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Atomically Smooth Graphene-Based Hybrid Template 
for the Epitaxial Growth of Organic Semiconductor Crystals
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Atomically thin 2D materials are good templates to grow organic semicon-
ductor thin films with desirable features. However, the 2D materials typically 
exhibit surface roughness and spatial charge inhomogeneity due to nonu-
niform doping, which can affect the uniform assembly of organic thin films 
on the 2D materials. A hybrid template is presented for preparation of highly 
crystalline small-molecule organic semiconductor thin film that is fabricated 
by transferring graphene onto a highly ordered self-assembled monolayer. 
This hybrid graphene template has low surface roughness and spatially 
uniform doping, and it yields highly crystalline fullerene thin films with grain 
sizes >300 nm, which is the largest reported grain size for C60 thin films on 
2D materials. A graphene/fullerene/pentacene phototransistor fabricated 
directly on the hybrid template has five times higher photoresponsivity than a 
phototransistor fabricated on a conventional graphene template supported by 
a SiO2 wafer.
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Optoelectronic devices with novel function-
alities have been developed by van der Waals 
hybridization of OSCs with 2D materials.[3] 
These OSC thin films are the active layers of 
such devices and determine the devices’ per-
formances. Consequently, OSC thin films 
must have the desired molecular orientation, 
morphology, grain size, and crystallinity.[2,4]

Modification of substrate surfaces is a 
common method to obtain high-quality OSC 
thin films, particularly for films deposited 
from the vapor phase.[5] The molecular ori-
entations of OSC thin films are determined 
by the balance between the intermolecular 
interactions and the molecule–substrate 
interactions; when the interactions between 
the OSC molecules and the substrate 
change, the molecular orientations of the 
OSC molecules change accordingly.[6] One 
of the most investigated methods to modify 

silicon dioxide (SiO2) dielectric surfaces is to apply alkylsilane 
molecules. The most typical silane is octadecyltrichlorosilane 
(ODTS): the Si atoms of ODTS are grafted onto the surface of SiO2 
by siloxane (SiOSi) bonds and its long alkyl chains order into 
well-packed grains to form a self-assembled monolayer (SAM). 
Substrates modified with ODTS-SAM have ultrasmooth and 
hydrophobic surfaces that enable the growth of high-quality thin 
films of small-molecule OSCs such as pentacene and fullerene 
(C60).[7,8] Furthermore, the phase state (i.e., ordered or disordered) 
of the ODTS-SAM influences the properties of the resulting OSC 
thin films.[8] On ordered ODTS-SAM (o-ODTS-SAM), pentacene 
thin films contain smaller grains than on disordered ODTS-SAM 
(d-ODTS-SAM). However, the o-ODTS-SAM and pentacene have a 
quasi-epitaxial relationship, so pentacene grains on o-ODTS-SAM 
have higher crystallinity, and hence higher charge carrier mobili-
ties, than on d-ODTS-SAM.

Graphene has been evaluated as a good template for OSC 
growth because the growth of OSC thin films on graphene is 
highly controllable, especially by modulating its Fermi level 
EF.[9,10] The EF of graphene determines how the OSC mole-
cules and graphene interact, and thus influences the molecular 
arrangement and nucleation dynamics of the OSC molecules. As 
a result, graphene templates are effective tools for fabrication of 
OSC/graphene hybrid materials with atomically clean interfaces.

However, charged impurities usually occur at the interface 
between the SiO2 substrate and graphene; they induce charge 
fluctuations in the graphene basal plane and dope the gra-
phene.[11] Furthermore, the graphene layer coats the underlying 

1. Introduction

Organic semiconductors (OSCs) have numerous possible opto-
electronic applications, including light-emitting diodes (OLED), 
field-effect transistors (FETs), photovoltaics, and photodetectors.[1,2] 
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substrate conformally, so the substrate's roughness is transferred 
to the graphene template, and OSC thin films that develop on 
such graphene/substrate system have low crystallinity.

