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A B S T R A C T

A hybrid structure comprising organic dye molecules (e.g., rhodamine 6G) and graphene

was developed for the realization of high-performance optoelectronic devices. The fabri-

cated photodetector offered a broad spectral photo-response across wavelengths in the

infrared, visible, and ultraviolet regions, as well as a high responsivity (�460 A/W at illumi-

nation power of 1 lW). The photocurrent generated in the hybrid photodetector (�mA) was

much higher than that generated in a pristine graphene photodetector (<lA). The perfor-

mance of the dye-sensitized photodetector relied on enhanced photoabsorption and the

implementation of a photocurrent gain arising from the photo-excited charges.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene enables new approaches toward the realization of

high performance photonic and optoelectronic devices [1,2].

Graphene-based photodetectors have received considerable

attention because their spectral bandwidths are broad com-

pared to those of semiconductor-based photodetectors [3–6].

The optical absorption coefficient of graphene is almost con-

stant from the visible to the infrared wavelengths because of

the band structure of graphene [7] (i.e., a zero band gap and a

linear energy dispersion); however, the weak light absorption
of the atomically thin graphene layer and the very low gain

mechanisms (e.g., carrier multiplication) have limited key

properties that are needed for high-performance photodetec-

tors, including the quantum efficiency, responsivity, and

noise equivalent power (NEP) [4,6]. As a result, graphene pho-

todetectors are not suitable for practical large-scale device

applications. Recently, several attempts have been made to

enhance the absorption of light and the performances of gra-

phene-based photodetectors, for example, the photodetector

coupling microcavities and plasmonics resonators to gra-

phene [8–11], photodetector based on vertical p–n graphene
epublic of
orea (J.-H.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2015.02.071&domain=pdf
http://dx.doi.org/10.1016/j.carbon.2015.02.071
mailto:ahnj@yonsei.ac.kr
mailto:euyheon@skku.edu
mailto:jhcho94@skku.edu
http://dx.doi.org/10.1016/j.carbon.2015.02.071
http://dx.doi.org/10.1016/j.carbon.2015.02.071
http://dx.doi.org/10.1016/j.carbon.2015.02.071
www.sciencedirect.com
http://www.elsevier.com/locate/carbon


166 C A R B O N 8 8 ( 2 0 1 5 ) 1 6 5 – 1 7 2
junctions [12,13], and coupled to colloidal quantum dots (QDs)

or nono wires (NWs) [14–19].

The combination of graphene, which features a remark-

ably broad absorption band, and dye molecules (e.g., rho-

damine 6G (R6G)), which have a high absorption cross-

section, provided a very large photocurrent, an ultrahigh

quantum efficiency. The main mechanisms underlying the

ultrahigh performance of the dye-sensitized graphene pho-

todetector involve enhanced light absorption and the imple-

mentation of a photocurrent gain arising from the photo-

excited charges. In this hybrid structure, the p-bond between

the dye molecules and the graphene facilitated photoexcited

charge transfer between the two materials [20–22]. Thus, the

accumulation of photo-excited electrons in the dye layer

introduced effective gating behavior that produced a high

hole current in the graphene layer. The enhanced photocur-

rent arose from the chemical potential difference, which

increased the number of mobile charge carriers present in

the graphene, rather than from the production of photo-excit-

ed electrons. The photocurrent gain mechanism, in which

multiple charge carriers were generated from each incident

photon [23,24], relied on the ratio of the photoexcited electron

relaxation time in the dye layer to the carrier transit time in

the graphene layer. In our device, the recombination process

in the dyes is hindered by the electron transfer from graphene

layer and the recombination time in the dyes was on the order

of milliseconds, much longer than the transit time (on the

order of picoseconds based on hole mobiliy value of

�1000 cm2/V s) of the carriers (holes) in the graphene. These

parameters guaranteed a high gain. The dye-sensitized gra-

phene photodetector exhibited a responsivity of 460 A/W, an

effective quantum efficiency of �105%, a specific detectivity

of �1010 Jones, and a broad spectral bandwidth across the

ultraviolet, visible, and near-infrared. Note that the effective

quantum efficiency (EQE) was defined here as geff = gG, where

g and G are the external quantum efficiency and the gain of

the device, respectively. The availability of many different

dye molecules through a variety of synthetic routes enables

the simple hybrid photodetectors to be tuned for a variety

of functionalities.

