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ABSTRACT: Highly transparent and conductive monolayer graphene was used as a
template to tune the crystal orientation of pentacene from generic standing-up (001)
to lying-down (022) in neat films. Spatially resolved Kelvin probe force microscopy
(KPFM) was used to reveal the energy levels of pentacene thin films grown on
substrates with and without the template graphene layer, as well as the energy level
alignment in various pentacene-containing organic−organic heterojunctions. A
correlation between crystal domain orientation and the work function was directly
observed using KPFM. Up to 0.36 eV shifts in work function were observed in neat
pentacene films over large areas (>0.5 in.2) upon orientation transition, likely due to
the transition from Fermi level pinning (standing-up pentacene on ITO) to vacuum
level alignment (lying-down pentacene on graphene−ITO). Morphology-induced
energy level shifts versus interfacial electronic equilibration effects were disentangled
using atomic force microscopy, KPFM, X-ray diffraction, and Raman data for neat
pentacene films and pentacene containing heterojunctions on monolayer graphene.
The data detailed herein provide a fundamental picture of the major interfacial effects active in optoelectronic devices containing
a bare graphene electrode.

■ INTRODUCTION

Organic photovoltaic (OPV) devices have the potential to
become inexpensive, lightweight, and flexible sources of
renewable energy because of the large absorption coefficients
and thin-film forming ability of organic materials and because
organic semiconductors can be processed at low-temper-
atures.1−3 However, the capability to manufacture sustainably
>10% efficient OPVs with high throughput is required to
ensure competitiveness in contemporary energy markets.4

Conventional efforts to increase device efficiency are largely
synthetic chemistry-driven because the rich chemistry of
conjugated small molecules and polymers allows tuning of
bulk material properties.5 Varied device architectures, such as
plasmon-enhanced6,7 and multijunction devices,8,9 are also
promising approaches. Photoactive materials for OPVs are
selected based on bulk highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
levels, assuming that these values are conserved at hetero-
junction interfaces, and minimal attention is paid to quantifying
interfacial effects that may alter these bulk values.5,10−12

Most OPVs require both a donor and an acceptor material to
drive exciton dissociation at the interface between the two
components and improve charge collection under operational
bias.13 Thus, organic heterojunction interfaces are pervasive in
OPVs and significantly influence charge transfer,14 exciton
dissociation,15,16 and geminate pair dissociation and recombi-
nation events17,18 that determine device efficiency. Because of
the highly anisotropic electronic structures of π-conjugated

molecules, the ionization potentials (IP) and electron affinities
(EA) of organic semiconductor thin films are orientation-
dependent.19−22 The electric field across organic−organic
heterojunctions is also highly dependent on molecular
orientation.23,24 Thus, various interface interactions become
important parameters for tuning electronic coupling across
organic−organic heterojunctions and are considered as key
factors for determining device performance.15−18

Two major characteristics need to be understood for any
interface: intermolecular configuration19 and electronic equili-
bration. The intermolecular configuration of organic semi-
conductors largely affects charge-transfer mobilities14 and
nearest-neighbor transfer integrals (or electronic coupling)
both in the bulk and at heterointerfaces.17,18 Molecular
orientation can shift bulk HOMO and LUMO energy levels
by up to 1.0 eV,23,25 which can be partially explained by the
following equations:

μ ϕ= +E qCB e
o

(1)

μ ϕ= + −E EqvB e
o

G (2)

Equation 1 determines the conduction band edge, and eq 2
determines the valence band edge.12,21 In these equations, μe

o is
the standard chemical potential and φ is the electrostatic
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potential. van der Waals dispersion forces, such as d−π and
π−π interactions, usually determine molecular orientations in
vapor-deposited thin films.26−30 These interactions give rise to
discrete electrostatic potentials in the condensed phase that
modify the intrinsic chemical potential of organic semi-
conductors. Limited strategies exist that allow precise control
over intermolecular configuration in the bulk, and even fewer
tactics are known to control molecular orientation at a
heterointerface.
Electronic equilibration at a heterointerface can be achieved

via charge transfer (resulting in a dipole at the adjacent region
of the interface or band-bending over larger distances).
Depending on differences in carrier density, density of states,
and the energy level mismatch between two materials at an
interface, one particular mechanism of electronic equilibration
will be favored over another. Electronic equilibration across a
heterointerface ultimately determines a number of important
device parameters, such as the built-in voltage of a diode;
charge injection barriers at an electrode interface;31−33 and
charge-transfer (CT) state formation, relaxation, and/or
dissociation in OPVs.34,35

