultant device perfor-
mances.! On the other hand, the optical
properties of the conjugated molecules are
also highly anisotropic depending on the

In the field of organic electronics, the
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direction of the transition dipoles. Light—
dipole and dipole—dipole interactions
among adjacent molecules determine the
optical transition and exciton transfer rate,'*
which are key characteristics of optical ab-
sorption by organic molecules.'® The ener-
getic states of excitons and exciplexes (or
charge-transfer excitons among heteroge-
neous molecular interfaces) could also be
affected by the molecular orientation be-
cause of the different orbital overlap among
the molecules.'”®

In this sense, it can be easily inferred that
controlling the molecular orientation could
be an important strategy to optimizing the
device performance of organic optoelec-
tronic devices, especially organic solar cells
(OSCs), which could provide an efficient
renewable energy source by rapid ener-
gy payback time.'” Moreover, since the
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small-molecule based OSCs could provide potential
advantage over polymer based OSCs due to their
greater ease of purifying the materials, the small-
molecule based OSCs could be highly feasible for the
practical applications and mass-production of the
energy devices.?® Therefore, it is of high necessity that
the relationship between molecular orientation and
anisotropic photon harvesting behavior should be
elucidated, including various aspects of excitonic,
optical, electrical and energetic properties of oriented
conjugated molecular crystals as well as organic—
organic interfaces. However, a successful demonstra-
tions of the OSCs based on orientation-controlled
organic semiconductors and the clarification of
orientation—photon harvesting relationship have not
been reported yet, aside from the approaches that
include molecular-specific templates.?' ~2°

For this purpose, the use of graphene as an electrode
or electrode modifier could be beneficial to optimize
the performance of OSCs, considering that the trans-
parency and the conductivity of the graphene enable
the graphene to serve as both a transparent electrode
and a van der Waals epitaxial growth template of
various organic semiconductors. Recently, the excep-
tional electrical, optical and mechanical properties of
graphene have been exploited to develop high-
performance electronic devices,®~%® even on large
area, transparent and flexible substrates.’>3° More-
over, the structural properties of graphene, ie., the
2D honeycomb lattice of sp? hybridized carbon atoms,
have been successfully demonstrated their feasibility
for the atomically thin molecular template for the
epitaxial growth of molecular crystals.' 32 How-
ever, most of the previous reports that use graphene
as an electrode and electrode modifier in OSCs focused
on the flexibility and transparency of the graphene and
the electrical contact properties such as energy level
alignment at charge extraction interfaces.?*>373% Sev-
eral approaches reported partial demonstration of
specific optical properties of oriented organic semi-
conductor films on graphene templates such as optical
absorption and exciton dissociation,>*>?! but their
impact on the performance of OSCs has not been fully
elucidated yet.

One of the most widely used approaches to enhance
photocurrent generation in OSCs is to employ thin
planar heterojunction (PHJ) structure by consecutively
depositing charge-selective layers comprising electron
donors and electron acceptors. However, despite in-
tensive research efforts, the most significant drawback
for the many of most-widely used organic semicon-
ductor is that the exciton diffusion length remains
short (~a few tens of nanometers) in comparison to
the optical thickness of organic molecules,>” which has
compelled the utilization of randomly distributed
heterojunctions structure (bulk heterojunction, BHJ)
with nanoscale phase-separation; their use intrinsically
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leads to a high probability of photocurrent loss caused
by inevitably frequent charge recombination and mis-
directed diffusion toward counter electrode. In this
regard, recent studies have focused on the develop-
ment of appropriate vertically phase-separated struc-
ture with more distinct donor—acceptor interfaces to
reduce the charge recombination and facilitate charge
extraction.?®** Therefore, a new design strategy of
the organic solar architecture for enhancing exciton
diffusion properties in photoactive layers has been
required to be developed to efficiently convert the
absorbed photons to charge carriers by using PHJ
structure with distinct carrier selective interfaces.

In the present study, we investigated the impact of
molecular orientation control of a model organic semi-
conductor, pentacene, on the design strategy of OSCs
by employing a graphene—organic heterointerface.
As reported in previous works,' ™ the insertion of
graphene easily promoted the formation of pentacene
crystals in the lying-down orientation by quasi-epitaxial
growth. Spectroscopic and crystallographic analyses
revealed that the lying-down orientation could persist
until a thickness of 110 nm. In comparison to the
previous reports on the BHJ OSCs with graphene or
graphene-modified electrodes, graphene in our ap-
proach not only facilitated the charge transfer at the
interfaces but also directly affected the optoelectrical
properties of the photoactive layers, which noticeably
enhanced OSC performance. The lying-down orienta-
tion of the optical transition dipole along the long-axis
of pentacene resulted in activation of new absorption
energy levels and an overall increment of optical den-
sity within the film. Static and spectrally resolved pho-
toluminescence quenching (SR-PLQ) showed highly
anisotropic diffusion dynamics of excitons in penta-
cene crystals, yielding an exciton diffusion length of up
to 100 nm for highly orientated pentacene films on
graphene, which is almost twice larger value than
isotropic crystals. The transient photovoltage (TPV)
and photocurrent (TPC) decay measurement also
showed that enhanced charge transport in the 7—x
stacking direction and facilitated charge extraction at
the anode interface significantly increased the lifetime
of the photogenerated charge carriers even at a high
charge carrier concentration. These characteristics allowed
the device optimum thickness to be doubled, generating
50% higher photocurrent than the devices with con-
ventional architecture. Moreover, the interfacial energetics
at both the pentacene—anode and pentacene—fullerene
interface facilitated the formation of a built-in potential,
leading to a higher open circuit voltage (V,,) and fill factor
(FF). The resultant photovoltaic performance showed
maximum power conversion efficiency which was 5 times
that of devices without graphene layers, indicating that
orientation control via graphene can provide a simple,
efficient platform for enhancing the photovoltaic perfor-
mances of OSCs.
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Figure 1. Schematic illustrations of orientation-controlled PHJ OSC devices. (a) Conventional PHJ OSC devices incorporating
pentacene as the donor material and Cgo as the acceptor material. The pentacene molecule adopts the standing-up
orientation on the anode surface. (b) The PHJ OSC devices incorporating the graphene monolayer at the anodic interface. The
insertion of graphene promotes the quasi-epitaxial growth of pentacene, which adopts a lying-down orientation with its