Recently, the organic dye-MoS2 hybrid photodetector was

reported [25], which showed an enhanced performance com-

pared with the properties of the pristine MoS2 photodetectors.

The charge transfer mechanism plays an important role for

the high performance in the hybrid dye/MoS2 photodetector.

Upon comparing the hybrid dye/MoS2 photodetector with

the hybrid dye/graphene photodetector, we find that the gra-

phene-based device shows much enhanced performance (for

example, the responsivity of graphene based photodetector is

two orders of magnitude higher than MoS2 based photodetec-

tor, i.e., 1.17 A/W in MoS2 vs. 460 A/W in graphene). In addi-

tion, due to the presence of the band gap in MoS2 the

charge transfer of the photoexcited electrons from the dye

molecules to the MoS2 layer is very slow. Thus, the MoS2

based photodetector shows very slow response (�a few sec-

onds), which makes the MoS2-based graphene be less practi-

cal. In graphene-based photodetector, the rise and fall times

were found to be shorter than 100 ms. Based on the results

of the current paper, we note that the hybrid of organic dye

and graphene can be used as an effective photo-gating device
(i.e., a new concept of field-effect-transistor with photo-gat-

ing), which is obviously not possible in MoS2-based hybrid

structure. It is also possible that the generalization of the

hybrid structure by combining one of two-dimensional mate-

rials (e.g., MoS2, WSe2, etc.) with dye molecules for a variety of

graphene-based optoelectronic devices.

2. Experimental detail

2.1. Graphene synthesis and device fabrication

Graphene films were produced by the thermal CVD method

using folded Cu foils (Alpha aser) as catalytic substrates.

First, the Cu foil was placed in a quartz tube and heated up

to 1000 �C with flowing 10 sccm H2 at 50 mTorr. After 4 h at

1000 �C, the mixture of 5 sccm CH4 and 10 sccm H2 gases

was flowed for another 2 h at 450 mTorr. The sample was then

cooled rapidly to room temperature with flowing 10 sccm H2

at the pressure below 50 mTorr. This thermal CVD process

based on folded copper catalytic material resulted in a gra-

phene film with an uniform monolayer coverage of 99% with

large grain size up to 100 lm. After the synthesis of graphene

on Cu foils, polymethylmetacrylate (PMMA) were coated onto

the graphene film grown Cu foil by spin coating. The backside

graphene film was then removed by reactive ion etching (RIE)

with O2 plasma (70 mTorr, 100 W, 2 s). After etching the Cu

layer with wet etchants (0.2 M aqueous solution of ammoni-

umpersulfate), the remaining graphene films on the polymer

support were transferred onto a SiO2/Si substrate containing

the source and drain electrodes (Cr/Au, 3 nm/30 nm) formed

by thermal evaporation. The channel width and length were

1000 and 50 lm, respectively. The PMMA support was then

removed using acetone boiled up to 80 �C. The graphene pat-

terns were formed by photolithography and reactive ion etch-

ing (RIE) with O2 plasma. The R6G (Aldrich Co., 10�3 M in

deionized water) and N719 (Aldrich Co., 30 mM in ethanol)

organic dye molecules were drop-cast onto the device surface.

2.2. Device measurement

All current–voltage (I–V) and photodetecting properties of the

graphene photodetectors were measured using Agilent 4155

semiconductor parameter analyzer under dark and illuminat-

ed conditions. The light sources were set up based on the

monochromatic lasers (Susemicon) which have different

wavelength from 400 to 980 nm at optical powerof 4 mW (beam

radius �3 lm). The optical power was controlled from 1 lW to

2 mW using an optical attenuator (Thorlabs NDC-50C-4M) and

was measured by laser power meter (Thorlabs PM 100D).