In this study, we addressed these problems by investigating 
the growth behaviors of C60 on graphene hybrid templates 
(graphene/ODTS-SAM). When an ODTS-SAM was inserted 
between graphene and the substrate, the corrugation of 
graphene was suppressed and the amplitude of electron–hole 
puddles in graphene was significantly reduced. Consequently, 
C60 thin films had higher crystallinity when grown on the 
graphene/ODTS-SAM hybrid templates than when grown on 
graphene templates that did not have an ODTS-SAM. Graphene 
yielded a larger grain size and a larger average crystallite size in 
the grains of C60 on an o-ODTS-SAM than on a d-ODTS-SAM. 
Phototransistors fabricated by sequential deposition of C60 
and pentacene directly on graphene templates had five times 
greater visible-range photoresponsivity when an o-ODTS-SAM 
was used than when a bare SiO2 substrate was used.

2. Results and Discussion

2.1. Nucleation and Growth of C60 Thin Film on Graphene-
Based Hybrid Templates

First, we prepared bare SiO2/Si substrates and ODTS-SAM-
treated SiO2/Si substrates. ODTS-SAM was grafted onto the 
SiO2 substrates by dipping cleaned SiO2 into ODTS solu-
tions at either −20 or 30 °C. At −20 °C, a highly o-ODTS-SAM 
formed (Figure 1a, left and Figure 1b). But at 30 °C, the reaction 
between the ODTS molecules and the SiO2 substrate was rapid 

so that the density of the ODTS-SAM molecules significantly 
decreased;[8] this reduction in the molecular density prevents 
the close packing of the ODTS-SAM, so a d-ODTS-SAM formed 
(Figure  1a, right). We then transferred graphene onto the 
o-ODTS or d-ODTS-SAM to prepare graphene/o-ODTS-SAM 
and graphene/d-ODTS-SAM hybrid templates.

These hybrid templates have distinct differences, as can be 
identified using 2D grazing incidence X-ray diffraction (GIXD, 
Figure 1c). The graphene/o-ODTS-SAM template showed a clear 
peak near (qxy, qz) = (1.48 Å−1, 0), which corresponds to a monolayer 
(ML) hexagonal lattice structure with an intermolecular distance 
of 4.87 Å (Figure 1b). In contrast, the graphene/d-ODTS-SAM did 
not show this peak; this absence implies that the alkyl chains are 
amorphous. Despite this difference in ordering, the mechanical 
strain did not differ between graphene on o-ODTS-SAM and 
graphene on d-ODTS-SAM (Figures S1, S2, Supporting Informa-
tion). Graphene/o-ODTS-SAM and graphene/d-ODTS-SAM were 
similarly hydrophobic, whereas graphene/SiO2 was hydrophilic 
(Figure S3, Supporting Information).

The roughness of both graphene templates was measured by 
using tapping-mode atomic force microscopy (AFM) (Figure S4, 
Supporting Information). In both graphene/ODTS-SAM cases, 
the root-mean-square roughness RRMS was much less than 
that of the graphene/SiO2 template (Figure 1d; Figure S4, Sup-
porting Information). Furthermore, graphene/o-ODTS-SAM 
was slightly less rough than graphene/d-ODTS-SAM.

Although the tapping-mode AFM results suggest that the 
surface roughnesses of graphene/o-ODTS-SAM and graphene/
d-ODTS are almost the same, these results do not take  
into account the rapid movement of the alkyl chains of the 
d-ODTS-SAM, because tapping-mode AFM only measures 

Figure 1. Properties of graphene hybrid templates. a) Scheme of hybrid templates. b) Top schematic view of ODTS-SAM. c) GIXD patterns of hybrid 
templates. d) Normalized height histograms of hybrid templates and graphene. e) Transfer curves of graphene–FET with and without ODTS-SAM.

Adv. Funct. Mater. 2021, 31, 2008813
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the time-averaged interactions between the tip and the sur-
face. According to a recent molecular dynamics simulation,[12] 
a closely packed ODTS-SAM has a surface roughness of 2.1 Å 
but the roughness increases to 4.1 Å when the packing density 
is halved. In addition, for d-ODTS-SAM, the period of corruga-
tion has been estimated to be ≈5 nm, so graphene is expected 
to conformally coat the d-ODTS-SAM.[13] Thus the actual rough-
ness of the graphene/d-ODTS-SAM template is expected to be 
higher than that of the graphene/o-ODTS-SAM template.