molecular plane parallel to the anode surface.

RESULTS AND DISCUSSION

Figure 1 shows a schematic of PHJ OSCs with a
monolayer graphene incorporated. Considering that
pentacene molecules preferentially adopt standing-up
orientation with herringbone molecular packing on poly-
(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) and on most transparent conducting
oxide substrates as illustrated in Figure 1a,° the intro-
duction of atomically thin graphene sheets as a mo-
lecular template could efficiently alter the growth of
pentacene such that it assumes the lying-down orien-
tation on anodic surfaces. In this sense, monolayer
graphene grown by chemical vapor deposition (CVD)
was transferred onto MoO3(9 nm)/ITO substrates as an
anode modifier via water-free wet-transfer method.
(Figure S1 in Supporting Information) Owing to the
sensitivity of anodic interfacial layer (MoOs or PEDOT:
PSS) to protic solvents, we used an organic solvent
n-heptane during the entire transfer process.>® The
residual supporting polymer layer on the transferred
graphene was then removed by dipping the substrate
in chloroform and thermally annealing under H, con-
dition at 350 °C. The resulting substrate had no poly-
meric residue on top of the graphene surface as
observed in the previous report,’ and the transmit-
tance and resistivity of the anode were maintained
satisfactorily after thermal treatment (Figure S5 in
Supporting Information). The root-mean-square (RMS)
roughness of the substrate was less than 2 nm for all the
substrates; 1.88 and 1.58 nm before and after the
thermal treatment of MoOs/ITO, and 1.48 nm for
thermally treated graphene/MoOs/ITO substrates.
The cross-section profiles are shown in the Supporting
Information. The quality of the CVD grown monolayer
graphene was confirmed by Raman spectroscopy. The
lack of discernible D-band peak and high 2D/G ratio
showed that the high quality of monolayer graphene
was preserved after transfer and thermal treatment
process on top of MoOs/ITO substrate (Supporting
Information Figure S2). Then, pentacene was thermally
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deposited on top of the substrates at a rate of 0.2 A/s at
room temperature. For comparison, the substrate with-
out graphene layer was also studied.

First, the growth modes of pentacene on respective
substrates were investigated. To characterize the mor-
phology of grown pentacene films, atomic force micros-
copy (AFM) was used (Figure 2). Clear differences in the
pentacene film topography were observed between the
graphene/MoOs/ITO and MoOs/ITO substrate. On the
MoOs/ITO substrate, homogeneous nucleation was ob-
served with high density of pentacene nuclei. In com-
parison to the growth on quartz substrates (Supporting
Information Figure S4a), the pentacene grain mainly
underwent vertical growth as deposition proceeded,
resulting in small grains with a relatively large RMS
roughness (25 nm) in the entire pentacene film at a
high thickness (140 nm). The rough surface morphology
of the MoOs/ITO substrate might have prohibited the
lateral growth of pentacene, resulting in pentacene film
with laterally small grains. By contrast, the insertion of
clean graphene at pentacene-anode interface pro-
moted a completely different growth mode of penta-
cene (Figure 2b). Initially, the pentacene film exhibited
fiber-like texture and deep trenches with distinct angle
between grains. These characteristics were well main-
tained for thickness up to 100 nm. The strong interaction
between graphene surface and molecular plane of
pentacene promoted quasi-epitaxial growth of penta-
cene despite relatively high roughness of the substrate,
as previously reported in the epitaxial growth of penta-
cene on graphite flakes.** *® However, without com-
pletely removing the polymeric residue, the pentacene
film showed mixed domains of small and fiber-like
grains. At higher thicknesses (>140 nm), both penta-
cene films grown on as-transferred (without thermal
treatment) and residue-free graphene showed decline
in the grain size which resembled the topography of
pentacene film Opc6on the MoOs/ITO substrate
(Supporting Information Figure S6). The change of the
morphology, due to the transition from standing-up to
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Figure 2. Morphological analysis of the growth of pentacene on the anode surface. AFM images of two different substrates
and corresponding pentacene films with varying thickness. Thermally treated (a) MoOs/ITO substrate and (b) graphene/

MoO3/ITO substrate at 350 °C under H, flow in vacuum. The inset image in the second column of (a) shows a magnified
morphology. Scale bars: 800 nm.