Interfacial effects in selected heterojunctions are well-
characterized. For example, at interfaces between an organic
semiconductor and a metal, strong electronic coupling leads to
a change in the work function (ϕ) of the metal via a “pushback
effect”, which is empirically described by the Helmholtz
equation:

φ μ
εε

Δ = eN

0 (3)

where e is the elementary charge, N the area density of dipoles,
μ the dipole moment, ε the relative permittivity, and εo the
vacuum permittivity. However, the initial model of vacuum
level alignment based on the Mott−Schottky limit does not
universally describe organic−metal and organic−conductive
oxide interfaces.27,28,36,37 Instead, the integer charge transfer
(ICT) and the induced density of interfacial states (IDIS)
models are widely preferred. The ICT model applies to systems
that do not have hybridized electronic states or partial charge
transfer (only integer charge transfer), such as interfaces
involving van der Waals interactions. The IDIS model explains
energetics of interfaces in which chemical reactions are
moderate but non-negligible, such as clean metal−organic
semiconductor interfaces.38 Additionally, the gap states model,
which focuses on the contributions of intragap states to Fermi
level pinning, successfully explains vacuum level shifts and
band-bending phenomena in some metal−organic and
organic−organic heterojunctions.39
A universal model that applies to all organic heterojunction

interfaces is complicated to develop because of polarization and
charge-transfer interactions,10,22,40,41 substrate screening,42

disordered interface dipoles, and midgap states. Thus, empirical
studies of interfaces provide invaluable insight. Ultraviolet
photoemission spectroscopy (UPS) and X-ray photoemission
spectroscopy (XPS) are popular techniques for studying
interfacial electronic characteristics. However, these methods
have limits such as (1) organic semiconductors have low
intrinsic carrier densities in the dark, which may cause
detrimental and misleading sample charging during UPS
measurements; (2) UPS requires conductive substrates such
as metals, but metal substrates may have strong interactions
with the first layer organic semiconductors (OSCs) and readily
introduce doping by charge transfer;43 and (3) X-ray-based

methods measure only an average value of the whole sample
without distinguishing defects in organic thin films. In contrast,
Kelvin probe force microscopy (KPFM) is appropriate for
materials with poor electrical properties. KPFM has no specific
substrate requirement. KPFM is also a spatially resolved
technique, with spatial resolution no larger than 25 nm.
Indeed, KPFM has been previously used to probe various
morphological and electronic characteristics of organic semi-
conductors and their heterointerfaces.44−47

In this report, the unique interaction between graphene and
small molecules48,49 is used to control both the thin-film
morphology and electronic characteristics of pentacene films.
KPFM is used to probe the vacuum levels of organic
semiconductor layers both on glass and graphene-covered
glass. The latter provides a model system to understand
electronic energy levels in next-generation devices containing a
graphene electrode. Morphology-induced energy level shifts
versus interfacial electronic equilibration effects are disen-
tangled using atomic force microscopy (AFM), KPFM, X-ray
diffraction (XRD), and Raman data.

■ EXPERIMENTAL METHODS
Pentacene films were prepared by thermal evaporation of
source material (TCI sublimed grade) onto monolayer
graphene, O2 plasma-treated glass or ITO with chamber
pressures below 1 × 10−6 Torr and a deposition rate of 0.3 Å/s.
The film crystallinity and orientation were characterized using a
Bruker D8 discover X-ray diffractometer in the θ−2θ
configuration with Cu Kα (wavelength, 1.542 Å) source and
0.5 mm slit width.