3. Results and discussion

3.1. Spectral response of dye-sensitized graphene
photodetector

The dye-sensitized graphene photodetector was fabricated on

a SiO2/Si substrate. Highly n-doped Si wafers were employed

as the gate electrode, and a thermally grown 300 nm thick

SiO2 layer was employed as a gate dielectric. The surface

of the SiO2 dielectric was then modified with
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n-octadecyltrimethoxysilane (ODTS) to reduce charge

trapping by the silanol groups on SiO2 [26]. Au source/drain

electrodes were vacuum-deposited through a shadow mask

onto the substrate to form channels 50 lm in length and

1000 lm in width. After transferring the CVD-grown

monolayer graphene onto the substrate, photolithography

and subsequent O2 plasma etching were carried out to pattern

the graphene channels [27]. The R6G organic dye molecules

were deposited by drop-cast onto the graphene surface.

A schematic diagram and optical microscopy top view

image of the dye-sensitized graphene photodetector are

shown in Fig. 1a. Fig. 1b shows the calculated joint density

of states (DOS) of the hybrid system prepared from graphene

and R6G. The level alignment between the highest occupied

molecular orbital (HOMO) and the lowest unoccupied molecu-

lar orbital (LUMO) of R6G with respect to the graphene energy

band was determined through a series of density functional

theory (DFT) calculations (see supporting materials for

details) [28–30]. The calculated DOS of the hybrid system

revealed that the Dirac point of graphene was located at the

approximate center of the energy gap between the HOMO

and LUMO of R6G. Fig. 1c shows the ultraviolet–infrared

absorption spectra of R6G and the hybrid system composed

of R6G and graphene. Both the pristine R6G and the hybrid

system displayed an absorption peak at �530 nm correspond-

ing to the direct transition from the HOMO to the LUMO of

R6G [31,32]. Unlike the pristine R6G, the hybrid system dis-

played an onset absorption at konset � 1050 nm due to the

transition of the photoexcited electrons in graphene to the

LUMO of R6G. Since konset was less than the energy band

gap of R6G, the transition was not allowed in R6G.

Importantly, the spectral absorption in the hybrid system
Fig. 1 – Dye-sensitized graphene photodetector. (a) Schematic d

sensitized graphene photodetector device. (b) Calculated joint d

The black line represents the DOS of the graphene. The positio

from B3PW91 calculations of the physisorbed R6G molecule. Th

LUMO was located at 1.150 eV with respect to the location of the

and R6G/graphene hybrid films. The red line was arbitray shifte

R6G/graphene hybrid films. (A color version of this figure can b
was enhanced at all wavelengths k < konset compared with

the absorption of graphene.

Before implementation of photoresponse measurement

about the hybrid photodetectors, we investigated photore-

sponse properties of the pristine graphene-based photodetec-

tor with the same device geometry as the R6G-graphene

hybrid photodetector (see Fig. S2). In pristine graphene pho-

todetector (i.e., without photogating effect) we found pho-

tocurrent in the order of nA as observed in other papers

[5,6,10,17]. The photoresponse characteristics of the dye-sen-

sitized photodetector were investigated. Figs. 2–4 show the

performance of the photodetector made of graphene and

R6G dye molecules. We have also studied the dye-sensitized

graphene photodetector based on another dye molecule (i.e.,

Ru-based dye molecules, N719), and the results are shown in

the supporting materials (see Figs. S3 and S4). Fig. 2a shows

the total drain current (dark current plus photocurrent) as a

function of the gate voltage at different illumination wave-

lengths over the range 400–980 nm. The photocurrent was

measured at a fixed drain voltage of 0.1 V and a fixed incident

illumination power of 1 mW. The black line indicates the dark

current. The measured hole mobility of device was 870 cm2/

V s. Under all illumination wavelengths, the photocurrent

(�mA) generated at a zero gate voltage in the hybrid photode-

tector was much higher than that (<lA) generated in a pristine

graphene photodetector under the same illumination condi-

tions. In addition to a high photocurrent intensity, the Dirac

point was found to be shifted toward a positive gate voltage.

