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Patterning of biomolecules on graphene layers could provide new avenues

to modulate their electrical properties for novel electronic devices. Single-

stranded deoxyribonucleic acids (ssDNAs) are found to act as negative-

potential gating agents that increase the hole density in single-layer gra-

phene. Current–voltage measurements of the hybrid ssDNA/graphene

system indicate a shift in the Dirac point and ‘‘intrinsic’’ conductance after

ssDNA is patterned. The effect of ssDNA is to increase the hole density in

the graphene layer, which is calculated to be on the order of 1.8� 1012 cm�2.

This increased density is consistent with the Raman frequency shifts in the

G-peak and 2D band positions and the corresponding changes in the

G-peak full width at half maximum. Ab initio calculations using density

functional theory rule out significant charge transfer or modification of the

graphene band structure in the presence of ssDNA fragments.
1. Introduction

Since its discovery in 2004,[1] graphene has emerged as a

potential material for fabricating nanoelectronics beyond the

complementary metal-oxide semiconductor (CMOS). With

exceptionally high carrier mobility, electrically tunable con-

ductance,[2] and very high thermal conductance,[3] graphene-

based nanostructures have been employed in an increasing

number of applications ranging fromfield-effect transistors[4–6]
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and gas sensors[7] to solar cells.[8] Because of the two-

dimensional nanostructure and tunable surface chemistry,

graphene layers are sensitive to the environment and chemical

agents, which could provide ways to modulate their electrical

properties through surface modification. To date, several

different methods have been employed, including electro-

chemicalmodification[9] and chemicalmolecule decoration,[10–13]

to modify the electrical properties of graphene layers.

Deoxyribonucleic acid (DNA) and peptide nucleic acids

(PNAs), which have base sequences that offer specificity, are

attractive assembly linkers for bottom-up nanofabrication.

Engineered single-stranded DNA (ssDNA) sequences are

employed in the nanoarchitectures of end-functionalized

single-walled carbon nanotubes (SWNTs) for device applica-

tions including resonant tunneling diodes, field-effect transis-

tors, and biochemical sensors.[14–18] A thorough understanding

of electrical transport through the interface between biological

molecules such as DNA and graphene layers is still in its

infancy.[19]

In this work, we investigated the modulation of carrier

transport through graphene layers with overlaying ssDNA

fragments via electrostatic interaction. We discovered that the

role of ssDNA on the surface of graphene is analogous to

applying a negative gate potential in conventional silicon

CMOS architectures. Raman spectroscopy has been used in
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monitoring the doping of graphene layers.[20–22] We hypothe-

sized that holedoping in graphenemay inducea shift inboth the

G peak and the 2D band as well as a corresponding decrease in

the fullwidthathalfmaximum(FWHM)values.Tovalidate the

observation that the patterning of ssDNA on graphene layers

induces an increased hole density, we further investigated the

Raman spectra of graphene and the ssDNA/graphene hybrid

system.Weobservedawell-defined shift inboth theGpeakand

the 2D band after the graphene layer was patterned with

ssDNA fragments. The absolute value of the observed shift

correlates well with the current–voltage measurements and

calculations for the induced carrier densities, which is in

agreement with observations made where electron or hole

doping was induced with an applied electric field.[20,21]
2. Results and Discussion

Single-layer graphene (SLG) flakes were selected with the

helpofmicro-Ramanspectroscopyusing2Dbanddeconvolution

and comparison of the intensities of the G peak and 2D

bands.[23,24] This approach has proven to be reliable for

identification of the number of layers in graphene flakes and

forquality control.Theabsenceof thedisorderDbandconfirmed

the high quality of the SLG used in this study, as shown in

Figure 1.[25]Micro-Ramanmeasurementswere carried out in the

backscattering geometry under 488 nm laser excitation.[23–26]

A statistical study based on atomic force microscopy

(AFM) imaging of the SLG layer before and after ssDNA

patterning is shown in Figure 2. The average thickness of the

SLG layer increased from�1.0 to�1.8 nm,which indicated the

formation of a thin layer of ssDNA on top of the SLG surface.