CVD-Graphene Growth. Monolayers of graphene were
grown on Cu foils (Alfa Aesar; product 13382, lot B03Y027) as
the growth catalyst. The foils were precleaned with acetic acid
(Fisher) for 15 min to remove contaminants and native oxides
then rinsed in DI water (×3) before being dried with an air-
gun. The cleaned Cu foils were then annealed for 30 min at
1030 °C in 95% argon and 5% hydrogen (340 sccm flow rate)
to remove trace surface contaminants and also to reduce the
surface roughness of the foil before initiating the growth
process. The growth was conducted at 1030 °C with 95% argon
and 5% methane (0.300 sccm) and 95% argon and 5%
hydrogen (340 sccm) for 3 h. The samples of manufactured
graphene on Cu foils were stored in a N2 glovebox to minimize
the oxidation of the graphene and the copper surfaces.

Graphene Transfer. Graphene monolayers grown via
chemical vapor deposition (CVD) were transferred onto (i)
glass and (ii) 150 nm thick ITO on glass substrates. The
transfer was completed using a sacrificial polymer (poly(methyl
methacrylate); PMMA), using a method similar to that
provided in previous reports.29,50 CVD-graphene on copper
was overcoated with PMMA (MW = 925k, 2% in
chlorobenzene) by spin-coating at 2000 rpm. The samples
were placed in copper etchant 0.2 M ammonium persulfate
(APS) and then bath-ultrasonicated for 15 min to remove the
bottom-facing graphene layer. The samples were left overnight
(10 h) in the etchant for the copper to completely etch. After
the etching, the floating PMMA on graphene was scooped out
from the APS solution and refloated in DI water (×3) to rinse
any residual copper etchant. The samples were then floated in
5% HF in DI water for 60 min to remove trace silica particles
that might have been deposited from the CVD system during
graphene growth, following which they were rinsed in DI water
(×3). From the final DI water bath, the samples were scooped
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onto bare glass or ITO/glass and spin-dried at 8000 rpm for 2
min to remove water trapped between the graphene sheet and
the substrate. To remove the PMMA layer, the samples were
placed in room-temperature acetone baths (×2) for 20 min
after which they were rinsed in isopropanol for 2 min to wash
away any residual acetone. Finally, they were dried using an air
gun and then annealed in an Ar atmosphere for 2 h at 500 °C
to remove any residual PMMA. The Ar anneal step was found
to be very critical as it resulted in more atomically pristine
graphene surfaces more analogous to freshly cleaved highly
ordered pyrolytic graphite (HOPG). We note that ITO/
graphene samples were also exposed to this Ar anneal step;
therefore, the work function of ITO in ITO/graphene samples
is most likely different from the unannealed ITO controls used
throughout this work.
Kelvin Probe Force Microscopy. KPFM measurement

was conducted using Agilent 5500 in an argon-filled controlled
environment chamber under atmospheric pressure. KPFM is a
technique that maps the contact potential difference (CPD) of
a sample, concomitant with morphology. CPD is defined as

φ φ= − eCPD ( )/sample tip sample (4)

where ϕtip and ϕsample are the work functions of the conductive
tip and sample, respectively, and e is the elementary charge.
Generally, morphology and CPD data can either be collected
simultaneously (single-pass) or separately (double-pass). The
Agilent 5500 model operates as a single-pass KPFM instru-
ment. For this work, topography, amplitude, and CPD images
were captured simultaneously. The AC voltage, which generates
oscillating electrical forces between the tip and sample surface,
was modulated at a frequency higher than the bandwidth of
morphology feedback system to prevent cross-talk between
morphology and CPD measurements. Two modes of feedback
response are often used in KPFM: amplitude modification
(AM) mode and frequency modification (FM) mode. AM
mode was chosen for this work because it yields a CPD
resolution (5 meV) higher than that of FM mode (10−20
meV). The spatial resolution of AM mode is typically 25 nm.46

