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Highly efficient organic–graphene hybrid
photodetectors via molecular peripheral editing†

Shuting Dai,ab Miao Xie,c Can Wang, a Yuying Wang,c Bin Han, b Shunqi Xu,b

Kexin Wang,bd Anna Zhuravlova, b Bin Xu, a Lifeng Chi, c Wenjing Tian, a

Paolo Samorı̀ *b and Zhaoyang Liu *a

Hybrid systems based on graphene and organic molecules are highly appealing for ‘‘correcting’’ the

limited optoelectronic properties of 2D materials. However, an in-depth understanding of the

correlation between the structure of the molecular sensitizer and the physical properties of the hybrid

toward high-performance organic–graphene hybrid photodetectors remains elusive. Herein, an ad hoc

molecular design via a peripheral editing approach on the organic molecules is employed to elucidate

the structure–property relationship when interfaced with graphene forming hybrid systems. Efficient

doping of graphene can be attained by physisorption of tetrathiafulvalene molecules exposing electron-

donating peripheral groups, benefiting from a strong coupling yielding efficient charge transfer,

ultimately leading to photodetectors with an ultra-high responsivity of 1.1 � 107 A W�1 and a specific

detectivity of 6.5 � 1014 Jones, thereby outperforming state-of-the-art graphene-based photodetectors.

These results offer valuable insights for future optimization of graphene-based photodetectors through

molecular functionalization.

1. Introduction

The pioneering work of Geim and Novoselov displaying the
outstanding physical properties of graphene has triggered an ever-
growing research endeavour targeted at developing fundamental
ground-breaking science which has paved the way towards disruptive
technological applications in optoelectronics,1–8 energy conversion
and storage,9,10 intelligent flexible electronics,11,12 biosensors,13,14 etc.
However, despite graphene’s intrinsically high charge carrier mobi-
lity (2.5� 105 cm2 (V s)�1)15 and broad-spectrum absorption,16 being
compelling for the emergence of unprecedented photonics and
electronics technologies, its modest light absorption12,16,17 and short
(Bpicosecond) lifetime of the photogenerated hot carriers18–20

strongly limited its application in next-generation photodetectors.
Thus, protocols to enable controlled ‘‘correction’’ of the opto-
electronic properties of graphene are highly sought after.

Molecular functionalization of graphene has emerged as a
powerful strategy for modulating graphene’s optoelectronic
properties.21–26 The self-assembly of organic molecules onto
the basal plane of graphene can yield a large library of func-
tional hybrid materials, with strong light absorption, tunable
energy levels, charge transport properties, and ad hoc design
properties through fine-tuning of molecular structures.27,28
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Typical organic sensitizers such as rhodamine,29,30 porphyrin,31

pentacene,32,33 rubrene,34 dioctyl-benzothienobenzothiophene
(C8-BTBT),35,36 covalent organic frameworks (COFETBC-TAPT),37

ruthenium complex,38 and N,N0-(4,40-(1E,10E)-2,2-(1,4-phenylene)-
bis(ethene-2,1-diyl)bis(4,1-phenylene))-bis(2-ethyl-6-methyl-N-phenyl-
aniline) (BUBD-1)39 have been employed to construct hybrid
graphene-containing photodetectors. Yet, the comprehensive
understanding of the correlation between the molecular struc-
ture and the physical properties of the hybrid toward high-
performance organic–graphene hybrid photodetectors remains
elusive, especially concerning the role played by the side-groups
attached to the functional core of the chosen molecule.

The extended aromatic structure of tetrathiafulvalene (TTF)
yields assemblies possessing extended conjugation which
endows the architectures with markedly high charge transfer
characteristics, high charge carrier mobilities, and large photo-
responsivities, making them promising graphene sensitizers for
high-performance photodetection.40,41 In this work, 4,40,400,40 0 0-
([2,20-bi(1,3-dithiolylidene)]-4,40,5,50-tetrayl)tetraaniline (TTF–
NH2) and 4,40,400,40 0 0-([2,20-bi(1,3-dithiolylidene)]-4,40,5,50-tetrayl)-
tetrabenzaldehyde (TTF–CHO) molecules are employed to con-
struct graphene/TTF hybrids by means of simple solution proces-
sing. Due to the distinct substituents at the molecular peripheries,
significant differences were observed in the modulation of the
optoelectronic properties of graphene upon hybrid formation. In
view of the electron-donating nature of the substituents, TTF–NH2

was found to induce an n-type doping effect when physisorbed
onto the basal plane of graphene, whereas TTF–CHO, with its
electron-withdrawing substituents, exhibited a p-type doping
effect. A comparative analysis revealed that the graphene/
TTF–CHO-based photodetectors exhibited a responsivity (R) of

1.1 � 106 A W�1 and a specific detectivity (D*) of 1.2 � 1014

Jones, whereas the graphene/TTF–NH2-based photodetectors
exhibited an ultra-high responsivity of 1.1 � 107 A W�1 and a D*
of 6.5 � 1014 Jones. Significantly, these figures of merit indicate
that our graphene/TTF–NH2 hybrid outperforms state-of-the-art
graphene-based photodetectors. Moreover, the joint powder X-ray
diffraction and theoretical calculations made it possible to ascribe
the differences in the responsivities determined for graphene/TTF–
NH2 and graphene/TTF–CHO hybrids to the differences in the
molecular aggregation mode, adsorption energy between mole-
cules and graphene, charge transfer efficiency, and potential
differences in interface quality. This work demonstrates that the
peripheral editing of organic sensitizers can strongly affect the
optoelectronic properties of graphene hybrids, paving the way for
the future design of strategies toward high-performance, flexible/
wearable graphene-based photodetectors.

