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DNA hybridization, [ 24–28 ]  where the DNA molecules are found 
to act as potential gating agents that impose  p  - doping [ 29 ]  to gra-
phene layers, leading to the changes in the electrical proper-
ties of graphene. In principle, the electrical conduction of an 
ideal graphene with a Fermi level close to the Dirac point is 
very sensitive to the external charge perturbation. The detection 
of single molecule has also been successfully demonstrated in 
gas phase. [ 30,31 ]  However, the practical biomolecular detection 
is performed in an aqueous solution, where the water mol-
ecules easily affect the Fermi level of graphene such that it is 
away from the Dirac point. Thus, the reported detection sen-
sitivity for DNA based on the change of graphene properties 
such as electrical conductivity and carrier concentration has 
only reached the concentration level of few tens pM. [ 32 ]  In addi-
tion, graphene is known as a material without an energy gap, 
making it hard to perform the detection with optical absorption 
or emission methods. 

 Recently, Zhu et al. have reported that a single-layer MoS 2  
nanosheet exhibits high fl uorescence quenching ability, 
which assists the detection of biomolecules with fl uorescence 
probes. [ 33 ]  Mak et al. have reported that the photolumines-
cence (PL) intensity of MoS 2  monolayer depends strongly on 
the applied gate voltage. [ 34 ]  The ultrasensitivity of the MoS 2  
monolayer to the extrinsic charge doping actually provides 
an excellent avenue for detecting the target DNA molecules, 
under the condition that DNA molecules need to be dissolved 
in an aqueous buffer solution. One immediate challenge of 
using these 2d MoS 2  monolayers for detection is that their 
optical or electrical property is affected by the presence of 
moisture and oxygen, [ 35 ]  which makes it hard to differentiate 
the signals resulting from DNA and water molecules. Also the 
MoS 2  fi lm may be degraded or oxidized after exposing to the 
ambient environment. Here, we report that a hetero-structural 
stacking fi lm “graphene on MoS 2 ” (graphene/MoS 2 ) provides 
an excellent and ultrasensitive platform for the detection 
of DNA hybridization. The graphene serves as a protection 
layer to prevent the reaction between MoS 2  and the ambient 
environment as well as a biocompatible interface layer to 
host DNA molecules on its surfaces. The photoluminescence 
(PL) intensity of the MoS 2  layer in the graphene/MoS 2  stack 
increases with the concentration of the added target DNA. The 
detection limit is able to reach the level of aM. The response 
time for the real time detection in aqueous solutions is as fast 
as a few minutes, demonstrating that the heterostructures are 
directly applicable to ultrasensitive detection of DNA detec-
tion. The principle revealed in this report also enable the fur-
ther extension to the detection of antibody-antigen and other 
probe-target systems. DOI: 10.1002/adma.201401084
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  Ultrasensitive detection of specifi c DNA or peptide sequences 
is of great importance in disease diagnostics, environmental 
monitoring, gene therapy, biomolecular analysis and other bio-
medical applications. [ 1–3 ]  Polymerase chain reaction (PCR) [ 4 ]  
and rolling circle amplifi cation (RCA) [ 5 ]  have been widely 
used for target and signal amplifi cation. Nevertheless, these 
methods involve complicated, high cost or time-consuming 
procedures. Due to the strong demands of rapid, selective and 
sensitive detection of DNA, optical and electrochemical detec-
tion methods relying on the fl uorescent or electrochemical tags 
have been widely used. [ 6–9 ]  Another approach such as label -
 free electrical detection has also recently attracted extensive 
research efforts since no fl uorescent or electrochemical tags are 
required, [ 10–13 ]  which substantially lowers the cost of the detec-
tion. Meanwhile, many new technologies are being developed 
to enhance the detection sensitivity of DNA concentration. The 
Si-nanowire sensors based on surface-enhanced Raman scat-
tering [ 14 ]  or fi eld-effect transistor [ 15–18 ]  have been demonstrated 
to detect the DNA at a concentration range of 0.1∼1 fM. Several 
reports have recently made advances to approach the detection 
limit of sub-femtomolar level. [ 19–21 ]  An even higher sensitivity 
in the attomolar range can only be achieved with the aid of 
signal amplifi cations. [ 22 ]  Hence, it is of great challenge to dem-
onstrate the label free and direct attomolar detection. 