(002)g
(002)

== (001);

4

[ gl! \

v -]
Iy Monolayer @
3 {1,£1}¢

—(001)
(002)g RN\
(001) ( A\ Graphene R

e Pentacene
o

00 05 1.0 15 20 15 2.0

yy (A7)

15 20 00 05 1.0
Ay (A7)

00 05 1.0
yy (A7)

Figure 3. 2D-GIXD of pentacene films with various thicknesses. (a) Pentacene films grown on MoOs/ITO and (b) graphene/
MoO5/ITO substrates. Schematic representations of the possible molecular packing orientation during the growth of
pentacene on (c) MoOs/ITO and (d) graphene/MoOs/ITO substrates. The initial growth of pentacene was observed by
depositing a pentacene film of 3 nm thickness. The subscripts T and B indicate the thin film and bulk phase of the pentacene
crystal, respectively. Parentheses (xyz) indicates the 3-dimensional Miller indices of the crystal lattice planes, while brackets
{xy} indicate the 2-dimensional group of Miller indices which correspond to the Bragg rods in a specific cystallographic plane
direction.

lying-down crystallographic orientation at high thick-
ness, can be attributed to the thermodynamic stability
of the exposed crystallographic planes, where (001)
plane has been believed to have to lowest surface
energy.*’ It has been well established that the interaction
between graphene and pentacene led to the quasi-
epitaxial growth of stretched pentacene crystals at a
few monolayer thickness, and then the pentacene
started to adopt the herringbone structure with slightly
tilted crystals as the thickness increased. At higher
thicknesses, the high surface energy of exposed (020)
plane led to gradual shift in the crystallographic orienta-
tion until the uppermost layer of the pentacene adopted
the energetically stable orientation with (001) plane
normal to the substrate.*’

JO ET AL.

To clearly understand the crystallographic orienta-
tion of pentacene on respective substrates, 2D grazing
incidence X-ray diffraction (2D GIXD) patterns were
obtained and analyzed®® (Figure 3). At the initial stage
of pentacene growth (3 nm), pentacene on graphene
clearly showed (001) and (002) crystal reflections tilted
18° with respect to q,, as well as (020) and {1,£1}
reflections tilted 12° and 40° with respect to g, re-
spectively. As deposition proceeded, the (001) reflec-
tion on the g, axis gradually emerged until the
diffraction pattern adopted a diffusive ring pattern
for the pentacene film with 120 nm thickness.
The diffraction pattern and spacing, which are in
good agreement with those previously reported
for the graphene-templated growth of pentacene

voL.9 = No.8 = 8206-8219 = 2015 ACNJAN(C)

WWww.acsnano.org

8209



molecules,®>? are consistent with a system in which

the first few pentacene layers are fully in lying-down
orientation, but subsequent layers have a slight tilt
of molecular planes because their interaction with
graphene is diminished by the interference from underly-
ing pentacene layers." In contrast, pentacene on the
MoOs/ITO substrate exhibited vertically aligned Bragg
rod reflections of {1,1},{0,2},and {1,4-2} at the initial
growth stage, indicating highly oriented structures
with the (001) plane along the g, axis. As the thickness
increased, the orientation of pentacene also suffered
from thermal fluctuations, thereby resulting in broad-
ening of diffraction patterns as well as the emergence
of diffraction signals of both thin film and bulk phase
crystals. To quantitatively analyze the crystallographic
structure, we used 1D GIXD spectra normalized to the
thickness of each film.***3* Supporting Information
Figure S9 shows the out-of-plane, in-plane and tilted-
plane (72° to the surface normal direction) pattern of
pentacene films on the substrate with and without
graphene template. The lattice constants in represen-
tative crystallographic planes were calculated and
agreed well with the previous results, which reported
the differences in thin-film, bulk, and c-axis extended
structure of the pentacene."**** We also used Scher-
rer's equation to calculate the coherence length (/).
The average /. was on the order of 5—10 nm in size,
which corresponds to the 5—7 layer coherence of the
crystal planes. The relatively low /. could be attributed
to the formation of small grains on hydrophilic oxide
substrates as well as the gradual transition of penta-
cene crystal orientation.*® The transition of the crystal-
lographic planes were also obvious in 1D GIXD, where
the development of (001)T peak in the out-of-plane
direction as well as the appearance of {1,£1}; Bragg
rods in the in-plane direction along with the increasing
thickness of pentacene films on graphene showed the
obvious formation of standing-up orientation above
100 nm. Moreover, in the direction of (001)g diffraction
for lying-down pentacene (72° tilted to the surface
normal direction) showed increment of crystallinity
even up until 140 nm in thickness, indicating that the
mixture of both lying-down and standing-up orien-
tated pentacene crystals was formed at high thickness.