From the AFM images, we observe the increased roughness of

both the SiO2 substrate and the SLG surface, which could be

due to nonspecific and irregular binding of ssDNA fragments.

Current–voltagemeasurements on the SLG transistorwere

conducted in a vacuum (1.0� 10�3 Torr) before and after

ssDNA deposition to determine the modulation of the
Figure 1. RamanspectrumcollectedfromSLGbetweentwocontactsafter

device fabrication, which shows the typical features. The absence of the D

band indicates that no substantial damage was caused during the

fabrication process and electrical measurements.
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electrical characteristics. By employing a simple metal-oxide

semiconductor field-effect transistor (MOSFET)model,[27] the

carrier mobility was calculated using Equation (1):

m ¼ DIds
DVgs

� ��
CgWVds

L

� �
(1)

where Ids and Vds are the source–drain current and voltage,

respectively, Vgs is the back-gate source voltage, L and W are

the effective channel length and width, respectively, and Cg is

the gate capacitance of the SLG device. Based on the data

shown in Figure 3, the carrier mobility of the SLG transistor at

room temperature before ssDNA patterning was calculated to

be �1303 cm2 (V s)�1, which is relatively lower than the

reported values of about 2000 to 104 cm2 (V s)�1 or even

higher.[28,29] This low carrier mobility could be due to the

contact resistance or surface impurities.[30,31] However, the

mobility of this SLG is much higher than that of the

biocomponents, and hence it is large enough for interfacing

to the ssDNA molecules and enables the demonstration of

tuning of the electrical properties of the SLG. From the two

curves plotted, we deduce that the hole mobility of the SLG

before and after ssDNA patterning is kept nearly constant.

Figure 3 shows the minimum conductance point (MCP,

when the Fermi level is at the Dirac point) and the

corresponding finite offset gate voltage, which depends on

the charge impurity.[32] After ssDNA is patterned on the SLG

devices, a parallel shift in the MCP is observed, which may

originate from the creation of more charge impurities. In other

words, when negatively charged ssDNA attaches to graphene,

one needs to apply a more positive voltage to compensate for

the additional charge.[33] The increase in the offset of theDirac

point gate voltage is around 25V, and the conductance of the

SLGtransistor is also increased.Note that a control experiment

was conducted inwhich adroplet of deionizedwaterwas placed

on the SLG devices. After drying with a nitrogen flow, the

current–voltage measurements under vacuum did not indicate

any shift in the MCP.

The increased hole density induced by ssDNA patterning

was calculated to be 3.45� 1012 cm�2 using the Drude model:

Dp ¼ R�1
2 � R�1

1

� ��
mpq

W

L

� �� �
(2)

where R2 and R1 are the resistances of the SLG device before

and after ssDNA patterning, respectively. This increase in the

hole density was attributed to the following factor: ssDNA

molecules with negative charge could act to induce a negative

electric field effect (EFE) on the SLG.[19] This EFE could

effectively induce the injection of extra holes in the graphene

layer, hence the conductivity changes.

The change in the hole density is also calculated from a

parallel-plate capacitor model based on the shift in the gate

voltage of the MCP:

Dp ¼ Cg

q
VMCP2 � VMCP1ð Þ (3)
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Figure 2. a,b) AFM images (1.1� 1.1mm2, Z-range 15 nm) and corresponding cross-sectional

profilesofSLGbefore(a)andafter (b)patterningwithssDNA.Themeasuredthicknessof theSLG

increasesfrom�1.0to�1.8 nmafterssDNApatterning.Theincreasedroughness(shownbelow

the images) is due to the nonspecific and irregular binding of ssDNA to the SLG. Scale bars:

200 nm; color bars:10 nm.

