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ABSTRACT: Charge transfer (CT) complex with unique inter-
molecule electronic transitions has attracted broad interest 
and holds great potentials in optoelectronic applications. Here, 
we report a new family of two-dimensional graphene-organic 
molecule CT complexes. Density functional theory (DFT) calcu-
lation has revealed low-energy CT bands in the near infrared 
(NIR) region up to 2000 nm for graphene-TCNQ (tetracyano-
quinodimethane), graphene-F4TCNQ (2,3,5,6-Tetrafluoro-tet-
racyanoquinodimethane) and graphene-TCOQ (tetrachloro-o-
benzoquinone) complexes. Raman and electrical measure-
ments have confirmed a partial charge transfer between gra-
phene and the molecules at the ground state. CT excitations 
have been calculated by DFT and verified by optoelectronic 
measurements. The graphene-organic CT complexes have 
shown a broadband photoresponse from visible to NIR range, 
attributing to the inter-molecule electronic transitions. Further, 
the photo-responsivity (up to 103 A/W) suggests a high photo-
electrical gain arising from the photogating effect at the gra-
phene/molecule interface. At last, the photoresponse property 
of the graphene-organic CT complexes can be tuned by electri-
cal gating of graphene. 

Since the discovery of tetrathiafulvalene-tetracyanoquinodi-
methane (TTF-TCNQ) charge transfer (CT) complex in 19731, 
CT complex consisting of electron donors and electron accep-
tors has attracted great interest due to its unique electrical2-4, 
optical3-8 and magnetic9,10 properties. Owing to the moleculal 
orbital overlapping and hybridization, CT complex has unique 
low-energy inter-molecule electronic transitions down to near 
infrared (NIR) region11-14. The inter-molecule electronic transi-
tion accomplishes high efficient charge separation and hence 
has great potentials in high-efficiency solar cells15,16 and high-
performance photodetectors14.  

Graphene17, a layer of honeycomb sp2 carbon atoms with delo-
calized π electron system, is a promising candidate for CT com-
plexes with atomic thickness18. Due to the continuous elec-
tronic states in graphene, graphene-based CT complexes can 

have broadband inter-molecule CT transitions down to infra-
red (IR) range. Further, the charge separation at the two-di-
mensional interface can make graphene-based CT complexes 
favorable for high-gain photodetection, in which the separated 
charges in graphene can circulate millions of circles before re-
combination with the opposite charges in the molecules due to 
the extremely high carrier mobility in graphene19-25 and slow 
charge recombination rate between graphene and the mole-
cules.    

In the past years, graphene-organic molecule interactions26, 
such as doping27-32, excited state charge/energy transfer8,33-35, 
have been intensively investigated. However, inter-molecule 
electronic transition between graphene and organic molecules, 
i.e., CT transition, has not been reported. Here we have calcu-
lated electronic structure of graphene-organic CT complexes, a 
new kind of two-dimensional CT complex consisting of a con-
ductive conjugated atomic layer and a layer of molecules. The 
investigated molecules include tetracyanoquinodimethane 
(TCNQ), 2,3,5,6-tetrafluoro-tetracyanoquinodimethane 
(F4TCNQ) and tetrachloro-o-benzoquinone (TCOQ). Taking 
graphene-TCNQ CT complex as an example, density functional 
theory (DFT) calculation has revealed inter-molecule CT tran-
sitions covering a spectrum range from 500 to 2400 nm.  Field-
effect transistors (FETs) of graphene-TCNQ CT complex has 
been fabricated and showed ultrahigh NIR photoresponse from 
visible to 2000 nm with a peak responsivity higher than 2000 
A/W. In addition, the photoresponse can be tuned by electrical 
gating of graphene.  