Since 2D GIXD patterns only represent the crys-
talline structure of the entire film, surface-sensitive
techniques with low-energy X-rays (a few nanometer
penetration depth from the surface) are necessary
to corroborate the exact progress of pentacene
growth.>*>> Thus, angle-dependent near edge X-ray
absorption fine structure (NEXAFS) measurements
with in situ deposition of pentacene were conducted
to accurately assess the transitions in molecular orien-
tation as the pentacene thickness increased. Penta-
cene and graphene comprise strongly directional o
and 7 orbitals in sp? hybridized conjugated molecular
planes, where the transition dipole of C;s — C = Cx* in
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pentacene is perpendicular to the molecular plane of
pentacene. Therefore, the transitions observed by
NEXAFS are highly dependent on the angle of light
incidences.® As a result, measuring NEXAFS spectra at
various beam incidence angles could aid in the assign-
ment of the directionality of molecular planes. Gener-
ally, the C;; — C = Cxr* transitions of pentacene
generate seven distinctive components caused by
the different chemical environment of each carbon
atom, ranging from 282 to 287 eV.>**> Although the
instrumental limitation on the energetic resolution did
not provide exact deconvolution into seven features,
the most prominent characteristics of 7* transitions
(284.22, 285.20, and 285.77 eV) were obviously devel-
oped, indicating that our NEXAFS spectra represented
the characteristics of anisotropically oriented crystals
of pentacene (Supporting Information Figure S12).
Moreover, high-energy absorptions near 293 and
300 eV corresponds to the C;; — C — Co* and C;s —
C = Co* transition, respectively, and they were also
sensitive to the angle of incidence.

For the pentacene films on graphene (Figure 4d,e),
varying incident angle from 20° to 90° diminished the
Cys— C=Cxr* transition while increasing the C;y— C —
Co* and C;; — C = Co* transitions. These trends
persisted until a thickness of 110 nm, at which an
abrupt angle-insensitive transition from the disorder-
ing of pentacene crystals was observed (Supporting
Information Figure S11). When a pentacene molecule
adopts lying-down configuration, the C;; — C = C*
transition dipole is parallel to the surface normal
direction of the substrate. In this case, a low angle
incidence maximizes the interaction between the
probing light and the dipoles so that the absorption
shows intensive peaks. Therefore, it can be safely
deduced that the lying-own orientation, the molecular
orientation of pentacene on graphene, can be pre-
served until about a thickness of 110 nm. In contrast,
pentacene on the MoO3/ITO substrate (Figure 4c) ex-
hibited high absorption near 284 eV at a light incidence
angle of 90° up to a thickness of 170 nm, indicating that
the molecular assembly of pentacene spontaneously
adopts the standing-up orientation (Supporting Infor-
mation Figure S10).

Thus far, we have investigated the growth of penta-
cene and the extent of its orientation on anodic
surfaces with and without graphene layer. To address
the effect of these characteristics on optoelectrical
properties of pentacene, we first measured the optical
absorption of the films. Figure 5a shows the UV—vis
absorption spectra of pentacene films with different
thicknesses on two different substrates. The optical
bandgaps of each film were unchanged, with a value of
1.77 eV. However, as the pentacene film thickness
increased, the films with the lying-down orientation
started to exhibiting distinctive absorption peaks
near 343 nm, with an overall increment in the optical
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Figure 4. NEXAFS spectra of the pentacene films. (a) Schematic illustration of NEXAFS measurement. Incident angles were
defined with respect to the plane direction (20°, nearly parallel to the graphene plane; 90°, normal to the graphene plane).
NEXAFS spectra for (b) graphene/MoOs/ITO substrate, (c) pentacene film of 120 nm thickness on the MoOs/ITO substrate, and
(d—f) pentacene films on the graphene/Mo0s/ITO substrate with various thicknesses. The thicknesses are marked inside each
figure. The spectra for other thicknesses can be found in the Supporting Information.

density from 300 to 582 nm. It is well-known that the
low-energy peaks near 2.0 eV correspond to the So—S;
vibronic transition, the transition dipole moment of
which has B;, symmetry with an orientation perpendi-
cular to the molecular plane.'® At higher energy
(3.7 eV), the Sy-S3 transition occurs, the dipole moment
of which has B,, symmetry, which is along the long axis
of the molecules.®® Therefore, at high energies, the
lying-down orientation of pentacene promoted in-
tense absorption by stimulating the unprevailed tran-
sitions in the standing-up orientation. Moreover, with
increasing thickness, low-energy peaks showed only a
slight increment in the pentacene films with the lying-
down orientation, which was in good agreement with
the postulation that the optical transition was strongly
affected by molecular orientation, i.e., the orientation
of transition dipoles.

The changes in optical properties described above
were quite obvious in the overall optical absorption in
the PHJ OSCs. Figure 5b shows the optical simula-
tion results calculated by transfer-matrix methods
(described in detail in the Supporting Information).
Optical constants were measured using an ellips-
ometer (Supporting Information Figure S14). An ITO/
MoOs (9 nm)/pentacene (50, 100 nm)/Cgo (40 Nm)/
bathocuproine (BCP; 6 nm)/Ag (120 nm) structure was
employed as the device architecture. The ability of
lying-down pentacene to absorb high-energy photons
resulted in a significant enhancement in the dissipa-
tion profile of the overall optical electric energy inside
the pentacene layers at the excitation wavelength
of 450 nm. For pentacene films with a standing-up
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orientation, the incoming illumination was not dissi-
pated properly inside the pentacene layer; thus, most
of the energy was consumed by the following Cg layer
and the electrode. Moreover, with excitation at 630 nm,
comparable energy dissipation was observed in both
pentacene films, where pentacene with the lying-
down orientation dissipated even a slightly higher
energy intensity (Supporting Information Figure S15).
Considering the highest intensity of the AM1.5 spec-
trum of solar illumination near 500 nm, these incre-
ments in the optical electric field could significantly
contribute to the photocurrent generation of OSCs.
Figure 5c shows the calculated photocurrent as a
function of pentacene thickness. For pentacene films
of 50 nm thickness, maximum achievable photocur-
rent for the lying-down orientation was approximately
11 mA/cm?, which is 25% higher than for the standing-
up orientation. With increasing thickness, the deviation
showed a continuous increment until optical fluctua-
tion occurred near 200 nm. It is clear that the increased
absorption capability of lying-down pentacene could
boost the photocurrent generation by effectively har-
vesting incoming photons.