All measurements were performed in an argon controlled
environmental chamber to exclude measurements errors due to
surface adsorbates. Before measurement, all samples were
exposed to air for 3−5 min during setting up. Measurement
conditions were the same for different samples. The probe tip
was approached to the 90% oscillation of total oscillation to
represent “contact”. In the “KFM” tab, the frequency was set to
10 V, drive percentage to 10%, gain 2 as ×8, gain 3 as ×64,
drive offset 2 as −3, KFM I gain as 3, P gain as 3, and set point
as 0. KPFM tips (NSC18/Pt coated, 75kHZ, 2.8 N/m) were
obtained from Mikromasch USA. The work function of each
specific tip used for the measurement was calibrated by
scanning a freshly cleaved HOPG sample with stable, known
work function (4.60 eV). By using the definition CPDsample =
(ϕtip − ϕsample)/e, the work function of the tip is calculated as
ϕtip = e·CPDHOPG + 4.60. Calibration was done before and after
each measurement of the sample to confirm that ϕtip did not
change during measurement. Morphology and CPD data were
analyzed using Gwyddion.51 To obtain the average CPD value
of the interested region, the region was highlighted using the
“Mark by Mask” feature and the average CPD value was
obtained from the “statistical quantities” analysis.
Raman Spectroscopy. Spatially resolved Raman data were

acquired with a ThermoFisher MicroRaman DXR. A 532 nm

laser with 3.0 mW power and 5 s exposure time per spot was
used for all the scans. The laser spot size was confined to ca.
700 nm. Raman maps were collected across a 18 × 18 μm2 area
with a mapping pixel size of 3 × 3 μm2. The Raman spectra
from all the points on the map were averaged to obtain spatially
averaged spectra in each case.

■ RESULTS AND DISCUSSION
Pentacene Morphology and Intermolecular Orienta-

tion on Varied Substrates. We first deposited 100 nm
pentacene thin films on oxygen plasma-cleaned bare glass and
glass covered with a monolayer of graphene (graphene/glass).
The crystal structure and molecular orientation of pentacene
films are supported by X-ray diffraction, Raman spectra, and
KPFM topography images. It has previously been reported that
at least four crystal polymorphs of pentacene can be
distinguished based on four different d(001): 14.1, 14.4, 15.1,
and 15.4 Å. All four of these phases can be synthesized in thin
films, while only 14.1 and 14.4 Å phases can exist in the bulk.
Single-crystal pentacene adopts the 14.1 Å phase.52−55 The
transformation from 15.1 and 15.4 Å polymorphs to 14.1 and
14.4 Å polymorphs can happen at elevated temperatures.52,53 In
Figure 1, the θ−2θ scans of 100 nm thick pentacene film grown

on glass displays Bragg peaks at 2θ = 5.71° and 6.15°, with a
corresponding d(001) of 15.4 and 14.4 Å, attributed to the thin-
film phase and bulk phase of a pentacene film with standing-up
molecules.54 Bragg peaks at 2θ = 11.40° and 12.19° represent
the (002) periodicity of the thin-film and bulk phases. These
Bragg peaks confirm the standing-up orientation of pentacene
molecules illustrated in Figure 2a.55,56 Pentacene films on
graphene/glass show a single Bragg peak at 2θ = 23.98° without
a (001) peak. The corresponding d-spacing is 3.7 Å, which is
characteristic of a pentacene crystal grown normal to the
surface along the (022) direction (Figure 2b).57,58

The orientations of pentacene on glass and on graphene/
glass are also confirmed by their Raman spectra. Figure 3a
shows the spatially averaged Raman spectra for a 50 nm thick
pentacene film on bare glass. The features at 1533, 1501, 1457,
1409, 1371, 1178, and 1158 cm−1 can be assigned to the Ag
fundamental band, and the band at 1596 cm−1 can be assigned
to a B3g fundamental.

59 These Raman features originate from
various vibrational modes of the C−H and C−C bonds of
pentacene. It was previously established that the B3g bands have
zero Raman intensities when the long axis of a pentacene
molecule is perpendicular to the electric field vector of the laser