As discussed above, the presence of the ODTS-SAM between 
the graphene layer and the SiO2 substrate reduces the degree 
of electron–hole puddles. This effect strongly alters the charge-
transport behaviors of graphene FETs (Figure 1e). For instance, 
graphene on a bare SiO2 substrate was p-type doped, whereas 
graphene FETs on ODTS-SAMs exhibited near-zero doping, as 
was evident in the left shift in the Dirac voltage VD. In addition, 
the charge carrier mobility μ of graphene FETs was estimated 
by using a constant-mobility model[14]
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where L is the channel length, W is the channel width, e is the 
elementary charge, nres is the residual carrier density at VG = VD, 
and α is 7.2 × 1010 cm−2. A graphene FET fabricated on bare SiO2 
substrate had μ ≈ 1800 cm2 V−1∙s−1 and nres ≈ 1.8 × 1012 cm−2. In 
contrast, the graphene FETs fabricated on the ODTS-SAM sub-
strates had μ ≈ 6000 cm2 V−1∙s−1 and nres ≈ 1.1 × 1012 cm−2. The 
increase in the μ and the decrease in the nres of graphene FETs 
prepared with an ODTS-SAM indicate that its long alkyl chains 
effectively separate graphene from the charged impurities on the 
SiO2 surface, and thus reduce the amplitude of electron–hole 
puddles in graphene.[11] However, the effects of the phase state 
of ODTS on the electron–hole puddles of graphene FET are neg-
ligible because both o-ODTS and d-ODTS-SAM provide a suffi-
cient physical gap between graphene and the SiO2 surface.

O-ODTS-SAM effectively reduces the roughness of the gra-
phene surface and the amplitude of electron–hole puddles. 
However, similar effects can also be achieved by inserting 
hexagonal boron nitride (hBN) between graphene and the 
SiO2 substrate.[11] So the effectiveness in hybrid templates of 
o-ODTS-SAM and hBN must be compared. First, modification 
of SiO2 wafers by using ODTS-SAMs is a standard, low cost, 
and reliable process used in organic electronics, whereas the 
synthesis of uniform hBN on the wafer scale and its transfer 
to SiO2 substrates are very challenging. Moreover, the inser-
tion of wafer-scale hBN between graphene and a SiO2 substrate 
increases the μ of graphene by at most a factor of 3.[15] In con-
trast, we confirmed in this study that dry-transferring graphene 
onto o-ODTS-SAM increased the μ of graphene by a factor of 
3.3, and graphene on o-ODTS-SAM had higher μ than gra-
phene on hBN that had been produced using chemical vapor 
deposition (CVD) (Figure S5, Supporting Information). These 
results, combined with the scalability of the process, suggest 
that o-ODTS-SAM is better than CVD-grown hBN as a sub-
strate in graphene FETs.

The effects of the hybrid graphene templates and the graphene/
SiO2 template on the growth of OSCs were then investigated by 

using C60 as a model compound. During C60 deposition, we 
applied a gate voltage at the Dirac point of each graphene layer to 
eliminate the effects of graphene doping on the growth dynamics 
of the C60 ad-molecules (Figure 2a). Note that the Dirac points of 
graphene on ODTS-SAMs were close to 0 V, so this application of 
gate voltages had negligible effect on the growth behaviors of C60 
on the hybrid graphene/ODTS templates.