Figure 3. Ids–Vgs characteristics of SLG before (black) and after (gray)

ssDNA patterning of SLG devices at T¼ 300 K. The source–drain bias

voltage is 100 mV. The dotted lines correspond to the Dirac point

(minimum conductance point, MCP). The current–voltage measurements

show that: 1) the gate voltage when the MCP is reached shifts from 60 to

80 V; and 2) the overall conductance shifts upwards. Inset: scanning

electron microscopy image of the SLG device used in the measurements.

The device channel length and effective width are 1.8 and 0.6mm,

respectively.
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where VMCP2 and VMCP1 are the offset gate

voltage in the MCP before and after ssDNA

patterning, respectively. The excess hole

density calculated from Equation (3) is

1.8� 1012 cm�2, which is comparable to

the value calculated with the Drude model.

Raman spectroscopy has been inten-

sively used for identifying the number of

layers[34] and for monitoring the doping of

graphene layers. The major Raman spectral

features for grapheneare theGband (optical

phonon at long wavelengths) at �1584 cm�1

and the 2D band (associated with a

two-phonon state) at�2700 cm�1 in pristine

SLG. However, in doped graphene, the

G-band and 2D-band frequencies as well

as the FWHM value in the G peak are

changed.[20–22,35,36]

To validate that ssDNA acting as a

negative-potential gating agent on top of

SLG can induce additional holes, we first

measured the Raman spectrum on pristine

SLG samples without device fabrication,

which may induce some contaminants and

residue on the surface.[37] Next, we patterned

the same concentration of ssDNA on top of

the SLG samples. Then the same Raman

measurement was performed on the SLG
samples with patterned ssDNA. A constant laser power below

2mW was employed to ensure that the SLG flakes and the

patternedssDNAlayerwerenotdamagedandthat localheating

effectswere ruledout.[3,38]Figure4 shows theRamanspectra for

which themain feature is the shift in the positions of theGband

and the 2D band as well as their FWHM values. After ssDNA

patterning, theaveragepositionof theGpeakshifts from1580 to

1582 cm�1. According to measurements by Ferrari et al.,[20] a

shift of �2 cm�1 corresponds to a hole concentration of

approximately 2.0� 1012 cm�2, which is comparable to the

value based on our electrical measurements. The reduction of

theFWHMof theGpeakafter negative ssDNAgating is similar

to the previously reported results for conventional electrostatic

gating.[20–22,35,36] A detailed explanation for the decrease in the

phonon G-peak FWHM value with an increase in carrier

concentration has been previously provided.[20–22]

Apart from the interpretation of the G peak, the 2D peak

originates from a second-order, double-resonant (DR) Raman

scatteringmechanism.[35]Wemeasured the shift of the 2Dpeak

position after ssDNApatterning. In ourmeasurements, the 2D

band line was averagely centered at 2685 cm�1 before ssDNA

patterning and shifted to 2689 cm�1 after ssDNA patterning,

which is in agreement with previously obtained results.[21,36]

The observed decrease in the FWHM in the 2D band could be

due to the fact that theelectrostatic interactionbetweenssDNA

and SLG could further modify the 2D band behavior. The

behavior of the G peak shows that ssDNA fragments could

provide a negative electric field gating effect on graphene

layers. As a negative-potential gating agent, ssDNA fragments

can modulate the Fermi level by inducing excess hole carriers.

This shift of the Fermi level results in the expansion of the
eim small 2010, 6, No. 10, 1150–1155
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Figure 4. Micro-Raman spectroscopy of the signature G peak and the 2D

band for pristine SLG and the ssDNA/SLG system. a) The G peak is

centered at 1580 cm�1, observed at an excitation wavelength of 488 nm,

and shifts an average of 2 cm�1 after ssDNA patterning. b) The second-

order 2D band shifts by �4 cm�1 as a result of ssDNA patterning. Both

signature peaks also show relative shortening of their respective FWHM

values.
equilibrium crystal lattice parameter with consequent stiffen-

ing of phonons and the onset of effects beyond the adiabatic

Born–Oppenheimer approximation.[20,39]