Figure 1. X-ray diffraction (XRD) θ−2θ scans of pentacene films
grown on bare glass, bare ITO, monolayer graphene-covered glass, and
monolayer graphene-covered ITO.
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used in the measurement. In particular, the ratio of the intensity
of the 1596 cm−1 band to that of the 1533 cm−1 band (R =
I1596/I1533) can be used to qualitatively compare the orientation
of the long axis of the pentacene molecule on different
substrates; an R value of zero would indicate a pentacene film
with the long axis of every molecule oriented perpendicular to
the substrate.59 Using X-ray diffraction analysis, we previously
established that the tilt angle of a pentacene molecule is close to
6.8°on bare glass and close to 90° on graphene, indicating that
the long-axis of the pentacene molecule is almost-perpendicular
and almost-parallel to the electric field vector of the laser,
respectively. This observation is further verified by comparing R
values obtained from the spatially averaged Raman spectra for a
pentacene film on glass (Figure 3a) and on graphene (Figure
3b). For pentacene on glass, R = 0.22, whereas the same film on
graphene yields R = 5.6, indicating that the orientation of the
long axis is nearly perpendicular to the substrate in the former
case. A significantly enhanced B3g band intensity and R-value
indicates that the pentacene molecules are lying almost flat on

the graphene surface because of an increased molecule-to-
substrate interaction.
Figure 3c shows the spatially averaged Raman spectra of a

monolayer of graphene on glass before any deposition of
pentacene. The features at 1348, 1596, and 2691 cm−1

correspond to the D, G, and 2D bands of graphene.60 The
relative intensities, widths, and positions of these features
provide information about the number of layers, disorder, and
doping levels, among several other characteristics of the atomic
membrane. In particular, the ratio of the intensity of the D-
band and the G-band (ID/IG) is directly related to the defect
density in the graphene sheet. For graphene grown via chemical
vapor deposition (used in this study), an ID/IG < 0.1 is
considered as a benchmark for a graphene sheet with very low
defect density. The monolayer graphene used for this study had
an ID/IG of 0.04, indicating that our atomic membranes have a
very low defect density. Also, the relative shifts of the G and 2D
bands from their intrinsic positions (1584 and 2688 cm−1,
respectively) reveal the nature of doping.61 The relative shifts
obtained from Figure 3c indicate that the monolayer graphene
used for this study is predominantly p-doped.
Morphology and contact potential difference (CPD) images

were obtained simultaneously by KPFM measurements in an
argon-filled, environment-controlled chamber. The principle of
KPFM and pertinent experimental details are included in
Experimental Methods. The same measurement conditions
were applied for all scans. Topography images (10 μm scale;
Figure 4a,f) show the strikingly different shapes and densities of
pentacene crystal domains on glass versus on graphene. On
glass, the crystal domains are relatively isotropic and uniformly
spread. On graphene, the crystal domains are anisotropic and
densely cover the surface. Panels b and g of Figure 4 show the 1
μm scale topography images of pentacene thin film on glass and
graphene/glass, respectively. Panels c and h of Figure 4 are the
3D images of panels b and g, respectively. Typical terracelike or
pyramidal islands of pentacene crystal domains are observed on
glass, which is indicative of a “standing-up” intermolecular
configuration, illustrated in Figure 2a.57 Large plank-shaped
grains, or laminar islands, with relatively smooth surfaces are
observed on monolayer graphene, which suggests a predom-
inantly “lying-down” orientation of the individual molecules in
the film (Figure 2b).57

Panels d and i in Figure 4 show the CPD images
corresponding to the topography images of panedls b and g
in Figure 4, respectively. The CPD signal is recorded to reveal
the work function difference between the KPFM probe tip and
the sample with the definition CPDsample = (ϕtip − ϕsample)/e.
Thus, the work function of the film is directly reveled by CPD.
The CPD of pentacene films grown on glass and on graphene/
glass (displayed in Figure 4d,i) can be correlated to their
topography images. The height and CPD cross sections across
two crystal domains of a pentacene film on glass (green lines in
Figure 4b,d) are displayed in Figure 4e. The height profile
shows that the difference between the highest domain center
and lowest domain edge is about 10 nm within the two
neighboring domains. The CPD profile matches the height
profile with 40 mV difference across the domains. In contrast,
the profile lines extracted from the pentacene on graphene/
glass film show different features. The height profile displays a 6
nm difference between the domain center and edge, whereas
the CPD profile shows no significant contrast (within 10 meV).
Cross-talk during simultaneous morphology and CPD imaging
with KPFM is minimal even in single-pass mode (see

Figure 2. (a) Illustration of pentacene standing-up orientation on
oxide. (b) Illustration of pentacene lying-down orientation on
graphene.