Two distinct Dirac point shifts, divided by the characteristic

wavelength (kc = 530 nm), were observed. These shifts corre-

sponded to the energy gap between the HOMO and LUMO of

R6G. The Dirac point shift at short wavelengths (i.e., k < kc)
iagram and optical microscopy top-view images of the dye-

ensity of states (DOS) of the graphene-R6G hybrid structure.

ns of the HOMO (blue) and LUMO (red) levels were obtained

e HOMO of this structure was located at �0.971 eV and the

Dirac point of graphene. (c) UV-IR absorption spectra of R6G

d upward to distinguish the absorbance of R6G from that of

e viewed online.)



Fig. 2 – Wavelength-dependent photoresponse characteristics of the dye-sensitized graphene photodetector. (a) Transfer

characteristics (VD = 0.1 V) of the dye-sensitized graphene photodetector under different illumination wavelengths at a fixed

incident illumination power of 1 mW. (b) Photocurrents at VG = 0 V of the dye-sensitized graphene photodetector as a function

of the illumination wavelength. (c) Responsivity (R) and effective quantum efficiency (EQE) vs. wavelength of the illumination

source. (A color version of this figure can be viewed online.)

Fig. 3 – Illumination power-dependent photoresponse characteristics of the dye-sensitized graphene photodetector. (a)

Transfer characteristics (VD = 0.1 V) of the dye-sensitized graphene photodetector under different illumination powers at a

fixed wavelength of 520 nm. (b) R and EQE as a function of the illumination power. The inset shows the photocurrent at

VG = 0 V as a function of the illumination power. (c) Specific detectivity (D*) as a function of the illumination power. (d) Plot of

the drain current vs. the drain voltage under various illumination powers. The inset shows R at three different drain voltages

(black: 100 mV, red: 10 mV, blue: 1 mV) as a function of the illumination power. (A color version of this figure can be viewed

online.)
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was larger than the corresponding shift at long wavelengths

(i.e., k > kc). Consequently, the measured photocurrent for

k < kc at a zero gate voltage was larger than the corresponding

value at k > kc. The change in the photocurrent (i.e., the
difference between the total drain current and the dark cur-

rent) is summarized in Fig. 2b and c shows the responsivity

(black line) and the effective quantum efficiency (EQE) (blue

line) as a function of the wavelength of incident light,



Fig. 4 – Spatial and photo-switching characteristics of the dye-sensitized graphene photodetector. (a) Optical microscopy

images resulting from scanning an illumination laser spot across the graphene channel of the dye-sensitized graphene

photodetector. (b) EQE values under laser illumination (100 lW, 520 nm) at different illumination positions. (c) Photo-

switching characteristics of the device under alternating dark and light illumination (3 mW, 520 nm). The right panel shows

an enlarged view of the temporal photocurrent response during on–off illumination switching. (A color version of this figure

can be viewed online.)
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measured at a zero gate voltage. The responsivity of a pho-