The experimental data indicate that patterning of ssDNA

causesaneffectivep-dopingof theSLG.This couldbe the result

of negative charges associatedwith ssDNA.However, there are

two other hypotheses that could be investigated: 1) p-doping of

theSLGcould result fromcharge transferbetween theSLGand

the ssDNA;2) the shift in the current versus gate-voltage curves

could result from amodification of the SLGband structure due

to an interaction with the ssDNA. To investigate these two

possibilities, we performed ab initio density functional theory

(DFT) calculations for adenine and guanine bases physisorbed

on SLG. We focused on the bases since any charge transfer

should occur in the frontier orbital, and the frontier orbital of

ssDNA lies on its bases. Furthermore, any interaction that

might modify the band structure of the SLG would most likely

bemediated by thep orbitals of the bases interacting with thep
small 2010, 6, No. 10, 1150–1155 � 2010 Wiley-VCH Verlag Gmb
orbitals of the SLG. This is analogous to the interaction of

ssDNA bases with carbon nanotubes that has been observed;

ssDNA has been found to wrap around SWNTs and form

helices[16,17]with thebasesphysisorbingon thegraphitic SWNT

surface.[40]

The graphene supercell used in the calculations consists of

16 atomic layers in the zigzag direction and 12 atomic layers in

the armchair direction. A single nucleoside is placed above the

graphene sheet. Both adenine and guanine nucleosides were

simulated. The initial structure of the base on the graphene

layer was obtained following the results of Meng et al., where

the structural properties of ssDNA physisorbed on SWNTs

weredeterminedbyusingdirectionaloptical absorbanceandab

initio time-dependent DFT methods.[40] Calculations were

performed using DFT implemented by the ab initio tight-

binding molecular dynamics code FIREBALL.[41–43] The

Becke–Lee–Yang–Parr (BLYP) exchange correlation func-

tional is used with a double-numeric sp3-localized orbital

FIREBALL basis. In the self-consistent field calculation, a

Fermi smearing temperature of 50K and a self-consistent

convergence factor of 10�5 are used. The two-dimensional

Brillouin zone is sampled with six k-points in each direction

during optimization. Structures are relaxed until all Cartesian

forces on the atoms are <0.05 eV Å�1.

The relaxed structure of SLGwith the physisorbed adenine

nucleoside is shown inFigure5a.Thedistancebetween theSLG

plane and the adenine base is approximately 3.35 Å. The

calculated charge transfer from the SLG to adenine is 0.02

electrons, and the charge transfer from the SLG to guanine is

0.09 electrons.Both values are very small. This is expected from

aconsiderationof theenergy levels.The ionizationpotentialsof

adenine and guanine are 8.5 and 7.85 eV, respectively.[44] The

electron affinities of adenine and guanine are of the order of

0.95 and 1.51 eV, respectively,[45] and thework function of SLG

is 4.5 eV.[46] The occupied energy levels of the bases lie well

belowtheFermi levelofSLGand theunoccupied levelsarewell

above theFermi level.Hence, theweak interaction through the

porbital shouldnot causecharge transfer fromSLGto thebases

since the highest occupied molecular orbital (HOMO) levels

are already filled. To achieve an effective hole doping of

�2.0� 1012 cm�2, and assuming an average charge transfer of

0.05 electrons per base, would require an areal density of base

monomers of 4.0� 1013 cm�2. This value is more than an order

of magnitude larger than the density that is estimated.

Therefore, it is unlikely that this charge transfer is responsible

for theapparentholedoping that isobserved.Theenergyversus

wave-vector relations for pristine SLG and for SLG with

adenine nucleoside are shown in Figure 5b and c, respectively.

TheSLGbandstructure isunaffectedby theadeninebase.Most

importantly, the band crossings at the Dirac point are left

unchanged. Therefore, we cannot attribute the shift in the

current versus gate-voltage curves to a change in the band

structure of the SLG.