Figure 3. Spatially averaged Raman spectra of (a) pentacene on bare
glass, (b) pentacene on monolayer graphene-covered glass, and (c)
monolayer graphene on glass (λ = 532 nm; 3.0 mW).
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description of KPFM measurement in Experimental Methods).
The morphology and CPD images obtained for pentacene on
graphene/glass reinforce this statement, as the observed local
CPD image is uniform even when the corresponding
morphology does not display the same uniformity. Therefore,
we can conclude that the 40 meV gradual shift of CPD
observed in the pentacene film on glass does not arise from
cross-talk with the topography measurement. Instead, it can be
attributed to the evolution of intragap states due to
displacement along the long axis of neighboring pentacene
molecules. Greater displacement induces gap states with more
offset from the band edge. This correlation has been previously
reported for the standing-up pentacene system.62

We also investigated the impact of monolayer graphene on
the morphological and CPD properties of pentacene films on
ITO-coated glass because ITO is a widely used transparent
conducting electrode in optoelectronic devices. Crystal
domains observed on ITO and on graphene/ITO were similar
to those on glass and graphene/glass, respectively (Figure 5a,c).
Notably, a few small areas of pyramidal islands, possible
standing-up orientation defects, were observed for pentacene
samples grown on graphene/ITO whereas no such defects were
observed for pentacene samples grown on graphene/glass. One
such defect area can be seen in the bottom right corner of
Figure 5c. The root-mean-square (rms) roughness of the
pyramidal crystal domain on ITO was 10.74 nm; the rms
roughness of the laminar region was 7.15 nm; and that of the
pyramidal defect was 10.27 nm, which is similar to the rms
roughness of the pyramidal domains on ITO (see Figure S1 in
the Supporting Information for a profile of the relative
roughness of various pentacene domains). These roughness
details suggest that the pyramidal defects in the pentacene films
grown on graphene/ITO arise because of the standing-up
configuration observed on either bare ITO or bare glass. XRD
data (see Figure 1) confirm the standing-up orientation on ITO
with (001), (002), and (003) characteristic peaks and
corroborate the presence of standing-up pentacene on
graphene/ITO, with small peaks at 2θ = 5.71° and 6.15°
along with the dominant Bragg peak at 2θ = 23.98°

representing the lying-down orientation. We posit that these
pyramidal defects arise because of holes or tears in the
graphene samples that are either inherited from the growth
process or are introduced during the transfer process.
XRD spectra, Raman spectra, and topography images

confirmed that pentacene adopts a standing-up orientation on
glass and on ITO, all lying-down orientation on graphene/glass,
and a majority of pentacene grains adopt a lying-down
orientation on graphene/ITO, accompanied by a few defect
regions of standing-up orientation due to holes or tears in
graphene, as discussed above.

Energy Levels of Heterojunctions Involving Penta-
cene with Different Orientations. The surface electrostatic
potential of a thin film defines the vacuum level in the

Figure 4. (a, b) Topography images of 100 nmthick pentacene film grown on glass. (c) 3D topography image corresponding to image in panel b. (d)
CPD image corresponding to image in panel b measured using KPFM. (e) Profile line indicated in panels b and d. (f,g) Topography images of 100
nm thick pentacene film grown on monolayer graphene-covered glass. (h) 3D topography image corresponding to image in panel g. (i) CPD image
corresponding to image in panel g measured by KPFM. (j) Profile line indicated in panels g and i. Scale bar is 2 μm in panels a and f; scale bar is 200
nm in panels b, d, g, and i.

Figure 5. (a) Topography image of a 100 nm thick pentacene film
grown on bare ITO and (b) the corresponding CPD image measured
using KPFM. (c) Topography image of a 100 nm thick pentacene film
grown on monolayer graphene-covered ITO and (d) the correspond-
ing CPD image. Scale bar is 200 nm in all images.
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electronic band structure of the materials comprising the film.
For an ordered, structurally anisotropic organic semiconductor
thin film, the surface electrostatic potential and IP and EA levels
are highly molecular orientation-dependent. As a result, the
Fermi level, IP, or EA levels of the organic semiconductor and
the substrate Fermi level can be tuned by molecular orientation.
Panels b and d in Figure 5 are CPD images corresponding to
panels a and c in Figure 5, respectively. To calculate the work
function of films from CPD, the work function of the Pt-coated
tip used in this study was separately calibrated by scanning a