2. Experimental section
2.1 Materials and device fabrication

The TTF–NH2 and TTF–CHO molecules were purchased from
BLDpharm. The scheme in Fig. 1A illustrates the assembly of
TTF–NH2 or TTF–CHO onto the surface of graphene flakes by the
drop-casting method. High-quality graphene flakes were
obtained via the conventional scotch tape exfoliation method,
and were transferred onto SiO2 (270 nm)/Si substrates. An atomic
force microscopy (AFM) image of high-quality single-layer gra-
phene is shown in Fig. S1 (ESI†). Graphene photodetectors
employing back-gated FET device geometry were fabricated via
a well-established photolithography approach (Microtech laser

Fig. 1 (A) Schematic diagram of physisorption of TTF molecules onto exfoliated graphene. Transfer characteristics of pristine graphene and graphene
assembled with (B) TTF–NH2 and (C) TTF–CHO in the dark. (D) Schematics of charge transfer between TTF derivatives and the graphene system based on
theoretical calculations. Raman spectra of pristine graphene, (E) graphene/TTF–NH2 and (F) graphene/TTF–CHO hybrids.
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writer equipped with a 405 nm laser and standard AZ1505
photoresist from Microchemicals). A 50-nm-thick Au film was
thermally evaporated onto the patterned substrates, followed by a
lift-off process carried out in warm acetone (50 1C). Subsequently,
the device was repeatedly rinsed with acetone and isopropanol.

To fabricate the graphene/TTF–NH2 hybrid device, 20 mL of
TTF–NH2 chlorobenzene solution (0.5 mM) was drop-cast onto
the graphene field-effect transistors (FETs) on a hot plate at
70 1C in a nitrogen-filled glovebox. The complete evaporation of
the solvent was achieved by annealing the device at 160 1C for
2 h. Graphene/TTF–CHO hybrid devices were assembled by
either drop-casting or spin-coating by applying a drop of TTF–
CHO in chloroform solution (8 mM) onto the graphene-based
FET at a spin rate of 600 rpm. Subsequently, the hybrid device
was baked at 100 1C for 1 h and then annealed at 160 1C for 2 h.

2.2 Electrical measurements

Electrical characterization of the transistors was conducted in a
nitrogen-filled glovebox using a probe station equipped with a
Keithley 2636A at room temperature. Measurements were car-
ried out in the dark or upon illumination of the device with a
monochromator with wavelengths tunable between 300 and
694 nm.

3. Results and discussion

The doping of graphene resulting from the electronic inter-
ference determined by the physisorbed organic molecules
depends on the subtle design of the latter components, which
includes their side-groups.42,43 We observed significant differ-
ences in the doping effect upon physisorption onto the basal
plane of graphene TTFs functionalized with either electron-
donating amino groups (–NH2) or electron-withdrawing alde-
hyde substituents (–CHO). The schematic diagram in Fig. 1A
illustrates the assembly of TTF–NH2 or TTF–CHO onto the
graphene surface via drop casting. To assemble the hybrid
structure, 20 mL of a chlorobenzene solution containing TTF-
derivatives (0.5 mM) was dropped onto the channel of the
graphene-based FET. X-ray photoelectron spectroscopy (XPS)
spectra of CVD graphene recorded before and after physisorp-
tion of TTF molecules provided evidence for the successful
hybrid formation (Fig. S2, ESI†) and complete solvent evapora-
tion upon thermal annealing, as revealed by the rather weak
peak intensities of the Cl 2p spectra of graphene/TTF-
derivatives. To investigate the doping effect caused by molecu-
lar functionalization, the electrical characteristics of the gra-
phene/TTF-derivatives were explored by constructing back-
gated FETs. The transfer characteristics of the pristine
graphene-based FETs exhibit typical ambipolar behavior. After
absorption with TTF–NH2, VD (corresponding to the Dirac
point) shifted from 20 V to 6 V accompanied by an increase
in the electron density of 1.12 � 1012 cm�2, with the electron
mobility increasing from 658 cm2 (V s)�1 to 910 cm2 (V s)�1,
indicating an efficient n-type doping effect. In contrast, upon
decoration of the graphene surface with TTF–CHO, VD shifted