todetector is defined as Iph/P, where Iph and P are the photocur-

rent and incident illumination power, respectively. The

responsivity is related to the EQE, according to (Iph/e)/(P/

ht)·100 = R · E · 100, where R and E are the responsivity and

the incident photon energy. As the wavelength decreased,

both the responsivity and the EQE increased, with a large step

at kc. Very high responsivity and EQE values were obtained,

even at relatively high illumination powers (1 mW) at all wave-

lengths. Our device exhibited a responsivity of �460 A/W and

an EQE of �105%, under an illumination power of 10�6 W

(see Fig. 3b), which is the lowest power limit in our experimen-

tal setup. In general, the responsivity increases as the illumi-

nation power decreases until reaching saturation at very low

power [26]. Based on our measurement (i.e., R / P�1), the

responsivity is expected to easily exceed 106 A/W at an illumi-

nation power of 1 pW if the relation between R and light power

keeps down to that value. These behaviors (i.e., the Dirac point

shift and the step in the photocurrent) could be understood in

terms of the charge transfer between the graphene and R6G

and the joint DOS of the hybrid system composed of graphene

and R6G. As shown in Fig. 1b, the calculated DOS of the hybrid

system revealed that the Dirac point of graphene was located

approximately in the middle of the band gap between the

HOMO and the LUMO of R6G. For incident photon energies less

than the R6G energy gap (530 nm), photoexcited electrons in
the graphene were transferred to R6G if the energies of the

electrons exceeded the LUMO level of R6G. This process result-

ed in the accumulation of an excess of negative charges in R6G

(Dirac voltage shift for kc < k < konset). Graphene could easily

combine with R6G through p-bonds, which induced the trans-

fer of photoexcited carriers in one layer to the other layer, and

vice versa [20–22]. Photon energies exceeding the R6G gap

induced light absorption and generated an electron–hole pair

in the dye molecules due to a direct transition of the electrons

from the HOMO to the LUMO. In this case, the electrons in gra-

phene were transferred to the HOMO of the dye molecules,

where they recombined with holes in the HOMO level to gen-

erate an excess of negative charges in R6G (Dirac voltage shift

for k < kc). Despite the different charge transfer behaviors,

both cases induced the same type of excess charge (i.e., elec-

trons) in the dye molecules, which acted as an effective nega-

tive gate voltage. Two distinct Dirac point shifts, separated by

kc = 530 nm, could be understood in terms of the number of

accumulated electrons in the dye molecules.

3.2. Illumination power dependence of dye-sensitized
graphene photodetector

The illumination power-dependent photoresponse character-

istics of the dye-sensitized photodetector were investigated.

Fig. 3 shows the device performance at k = 520 nm, which is
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shorter than the characteristic wavelength (kc). The results for

longer wavelength (e.g., k = 980 nm) than kc are shown in

Fig. S5. Fig. 3a shows the total drain current as a function of

the gate voltage under different illumination powers and at

a fixed drain voltage of 0.1 V and a fixed illumination wave-

length of 520 nm. The total device current increased gradually

as the light power increased. This result supported the photo-

gating mechanism proposed above: the number of photo-ex-

cited electrons from R6G increased with the illumination

power and introduced a negative effective voltage in the gra-

phene layer. As a result of this effective negative gating, the

Dirac point shifted to larger positive gate voltages, and a

greater hole current was introduced in the graphene layer at

higher illumination powers. The illumination power-depen-

dent spectral photocurrent at a zero gate voltage is summa-

rized in the inset of Fig. 3b. We observed a very high

photocurrent on the milliamps scale, even for a very low illu-

mination power (0.45 mA at 10�6 W). Fig. 3b shows the

responsivity (black line) and EQE (blue line) as a function of

the illumination power. The dye-sensitized photodetector

exhibited an EQE of 105% for an optical power on the micro-

watts scale. A higher EQE value was expected at even lower

optical power levels. An important photodetector characteris-

tic is the specific detectivity (D*), which is measured in units

of Jones. D* is defined as (ADf)1/2R/in, where A is the effective

area of the detector, Df is the electrical bandwidth, R is the

responsivity, and in is the noise current [15,33,34]. Fig. 3c

shows D* of the dye-sensitized graphene photodetector as a

function of the light power. The measured D* exceeded 1010

Jones at 1 lW. The specific detectivity is expected to exceed

1016 Jones at an illumination power of 1 pW, because the value

increases as the illumination power decreases. Devices that

operate at low voltages offer an efficient power consumption

profile. It is important, therefore, to achieve a high photore-

sponse at a low drain voltage. Fig. 3d shows the total current

as a function of the drain voltage for different illumination

powers at =520 nm and at a zero gate voltage. The change

in the current was proportional to both the applied drain volt-

age and the incident illumination power. The responsivity is

plotted for different drain voltages in the inset of Fig. 3d.

