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Deliverable Summary

In this deliverable we report on the fabrication and characterization of top-gated mono- and
bilayer graphene nanoribbon (GNR) FETSs. This topic belongs to task 2.6 in the DoW of the
GRAND project.

The presented fabrication process for top-gated GNR FETs consists of 4 individual electron
beam lithography steps and several steps of metal and dielectric evaporation followed by a
lift-off, allowing the reliable realization of top-gated GNR FETs with a channel width below
30 nm.

The finished devices show a variety of effects presented and analyzed in detail in the chapter
electrical characterization. Although the investigated monolayer GNR FET does not show a
band gap at room temperature due to the insufficient small width of 30 nm, the top-gated
bilayer GNR FET allows the direct observation of a tunable band gap even at room
temperature (295 K). In bilayer graphene a perpendicular electric field introduces a band gap
of up to 300 meV. Although already proved by infrared spectroscopy there are no transport
studies available confirming the presence of a gap in double-gated bilayer graphene at RT to
this date. The reason for this is most likely the presence of inter-gap states, leading to a non
vanishing conductance when Fermi’s energy is located inside the band gap. In the presented
device we could reduce these inter-gap states by an advanced cleaning procedure and by
reducing the width of the channel to 50 nm significantly so that a band gap of up to 50 meV
could be observed by electrical measurements. The presented device shows an on/off ratio
of 80 and a mobility of 1000 cm?/Vs and outperform monolayer GNR FETs presented in
literature [2,7]. We will end this chapter with prospects for the device performance reachable
using the presented FET-design until the end of the GRAND project (12/2010), underlining
the large potential of graphene FETs based on double gated bilayer ribbons. In the Annex a
paper draft submitted to Applied Physics Letters is attached [11].

A brief summary of the work on graphene interconnects will be given in the last chapter.
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Introduction

One of the major objectives of the GRAND project is the realization and investigation of graphene
based field-effect-transistors (FET) working at room temperature. The main advantage of graphene as
channel material in FETs is the enormous mobility of charge carriers reaching values up to
100.000 cm?/Vs (measured at RT in suspended graphene flakes [1]). For comparison the mobility in
conventional silicon based FETSs is typically of order 100 cm?/Vs. Hence even if during processing the
outstanding mobility of graphene is reduced to typical values reached in state of the art devices (1.000
to 10.000 cm?/Vs), graphene FETs will surpass silicon FETs in speed and find possible application in
high-speed logic and RF-devices. However as graphene is a semi-metal without a native band gap, the
on/off ratio due to electric field modulation is rather poor (typically <10 in graphene monolayers with
top-gate control) and not sufficient for most applications. The main requirements and challenges for a
successful realization of graphene based FET are the opening of a band gap in the density of states
and the top-gate control of channel conductance, both ideally achieved with only a minimal reduction of
the charge carrier mobility. In the following chapter we will present a fabrication process and electrical
characterization of top-gated graphene FETs showing on/off ratios of up 80 and carrier mobility of
1.000 cm?/Vs, both measured at room temperature. These FETs are based on double gated bilayer
graphene and exceed monolayer graphene nanoribbon FETSs in mobility.

Another exceptional characteristic of graphene is the high current capabilities reaching values 100
times larger than copper. Therefore the use of graphene as on chip interconnects is a possible

application. In the last chapter we will briefly summarize our investigations on graphene interconnects.

FETs based on bilayer graphene and graphene nanoribbons

Fabrication process for top-gated mono- and bilayer graphene FETs

The fabricating process for top-gated graphene nanoribbons starts with the definition of source and
drain electrodes and etching of the graphene nanoribbon as illustrated in figure 1A and 1B. These
fabrication steps are based on PMMA resist as was previously described in deliverable D2.2 (Report
on fabrication methods for graphene crystallites and graphene nanoribbons). This process allows the
reproducible fabrication of nanoribbons with a width down to ~20 nm. In the first step source and drain
electrodes are defined by electron-beam lithography and thermal evaporation of 20 nm nickel and a lift-
off process. The fabrication of the nickel electrodes is followed by patterning a PMMA etching mask for
the definition of the nanoribbons. The etching is performed using oxygen plasma. Using PMMA resist
as etching mask for the graphene nanoribbons has compared to HSQ resist the advantage, that PMMA
can be removed from the graphene quite easily using organic solvents like acetone. An uncovered
ribbon is needed for further processing of the device, i.e. depositing the top-gate dielectric directly on
top of the graphene. In Figure 2C a SEM picture of a contacted graphene nanoribbon having a width of

~25 nm and a length of 250 nm is displayed.
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D Topgate electrode
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Fig. 1: Schematic of the fabrication process for top-gated graphene nanoribbon FETs. A) The first step
is defining the source and drain contact electrodes. B) In the second step the nanoribbon is patterned.
C) The top-gate dielectric (here SiO,) is deposited in the third step. D) In the last step the top gate

electrode is defined.

After defining the graphene nanoribbons the top-gate dielectric is deposited locally (see figure 1C and
2A). In the devices shown in this deliverable the deposition of the top-gate dielectric was done by
thermal evaporation of SiO, followed by a lift-off process. During the evaporation process a
decomposition of SiO, into SiO, takes place [9], when no additional oxygen is introduced into the
evaporation chamber. Hence our top gate dielectric consists of a 25 nm thick SiO, layer with a
dielectric constant of ~6.5+0.4. The dielectric constant was measured in a different experiment using a
standard MOS-capacitor geometry with the used SiO, and is in excellent agreement with the values
reported in literature. The last step of the fabrication process is the deposition of the top-gate electrode.
This is done similar to the deposition of the source and drain contacts by thermal evaporation of 40 nm

nickel and a lift-off-process.