AFM images of the C60 thin films grown on the templates 
were obtained (Figure  2b,c; Figure S6, Supporting Informa-
tion). In the early stages of C60 thin film growth, when the 
nominal thickness was 0.75 ML, the nucleation density and the 
average of height of C60 depended strongly on the templates. 
The use of the hybrid graphene/o-ODTS-SAM template yielded 
a reduction in nucleation density and a consequent increase 
in grain size. The average nucleation density of C60 was much 
less on the graphene/o-ODTS-SAM template (9 µm−2) than on 
the graphene/d-ODTS-SAM template (88 µm−2) and the gra-
phene/SiO2 template (143 µm−2). The grain size of C60 was 
≈300 nm on the graphene/o-ODTS-SAM template (Figure 2c); 
this is the largest reported grain size for C60 deposited on 2D 
materials.[9]

Given that the nucleation density is inversely proportional 
to the diffusivity of ad-molecules on the surface, these results 
imply that the surface diffusion of C60 ad-molecules is much 
more rapid when the graphene/o-ODTS-SAM template is used. 
Moreover, most nucleation islands were 0.8 nm high, which cor-
responds to the diameter of a single C60 molecule (Figure 2b). 
This result implies that only monolayers of C60 molecules form 
on the hybrid templates. In contrast, the average height of C60 
islands on the graphene/SiO2 substrate was 6 nm, which indi-
cates that vertical growth of the C60 thin film dominates lateral 
growth in this case.

Interestingly, this trend is opposite to what was reported 
for the growth of OSCs on ODTS-SAMs in the absence of 
graphene.[8] The growth of OSCs on d-ODTS-SAM without 
graphene on top has been found to produce OSC grains with 
larger sizes than growth on o-ODTS-SAM . In this case, the 
mobile alkyl chains of the loosely packed ODTS-SAM might 
assist the diffusion of the OSC ad-molecules, and thereby yield 
increase in the grain size of the resulting OSC thin film.

During the final growth stage (10 ML), the surfaces of 
all the templates were mostly covered by the C60 thin films 
(Figure  2d). However, distinct differences occurred: on the 
graphene/o-ODTS-SAM template, a uniform C60 thin film with 
pancake-like grains covered the whole surface, whereas on the 
graphene/d-ODTS-SAM template, empty trenches were present 
between large C60 grains. Similarly, only small C60 crystallites 
were present on the surface of graphene/SiO2, with empty 
areas between them. As a result, the RRMS of C60 deposited on 
graphene/o-ODTS-SAM template was very low (≈1  nm) com-
pared to that on graphene/d-ODTS-SAM (≈3  nm) and on the 
graphene/SiO2 template (≈7 nm).

We also observed the growth of C60 thin film on graphene/
CVD hBN hybrid template. (Figure S7, Supporting Infor-
mation). The graphene/CVD hBN hybrid template caused 
vertical growth of C60 thin film, so it was nonuniform. This 
result is further evidence that the o-ODTS-SAM is better than 
CVD hBN as a large-area substrate for graphene-based hybrid 
templates.

Adv. Funct. Mater. 2021, 31, 2008813
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2.2. Crystallinity of C60 Thin Film Grown on Graphene-Based 
Hybrid Templates

We now focus on the arrangement of C60 molecules on each 
template. A submonolayer of C60 grown on each template 
was characterized using low-voltage high resolution trans-
mission electron microscopy (HR-TEM) and GIXD. On 
graphene/o-ODTS-SAM and graphene/d-ODTS-SAM, the 
C60 grains with exact single-molecule-thickness exhibited hex-
agonal arrangement that corresponds to a C60(111) monolayer 
with the fcc structure (Figure 3a). This molecular arrangement 
implies that the C60 and graphene layers have an epitaxial 
relationship.[9,16,17]

The C60 layer prepared on the graphene/d-ODTS-SAM 
hybrid template showed defective regions (e.g., amorphous 
areas, twin domains, point defects), whereas the layer prepared 
with the graphene/o-ODTS hybrid template did not have them 
(Figure 3b). In contrast, the C60 layer grown on the graphene/
SiO2 template exhibited a multilayer structure rather than a 

C60(111) monolayer (Figure 3c); this result is consistent with the 
AFM observation that C60 grains grown on the graphene/SiO2 
template were present in a vertically stacked molecular layer 
even when the deposition dose was sub-ML (Figure 2b). Apart 
from the predominant ABC stacking of the C60(111) layers, 
defective features such as grain boundaries and tilted domains 
were abundant on the graphene/SiO2 template. Further, the 
structure of the top layer was considerably disordered over a 
large areal fraction of the imaged regions on this graphene/
SiO2 template (Figure S8, Supporting Information).