The responsivity was proportional to the applied drain volt-

age, but inversely proportional to the illumination power. A

high responsivity of 1 A/W was observed, even at a very low

drain voltage of 1 mV.

3.3. Spatial and temporal response of dye-sensitized
graphene photodetector

The dye-sensitized photodetector was remarkably photosen-

sitive across the entire device area. Fig. 4a shows the device

response during spatial scanning of a laser spot across the

channel area. The focused 520 nm laser beam was 3 lm in size

and delivered an illumination power of 100 lW at the device

surface. Fig. 4b, red (black) squares, indicate the EQE values

measured inside (outside) of the graphene channel. In con-

trast to the photocurrents measured in graphene-based pho-

todetectors, which generated a photocurrent across the

metal contact area or in the center of the device, our hybrid

photodetector generated a uniform EQE along the entire chan-

nel area, and none of the regions were characterized by
significantly lower EQE values. In this hybrid structure, the

photo-excited charges near the interface between R6G and

graphene contribute mainly to the photogating effect. The

drop-casted R6G film covers all graphene area and the average

film thickness is far above the photogating saturation level.

Thus, the uniform photocurrent response can be obtained

across the photodetector area. A uniform response across

the photodetector area is important in practical applications.

Finally, we measured the time-resolved photoresponse of the

hybrid photodetector under an illumination power of 3 mW,

using the 520 nm laser beam. Fig. 4c shows the pulsed laser

illumination (top) and the temporal response of the photocur-

rent (bottom). The rise and fall times were found to be shorter

than 100 ms. The dye-sensitized graphene photodetector dis-

played a short temporal response that was attributed to the

easy transfer of photoexcited electrons between the dye

molecules and the graphene as a result of the weak p-bonds

[20,21].
4. Summary

We developed a novel hybrid photodetector consisting of gra-

phene and dye molecules. The dye-sensitized photodetector

responded to the incident illumination over a broad wave-

length range (400 < k < 1000 nm). The responsivity and effec-

tive quantum efficiency were extremely high and exceeding

460 A/W and 105% at relatively high illumination power of

1 lW, respectively. The hybrid graphene photodetector dis-

played several advantages over other approaches: the device

could be operated at low voltages and the photoresponse

did not vary significantly across the detector area.

Although this report describes the ultra-high perfor-

mance of a novel hybrid photodetector, the device may cer-

tainly be further optimized. Low-mobility CVD-grown

graphene was used here, and graphene with a higher mobi-

lity (e.g., graphene on an h-BN substrate) may further

increase the photocurrent gain [35,36]. The carrier transit

time in higher-mobility graphene is much shorter than in

low-mobility graphene. Consequently, the photocurrent gain

in the higher-mobility graphene is expected to be higher.

Organic dye molecules undergo photobleaching by photo-in-

duced oxidation under light illumination, which may

decrease the performance of the dye-sensitized graphene

photodetector [32]. Therefore, encapsulation of the dye-sen-

sitized graphene photodetectors is required to ensure good

device photostabilities [37]. The graphene photodetector

developed here was prepared with R6G and N719; however,

many other dye molecules may be substituted to satisfy cer-

tain application-specific device specifications. Thousands of

alternative dye molecules with comparable optical properties

are available and may be readily adapted to the photodetec-

tor described here. The photodetectors, which offer a high

responsivity, a uniform photoresponse, and good sensitivity

to illumination in the infrared, visible, and ultraviolet

regions, may be suitable for a variety of practical large-scale

applications in flexible and transparent optoelectronics.

Graphene optoelectronic devices may find utility in the

development of cost-effective inter- and intra-chip optical

communication technologies.
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