 The large surface area and unique optical/electrical proper-
ties of two - dimensionality (2d) monolayer materials make them 
suitable to interface with biomolecules. For example, graphene 
is a highly biocompatible and stable material in aqueous solu-
tions. [ 23 ]  Graphene and its derivatives graphene oxide have been 
used to interact with DNA molecules for sensitive detection of 
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 We performed the direct growth of crystalline MoS 2  mono-
layer fl akes on a sapphire substrate by the vapour-phase reac-
tion of MoO 3  and S powders in a hot-wall CVD system. [ 36,37 ]  
The atomic force microscopy (AFM) image in  Figure    1  a shows 
that the as-grown MoS 2  fl akes are mostly monolayers (thick-
ness ∼0.72 nm, Figure S1) and approximately several micron 
in lateral size. Large-area CVD graphene monolayer was grown 
on copper foils at 1000 °C by a CVD method using a mixture 
of methane and hydrogen gases as reported elsewhere. [ 38–40 ]  
Figure S2 schematically demonstrates fabrication process 
of the heterostructure sensor. Figure  1 b displays that the as-
grown MoS 2  fl akes exhibit two characteristic peaks including 
E ′  (or E 1  2g ) at 384.1 cm −1  and A ′  1  (or A 1g ) at 402.3 cm −1 , [ 41,42 ]  
confi rming that they are MoS 2  monolayers. [ 43 ]  To stack the 
graphene monolayer on MoS 2 , a layer of PMMA thin fi lm 
was coated on the graphene/Cu foil as a transfer supporting 
layer. [ 44,45 ]  After the wet etching by a Cu etching solution, the 
PMMA-supported graphene fi lm was transferred on top of the 
MoS 2  fl akes, followed by the removal of PMMA. The PL spec-
trum of an as-grown MoS 2  monolayer fl ake in Figure  1 c shows 
one pronounced emission peak at 1.87 eV, assigned as the A 
direct excitonic transition. [ 46 ]  This peak shifts to a lower energy 
∼1.84 eV after the MoS 2  monolayer was covered with CVD 
graphene. Note that the PL spectra were scaled for better com-
parison. Meanwhile, the broad peak at ∼1.97 eV belonging to 

the B direct transition is not pronounced for both as-grown and 
graphene/MoS 2  structure, likely due to that it is not the lowest 
energy transition. [ 47,48 ]   

 Figure  1 d shows the schematic for the PL measurement 
of the stacked graphene/MoS 2  fi lm, where a confocal system 
equipped with a 473 nm laser is used for probing the PL signal 
of the heterostructures. The sequences of the DNA molecules 
used in this study are shown in Figure  1 d. The integrated PL 
peak area mappings (laser spot focused to ∼1 µm in diameter) 
were collected before and after the probe DNA immobilization, 
and after the addition of the DNA analyte solutions (comple-
mentary or one-base mismatched DNA) with various concen-
trations. We perform the PL measurements for the heterostruc-
tural stacks in a dry state, where the sample was rinsed with 
deionized water and dried after each probe DNA immobili-
zation and target DNA addition. It is noted that the method-
ology of dry state testing has been widely used in many DNA 
sensing reports, [ 1,49 ]  where the key step is to immobilize the 
probe-DNAs on top of graphene by the partial charge transfer 
of electron from the NH 2  groups of DNA bases to graphene. 
The target DNAs can be securely bonded to the probe-DNAs 
and remained on substrate even with violent rinsing while the 
mismatched-DNAs can be easily removed by rinsing.  Figure    2  a 
shows the spatial PL mappings for the graphene/MoS 2  stack 
fi lm immobilized with the probe DNA solution (40 µL; 10 
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 Figure 1.    (a) AFM image of a MoS 2  monolayer fl ake grown at 650 °C on a sapphire substrate. (b) The Raman spectrum for the CVD MoS 2  monolayer. 
(c) The photoluminescence spectra for the CVD MoS 2  monolayer and graphene/MoS 2  heterostructure. (d) Schematic illustration of the DNA detection 
method using a microscope and the graphene/MoS 2  heterostructure sensor.
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µM) and hybridized with the complementary DNA solutions 
(40 µL with various concentrations from 1 aM to 100 aM), 
where the integrated peak area from 1.7 eV to 1.95 eV (linear 
baseline is applied in between 1.7 eV and 1.95 eV as shown in 
the graph) is plotted as the false color based on the color index 
on the right. Figure S3 shows other sets of PL mappings for 
the heterostructures hybridized with the complementary target 
DNA. The bottom graphs in Figure  2 b displays the comparative 
results using one-base mismatched DNAs for hybridization. 
The PL color mapping clearly and qualitatively reveals that the 
integrated PL peak area of the graphene/MoS 2  stacks responds 
to the target DNA but not to the mismatched DNA, demon-
strating the capability to differentiate these DNA molecules. 
To quantitatively analyse the data, we select the site with the 
highest integrated PL peak area in each mapping and plot them 