To investigate the molecular assembly of C60 on graphene on 
the scale of a few hundred nanometers (>500 nm, which is the 
electron-beam size), the same HR-TEM samples were character-
ized using selected-area electron diffraction (SAED) (Figure 3a–c, 
lower). In all cases, hexagonal diffraction patterns due to C60(111) 
were observed inside a single set of graphene hexagonal pat-
terns; this observation implies that the C60 patterns were due 
to domains on a single grain of graphene. The SAED patterns 
of C60 and those of graphene feature misorientation angles of 

Figure 2. Growth evolution of C60 on hybrid templates and graphene/SiO2. a) Scheme of fabrication system of C60 layer on graphene hybrid templates.  
b) Height histogram of C60 on different hybrid templates at 0.25 ML thickness. AFM images of C60 crystals on different hybrid templates at c,d) deposition 
doses were 0.75 and 10 ML, respectively. Scale bar: 400 nm.

Adv. Funct. Mater. 2021, 31, 2008813
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≈0° or ≈30°, which are energetically stable arrangements of C60 
molecules along the armchair and zigzag directions of graphene 
respectively.[17] This result confirms the epitaxial relationship 
between the lowermost C60 layer and graphene.

The substrate affected the uniformity of the C60 layer. The 
layer prepared on the graphene/o-ODTS-SAM hybrid tem-
plate showed only a single set of C60 diffraction patterns for 
each set of graphene diffraction patterns; this result suggests 
that the single-crystalline C60 monolayer was extremely large 
(>500 nm) (Figure 3a). In contrast, the C60 layer was not uni-
form on either the graphene/d-ODTS-SAM hybrid template 
(Figure  3b) or the graphene/SiO2 template (Figure  3c). On 
those templates, each set of graphene diffraction patterns 
showed several sets of C60 diffraction patterns; this result 
implies that many small C60 domains were present within each  

graphene grain. These features are in good agreement with 
our AFM results (Figure 2).

The effects of the graphene hybrid templates on the crystal 
structures of the C60 thin films over a macroarea were also 
examined using GIXD. At the nominal thickness of 10  nm 
(Figure 3d–f, upper), a set of reflections belonging to the (111) 
family was observed for the C60 thin films on all the templates. 
However, the diffraction spots for the C60 thin film prepared 
on the graphene/o-ODTS-SAM hybrid template (Figure  3d) 
were sharper than those for the C60 thin films prepared on 
the other templates (Figure  3e,f). In addition, the intensity of 
the ring patterns, which reveals the proportion of randomly 
oriented crystals in the C60 film, was significantly high in the 
GIXD patterns of the graphene/SiO2 template. These differ-
ences became increasingly pronounced as the thickness of the 

Figure 3. Molecular arrangement and crystal structure of C60 on hybrid template. HR-TEM images and the corresponding SAED patterns of monolayers C60 
grown on a) graphene/o-ODTS-SAM, b) graphene/d-ODTS-SAM and c) graphene/SiO2. In SAED patterns, red, green, and yellow circles mark patterns of 
graphene, C60 domain and C60 multidomain respectively. Scale bars in TEM images and in SAED patterns are 2 nm and 2 nm−1, respectively. GIXD patterns 
of intermediate and bulk thickness of C60 layers grown on d) graphene/o-ODTS-SAM, e) graphene/d-ODTS-SAM, and f) graphene/SiO2.

Adv. Funct. Mater. 2021, 31, 2008813
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C60 films increased (Figure  3d–f, lower). The GIXD pattern 
of 100 nm thick C60 films grown on the graphene/o-ODTS-
SAM hybrid template had C60(111) single-crystalline features 
(Figure  3d). The GIXD pattern for the 100 nm thick C60 film 
grown on the graphene/d-ODTS-SAM hybrid template showed 
strong C60(111) diffraction patterns, but the spots were broader 
than those of the 10 nm thick C60 film grown on the same tem-
plate, and ring patterns were also clearly evident (Figure  3e). 
The GIXD pattern for the C60 film grown on the graphene/SiO2 
template had completely amorphous characteristics (Figure 3f), 
i.e., the upper layers of the C60 film merely consisted of 
randomly oriented nanocrystals.