standard sample, highly ordered pyrolytic graphite, with a
known work function (ϕHOPG = 4.60 eV45). By using the
definition CPDHOPG = (ϕtip − ϕHOPG)/e, the work function of
tip can be obtained as ϕtip = e·CPDHOPG + 4.60. Calibrations
were performed before and after each reported CPD measure-
ment to confirm that charge accumulation did not erroneously
change the work function of the tip. Surface potential data were
analyzed using Gwyddion,51 and statistically averaged CPD
values of films were obtained using the “statistical” analysis tab.
Using the “mark by mask” feature of Gwyddion, the local CPD

Figure 6. (a,d) Amplitude and corresponding CPD images measured by KPFM of 100 nm pentacene, (b,e) 5 nm C60 grown on pentacene, and (c,f)
40 nm C60 grown on pentacene; (a−c) on glass substrate, and (d−f) on graphene/glass substrate. In each box, the top image is amplitude, the
bottom image is the corresponding CPD. Scale bar is 200 nm in all images.
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(work function) of the two distinct regions in Figure 5d can be
obtained separately. The data workup procedure is detailed in
Figure S2 in the Supporting Information.
Using the calibrated work function of the Pt tip, the work

function of 100 nm pentacene is calculated to be 4.53 eV on
ITO (calculated from CPD of the entire image of Figure 5b).
The local work function of lying-down pentacene is 4.89 eV on
graphene/ITO, and that of standing-up pentacene on ITO is
4.68 eV (calculated from CPD of darker and lighter regions of
Figure 5d, respectively). Pentacene−ITO and pentacene−
graphene interfaces are both in the category of noninteracting
heterojunctions. Thus, the interfacial energy level alignment
associated with the interfacial charge transfer can be explained
by the gap-states model.22 It has been acknowledged that the
density of gap states can determine interfacial energy level
alignment in many systems.39 Before contact, the work function
of oxygen plasma-treated ITO (4.76 eV as measured by KPFM)
is larger than the energy level of occupied gap states of the
standing-up pentacene film. Upon contact, spontaneous charge
transfer from pentacene to ITO induces Fermi level pinning to
the pentacene gap states until equilibrium is reached. This
phenomenon results in an observed Fermi level of 4.53 eV for
standing-up pentacene on oxygen plasma-treated ITO (Figure
5b). The work function of lying-down pentacene on graphene/
ITO is 4.89 eV and that of graphene/ITO is 4.90 eV. Hence,
we conclude that vacuum level alignment is observed for lying-
down pentacene on graphene/ITO. We infer that the work
function of graphene (4.90 eV) is located deep in the band gap
of lying-down pentacene. This difference is attributed to the
higher-lying IP of lying-down pentacene (5.25 eV) compared to
that of standing-up pentacene (4.90 eV),63 which is caused by
the exposed π electrons of lying-down pentacene. The gap
states, which exponentially decay from the band edge,
accordingly vary in energy levels. The varying energy levels of
these pentacene gap states, in concert with the substrate work
function, determine whether a vacuum level alignment or Fermi
level pinning mechanism dominates.
It is interesting to note from 1 μm scale images (Figure 5d)

that KPFM spatially resolves local work function differences
arising from both local vacuum level alignment or Fermi level
pinning mechanisms. The substrate work function of bare ITO
is 4.76 eV, and that of graphene/ITO is 4.90 eV. Thus, the
substrate Fermi level can be pinned to different pentacene gap
states, most likely due to a greater amount of charge transfer
between pentacene and a higher work function substrate.
Hence, the Fermi level of standing pentacene is 4.53 eV on bare
ITO but is 4.68 eV on graphene/ITO.
The work function of organic−organic heterojunctions were

further investigated by examining pentacene−C60 heterojunc-
tions grown either on ITO or graphene/ITO. The amplitude
and CPD images obtained using KPFM are provided in Figure
6. The amplitude image is a map showing the deviation of the
AFM tip oscillation from the set-point, which can reveal fine
morphological features better than topography images. The
amplitude images of standing-up pentacene on ITO (Figure 6a)
and lying-down pentacene on graphene (Figure 6d) show
similar features as those seen in the topography images in
Figure 5. A 5 nm C60 film deposited on standing-up pentacene
(Figure 6b) displayed uniform surface coverage. With this
highly conformal covering of structurally symmetric C60, the
CPD contrast shown in Figure 6a largely vanishes. On the
contrary, small C60 aggregates are observed for 5 nm thick C60
films grown on graphene-templated lying-down pentacene