Figure 1 shows calculated electronic structure of graphene-
TCNQ CT complex. The Mulliken charge analysis shows that 
there is 0.18 e transferred from graphene to TCNQ per mole-
cule. The optimized structure is shown in Figure 1a. The partial 
density of states (PDOS) is shown in Figure 1b. The Fermi level 
in graphene is shifted down by 0.2 eV from the Dirac point, re-
sulting from the electron transfer from graphene to TCNQ at 
the ground state. Absorption spectrum is calculated for gra-
phene-TCNQ complex, showing three new peaks at longer 
wavelengths (~600, 900 and 1750 nm, Figure 1c). The three 



 

peaks correspond to electronic transitions from the highest oc-
cupied molecule orbital (HOMO) to three unoccupied orbitals. 
The HOMO is mainly contributed by graphene (96%) while the 
three unoccupied orbitals are contributed by both graphene 
(48% to 64%) and TCNQ (52% to 36%) (Figure 1c insets). This 
suggests that the three electronic transitions involve partial 
electron transfer from graphene to TCNQ, i.e., inter-molecule 
CT transitions. Similar results have been observed for gra-
phene-F4TCNQ and graphene-TCOQ CT complexes (Figure S1 
and S2). In brief, graphene-F4TCNQ shows CT bands around 
900, 1900 nm and graphene-TCOQ shows CT bands around 900 
nm. 

 

Figure 1. Calculated electronic structure of graphene-TCNQ 
change transfer (CT) complex. (a) CT complex structure, (b) 
partial density of states (PDOS) and (c) calculated absorption 
spectrum of graphene-TCNQ CT complex. Insets in panel c are 
the highest occupied molecule orbital (HOMO) and unoccupied 
orbitals (corresponding to the CT bands). The numbers are the 
orbital contributions of graphene or TCNQ.  

Graphene was exfoliated on SiO2/Si substrates and then soaked 
in TCNQ solution for molecule adsorption. Scanning tunneling 
microscopic (STM) imaging confirmed TCNQ adsorption on 
graphite surface (Figure 2a inset). Raman spectroscopic char-
acterization showed an upshift of the G band from 1584 to 
1589 cm-1 (Figure 2b), indicating a p-doping effect. This is con-
sistent with the DFT calculation result of electron transfer from 
graphene to TCNQ at the ground state. This p-doping effect of 
TCNQ on graphene was also observed from field-effect 
transport measurements (Figure 2c,d), in which the minimum 
conductance point (the Dirac point) shifted to a more positive 
gate voltage after TCNQ adsorption.  

 
Figure 2. Characterization of graphene-TCNQ CT complex. (a) 
A typical atomic force microscopic (AFM) image of graphene. 
The inset is a scanning tunneling microscopic (STM) image of 
adsorbed TCNQ molecules on graphite. (b) Raman spectra, (c) 
Source-drain current (Ids) to gate-source voltage (Vgs) curves 
and (d) Ids to source-drain voltage (Vds) curves of graphene be-
fore and after TCNQ adsorption. 

Further, graphene-organic CT complexes were put under NIR 
light illumination for photoresponse measurements (Figure 
3a).  For the graphene-TCNQ device shown in Figure 2c, a pho-
tocurrent of μA level was observed under 1000 nm illumination 
with powers from 0.35 nW to 0.19 μW (Figure 3b). Since gra-
phene was gated at p-type region (Vgs was -40 V), the positive 
photocurrent indicates hole injection into graphene at light il-
lumination. That is consistent with DFT calculation result, i.e., 
the CT bands associate electron transfer from graphene to 
TCNQ (Figure 1c). 