In our previous study of highly crystalline C60 thin films 
grown on graphene templates, we found that the electrical 
gating of the graphene template with a large negative gate 
bias during C60 deposition was required for the suppression 
of electron transfer from graphene to C60, so that the Cou-
lombic repulsive interactions between C60 ad-molecules could 
be minimized.[9] However, the insertion of an o-ODTS-SAM 
between graphene and the SiO2 substrate eliminates the need 
for in situ electrical gating during preparation of highly crys-
talline C60 thin films; this result occurs because the o-ODTS-
SAM reduces the surface roughness of the graphene template 
and leaves nearly negligible charge puddles, so the grain size 
and crystallinity of the C60 thin film grown on the graphene/o-
ODTS-SAM template are comparable with those of the C60 thin 
film grown on the graphene/SiO2 template with in situ elec-
trical gating.

2.3. Growth Mechanism of C60 Thin Film on Graphene-Based 
Hybrid Templates

To determine the effects of graphene roughness on the growth 
behaviors of the C60 thin films, density functional theory (DFT) 
calculations were conducted for a C60 ad-molecule on a graphene 
substrate (Figure 4, see also the Experimental Section). In these 
calculations, we only considered the most common configuration 
in which a hexagonal side of the C60 molecule faces the graphene 
surface.[16,17] First, the adsorption energies Eads of a C60 molecule 
on flat graphene were calculated for the configurations in which a 
hexagonal side of C60 and graphene form AB-stacking (Figure 4a, 
left) or AA-stacking (Figure  4a, right). The equilibrium distance 
between graphene and the center of mass of C60 was estimated 
to be 6.53 Å (Figure S9, Supporting Information), which is very 
close to the previously reported value.[18] The AB-stacked C60 mole-
cule had Eads  = 0.65  eV and the AA-stacked C60 molecule had  
Eads = 0.62 eV. The small difference between Eads in these two dif-
ferent positions implies that the diffusion barrier ED of the C60 ad-
molecule on flat graphene is negligible (Figure 4c). However, when 
the calculation included sub-nanoscale roughness of graphene, 
Eads varied significantly. On a concave surface, the C60 molecule 
had Eads = 0.84 eV as a result of the increased effective contact area 
between C60 and graphene (Figure 4b, left), whereas on a convex 
surface, the C60 molecule had Eads  = 0.49  eV (Figure  4b, right). 
Thus, sub-nanoscale corrugation of graphene increases the ED of 
the C60 ad-molecule in our model system to ≈0.15  eV, which is 
larger than thermal energy at room temperature (kBT = 0.025 eV) 
(Figure  4c). In all cases, Eads is much higher than the thermal 

energy at room temperature, so C60 molecules rarely desorb from 
the graphene surface.

When the desorption of ad-molecules is inhibited and if 
we assume the critical nucleus size is 1 as the literature, the 

nucleation density of the film is proportional to exp
2

D

B









E

k T
, 

where kBT is the thermal energy.[19] At room temperature, the 
0.15 eV increase in ED due to sub-nanoscale corrugation of 
graphene results in an increase in the nucleation density by a 
factor of 20, which is of the same order as the observed nuclea-
tion density difference between C60 on the graphene/o-ODTS-
SAM template and C60 on the graphene/d-ODTS-SAM or gra-
phene/SiO2 templates (Figure 2).

Electron–hole puddles in graphene also limit the diffusion 
of C60 ad-molecules on the graphene surface. Charge transfer 
between graphene and C60 molecules is determined by the 
Fermi level of graphene, so the presence of electron–hole pud-
dles means that the charged states of the C60 ad-molecules 
vary with their location. As a result, the potential energies of 
the C60 ad-molecules fluctuate because Eads of C60 on graphene 
is affected by C60’s charged state. Therefore, the diffusivity of 
C60 ad-molecules should be lowest on the graphene/SiO2 tem-
plate for which the surface roughness and the amplitude of the 
electron–hole puddles are highest. This prediction is consistent 
with our experimental observation that the graphene/SiO2 tem-
plate yielded C60 thin films with a small grain size and a large 
nucleation density.