from 0 V to 22 V accompanied by an increase in the hole density
of 1.75 � 1012 cm�2, and the hole mobility increased from
399 cm2 (V s)�1 to 435 cm2 (V s)�1, indicating a p-type doping
effect. Raman spectroscopy is a non-destructive technique for
quantifying the number of layers and exploring the doping
effects of graphene by monitoring the intensity ratio (I(2D)/I(G)),
the positions of the G and 2D bands, and the full width at half-
maximum (FWHM) of the G band.44–47 The Raman spectra of
pristine graphene show an I(2D)/I(G) ratio of approximately 2,
indicating a monolayer thickness of the graphene flakes
(Fig. 1E and F). Upon physisorption of TTF molecules, the
I(2D)/I(G) ratio changed significantly, confirming the occurrence
of effective doping. Such doping is also evidenced by a shift of
the G peak towards lower and higher wavenumbers for TTF–
NH2 and TTF–CHO, respectively, suggesting distinct doping
effects.48 In particular, the interfacing of TTF–NH2 on graphene
led to a 5.5 cm�1 redshift of the G peak (n-type doping), similar
to the observations of n-doping effects reported for SWNTs and
graphene.49–52 Conversely, the position of the G peak shifted by
17.5 cm�1 to a higher wavenumber upon interfacing with TTF–
CHO (p-type doping). Additionally, this disparity in doping
types can also be confirmed by the variation in the secondary-
electron cut-off (Fig. S3, ESI†).

Theoretical calculations were conducted to cast more light
on the influence of the interface of TTF-derivatives as a way to
tune the electronic properties of graphene. As depicted in Fig. S4
(ESI†), the molecular conformation of the TTF-derivatives before
and after adsorption onto graphene was optimized by employing
the density functional theory (DFT) calculations. Each central
TTF core is connected to four external benzene rings via single
C–C bonds, with the dihedral angles between the central core and
peripheral substituents of 167.541 (for TTF–NH2) and 166.031 (for
TTF–CHO), respectively. Upon molecular physisorption onto the
graphene surface, the molecular planarity is improved through
the rotation of single bonds, with dihedral angles of 173.731 and
172.571 for TTF–NH2 and TTF–CHO, respectively. This propensity
to modify the conformation by adopting a more planar shape
facilitates the physical interfacing of the TTF derivatives with the
basal plane of graphene through p–p interactions. Additionally,
the relative stabilities of the graphene/TTF–NH2 and graphene/
TTF–CHO hybrids were evaluated through adsorption energy
calculations (Table S1, ESI†).53 The calculated negative binding
energies suggest advantageous adsorption interactions between
TTF–NH2 and TTF–CHO with graphene, among which the gra-
phene/TTF–NH2 system demonstrates more favourable binding.
As depicted in Fig. 1D, effective charge transfer occurs between
the TTF derivatives and graphene. Consistent with the electrical
measurements and Raman spectra analysis, efficient electron
transfer takes place from TTF–NH2 to graphene, whereas, for the
TTF–CHO derivative, electrons transfer from graphene to the
molecule. Frontier molecular orbitals were computed using the
O3LYP hybrid function with the 6-31G(d) basis set. For the
pristine TTF–NH2 and TTF–CHO molecules, the highest occupied
molecular orbital (HOMO) was confined to the TTF core, whereas
the lowest unoccupied molecular orbital (LUMO) was distributed
over the whole molecular skeleton (Fig. 2). Interestingly, upon
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adsorption onto the graphene surface (TTF–NH2 ads, TTF–CHO
ads), the LUMO undergoes significant changes (located on half of
the molecular skeleton), accompanied by a narrower HOMO–
LUMO energy gap. This implies effective interfacing between
graphene and TTF derivatives via p–p interactions, facilitating
efficient charge transfer.

By leveraging p–p stacking, the molecular functionalization
of graphene facilitates efficient photo-excited charge transfer
between molecules and graphene.54 Hence, graphene/TTF-
derivative hybrid devices hold promise for applications in
high-performance photodetectors. To ascertain the detection

range of the photodetector, the UV-vis absorption spectra of the
light-absorbing materials (TTF–NH2 and TTF–CHO) were
recorded (Fig. S5, ESI†). The TTF–NH2 and TTF–CHO solutions
exhibit absorption across the UV and visible light regions (250–
600 nm), with the maximum absorption peaks centred at
approximately 300 nm. The absorbance at 300 nm closely
complies with the Beer–Lambert behavior when plotted as a
function of the concentration. Moreover, TTF–CHO solutions
exhibit superior light absorption compared to TTF–NH2 at
equivalent concentrations. To evaluate the absorption charac-
teristics of the graphene/TTF-derivative hybrids, the UV-vis

Fig. 2 Calculated HOMO and LUMO of TTF–NH2 and TTF–CHO monomers before adsorption (TTF–NH2, TTF–CHO) and after adsorption (TTF–NH2

ads, TTF–CHO ads) onto graphene.