Another interesting feature in the optical properties
is exciton dissociation. Since the separation of excitons
and consequent generation of charge carriers are
determined by the diffusion of excitons to the donor—
acceptor heterointerface in 0SCs,” the short diffusion
length of a singlet exciton in pentacene crystals
limits the optimum thickness of pentacene down to
50 nm,*® "% regardless of charge transport. There-
fore, increasing the exciton diffusion length up to
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Figure 5. Orientation-dependent light absorption pro-
perties of pentacene. (a) UV—Vis absorption spectra of
pentacene films on two different substrates at different
thicknesses. (b) Optical simulation results describing optical
electric field distribution along the thickness direction at
the wavelength of 450 nm. The detailed calculations can be
found in the Supporting Information. (c) The calculated
photocurrents along with the pentacene thickness from
0 to 800 nm and (d) those focused in the range of this
experiment (0—140 nm).

the optical thickness of organic semiconductors is
detrimental to photon harvesting in OSCs. Intermole-
cular exciton diffusion can be described by Forster
energy transfer, where factors such as exciton lifetime,
intermolecular distance, absorption cross section and
dipole orientation determine the transfer rate of ex-
citons. It is well-known that, among other transfer
pathways, exciton transfer in the 7—s overlap direc-
tion is the most prevalent in crystalline conjugated
organic molecules.’’ Therefore, if we consider only
exciton transfer in the thickness direction, the exciton
would have traveled further in the pentacene films
with the lying-down orientation than with standing-up
orientation. An obvious distinction was observed be-
tween the two orientations in the photoluminescence
(PL) quenching of pentacene films having 120 nm
thickness with a 40 nm Cg,, film as the quenching layer
(Figure 6a, Supporting Information Figure S13). With
the lying-down orientation, most of the excitons were
quenched by the Cqq layer even for the pentacene film
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of 120 nm thickness, while a large portion of the
generated excitons in 120 nm pentacene films with
the standing-up orientation still remained. This ob-
servation was in good agreement with previous re-
ports on the exciton diffusion length in pentacene
films.>8 7% Moreover, it can be deduced that exciton
migration in the z—m stacking direction (ie., lying-
down orientation in the thickness direction) can reach
up to at least 100 nm without suffering from geminate
recombination. To validate our postulation quantita-
tively, we also conducted spectrally resolved photo-
luminescence quenching (SR-PLQ) experiments.”¥®"
With the use of the 1D steady-state exciton diffusion
equation, the absorption coefficient (a(4)) and relative
PL intensity with blocking (PLg) and quenching (PLg)
layers have the following relationship,

_ PLg

n —E: o)Lp +1 (M

Here, the exciton diffusion length (Lp) corresponds to
the slope of # versus (). We used Cgo as exciton
quenching layer and BCP as the exciton blocking layer
on top of the pentacene. The PL intensity was cali-
brated by the absorption spectra of each film to
eliminate the contribution from the quenching and
blocking layers. Pentacene films of thickness 110 nm
on both graphene and quartz were used to compare
the exciton diffusion length, assuming the films were
optically thick (exciton density became nearly 0 at the
quartz side interface). Figure 6b shows the results of
SR-PLQ experiments. Lp was estimated by the slopes
in Figure 6b. The Ly of the pentacene film with the
standing-up molecular orientation was measured to be
43 nm, which was in agreement with previously re-
ported values.>®7%° However, the exciton diffusion
length in the pentacene films with the lying-down
orientation was almost double the value for the stand-
ing-up orientation, reaching up to 83 nm. This trend
confirmed the observed PL quenching efficiency be-
tween the two orientations (Figure 6a). Therefore, it
can be concluded that, besides the enhanced optical
absorption, the increased exciton diffusion guaranteed
the utilization of all excitons in pentacene films up to
100 nm thickness, which can significantly enhance
photocurrent generation.

To demonstrate OSC devices and their photon har-
vesting capabilities, we fabricated devices with the
following structure: ITO/MoOs; (9 nm)/(graphene)/
pentacene (50/100 nm)/Cgo (40 nm)/BCP (6 nm)/Ag
(120 nm). The optimized devices without graphene
layer incorporating pentacene of 50 nm thickness
exhibited a power conversion efficiency of 0.85%
(+£0.2%) with a Vi of 0.39 V (£0.01 V), a J of
5.8 mA/cm® (£1.1 mA/cm?) and a FF of 0.38 (£0.05).
As the pentacene thickness was increased up to 100 nm,
device performance deteriorated due to increased ser-
ies resistance, even though photon absorption
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Figure 6. Exciton migration and photovoltaic properties of PHJ OSCs. (a) PL quenching of pentacene (120 nm)/Cgo (40 nm)
films for the standing-up (open circle) and lying-down (blue square) orientations of pentacene in comparison to the PL of the
pentacene homo film. PL spectra were measured under the emission mode with excitation at 335 nm. (b) SR-PLQ spectra of
pentacene films with different orientations. (c) J—V characteristics of the PHJ OSC devices measured at AM1.5 illumination
with an intensity of 100 mW/cm?2. (d) External quantum efficiency of the OSC devices. (e) Transient photovoltage decay and
(f) small-perturbation charge carrier lifetime as a function of the charge concentration within the PHJ OSC devices. PHJ OSC
devices in (c—f) were fabricated to have structure of Ag (120 nm)/BCP (6 nm)/pentacene/graphene/MoOj3 (9 nm)/ITO with the
lying-down orientation of pentacene (blue square). The devices for the standing-up orientation of pentacene were fabricated
with the same structure except for the graphene layer (open circle). The optimum thicknesses of pentacene films were
different for the respective orientation (50 nm for standing-up and 100 nm for lying-down orientations). The device for the