 

Figure 3. Photoresponse of graphene-TCNQ charge transfer 
(CT) complex. (a) Scheme of photocurrent measurement setup. 
(b) photoresponse (base current was subtracted), (c) extracted 
photocurrent and responsivity of graphene-TCNQ complex 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

0.0

2.0x10
4

4.0x10
4

C
T

 b
a

n
d

 A

CT band CC
T

 b
a

n
d

 B  

 

A
b

so
rp

ti
o

n
 c

o
ef

fi
ci

en
t 

(c
m

-1
)

Wavelength (nm)

T
C

N
Q

 b
an

d

-5 -4 -3 -2 -1 0 1 2 3 4 5

Graphene

E
F

 

 

P
D

O
S

Energy (eV)

Total

TCNQ

(a) (b)Top view

Side view

C

H

N

(c)

HOMO
TCNQ (0.04)

Graphene (0.96)

TCNQ (0.47)

Graphene (0.53)

TCNQ (0.36)

Graphene (0.64)

TCNQ (0.52)

Graphene (0.48)

1560 1590 1620

Graphene-TCNQ

Graphene

 

 

In
te

n
si

ty
 (

a.
u
.)

Raman shift (cm
-1
)

1584

1589

-80 -40 0 40 80

22

23

24

25

V
ds

 at 0.1 V Graphene-TCNQ

 

 

I d
s(

A
)

V
gs

(V)

Graphene

(a) (b)

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

250

V
gs

 at 0V

Graphene-TCNQ

 

 

I d
s(

A
)

V
ds

 (V)

Graphene

1 μm

(c) (d)

20 nm

0.1 1 10
0.0

0.4

0.8

1.2

 

 

N
o
rm

al
iz

ed
 r

es
p
o
n
si

v
it

y
 

Freq. (kHz)

0

1

2

3

4

 

Time

0.19W

26.3nW

0.75nW

0.48nW  

 

P
h
o
to

cu
rr

en
t 

(
A

)

0.35nW

5 s

2 ms

A

 

 

P
h
o
to

cu
rr

e
n
t 

Time

  

 

 

1 ms

0.5 ms

0.1 ms

1E-10 1E-9 1E-8 1E-7

0.0

0.5

1.0

1.5

2.0

 

Power (W)

R
es

p
o
n
si

v
it

y
 (

A
/W

)

P
h
o
to

cu
rr

en
t 

(
A

)

0

500

1000

1500

2000

 

=1000 nm, V
ds

=5 V

(a)

(b) (c)

(d) (e)

10 μm 

-
+

Keithley DMM7510 Multimeter

(100Hz-1M Hz)

Device

Mirror
Chopper

Filters and 

attenuators

Supercontinuum

Laser

(540-2400 nm)



 

measured at 1000 nm with different powers. The inset in (b) is 
a typical optical image of graphene-TCNQ device. (d,e) photore-
sponse of graphene-TCNQ complex at different chopping fre-
quencies. 

The photoresponsivity of graphene-TCNQ complex at low light 
illumination was as high as ~2000 A/W (Figure 3c, red data), 
indicating an ultrahigh photoelectrical gain. Similarly, high re-
sponsivity up to 120 A/W (at 1000 nm) and 240 A/W (at 1000 
nm) were observed for graphene-F4TCNQ and graphene-TCOQ 
complexes, respectively (Figure S3 and S4). The gain is at-
tributed to the photogating effect20,36,37, i.e., the holes in gra-
phene circulate many times in the device before recombination 
with electrons in TCNQ due to the extremely high carrier mo-
bility in graphene and slow charge recombination rate between 
graphene and TCNQ. As light power increased, the photocur-
rent increased but not linearly (Figure 3c). This is a saturation 
effect which is commonly observed in graphene20,22 and 

MoS238,39 based photogating photodetectors. The photore-
sponse speed was also measured by light chopping. As the light 
chopping frequency increased to 10 kHz, the responsivity only 
dropped about 30% (Figure 3d,e). This suggests that the elec-
tron-hole recombination rate in graphene-TCNQ is still faster 
than 0.1 ms.  