Fig. 3 (A) Schematics of the device structure of graphene/self-assembled TTF–NH2. (B) Ids � Vg characteristics of the hybrid phototransistor based on
graphene/TTF–NH2 in the dark and different optical illumination power densities at a 300 nm signal (Vds = 50 mV). (C) Energy diagram of the graphene/
TTF–NH2 device. (D) UV-vis absorption spectra of graphene/TTF–NH2 and the corresponding photoresponsivity at a selected wavelength (Vg = 36 V,
power density = 3.0 � 10�5 W cm�2). (E) Variations in the photoresponsivity with different optical illumination power densities and wavelengths. (F)
Photoresponsivity and specific detectivity change with different incident power densities of 300 nm light.
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absorption spectra of pristine CVD-graphene, TTF-derivative
films, and their hybrids are illustrated in Fig. S6 (ESI†). Notably,
pristine CVD-graphene exhibits minimal light absorption, with
primary absorption contributions in the hybrids originating from
TTF derivatives. Hence, the optoelectronic properties of graphene/
TTF-derivatives were investigated by illuminating the hybrids at
wavelengths of 300 nm, 450 nm, 550 nm, and 600 nm.

The geometry of the photodetector device is displayed in
Fig. 3A. To gain insight into the impact of molecular functiona-
lization on the performance of graphene-based photodetectors,
we investigated the photoresponse of the pristine graphene
devices. Fig. S8 (ESI†) reveals the absence of a photoresponse
from the graphene photodetector under illumination at various
wavelengths, primarily due to the low absorption coefficient of
graphene. Fig. 3 portrays the photo-response characteristics of
the graphene device functionalized with TTF–NH2 molecules.
Fig. 3B shows the drain current as a function of the gate voltage
(Vg) for the graphene/TTF–NH2 hybrid photodetector in the dark
and varying 300 nm illumination power densities, with a con-
stant source-drain voltage (Vds) of 50 mV. With higher illumina-
tion power densities under 300 nm light irradiation, the Dirac
point incrementally shifts towards positive voltage values,
accompanied by an increase in the photocurrent. Even under
an extremely low illumination power density (7.6� 10�6 W cm�2),
significant photocurrent values can still be observed. Moreover,
the photocurrent displays a strong modulation behavior with
respect to the gate voltage, exhibiting a negative photocurrent
at Vg 4 VD and a positive photocurrent at Vg o VD. In order to
ascertain the band positions of the Frontier orbitals of organic
molecules and further explore the mechanism of photodetec-
tion in hybrid devices, cyclic voltammetry (CV) studies were
conducted on the TTF derivatives (Fig. S9, ESI†). They revealed
a HOMO energy level of TTF–NH2 corresponding to �4.85 eV.
The LUMO energy level was quantified by integrating the
HOMO energy level with the optical energy bandgap, and was
calculated as �2.36 eV. Upon molecular functionalization of
graphene with TTF–NH2, n-type doping effects are observed,
indicating the migration of holes from graphene to the organic
layer, thereby establishing an interfacial built-in electric field at
the graphene/TTF–NH2 interface (Fig. 3C). Under illumination,
electrons within the light-absorbing layer (TTF–NH2) undergo
transitions from the HOMO to the LUMO, thereby generating
electron–hole pairs. Such photogenerated electron–hole pairs
can be separated by the built-in interfacial electric field, with
holes injected from TTF–NH2 into graphene. The high photo-
conductive gain of hybrid photodetectors can be attributed to
the photogating effect, wherein the accumulated electrons in
TTF–NH2 establish a local electric field to gate the graphene,
enabling the shift of VD to higher gate voltages and efficient
photon detection.54,55 Benefiting from the picosecond-scale
transit time of the carriers in graphene, the recombination
between electrons and holes in the light-absorbing layer is
hindered.56 When holes dominate as the primary charge car-
riers in graphene (Vg o VD), photo-generated holes are injected
from TTF–NH2 into graphene, leading to the accumulation of
holes within the graphene channel and subsequently

generating a positive photocurrent. Conversely, when electrons
serve as the primary charge carriers in graphene (Vg 4 VD), the
injection of photogenerated holes from the TTF–NH2 layer and
the photogating effect leads to a reduction in the electron
concentration within the graphene, resulting in a negative
photocurrent. Due to the modulation of the Fermi level of
graphene by the gate voltage, a higher photocurrent is exhibited
in the positive gate region. The relationship between the
photocurrent and illumination power densities at different
wavelengths exhibits a wide linear dynamic range, particularly
at 300 nm and 450 nm, demonstrating the potential of gra-
phene/TTF–NH2 for photodetection in the ultraviolet and visi-
ble light regions (Fig. 3E). Subsequently, key figures of merit of
the photodetector, including responsivity and specific detectiv-
ity, were evaluated.57 As depicted in Fig. 3D, the photoresponsivity,
as a function of the incident wavelength, consistently fits well with
the absorption curve of the graphene/TTF–NH2 hybrid. As the
graphene/TTF–NH2 hybrid photodetector exhibits maximum photo-
responsivity at 300 nm, the factors R and D* were plotted as a
function of the incident illumination power densities
under 300 nm irradiation (Fig. 3F). At the lowest power
density, this hybrid device exhibits an ultra-high photo-
responsivity of 1.1 � 107 A W�1 and a specific detectivity of
6.5� 1014 Jones, outperforming state-of-the-art graphene-based
photodetectors.37,56,58,59 More devices based on graphene/TTF–
NH2 were fabricated to evaluate the photo-response of the
hybrid photodetectors (Table S3 and Fig. S10, ESI†).
Within the range of irradiation power densities analysed,
the maximum photoresponsivities were recorded as 1.2 �
106 A W�1, 1.8 � 107 A W�1, and 2.1 � 107 A W�1, respectively.
Moreover, the graphene/TTF–NH2 device still exhibits ultra-
high photoresponsivity of 1 � 107 A W�1 after 100 days of
storage (Fig. S13, ESI†). This implies that achieving a high
photoresponsivity based on the graphene/TTF–NH2 hybrid
through molecular functionalization is feasible.