in Figure  2 c. The PL of the graphene/MoS 2  stack fi lm with a 
similar profi le to that of pure a MoS 2  fi lm is still originated 
from the emission of MoS 2  [ 50 ]  and its intensity increases after 
the immobilization of complementary DNA. More importantly, 
the integrated PL peak area signifi cantly increases with the con-
centration of the added complementary DNA solutions. The 
integrated PL peak area over 1.7 eV to 1.95 eV for each condi-
tion is also summarized in Figure  2 c, where we can see a posi-
tive correlation between integrated PL peak area (in an arbitrary 
unit) and the concentration of the added complementary DNA 
from 1 aM to 1 fM. By contrast, when the one-base mismatched 
DNA solution is used for hybridization, there is no pronounced 
PL-DNA concentration correlation as shown in Figure  2 d. 
It is already known from previous reports [ 32,51 ]  the difference 
between these two hybridization processes (target and one-base 
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 Figure 2.    PL peak area mappings of the graphene/MoS 2  heterostructure hybridized with (a) the complementary target DNA and (b) the mismatched 
DNA. The PL spectra and integrated PL peak area in the presence of (c) target DNA (1, 10, 100, and 1000 aM) and (d) mismatched DNA (1, 10, 100, 
and 1000 aM).
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mismatched) is caused by the fact that the target DNA mole-
cules can strongly bind to the probe-DNA and thus stay on the 
surface of graphene. Hence, the PL intensity is related to the 
charges of the target DNA molecules and those associated to 
the target-DNA molecules. These charges are able to build an 
electric fi eld that affects the charge states of the MoS 2 .  

 It should be noted we have shown in our previous study [ 32 ]  
that the immobilization of probe DNA onto the pristine gra-
phene does not necessarily cause a consistent n- or p-doping 
since the property of pristine graphene is strongly related to 
graphene/solution interface properties, which are complicated 
by the surface condition of graphene, adsorption of DNA and 
counter ions on graphene, the screening of DNA charges by 
counter ions, as well as the morphology of single-stranded and 
hybridized DNAs. However, the subsequent immobilization by 
addition of complementary DNA always causes a consistent 
change in electrical properties which can be used for DNA 
detection. 

 To further examine whether the PL of the graphene/MoS 2  
stacks can be affected by an external electrical fi eld, we perform 
the PL measurements for a graphene/MoS 2  stacked fi lm under 
various applied bottom gate voltages (−50 V, −30 V, −10 V, 10 V, 
30 V and 50 V).  Figure    3  a shows that each PL profi le can be 
fi tted with two Lorentzian peaks at 1.82 eV and 1.86 eV. The 
trion (A − ) and exciton (A) PL peaks have been identifi ed in the 
mechanically exfoliated MoS 2  monolayer, [ 34 ]  where the PL peak 
caused by a A −  trion is with a lower energy and shows little gate 
voltage dependence. In contrast, the PL intensity of the higher 
energy A exciton peak decreases with the increasing posi-
tive value of the applied gate voltage since the doping induces 
the spectral weight reduction of the A excition resonance. [ 34 ]  
Figure  3 b displays the integrated peak area for the two fi tted 