(Figure 6e), and the corresponding CPD image also displays
less uniformity than the C60 films grown on untemplated
standing-up pentacene. We ascribe this difference to the
terminating layer of the pentacene film. The terminating layer
of standing-up pentacene films comprises primarily aryl
hydrogen atoms, which interact with C60 equivalently. The
surface of the lying-down pentacene film is more complicated,
comprising both the π-electron cloud of the pentacene
molecule and aryl hydrogen atoms. In this case, it is possible
that C60 preferentially nucleates at specific positions over
others. Furthermore, if thicker (40 nm) films of C60 are
deposited onto pentacene, all structural anisotropies are fully
blurred (Figure 6c,f) and no CPD contrast can be observed. In
this case, the CPD images reveal the uniform local work
function of C60 film on pentacene.
The work function calculated from the CPD scan of a 40 nm

thick film of C60 on standing-up pentacene was 4.99 eV, and
that of a 40 nm thick film of C60 on lying-down pentacene was
5.01 eV. Obvious vacuum level shifts at the pentacene−C60
interface were observed in our films, contrary to prior reports of
vacuum level alignment for the same pentacene−C60
heterojunctions.64 This difference is ascribed to the presence
of gap states in our sample: the unoccupied gap states of C60
tail to 5 eV in our samples; thus, they are energetically
accessible to both the Fermi levels of standing-up pentacene on
ITO (4.53 eV) and lying-down pentacene on graphene/ITO
(4.89 eV). After deposition of C60, the Fermi levels of both
pentacene and C60 are pinned to the C60 gap states that lie
between 4.99 and 5.01 eV. The anomalous deep-lying gap
states in our C60 films most likely arose because of a vacuum
break (with nitrogen vent) between the deposition of
pentacene and C60 and subsequent air and light exposure
during sample transfer to our KPFM instrument. In
comparison, previous reports detailing vacuum level alignment
in pentacene−C60 heterojunctions used samples that were
prepared and measured in ultrahigh vacuum (∼10−9−10−10
Torr) without an intervening vacuum break.64 We also attribute
the high work function of our C60 films to interfacial molecular
rearrangement.65

Previously measured work function values for pentacene and
C60

66 were used, along with previously reported ionization
potential values, to construct the energy band diagrams
depicted in Figure 7. From Figure 7, we see that the
pentacene−C60 heterojunction shows a built-in voltage on
bare ITO larger than that on graphene-covered ITO. This
observation reveals that, even within the same material,
molecular orientations in ordered crystalline thin films can
have significant impact on ultimate device performance.

■ CONCLUSIONS
The morphology and electronic properties of pentacene on
oxides and graphene were investigated by spatially resolved
KPFM measurements. Different work functions of pentacene
on bare ITO (4.53 eV) and on graphene/ITO (4.89 eV) were
observed and were attributed to Fermi level pinning and
vacuum level alignment, respectively. The magnitude of the
observed work function difference is significant, which will, in
turn, have significant ramifications on the built-in voltage of
pentacene−C60 heterojunctions. Furthermore, coexisting stand-
ing-up and lying-down pentacene were observed in 1 μm scale
KPFM images of pentacene films grown on graphene/ITO
substrates containing holes in the template graphene layer. A
corresponding local work function difference was recorded for
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these two regions as 4.68 and 4.89 eV, respectively, indicating
that KPFM is a powerful method with which to visualize the
transition from local Fermi level pinning to vacuum level
alignment in organic semiconductor thin films. The data
detailed herein provide a fundamental picture of the various
morphological and electronic interfacial effects active in
optoelectronic devices containing a bare graphene electrode.
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