The dynamic photoresponse of the hybrid device was further
evaluated, and it demonstrated good stability over multiple cycles
(Fig. 4B). As shown in Fig. 4C, the time-dependent photocurrent
response indicates a rise time of B267 ms (calculated at 10–90%
of the maximum value) and a fall time of 839 ms. The lower
recovery time could be attributed to the disorders in the organic
film, which trap photogenerated electrons and prolong the
annihilation process of photo-generated electron–hole pairs.36

Compared with other reported graphene-based hybrid photode-
tectors, the graphene/TTF–NH2 device exhibits superior overall
performance, and we anticipate that the response times can be
improved by further optimizing the interface (Fig. 4D and
Table S2, ESI†).29,34,37–39,56,60–66

The photoresponse characteristics of the graphene/TTF–
CHO hybrid devices are also explored and plotted in Fig. S11
and S12 (ESI†). The photoresponse mechanism of graphene/TTF–
CHO is the same as that of graphene/TTF–NH2. Under illumina-
tion, photogenerated holes are injected from the organic layer into
the graphene channel, and the Dirac point is observed to shift
toward a positive gate voltage. Similarly, the photoresponsivity of
the graphene/TTF–CHO hybrids also shows a pronounced
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dependence on the optical wavelength. Despite employing differ-
ent solution processing methods (spin-coating method shown in
Fig. S11 and drop-casting method shown in Fig. S12, ESI†), both
devices exhibit similar photoresponsivities, evaluated as 2.0 �
106 A W�1 and 1.1 � 106 A W�1, respectively. The graphene/
TTF–CHO hybrid photodetectors also display ultra-high specific
detectivities, reaching 3.2 � 1014 Jones and 1.2 � 1014 Jones,
respectively. Despite exhibiting higher absorbance compared to
TTF–NH2 at the same concentration, the graphene/TTF–CHO
hybrid devices show lower photo-responsivity. Besides, the struc-
tural characteristics of the organic films were investigated using
powder X-ray diffraction (PXRD) to explore the possible factors
affecting the photoresponse. The TTF–NH2 and TTF–CHO solu-
tions are drop-cast onto freshly cleaved HOPG surfaces under
identical experimental conditions. As shown in Fig. S7 (ESI†),
the strong diffraction peak observed at 24.021 could be attributed
to the HOPG signal. The strong diffraction peak at an angle of
6.071 indicates that the TTF–CHO film is highly crystalline,
whereas TTF–NH2 exhibits an amorphous structure. The differ-
ences depicted in the PXRD patterns imply that the TTF–NH2 and
TTF–CHO molecules possess distinct aggregation modes within
the organic film. These results might suggest the molecular
interactions between graphene and TTF–NH2 are stronger than
the tendency of TTF–NH2 to undergo aggregation, which will lead
to a more effective charge transfer and, thus, a better device
performance compared with TTF–CHO.30,54

Additionally, the thickness-dependent photoresponse beha-
vior was examined by studying the increased absorption layers
of TTF-derivatives (Fig. S14 and S15, ESI†). As the film thickness
increases, the Dirac point exhibits a more pronounced shift.

TTF–NH2 shifts towards a negative voltage (from 20 V to �25 V),
while TTF–CHO shifts towards a positive voltage (from 6 V to 44 V).
The photoresponse was found to depend on the amount of
semiconductor.67 In the case of TTF-derivatives, the photoresponse
decays as the thickness of the absorption layer increases. This
indicates that the thinner films of TTF-derivatives have a higher
charge separation efficiency, owing to the limited exciton diffusion
lengths of organic semiconductors.27 Based on the above studies,
we attribute the high photoresponse of TTF-derivatives to these
main factors: highly absorptive organic layers, strong interface
coupling, suitable band alignment, and efficient charge separation.