3. Conclusions

We have demonstrated that ssDNA fragments act as

negative-potential gating agents resulting in an increase in the
H & Co. KGaA, Weinheim www.small-journal.com 1153
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Figure 5. a) Adenine nucleoside on the graphene supercell. b) Energy

versusk relationofapristinegraphenesheetalongthearmchairdirection.

A supercell is used for the repeat unit that contains 16 layers in the zigzag

directionand12layersinthearmchairdirection.Thedottedlineshowsthe

charge-neutral Fermi level of the system. c) Energy versus k relation of a

graphene sheet with physisorbed adenine nucleoside. The dimensions of

the graphene supercell are identical to those used in (b). The dotted line

shows the charge-neutral Fermi level of the system.
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hole density in graphene layers. By using current–voltage

measurements, we computed an increase in the hole density

with a value of about 1.8� 1012 cm�2 based on both the change

in the resistance and the shift in the voltage of the MCP. This

value is consistent with the peak-position shift of the G band

and the 2D band of the Raman spectra. We ruled out changes

due to charge transfer or modification of the SLG band

structure due to the presence of ssDNA fragments.

Furthermore, we discussed the relationships between the

gating effect induced by the ssDNA fragments and the change

in the phonon frequency, and demonstrated that patterning of

biomolecules on graphene layers could provide new avenues to

modulate their electrical properties.

4. Experimental Section

The graphene samples used in this study were extracted from

highly oriented pyrolytic graphite (HOPG) slabs by mechanical
www.small-journal.com � 2010 Wiley-VCH Verlag Gm
exfoliation.[1,23,24,47] The graphene samples were deposited on

p-type degenerately doped Si(100) wafers (pþþ) covered with

300-nm-thick thermally grown SiO2. For device fabrication, source

and drain contacts were patterned using electron-beam lithogra-

phy followed by the deposition of source and drain metal

consisting of 10-nm-thick Cr and 100-nm-thick Au layers

(Temescal BJD-1800 electron-beam evaporator). To ensure that

the graphene layer was intact after device fabrication, the samples

were kept under vacuum until ready for analytical characterization.

The ssDNA sequence employed in this work was

CGGGAGCTCAGCGGATAGGTGGGC. The engineered oligonucleo-

tides (Sigma Genosys) were diluted in distilled water to obtain

the stock solution. The concentration of the ssDNA solution was

calculated to be 28.86 mg mL�1. After the current–voltage

(Ids�Vgs) measurements of as-fabricated SLG transistors were

obtained in a vacuum (1.0�10�3 Torr) at 300 K, a droplet (0.5mL)

of ssDNA solution was patterned over the active part of the device,

followed by incubation for 30 min in the ambient environment and

nitrogen drying. Then current–voltage measurements of SLG

transistors with patterned ssDNA were conducted under vacuum

(1.0�10�3 Torr) at 300 K.

Raman spectroscopy with a Renishaw instrument was used to

identify the SLG as well as the Raman peak-position shift before and

after patterning of ssDNA fragments on top of the SLG. The spectra

were excited by a 488 nm visible-light laser. A Leica optical

microscope with a 50� objective was used to collect the

backscattered light from the graphene samples. The Rayleigh light

was rejected by a holographic notch filter with a 160 cm�1 cutoff

frequency for 488 nm excitation. The spectra were recorded with an

1800 lines mm�1 grating. A special precaution was taken to avoid

local heating of the samples by the excitation laser. In order to

achieve this, all measurements were carried out at a low excitation

power, below 2 mW on the sample surface. The power density on

the sample surface was verified with an Orion power meter. The

spectral resolution of the instrument determined by the hardware

was �1 cm�1. The spectral resolution enhanced by software

processing of the peak positions was below 0.5 cm�1. The enhanced

resolution of the instrument was sufficient to accurately resolve the

shifts in peak positions under the conditions of the experiments

through Lorentzian peak fitting. The spatial resolution was defined

by the diffraction limit and estimated to be around 0.5mm.
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