PL peaks of the graphene/MoS 2  stack fi lm as a function of the 
applied gate voltage, where the gate dependence of these two 
peaks at 1.82 eV and 1.86 eV behaves similarly to the MoS 2  
monolayer A −  trion and A exciton peaks, respectively. Since the 
electrical fi eld is coupled through a thick silicon oxide (300 nm) 
in this experiment, only limited electrical fi eld is applied to the 
sample. However, the observed behaviour is consistent with the 
literature. [ 34 ]  These observations suggest that the applied elec-
trical fi eld does affect A exciton and thus the overall PL intensity 
from the MoS 2  in the graphene/MoS 2  stack fi lm. The intensity 
increases upon the target DNA hybridisation (as displayed in 
Figure  2 ) resembles the application of a negative gate voltage, 
owing to the fact that the target DNA molecules bring negative 
charges onto the surfaces of the graphene/MoS 2  bilayer. And 
this conclusion is rational since DNA molecules are with large 
amounts of negative phosphate groups.  

 We have previously reported that when a monolayer gra-
phene is stacked onto a MoS 2  monolayer the graphene receives 
electrons from MoS 2 , which reduces the electron concentra-
tions of the initially  n -doped MoS 2  monolayer. [ 50 ]  Based on 
the doping (or gate-voltage) dependence of the A −  exciton PL 
intensity, [ 34 ]  the sensitivity is higher when the MoS 2  becomes 
less  n -doped (or approaches neutrality). Hence, the incorpora-
tion of the graphene not only helps to interface DNA molecules 
with the MoS 2  layer but also lower the n-doping in MoS 2  layer, 
making the charge detection more sensitive. 

 It has been reported that the peak width and position of 
Raman A ’  1  band (∼402 cm −1 ) are sensitive to the Fermi energy 
change or carrier concentration in MoS 2 . [ 52 ]  To understand the 
details of the PL enhancement upon DNA hybridisation (i.e. 
additional doping induced by DNA adsorption on graphene/
MoS 2 ), Raman spectroscopy is adopted to monitor the change of 

the charge state in MoS 2  monolayers. Since a 
low probe-DNA concentration did not result 
in apparent changes in Raman features, we 
perform the hybridisation with much higher 
target-DNA concentrations in the range from 
1 pM to 1 nM, where the baseline corrected 
Raman spectra are shown in Figure S4. When 
the Raman spectra are normalized to the E ’  
peak height, both the peak intensity and peak 
energy of A ’  1  increase with the target-DNA 
concentrations. The A ’  1  frequency shows a 
blue-shift from ∼402.1 to ∼404.7 cm −1  as the 
target-DNA concentration increases, while 
the E ’  frequency is fi xed at ∼384.1 cm −1 . The 
frequency separation between the A ’  1  and E ’  
increases from 18 to 20.6 cm −1 . These results 
show that the A ’  1  vibration mode is very sen-
sitive to the charge doping, and the E ’  mode 
remains relatively inert. Meanwhile, the peak 
width becomes narrower with the DNA con-
centration, indicating that the MoS 2  layer 
becomes less  n -doped (or reduction in elec-
tron concentration). [ 52 ]  

 It is interesting to know whether the gra-
phene layer is affected by the DNA sensing. 
Figure S5 shows the Raman D and G band 
profi les for the graphene directly on top of 
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 Figure 3.    (a) The photoluminescence spectra of a graphene/MoS 2  fi eld effect transistor in the 
range of 1.7–1.95 eV for the indicated back-gate voltages. The A −  trion and A exciton features 
are fi tted to two Lorentzian peaks (dashed lines). The A −  trion (red dashed line) and A exciton 
(blue dashed line) intensity responds differently with the gate voltage. (b) Gate voltage depend-
ence of the integrated PL peak area for the A −  trion and A exciton peaks.
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the MoS 2  fl ake. It is observed that the G and D bands do not 
change at all with the hybridisation process, suggesting that 
the Fermi energy of graphene layer is not infl uenced by the 
DNA sensing. This may be understood by the preferred elec-
tron transfer from MoS 2  to graphene caused by the band offset 
between MoS 2  and graphene. [ 50 ]  In another word, any induced 
hole in graphene shall be fi lled by the electron from MoS 2 , 
leading to the reduction of electrons in MoS 2  layer. 