4. Conclusions

In summary, fine control over the molecular functionalization
made it possible to generate new hybrids based on graphene/
TTF-derivatives by means of simple solution processing meth-
ods. The peripheries of the TTF cores were decorated with
electron-donating (NH2) or electron-withdrawing (CHO) substi-
tuents. The controlled physisorption of TTF–NH2 or TTF–CHO
molecules onto the basal plane of graphene yielded n-type or
p-type doping effects. Benefiting from p–p interactions, effective
charge transfer occurs between the photoactive functional com-
ponents and graphene. The graphene/TTF–NH2 hybrid photo-
detector exhibits an ultra-high responsivity of 1.1 � 107 A W�1

and a specific detectivity of 6.5 � 1014 Jones, demonstrating an
exceptionally high-performance compared to reported photode-
tectors. Furthermore, differences in substituents at the periph-
ery would influence the band alignment, molecular aggregation

Fig. 4 (A) Photoresponsivity of the graphene/TTF–NH2 transistor at different wavelengths. (B) and (C) Temporal photocurrent of the graphene/TTF–
NH2 transistor under dark and 450 nm irradiation conditions, and the corresponding transfer curves are shown in Fig. S10B (ESI†). (D) Comparison of the
photoresponsivity and response time performance of this work (graphene/TTF–NH2) with reported graphene-based photodetectors.
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mode, adsorption energy between molecules and graphene, and
the efficiency of charge transfer within the hybrid system.
Considering the aforementioned factors and potential differ-
ences in the interface quality, the graphene/TTF–CHO hybrid
exhibits a slightly lower photoresponsivity (1.1 � 106 A W�1).
These results not only demonstrate the effectiveness of the
employed peripheral editing approach in optimizing the optoe-
lectronic characteristics of graphene but also hold tremendous
potential for future high-performance, flexible/wearable photo-
detection applications.

Author contributions

S. D., P. S., and Z. L. conceived and designed the project. S. D.
and C. W. performed the FET device fabrication and character-
ization. M. X., Y. W., and L. C. conducted DFT calculations.
S. D. and B. H. performed Raman spectroscopy and XPS. S. D.
and S. X. performed PXRD measurements. K. W. performed the
CV measurements. S. D. and A. Z. conducted the STM study.
B. X. and W. T. co-supervised molecular selection and photo-
physics processes of the device. S. D. wrote the manuscript with
comments and suggestions from all co-authors.

Data availability

The data supporting this article have been included as part of
the ESI.†

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors sincerely acknowledge financial support from the
National Natural Science Foundation of China (22275065 and
22302073), the Department of Science and Technology of Jilin
Province (20230508176RC and 20240602063RC), the European
Commission through the ERC project SUPRA2DMAT (GA-833707)
and the HORIZON-CL4-2023-DIGITAL-EMERGING-01-CNECT pro-
ject 2D-PRINTABLE (GA-101135196) as well as the Agence Nationale
de la Recherche through the Interdisciplinary Thematic Institute
SysChem via the IdEx Unistra (ANR-10-IDEX-0002) within the
program Investissement d’Avenir, the Foundation Jean-Marie Lehn
and the Institut Universitaire de France (IUF) and the University of
Strasbourg Institute for Advanced Study (USIAS). S. D. acknowledges
fellowship support from the Chinese Scholarship Council (CSC) and
Jilin University. C. W. acknowledges the support from the China
Postdoctoral Science Foundation (2024M751080, 2024T170337).

Notes and references

1 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva and A. A. Firsov,
Science, 2004, 306, 666–669.

2 J. Wang, J. Han, X. Chen and X. Wang, InfoMat, 2019, 1,
33–53.

3 Z. Gao, H. Zhou, K. Dong, C. Wang, J. Wei, Z. Li, J. Li, Y. Liu,
J. Zhao and G. Fang, Nano-Micro Lett., 2022, 14, 215.

4 X. Pan, J. Zhang, H. Zhou, R. Liu, D. Wu, R. Wang, L. Shen,
L. Tao, J. Zhang and H. Wang, Nano-Micro Lett., 2021, 13, 70.

5 Z. Shuang, H. Zhou, D. Wu, X. Zhang, B. Xiao, G. Ma,
J. Zhang and H. Wang, Chem. Eng. J., 2022, 433, 134544.

6 D. Wu, Y. Xu, H. Zhou, X. Feng, J. Zhang, X. Pan, Z. Gao,
R. Wang, G. Ma, L. Tao, H. Wang, J. Duan, H. Wan, J. Zhang,
L. Shen, H. Wang and T. Zhai, InfoMat, 2022, 4, e12320.

7 D. Wu, H. Zhou, Z. Song, M. Zheng, R. Liu, X. Pan, H. Wan,
J. Zhang, H. Wang, X. Li and H. Zeng, ACS Nano, 2020, 14,
2777–2787.