The crystallinity and growth behaviors of C60 thin films 
differed among on the three templates (Figure  4d). These 
results can be attributed to the variation in the surface rough-
ness of the graphene templates, because a corrugated gra-
phene surface impedes formation of highly crystalline OSC 
monolayers.[20] The growth mode and crystallinity of the C60 
thin films in the early stages of growth are critically affected 
by the arrangement of the C60 molecules within the first ML 
near the graphene template. On a C60 layer with negligibly 
small imperfections, the diffusion barrier and the Ehrlich–
Schwoebel barrier to the motions of C60 ad-molecules are suf-
ficiently small to induce the layer-by-layer growth of C60 thin 
films.[21] However, on defective C60 nuclei, which were found 
on graphene/SiO2, the surface diffusion of C60 ad-molecules 
is hampered, so the ad-molecules are prevented from reaching 
the edge of the nuclei. As a result, the lateral growth of C60 is 
expected to be limited and the C60 nuclei will grow vertically. 
Moreover, the C60 nuclei formed on an amorphous C60 layer 
are randomly oriented or amorphous due to the lack of epitaxy 
in this case. As a result, subsequent C60 layers that form on 
the low-crystallinity C60 layer include various lattice orienta-
tions or amorphous regions.

2.4. Graphene–Organic Semiconductor Heterojunction 
Phototransistors

To demonstrate the usefulness of our graphene hybrid tem-
plates in optoelectronic applications, we fabricated graphene–
OSC heterojunction phototransistors by using graphene hybrid 
templates and graphene/SiO2. We also compared the effi-
ciencies of the graphene–OSC phototransistors fabricated on 
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the three different templates (Figure  5; Figures S10 and S11, 
Supporting Information). To fabricate the devices, we first 
deposited source/drain electrodes on the templates. On each 
template, a 10 nm C60 thin film and a 20 nm pentacene thin 
film were sequentially deposited using an organic molecular 
beam deposition system (OMBD, Figure  5a). A C60 thin film 
has lowest unoccupied molecular orbital (LUMO) =  −4.5  eV 
and highest unoccupied molecular orbital (HOMO) = −6.5 eV,  
and a pentacene thin film has LUMO = −2.9 eV and HOMO =  
−5.1  eV. Because of the differences between corresponding 
orbital levels, the C60 and pentacene thin films form a type-II 
heterojunction when in contact (Figure  5a, right). Under illu-
mination with visible light, this built-in electric field promotes 
separation of electrons and holes that are generated inside 
C60 and pentacene thin films so that holes accumulate in the 
pentacene thin films and electrons are transferred from C60 to 
graphene. As a consequence of this efficient charge separation, 
significant electron doping in graphene can occur and thus a 
large responsivity can be generated. The Dirac voltage of the 
graphene transistor shifted toward 0 V under visible light illu-
mination (430–680 nm) (Figure 5b); this change demonstrates 
the n-type doping of initially p-doped graphene due to the 
photogating effect.

For comparison, we fabricated similar devices on graphene/d-
ODTS-SAM and graphene/SiO2 templates (Figure S10,  

Supporting Information). For all devices, the response time 
was <300 ms, which is the temporal resolution of the measure-
ment (Figure  5c). However, the devices’ photoresponsivities 
depended strongly on the underlying templates (Figure  5d). 
Under illumination with visible light, the photoresponsivity 
is highest for the device fabricated by using the graphene/o-
ODTS-SAM template and lowest for that fabricated by using 
the graphene/SiO2 template. At a wavelength of 430  nm, the 
photoresponsivities were 2010 A W−1 in device fabricated using 
graphene/o-ODTS-SAM, 777 A W−1 in that fabricated using 
graphene/d-ODTS-SAM, and 430 A W−1 in that fabricated 
using graphene/SiO2 templates.