 The PL spectra for the graphene/MoS 2  stacks added with 
various concentrations of target DNA are shown in  Figure    4  a. 
To simplify the peak fi tting, a line connecting the data point at 
1.7 eV and at 1.95 eV is used as the baseline for each PL spec-
trum. Similar to Figure  3 , Figure  4 a shows that each PL profi le 
can be fi tted to two Lorentzian peaks attributed to the A −  trion 
and A exciton peaks. The change of the peak intensity with the 
target DNA concentration is shown in Figure  4 b. The PL inten-
sity of the A exciton is much more sensitive to the target DNA 
concentration than the A −  trion. Based on the conclusion drawn 

from Figure  3 , the amount of the positive charges in MoS 2  fi lm 
increase with the addition of target DNA. Figure  4 c schemati-
cally illustrates that the DNA adsorption on graphene/MoS 2  
results in more positive charges in the MoS 2  and thus enhances 
it’s overall PL intensity.  

 The above results and discussions show that the detec-
tion of DNA molecules with the photoluminescence from the 
graphene/MoS 2  heterostructure is feasible. For more prac-
tical application, it is useful to be able to perform the real 
time and ultra-sensitive detection in aqueous states.  Figure    5   
shows the real time measurement of the PL intensity for the 
probe-DNA immobilized graphene/MoS 2  structures in a DNA 
buffer solution as well as the solutions incorporating various 
concentrations of DNA molecules (1a M, 10 aM, 100 aM 
1f M) at the time indicated in the fi gure. The fast increase 
in PL intensity after each solution replacement suggests the 
occurrence of DNA hybridisation. More importantly, the pro-
posed graphene/MoS 2  heterostructure is able to sense the aM 
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 Figure 4.    (a) The photoluminescence spectra of a graphene/MoS 2  stacked fi lm in the range of 1.7–1.95 eV. The PL peak area of the A −  trion (red dashed 
line) and A exciton (blue dashed line) responds differently with target DNA concentration. (b) Dependence of the integrated PL peak area on target 
DNA concentration. (c) Schematic illustration for the charge distribution of DNA on graphene/MoS 2 .
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concentration of target DNA. More data set is shown in sup-
porting Figure S6.  

 In summary, we have devised a graphene/MoS 2  hetero-
structure by stacking graphene on a CVD MoS 2  crystalline 
monolayer, and the photoluminescence characteristics of the 
constructed graphene/MoS 2  fi lm are used for label-free and 
selective detection of DNA hybridization. The graphene serves 
as a protection layer to prevent the reaction between MoS 2  and 
the ambient environment as well as a biocompatible interface 
layer to host DNA molecules on its surfaces. The photolumi-
nescence (PL) intensity of the MoS 2  layer in the graphene/
MoS 2  stack increases with the concentration of the added target 
DNA. The differentiation of complementary and one-base mis-
matched DNA with the graphene/MoS 2  heterostructure can be 
performed at a concentration as low as 1 aM (10 −18  M), indi-
cating high sensitivity for this proof-of-concept heterostucture. 
It is anticipated that the graphene/MoS 2  heterostructure may 
be further expanded to the area of label-free detection of pro-
tein, metal-ion contaminants in water, bacteria, and intercel-
lular or extracellular activities.  

  Experimental Section 
  CVD Growth of MoS 2  : MoS 2  triangular single crystals were synthesized 

based on our previous work. [ 53 ]  In brief, sapphire (0001) substrate (Tera 
Xtal Technology Corp) were fi rst cleaned in a H 2 SO 4 /H 2 O 2  (70:30) 
solution heated at 100 °C for 1 hr. The substrates were placed in the 
center of a 4” tubular furnace on a quartz holder tilted 60° to tube 
horizontal. Precursors of 0.6 g MoO 3  (Sigma-Aldrich, 99.5%) in Al 2 O 3  
crucible was placed 12 cm away from substrates and S (Sigma-Aldrich, 
99.5%) powder in quartz tube was placed 8 cm away from furnace 
open-end at upstream position in a 4” quartz tube. The furnace was 
fi rst heated to 150 °C at 10 °C/min rate with 70 sccm Ar at 10 torr and 
annealed for 20 minutes, then reached 650 °C at 25 °C/min rate and kept 
for 1 hr. Sulfur was heated by heating belt at 160 °C when furnace reached 
400 °C. After growth, furnace was slowly cooled to room temperature. 