8 H. Zhou, Z. Song, C. R. Grice, C. Chen, J. Zhang, Y. Zhu,
R. Liu, H. Wang and Y. Yan, Nano Energy, 2018, 53, 880–886.

9 A. C. Ferrari, F. Bonaccorso, Z. Sun and T. Hasan, Nat.
Photonics, 2010, 4, 611–622.

10 M. D. Stoller, S. Park, Y. Zhu, J. An and R. S. Ruoff, Nano
Lett., 2008, 8, 3498–3502.

11 D. Akinwande, N. Petrone and J. Hone, Nat. Commun., 2014,
5, 5678.

12 X. Chen, K. Shehzad, L. Gao, M. Long, H. Guo, S. Qin,
X. Wang, F. Wang, Y. Shi, W. Hu, Y. Xu and X. Wang, Adv.
Mater., 2020, 32, 1902039.

13 J. Russier, V. León, M. Orecchioni, E. Hirata, P. Virdis, C. Fozza,
F. Sgarrella, G. Cuniberti, M. Prato, E. Vázquez, A. Bianco and
L. G. Delogu, Angew. Chem., Int. Ed., 2017, 56, 3014–3019.

14 Y. Wang, Z. Li, J. Wang, J. Li and Y. Lin, Trends Biotechnol.,
2011, 29, 205–212.

15 A. S. Mayorov, R. V. Gorbachev, S. V. Morozov, L. Britnell, R. Jalil,
L. A. Ponomarenko, P. Blake, K. S. Novoselov, K. Watanabe,
T. Taniguchi and A. K. Geim, Nano Lett., 2011, 11, 2396–2399.

16 K. F. Mak, L. Ju, F. Wang and T. F. Heinz, Solid State
Commun., 2012, 152, 1341–1349.

17 R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J.
Booth, T. Stauber, N. M. R. Peres and A. K. Geim, Science,
2008, 320, 1308.

18 D. Brida, A. Tomadin, C. Manzoni, Y. J. Kim, A. Lombardo,
S. Milana, R. R. Nair, K. S. Novoselov, A. C. Ferrari, G. Cerullo
and M. Polini, Nat. Commun., 2013, 4, 1987.

19 M. W. Graham, S.-F. Shi, D. C. Ralph, J. Park and P. L. McEuen,
Nat. Phys., 2013, 9, 103–108.

20 T. Mueller, F. Xia and P. Avouris, Nat. Photonics, 2010, 4,
297–301.

21 J. Dugay, M. Aarts, M. Gimenez-Marques, T. Kozlova, H. W.
Zandbergen, E. Coronado and H. S. J. van der Zantt, Nano Lett.,
2017, 17, 186–193.

22 Y. Zhao, S. Bertolazzi and P. Samori, ACS Nano, 2019, 13,
4814–4825.

23 C. Anichini and P. Samori, Small, 2021, 17, e2100514.
24 M. Gobbi, E. Orgiu and P. Samorı̀, Adv. Mater., 2018, 30, 1706103.
25 B. Han, S. M. Gali, S. Dai, D. Beljonne and P. Samorı̀, ACS

Nano, 2023, 17, 17956–17965.
26 H. Y. Mao, Y. H. Lu, J. D. Lin, S. Zhong, A. T. S. Wee and

W. Chen, Prog. Surf. Sci., 2013, 88, 132–159.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 1
2 

A
ug

us
t 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
11

/2
02

4 
4:

10
:5

2 
PM

. 
View Article Online

https://doi.org/10.1039/d4tc02010c


14674 |  J. Mater. Chem. C, 2024, 12, 14667–14674 This journal is © The Royal Society of Chemistry 2024

27 K. J. Baeg, M. Binda, D. Natali, M. Caironi and Y. Y. Noh,
Adv. Mater., 2013, 25, 4267–4295.

28 Y. Yao, Y. Chen, H. Wang and P. Samorı̀, SmartMat, 2020,
1, e1009.

29 Y. Lee, S. H. Yu, J. Jeon, H. Kim, J. Y. Lee, H. Kim, J.-H. Ahn,
E. Hwang and J. H. Cho, Carbon, 2015, 88, 165–172.

30 Y. S. Gim, Y. Lee, S. Kim, S. Hao, M. S. Kang, W. J. Yoo,
H. Kim, C. Wolverton and J. H. Cho, Adv. Funct. Mater.,
2016, 26, 6593–6600.

31 S. J. Kim, W. Song, S. Kim, M.-A. Kang, S. Myung, S. Sook
Lee, J. Lim and K.-S. An, Nanotechnology, 2016, 27, 075709.

32 J. Han, J. Wang, M. Yang, X. Kong, X. Chen, Z. Huang,
H. Guo, J. Gou, S. Tao, Z. Liu, Z. Wu, Y. Jiang and X. Wang,
Adv. Mater., 2018, 30, 1804020.

33 Y. Gan, S. Qin, Q. Du, Y. Zhang, J. Zhao, M. Li, A. Wang,
Y. Liu, S. Li, R. Dong, L. Zhang, X. Chen, C. Liu, W. Wang
and F. Wang, Adv. Sci., 2022, 9, 2204332.

34 G. F. Jones, R. M. Pinto, A. De Sanctis, V. K. Nagareddy,
C. D. Wright, H. Alves, M. F. Craciun and S. Russo, Adv.
Mater., 2017, 29, 1702993.