standing-up orientation of pentacene of thickness 100 nm was also included for comparison (solid line) in (c).

increased. However, devices with graphene layers, ie.,
devices having pentacene with lying-down orientation,
exhibited a significant enhancement in overall photo-
voltaic parameters at optimized conditions (100 nm in
thickness): a Vo of 0.62 V (£0.01 V), a Ji. of 8.5 mA/cm?
(1.3 mA/cm?) and a FF of 0.74 (4:0.03) (Figure 6¢). The
resultant power conversion efficiency was 3.89%
(40.3%), 4.6 times higher than that of devices without
a graphene layer. Twenty devices for each case were
fabricated to demonstrate device-to-device variability.
As a reference, the devices fabricated with 50 nm
pentacene on graphene showed low reproducibility,
of which 60% of the fabricated devices exhibited severe
leakage. This discrepancy can be attributed to the small
grains and the roughness of the lying-down pentacene
crystals at low thickness.

For optimized devices, the increased photocurrent
are in good agreement with our observations regarding
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the optical properties of the highly oriented lying-down
pentacene films. Along with the increased absorption
capabilities, the enhanced L guaranteed efficient usage
of absorbed photons at high thickness. Figure 6d shows
the external quantum efficiency (EQE) spectra, where an
increment in the utilization of high-energy photons near
400 nm was observed, as well as an overall increment in
the quantum efficiency in the entire absorption range.
The general trend in photocurrent generation is in line
with the observed optical properties described above,
with a slight discrepancy possibly caused by rough
interfaces, series and geometric resistances across the
photoactive layers, and low singlet-fission and triplet
exciton harvesting efficiencies for pentacene with lying-
down orientations."”

Interestingly, besides the photocurrent, photovolt-
age also showed a significant increment. Although the
origin of V. has been a topic of debate, it is generally
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Figure 7. Interfacial energetics incorporating orientation-controlled pentacene films. UPS spectra for the secondary cutoff
(left) and valence bands (right) measured under the in situ deposition of pentacene on (a) MoO3/ITO substrate (b) graphene/
MoO5/ITO substrate. The thickness of pentacene is shown at the sides of each figure. Energy level diagrams of (c) pentacene/
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of MoO3/ITO was drawn on the left side of (d) as a reference.

believed that a difference in the pseudo-Fermi levels of
donor and acceptor molecules (AEp,) decides the
photovoltage as follows,395%63

1 kT (J
Voc = —AEpa _I"I, In A
q q Joh

(2)

Here, Jec represents the charge recombination current
flowing through the devices. Therefore, to understand
the enhancement in V.., we must consider (i) the
interfacial energetics at the donor—acceptor interfaces
and (ii) the charge carrier recombination dynamics.
Moreover, since the diffusive current near the interface
predominantly determines the recombination dynam-
ics near V,,5%% it is imperative to characterize the
electrode—organic interface.

First, the electronic energy levels of the pentacene
films depending on their crystallographic orientations
were analyzed by ultraviolet photoemission spec-
troscopy (UPS)®®~%° under the in situ deposition of
pentacene. Figure 7 shows the secondary cutoffs and
valence band spectra of pentacene. The binding en-
ergies were calculated with respect to the vacuum
level of the reference Au and the secondary cutoff was
measured with —5 V electrical bias to observe the shift
in vacuum levels. The detailed experimental and the-
oretical descriptions are included in the Supporting
Information (Figure S14). The HOMO of the MoOs on

JO ET AL.