  CVD Growth of Graphene : The CVD growth of graphene was 
performed in a furnace (TF555500030, Lindberg/Blue M) with a quartz 
tube (diameter 25 mm). A copper (Cu) foil (Alfa Aesar, item No.13382, 
thickness 25 µm, purity 99.8%) was loaded into the center of the 

tube, the system was fl ushed with a constant fl ow of argon/hydrogen 
(200/20 sccm) at 800 Torr for 30 min, and both gas fl ows were maintained 
through the remaining process. The Cu foil was annealed at 1050 °C for 
60 min to remove organic matter and oxides from the surface. After the 
annealing process, a gas mixture of methane, hydrogen and argon (CH 4  = 
3 sccm, H 2  = 1 sccm, Ar = 500 sccm at 800 Torr) was introduced for 10 
min for graphene growth. After the growth of graphene, the graphene/
Cu foil was cooled to 25 °C. 

  Fabrication of Graphene/MoS 2  Devices : To transfer the as-grown 
graphene onto the MoS 2  monolayer, the graphene/Cu foil (size 15 mm 
× 15 mm) was spin-coated with a thin layer of PMMA (MicroChem 
Co., NANO PMMA 950K A4) to protect the graphene fi lm, followed by 
baking at 100 °C for 1 min. The samples were immersed in a solution 
of ammonium persulfate (0.1 M; J. T. Baker, ACS reagent) at 25 °C. The 
Cu foil was etched away over 3 h. The PMMA-supported graphene was 
transferred into a Petri dish containing a copious amount of distilled 
water for 2 hour to dilute and remove the etchant and residues. The 
PMMA-supported graphene layer was then transferred on to the MoS 2  
monolayer and dried on a hot plate at 70 °C for 30 min. Finally, the PMMA 
was removed by acetone (J. T. Baker, CMOS Grade) at 25 °C for 2 hour, 
and then the sample was rinsed with isopropyl alcohol (J. T. Baker, 
CMOS Grade) and distilled water to complete the transfer process. 

  Immobilization of DNAs on Graphene/MoS 2  : The single-strain 
sequence of probe, complementary, and one-base mismatched DNAs 
(Sigma Aldrich) we used are presented below: probe) 5′-AGG-TCG-
CCG-CCC-3′; complementary) 3′-TCC-AGC-GGC-GGG-5′; one-base 
mismatched) 3′-TCC-AGC-GGC-GTG-5′. The assigned concentrations 
of complementary and one-base mismatched DNAs were prepared by 
diluting them with 1× PBS solvent (phosphate-buffered saline; UniRegion 
Bio-Tech). 1× PBS is composed of 13.7 mM NaCl, 0.27 mM KCl, 
0.43 mM Na 2 HPO 4 , and 0.147 mM KH 2 PO 4 . For the graphene/MoS 2  
sensor device, the exposed surface area of the stack fi lm to DNA solutions 
is 0.25 cm 2 , chosen based on our micro PL set-up. The quantity of DNA 
solution (40 µL) is enough to cover the exposed surfaces of the stacked 
fi lms. First, the graphene/MoS 2  device was immobilized in 10 µM probe 
DNA for 4 h at room temperature. A following rinsing step with DI water 
was carried out to remove weakly-bound DNAs. The complementary or 
one-base mismatched DNAs were dropped onto the device in sequence 
from 1 aM to 1000 aM for hybridization with probe DNA. It took 2 hours 
for hybridization at each concentration and after that the rinsing step 
was always done. A full hybridization experiment was accomplished as a 
control study by mixing probe and complementary DNAs in 1× PBS for 
several hours, and the mixture was then immobilized onto the device for 
2 h, followed by a standard washing process. 

  Measurements and Characterizations : The bottom-gated graphene/ 
MoS 2 /SiO 2  FETs were measured in a semiconductor parameter 
analyser (Keithley 4200-SCS). Photoluminescence and Raman spectra 
were collected in NT-MDT confocal Raman microscopic system (laser 
wavelength: 473 nm; laser power: 1 mW; spot size: ≈ 1 µm). The spectra 
taken from samples were calibrated against a Si peak at 520 cm −1 .  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 5.    The real-time photoluminescence response of the graphene/
MoS 2  to the target-DNA with increased concentration.
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