Further, wavelength-dependent photoresponse of graphene-
organic CT complex was measured (Figure 4). Graphene-TCNQ 
complex has a broad photoresponse from visible to 2000 nm. 
While graphene-F4TCNQ and graphene-TCOQ have photore-
sponse from visible to 1200 nm. The wavelength-dependent re-
sponsivity (in A/W) matches well with the calculated absorp-
tion spectrum below 1200 nm.  For graphene-TCNQ complex, 
at longer wavelength from 1400 to 2000 nm, the measured 
photoresponse is lower than the calculated absorption, in 
which the explanation is not clear and it needs further investi-
gation. 

 

Figure 4. Wavelength-dependent photoresponse of (a) graphene-TCNQ, (b) graphene-F4TCNQ and (c) graphene-TCOQ charge transfer (CT) 
complexes. The light power at different wavelengths is shown in Figure S5. 

 

Figure 5. (a) Charge-transfer (CT) transitions in graphene-or-
ganic CT complex at different gate voltages. Gate-dependent 
photoresponse of (b) graphene-TCNQ, (c) graphene-F4TCNQ 
and (d) graphene-TCOQ CT complexes. 

The Fermi level of graphene can be tuned by the gate volt-
age17,40. At negative gate voltages, graphene is p-doped with 
major carriers of holes. In a quantitatively picture, considering 
graphene Dirac point at -4.6 eV and the lowest unoccupied mol-
ecule orbital (LUMO) of TCNQ, F4TCNQ, TCOQ at -4.641, -5.242 
and -4.5 (our calculation) eV, respectively, the charge (electron) 
transfer transition is allowed from graphene to LUMO of the 
molecules (Figure 5a left panel). However, when the Fermi 
level of graphene rises to a n-doped region at strong positive 
gate voltages, the Fermi level of graphene is higher than the 
LUMO of the molecules. As a result, the charge (electron) trans-
fer transition from graphene to organic molecule is blocked 
(Figure 5a right panel).  

In experiments, strong photoresponse was observed at nega-
tive gate voltages while no photoresponse was observed at gate 

0.0

0.5

1.0

1.5

1100

900 1000
850

700

 

 

 

P
o

to
cu

rr
en

t 
(

A
)

600

5s

600 800 1000 1200

0

1

Calculated 

absorption

 

Wavelength (nm)

R
el

at
iv

e 
re

sp
o

n
si

v
it

y

 

600 800 1000 1200

0

1

Calculated 

absorption

 
R

el
at

iv
e 

re
sp

o
n

si
v

it
y

 

Wavelength (nm)
800 1200 1600 2000

0

1

Calculated absorption

R
el

at
iv

e 
re

sp
o

n
si

v
it

y
  

 

Wavelength (nm)

0

5

10

15
600 

850 900 

2000 

 

1600 
1400 

1200 

1100

1000

 

 

P
h

o
to

cu
rr

en
t 

(
A

)

700 

5s 0

1

2

1200 

1100 

 

1000
900

850 

700 

 

 

P
h

o
to

cu
rr

en
t 

(
A

)

600

5s

(a) (b) (c)Graphene-TCNQ Graphene-F4TCNQ Graphene-TCOQ

C

H

N

F

Cl

O

-80 -40 0 40 80

0

1

 

 

R
e
la

ti
v
e
 r

e
sp

o
n
si

v
it

y

V
gs

 (V)

 700nm

 850nm

 900nm

 1000nm

 1100nm

Graphene at Negative Vgs

Molecule 

HOMO

LUMOEFVgs

-

(a) Graphene at Positive Vgs

Molecule 

HOMO

LUMO

EF

+

Vgs

-

+

-80 -40 0 40 80

0

1

 

 

R
e
la

ti
v
e
 r

e
sp

o
n
si

v
it

y

V
gs

 (V)

 700 nm

 1000 nm

 1200 nm

 1600 nm

 2000 nm

(c)(b) (d)
G-TCNQ G-F4TCNQ

-80 -40 0 40 80

0

1

 

R
el

at
iv

e 
re

sp
o
n
si

v
it

y

V
gs

 (V)

 700 nm

 800 nm

 900 nm

 1000 nm

 1100 nm

G-TCOQ

×



 

voltages higher than 40 V for all graphene-TCNQ, graphene-
F4TCNQ and graphene-TCOQ complexes (Figure 5b,c,d). This is 
consistent with the quantitative picture shown in Figure 5a. 
Therefore, the external electrical gating can be used to tune 
electronic excitations in graphene-organic CT complexes. 