ITO was measured to be 5.3 eV relative to its vacuum
level. Interestingly, despite the deep-lying valence
band of MoOs (7.9—9.7 eV),”°~ 72 the thermal treatment
of MoOs film, which was the same treatment applied to
graphene/MoOs film to remove the polymeric residue
on graphene, induced the formation of widely dis-
persed in-gap tail states below the Fermi level of the
system (Supporting Information Figure S16¢). These
states comprised oxygen vacancies which led to the
partial conversion of the insulating MoOs to the con-
ducting MoOy (X < 3), thereby making MoOs a feasible
hole-selective transport layer for 0SCs.”>~’> The pen-
tacene film on MoO; film exhibited characteristic
features reported on the literature. Wider range spectra
of HOMO region are shown in Supporting Information
Figure S16. The larger ionization potential of the
pentacene films on the graphene/MoQ;/ITO substrate
than the pentacene films on MoOs/ITO substrate with
respect to the Fermi level indicated that the smaller
electronic polarization energy induced stabilization of
photoionization, which corresponded to the lying-
down orientation of the pentacene molecules’®”” as
was observed in GIXD and NEXAFS spectra. Therefore,
at the MoOs—pentacene interfaces, the pentacene
then formed Schottky barrier of 0.42 eV on the
MoOs/ITO while, at the MoOz—graphene—pentacene
interfaces, pentacene formed Schottky barrier of only
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0.08 eV, far closer to an Ohmic contact. The difference
in the energy level alignment can be attributed to the
shift of the graphene Fermi level by the spontaneous
donation or acceptance of electrons from each contact,
which led to the formation of a stepwise energy level
alignment at charge collecting contacts.”®”® However,
despite the clear distinction in injection barriers, this
alone cannot explain the difference in V., since the
diffusional current caused by the band bending at the
charge-collecting interface generally compensates for
the buildup of extra internal fields at the Ohmic contact
in PHJ 0SCs.2%3" Therefore, the energetic interface at the
donor—acceptor heterojunction should be considered.

For this purpose, pentacene films were further de-
posited to acquire intrinsic properties of pentacene in
different orientations. As deposition proceeded, the
shifts in the vacuum level and valence band saturated,
indicating that the energy level at the surface of the
pentacene film of thickness 20 nm corresponded to the
intrinsic properties of the pentacene with specific
molecular orientation. Considering both the valence
band shifts and vacuum level shifts, the HOMO energy
levels of lying-down and standing-up orientation ex-
hibited similar values with respect to their own vacuum
level, 4.67 and 4.66 eV. However, due to the difference
in the surface dipole moments depending on the
crystallographic orientations,®7%82 the lying-down
pentacene intrinsically induced a noticeable shift in
the vacuum level, 0.19 eV lower compared to standing-
up pentacene orientation. Therefore, with respect to
the intrinsic Fermi energy level and LUMO energy level
of fully grown Cgo films (4.3 eV with respect to the
vacuum level), the difference between the HOMO of
pentacene and the LUMO of Cg, AEpp, was 0.68 eV
with lying-down orientations of the pentacene and
0.56 with standing-up orientations of the pentacene.
Therefore, it can be seen that the increment of photo-
voltage can be partially attributed to the increased
energy level offset at the donor—acceptor interface.
Regarding the similar bandgaps of lying-down and
standing-up pentacene (Figure 5a), the large differ-
ences between the LUMO of the donor and the LUMO
of the acceptor, which constitutes the energetic po-
tential for the exciton separation, remained sufficiently
large (1.54 and 1.42 eV for standing-up and lying-
down, respectively) so that the exciton separation
could be affected to a minimal degree, specifically in
terms of energetic driving force.

To further address the variation in photovoltaic
performance, the nongeminate recombination dy-
namics of charge carriers were investigated by TPV
and TPC measurements. TPV and TPC signals were
measured at various illumination intensities (from 40
to 100 mW/cm?) of the AM1.5 spectrum to quantita-
tively assess the charge carrier lifetime (z,) and charge
carrier density (n) in the PHJ OSCs. The samples
were subjected to 3 ns laser perturbation (532 nm
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wavelength) to measure the dynamic photoresponse.
The lifetime of charge carriers generated by this small
perturbation (t5,) was calculated by exponential fit-
ting of the photovoltage decay. The recombination
order (1 + 1) was then estimated by the following

equation,®378°
1
To 1
- - 3
TAn 1 +/1(n) ( )

where 74 is an experimentally determined constant.
Figure 6e shows the transient photovoltage decay
profile of PHJ OSCs with and without graphene layer
under 1SUN illumination. The 7, of charge carriers
within the PHJ OSCs incorporating lying-down penta-
cene was 5.1 x 107 s, which is substantially longer
than the value of 3.2 x 107 s obtained for the devices
with standing-up pentacene. The recombination order
was estimated by the slope in Figure 6f, which was
2.588 for the PHJ OSCs with lying-down pentacene and
2.198 for the PHJ OSCs with standing-up pentacene.
This result indicates that nongeminate recombination
within the PHJ OSCs is not dominantly governed by
the trap-assisted monomolecular recombination, but
also, in large part, influenced by the bimolecular
recombination.

Unlike BHJ OSCs, the PHJ OSCs have distinctively
separated donor and acceptor layer structures, which
allow for the bimolecular recombination of the charge
carriers to occur almost exclusively at the donor—
acceptor interfaces, since each charge carrier (i.e., holes
and electrons) selectively transports through the do-
nor and acceptor layers. In this regard, the higher
carrier concentration near the donor—acceptor inter-
face due to the increased exciton diffusion length and
enhanced light absorption for pentacene with the
lying-down orientation can be attributed to the occur-
rence of bimolecular recombination in such devices.
However, the increased lifetime of charge carriers also
indicates that enhanced charge transport caused by
the w—u stacking in charge transport direction and the
formation of an Ohmic contact at the anodic interface
sufficiently suppressed the overall nongeminate
charge recombination. In contrast, the PHJ OSCs with
pentacene in standing-up orientation had a shorter
lifetime and a recombination order higher than 2, even
with relatively lower charge carrier generation
(Figure 6f). As described in the Supporting Information
Figure S17, the hole transport properties measured by
space-charge-limited (SCL) current measurement
showed at least 2 orders of magnitude higher hole
mobility for the pentacene with lying-down orienta-
tions than with the standing-up orientations. Since the
charge transport in organic semiconductors is deter-
mined by the direction and the proximity of the 7—x
stacking among molecules as is the exciton transport,
pentacene possesses high charge transport anisotropy
with which the charge transport along a—b plane is
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significantly facilitated in comparison to the charge
transport along the c-axis.**#¢ The a—b plane perpen-
dicular to the substrate in lying-down orientated pen-
tacene crystals then resulted in the significantly
facilitated hole transport compared to the standing-
up oriented crystals which had their c-axis in the
direction of charge transport.