35 B. Wu, Y. Zhao, H. Nan, Z. Yang, Y. Zhang, H. Zhao, D. He,
Z. Jiang, X. Liu, Y. Li, Y. Shi, Z. Ni, J. Wang, J.-B. Xu and
X. Wang, Nano Lett., 2016, 16, 3754–3759.

36 X. Liu, X. Luo, H. Nan, H. Guo, P. Wang, L. Zhang, M. Zhou,
Z. Yang, Y. Shi, W. Hu, Z. Ni, T. Qiu, Z. Yu, J. B. Xu and
X. Wang, Adv. Mater., 2016, 28, 5200–5205.

37 Y. Xiong, Q. Liao, Z. Huang, X. Huang, C. Ke, H. Zhu,
C. Dong, H. Wang, K. Xi, P. Zhan, F. Xu and Y. Lu, Adv.
Mater., 2020, 32, 1907242.

38 X. Liu, E. K. Lee and J. H. Oh, Small, 2014, 10, 3700–3706.
39 S. Qin, X. Qin, Q. Du, Y. Gan, Y. Zhang, A. Wang, X. Yan,

R. Dong, Y. Liu, S. Li, C. Liu, W. Wang and F. Wang, J. Mater.
Chem. C, 2022, 10, 11710–11718.

40 M. Mas-Torrent, P. Hadley, N. Crivillers, J. Veciana and
C. Rovira, Chem. Phys. Chem., 2006, 7, 86–88.

41 M. N. Nair, C. Mattioli, M. Cranney, J.-P. Malval, F. Vonau,
D. Aubel, J.-L. Bubendorff, A. Gourdon and L. Simon, J. Phys.
Chem. C, 2015, 119, 9334–9341.

42 Y. Kim, J. M. Yoo, H. R. Jeon and B. H. Hong, Phys. Chem.
Chem. Phys., 2013, 15, 18353–18356.

43 Z. Hu, Y. Zhao, W. Zou, Q. Lu, J. Liao, F. Li, M. Shang, L. Lin
and Z. Liu, Adv. Funct. Mater., 2022, 32, 2203179.

44 A. Das, S. Pisana, B. Chakraborty, S. Piscanec, S. K. Saha,
U. V. Waghmare, K. S. Novoselov, H. R. Krishnamurthy,
A. K. Geim, A. C. Ferrari and A. K. Sood, Nat. Nanotechnol.,
2008, 3, 210–215.

45 A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi,
M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov
and S. Roth, Phys. Rev. Lett., 2006, 97, 187401.

46 H. Lee, K. Paeng and I. S. Kim, Synth. Met., 2018, 244, 36–47.

47 S. Pisana, M. Lazzeri, C. Casiraghi, K. S. Novoselov, A. K. Geim,
A. C. Ferrari and F. Mauri, Nat. Mater., 2007, 6, 198–201.

48 B. Das, R. Voggu, C. S. Rout and C. N. Rao, Chem. Commun.,
2008, 5155–5157.

49 X. Dong, D. Fu, W. Fang, Y. Shi, P. Chen and L. J. Li, Small,
2009, 5, 1422–1426.

50 R. Phillipson, C. J. L. De La Rosa, J. Teyssandier, P. Walke,
D. Waghray, Y. Fujita, J. Adisoejoso, K. S. Mali, I. Asselberghs
and C. Huyghebaert, Nanoscale, 2016, 8, 20017–20026.

51 R. Voggu, C. S. Rout, A. D. Franklin, T. S. Fisher and
C. N. R. Rao, J. Phys. Chem. C, 2008, 112, 13053–13056.

52 X. Zhou, S. He, K. A. Brown, J. Mendez-Arroyo, F. Boey and
C. A. Mirkin, Nano Lett., 2013, 13, 1616–1621.

53 A. K. Manna and S. K. Pati, Chem. – Asian J., 2009, 4,
855–860.

54 J. Liu, Q. Liang, R. Zhao, S. Lei and W. Hu, Mater. Chem.
Front., 2020, 4, 354–368.

55 C.-H. Liu, Y.-C. Chang, T. B. Norris and Z. Zhong, Nat.
Nanotechnol., 2014, 9, 273–278.

56 G. Konstantatos, M. Badioli, L. Gaudreau, J. Osmond,
M. Bernechea, F. P. G. De Arquer, F. Gatti and F. H. L.
Koppens, Nat. Nanotechnol., 2012, 7, 363–368.

57 G. Konstantatos and E. H. Sargent, Nat. Nanotechnol., 2010,
5, 391–400.

58 G. F. Jones, R. M. Pinto, A. De Sanctis, V. K. Nagareddy,
C. D. Wright, H. Alves, M. F. Craciun and S. Russo, Adv.
Mater., 2017, 29, 1702993.

59 Z. Liu, H. Qiu, S. Fu, C. Wang, X. Yao, A. G. Dixon, S. Campidelli,
E. Pavlica, G. Bratina, S. Zhao, L. Rondin, J.-S. Lauret, A. Narita,
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