We calculated the internal photoresponsivities of the 
devices under illumination with visible light by normalizing 
the photoresponsivity data to the absorbance of the devices, to 
accurately compare them after accounting for the absorption 
differences (Figure S11, Supporting Information). Compared 
to the phototransistor fabricated by using the graphene/SiO2 
template, the normalized photoresponsivity was increased by a 
factor of 5 when the phototransistor was fabricated by using the 
graphene/o-ODTS-SAM template.

We also compared the photocurrent IP to dark current ID 
ratio IP/ID of the devices (Figure S12, Supporting Information). 
The phototransistor fabricated using the graphene/o-ODTS-SAM 
template had the highest IP/ID.

Figure 4. Mechanism of C60 grown on hybrid and graphene templates. DFT calculation of C60 adsorption energy on a) extremely flat graphene and  
b) graphene with curvatures. c) Diffusion of C60 on extremely flat graphene and graphene with curvatures. d) Schematic growth mechanism of C60 on 
hybrid templates and graphene.
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To determine why the device fabricated by using 
the graphene/o-ODTS-SAM template had increased 
photoresponsivity under visible light, we investigated the 
morphology of the pentacene thin film in the phototran-
sistor fabricated on each template (Figure S13, Supporting 
Information). The pentacene grain size was largest when 
deposited on the C60/graphene/o-ODTS-SAM, probably 
because of the high crystallinity and low roughness of its 
C60 film. In addition, the pentacene molecules laid flat in 
the device fabricated using the graphene/ODTS hybrid tem-
plates, whereas a large number of pentacene crystallites 
were in the standing up orientation in the device fabricated 
by using the graphene/SiO2 template. The enlarged grain 
size with high crystallinity and the flat-lying orientation of 
the pentacene thin film in the device fabricated using the 
graphene/o-ODTS-SAM template increase the vertical diffu-
sion length of excitons in the pentacene thin film.[10,22] The 
diffusion length of excitons in the C60 thin film will also be 
largest for the graphene/o-ODTS-SAM template because 
of the high crystallinity of the resulting C60 thin film. This 
increased exciton diffusion length increases the number 
of excitons that reach the C60/pentacene and graphene/C60 
interfaces, and thus increases the numbers of electrons 
and holes that can be separated at the interface; as a result, 
photocurrent is high.

3. Conclusion

We have developed new types of hybrid templates that are 
composed of graphene and an ODTS-SAM. These templates 
can be used to prepare high-quality OSC thin films. We have 
also carefully investigated the effects of the graphene/ODTS-
SAM hybrid templates on the growth behaviors of C60 thin 
films on graphene. The ODTS-SAM facilitates lateral growth 
of highly crystalline C60 thin films and enlarges the average 
grain size by flattening the graphene's surface and reducing 
the amplitude of electron–hole puddles in the graphene. A 
graphene template on highly ordered ODTS-SAM yielded C60 
thin films that had a higher crystallinity than the graphene 
template on the disordered ODTS-SAM. DFT calculations 
show that the sub-nanometer scale roughness of graphene 
determines the diffusivity of C60 ad-molecules on its sur-
face, and thus determines the nucleation density and grain 
size of the resulting C60 thin films. We fabricated graphene 
photo transistors directly on the graphene/o-ODTS-SAM tem-
plate by depositing C60 and pentacene thin films in sequence. 
The clean graphene/C60 interface and the high crystallinity of 
the resulting OSCs thin films resulted in graphene phototran-
sistors that had high photoresponsivity in the visible range. 
We believe that our findings advance the technology for fabri-
cation of OSC thin films on graphene templates, and provide 

Figure 5. Performance of C60-pentacene phototransistors with and without hybrid templates. a) Scheme of device and working principles. b) Transfer 
curve of phototransistors with graphene/o-ODTS-SAM template. Inset: transfer curves at VG ≈ 0. c) Offset channel current versus time. d) Photo-
responsivity of phototransistors with and without hybrid templates. Shaded area: optical absorption spectrum of photoactive layer.
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insight into how the properties of the interface between gra-
phene and its substrate affect the formation of highly crystal-
line OSC thin films.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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