Moreover, the dark J—V characteristics in Supporting
Information Figure S17 also showed a clear distinction in
terms of Ohmic-to-SCL transition behavior, where the
devices with the standing-up pentacene exhibited in-
distinctive (smooth) transition indicating the injection-
limited hole extractions. These results revealed that the
extraction of charge carriers at each electrode was not
sufficiently selective to prevent bimolecular recombi-
nation, which could be due to the high hole injection
barriers at anodic interface (Figure 7). Therefore, it
can be concluded that, besides enhanced optical
properties, the lying-down orientation of pentacene
also suppresses the charge recombination in PHJ
OSC devices, even at high photoactive layer
thickness, thereby minimizing the recombination loss
of Vo.B%% Moreover, considering that FF is mainly

EXPERIMENTAL SECTION

Materials and Device Fabrication. For the growth of the
graphene monolayer, a copper foil was heated to 1000 °C under
H, flowing at 10 sccm and 60 mTorr and subsequently at 45 sccm.
CH, gas was flowed at 300 mTorr for 30 min. The chamber was
then rapidly cooled to room temperature under H, flowing at
10 sccm. A schematic of the transfer process for CVD-grown
graphene is shown in Supporting Information Figure S1. The
CVD-grown graphene films on the copper foil were covered
with poly(methyl methacrylate) (PMMA, M,, = 340 kg mol ™), and
the graphene on the back side of the copper foil was removed
using oxygen plasma. This sample was then floated in an
aqueous 0.1 M ammonium persulfate solution ((NH,),S,0s).
After all of the copper foil was etched away, the graphene film
with the PMMA supporting layer was moved to a deionized water
bath for 10 min and dried under ambient conditions. The dried
PMMA/graphene layers were then transferred to the target
substrates; this was followed by the removal of the PMMA
support layer with chloroform for 24 h and thermal treatment
at 350 °C under H,, as shown in Supporting Information Figure
S1. The devices were fabricated by the consecutive thermal
deposition of pentacene (50—100 nm), Cgo (40 nm), BCP (6 nm)
under high-vacuum (<1 0~/ Torr) condition at room temperature.
The electrodes were formed by depositing Al (120 nm) through a
shadow mask.

Characterization. The graphene films were characterized by
Raman spectroscopy at 532 nm (WITec, Micro Raman). Film
transmittances were determined using a Varian CARY-500
spectrophotometer under UV—Vis irradiation in the transmit-
tance mode. The morphologies of the pentacene films were
determined using an atomic force microscope (Digital Instru-
ments Multimode Nanoscope lll) in tapping mode. 2D-GIXD,
UPS, and NEXAFS measurements were performed at the 3C,
8A2, and 4D beamlines at Pohang Accelerator Laboratory (PAL)
in Korea, respectively. The current—voltage (J—V) characteristics
were measured using a Keithley 4200 power source under AM
1.5G illumination at an intensity of 100 mW cm 2 (Oriel 1 kW
solar simulator) with a PVM 132 reference cell certified by
NREL. All electrical measurements and fabrication processes
were performed under inert N, environment. The incident
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determined by the series resistance in PHJ OSCs, this
trend in recombination reduction could also account for
the significant enhancement in FF (0.38 to 0.74) ob-
tained when pentacene is in the lying-down orientation.

CONCLUSION

In summary, the effects of pentacene orientation on
the optical and electrical properties were systemati-
cally investigated. The findings demonstrated that
an increment in photovoltaic performance can be
achieved by controlling the molecular orientation of
pentacene. By the insertion of graphene at the anodic
interface, the nearly lying-down crystalline orientation
of pentacene could be achieved, which enhanced
optical transitions, doubled the exciton diffusion, pro-
moted Ohmic contact, and increased the built-in po-
tential of OSC devices. By further exploiting the nature
of the quasi-epitaxial growth of conjugated organic
molecules on graphene, this approach can give a
hint to a wide range of materials and optoelectronic
applications. Moreover, the resultant performance en-
hancement in OSC devices could be useful in devel-
oping high-performance OSCs.

photon-to-current conversion efficiency was measured using
a photomodulation spectroscopy setup (Merlin, Oriel) with
monochromatic light from a xenon lamp. The power density
of the monochromatic light was calibrated using a Si photo-
diode certified by the National Institute for Standards and
Technology. TPV and TPC were measured using a TDC3054C
digital oscilloscope connected with high-speed preampilifiers:
SR560 and DHPCA-100. The input impedance for TPV was
100 MQ to ensure an open circuit. The samples were excited
by a 3 ns pulse laser at 532 nm (OBB, NL4300, and OD401) under
AM 15G illumination at an intensity of 100 mW/cm? The
measured signals were processed as described elsewhere.
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