In conclusion, we have calculated the electronic structure of 
graphene-organic CT complexes: a new type of CT complexes 
with broadband NIR CT transitions. Taking advantages of the 
high carrier mobility of graphene and the photogating effect at 
graphene/molecule interface, high photoresponsivity (up to 
2000 A/W) and high speed (10 kHz) photodetection have been 
measured from graphene-organic CT complexes. This provides 
a new type of tailorable NIR optical materials with potential ap-
plications in highly responsive photodetectors. 

MATERIAL AND METHODS 

DFT calculation. All electronic and optical properties are cal-
culated with plane-wave pseudopotential package CASTEP. It 
has been confirmed by previous calculation that local density 
functionals could describe the electronic structure of graphene 
quite accurately. PBE-style GGA functional was used for all the 
calculation. A graphene supercell of 12 Å × 12 Å was con-
structed with different molecule absorbed on just one side. The 
van der Waals interaction was included in the empirical TS 
scheme. The structure was relaxed by BFGS scheme with a re-
sidual force smaller than 0.01 eV/Å. A standard ultrasoft pseu-
opotential was used with a cut off energy of 450 eV. Only Γ 
point was used for geometry optimization while a 3×3 Monk-
horst-Pack grid was used for electronic and optical properties 
calculation. 

Materials. TCNQ (PN#1427366, 98%), F4TCNQ (PN#2157887, 
97%) and TCOQ (PN#1309782, 97%) were purchased from 
Sigma Aldrich. 

Characterization. AFM (Dimension 3100, Veeco, America) 
was performed with tapping mode. STM (Nanoscope IIIa, 
Bruker, Germany) images were conducted at Iset =491.3 pA, Vbais 
=559.1 mV. Raman spectrum was measured on a home-built 
setup with 532 nm continuous laser and the laser power was 
below 0.2 mW/μm2. 

Device fabrication. Graphene flakes were obtained by me-
chanical exfoliation of Kish graphite (Covalent Material Corp., 
Japan) on a silicon wafer with 300 nm SiO2 layer. Copper TEM 
grid with 10 μm spacing was used as a shadow mask. 10 nm Ti 
and 50 nm Au were deposited for the electrodes. After evapo-
ration, the electrodes and back silicon gate were wired to a 
home-made chip carrier. The device was then immersed in 
TCNQ, F4TCNQ or TCOQ saturated solution in acetone for ad-
sorption and dried in N2 blow before photocurrent measure-
ments.  

Photoresponse measurement.  The photocurrent measure-
ment system was home-built with a pulsed laser (EXR-4, NKT, 
Denmark, output wavelength from 540 to 2400 nm). A series of 
bandpass filters from 700 nm to 2000 nm (FKB-VIS-40, FKB-
IR-10, FB1750-500 and FB2000-500, Thorlabs Inc., USA) and 
neutral density filters (GCC-301041, GCC-301061 and GCC-
301071, Daheng Optics, China; NENIR10A, NENIR20A and 
NENIR30A, Thorlabs Inc., USA) were used to select the output 
wavelength and output power.  The light spot diameter was 
about 2 mm. The laser power under each condition was meas-

ured by a power meter (PM100A, Thorlabs Inc., USA) with dif-
ferent sensors suitable for the various wavelengths. The pho-
toresponse rate was measured by an amperemeter (DMM7510, 
Tektronix Inc., USA) with light chopping up to 10 kHz 
(MC2000B, Thorlabs Inc., USA). 
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