]
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Fig. 2: Images of a completed top-gated graphene nanoribbon device. A) Optical image of the whole
sample consisting of 12 individual bilayer nanoribbons (width = 50 nm, length = 250 nm) with top-
gates. The source and drain contacts are labeled from A to P, the top-gate electrodes are labeled from
ab to op. The SiO, top gate dielectric is lighter blue. B) Electron micrograph (false colors) of one top-
gated bilayer nanoribbon shown in A). C) Electron micrograph of a graphene nanoribbon (false color)
without a top-gate dielectric and electrode for illustration of the geometry.

An optical image of a finished device is displayed in figure 2A. This device consists of 12 individual

bilayer nanoribbons having a top-gate. For the fabrication of this device four electron beam lithography
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steps, three lift-off steps, two steps of nickel evaporation and one step for SiO, evaporation and plasma
etching are necessary. Although all individual steps are well controlled and highly reproducible the
fabrication of top-gated graphene nanoribbon devices is a time consuming procedure, as it takes more
than one week for fabrication.

Detailed views on one device are displayed in figure 2B, 2C and 3. In figure 2B an electron micrograph
of a top gated bilayer graphene nanoribbon is displayed. The nanoribbon itself (width 50 nm, length
250 nm) is not visible in this picture, as it is located below the top-gate electrode. A similar graphene
nanoribbon is displayed in figure 2C for illustration. In figure 3 an electron micrograph (false color) of a
top-gated graphene nanoribbon taken under an angle of 50° is displayed. Here source and drain
electrodes, located below the SiO, dielectric, are visible. The graphene nanoribbon, not visible in this
SEM image, is marked yellow. As the SiO, is nearly transparent for the used thickness of 25 nm not
only in an optical image but also in a SEM picture the top-gate electrode seems to levitate above the
nanoribbon.

In summary the presented process allows the fabrication of top-gated graphene mono- and bilayer
nanoribbons having a width down to ~20 nm in a highly reproducible but time consuming manner. The

electrical characterization of top-gated GNR FETs will be presented in the following chapter.

Fig. 3: Electron micrograph (false color) of a top-gated bilayer graphene FET. The top-gate electrode is

located on top of SiOy, not visible in this SEM picture.

Electrical characterization of top-gated mono- and bilayer graphene
nanoribbons
In order to characterize the fabricated GNR FETs electrical measurements of the devices were

performed. The main focus of the electrical investigations was on the measurement of the transfer
characteristics in order to verify the existence and size of an energy gap in the density of states,
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necessary for FET operation. A comparison with state of the art GNRs from literature is given to
evaluate the performance of the devices.

The top-gate transfer characteristics of a monolayer graphene nanoribbon having a width of 30 £ 5 nm
and a length of 100 nm is shown in figure 4a) for different back-gate voltages. The measurements were
performed at room temperature (295 K) in nitrogen atmosphere at a fixed source-drain voltage of
10 mV. At zero back-gate voltage the transfer characteristics of the device show a monotonic decrease
and no Dirac point in the investigated voltage range from -6 V to 6 V suggesting that the ribbon is
highly p-doped. Increasing the back-gate voltage to +20 V and +30 V a smeared Dirac point emerges
at ~3V and ~1.5V respectively. This behavior is expected since a positive back-gate voltage
compensates the p-doping of the graphene by introducing electrons. The pronounced asymmetry of
the transfer characteristics between p-conductance (left side) and n-conductance (right side) is also

attributed to the high doping level of the graphene.
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Fig. 4. a) Top-gate transfer characteristics of a monolayer graphene nanoribbon (w = ~30 nm, | =
100 nm) for different back-gate voltages measured at room temperature in N, atmosphere. b) For
comparison: Back-gate transfer characteristics of a state of the art 7 nm wide monolayer GNR at

different source drain voltages measured in air at room temperature [2].

The on/off ratio of this device is ~8 at zero back-gate voltage decreasing slightly with increasing back-
gate voltage to ~3 at +30 V. These low on/off ratios show that there is no gap present in the density of
states of the investigated device. For a comparison the transfer characteristics of a 7 nm wide
graphene monolayer ribbon, taken from literature [2], is shown in figure 4b) for different source-drain
voltages at room temperature. The investigated 7 nm wide ribbon was fabricated by cutting carbon
nanotubes to wires. Nanoribbons fabricated by this technique outperform lithographically fabricated
GNRs by a factor of 2...3 in minimal width (here the current state of the art is ~16 nm [3]) by
simultaneously having much smoother edges. Therefore these GNRs will guide as state of the art
reference for graphene based FETs in this deliverable. As shown in figure 4b) the 7 nm wide GNR
shows an on/off ratio of up to ~12 increasing with decreasing source-drain voltage. This behavior

shows that a gap, although quite small, is observable even at room temperature and that ~7 nm is the
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upper limit for graphene FETs based on monolayer GNRs operating at RT. With state of the art
lithography such small line widths of < 7 nm are hardly achievable and hence simply reducing the width
of GNRs for creating a gap is from the present point of view not a promising route.

A quite different approach for creating a gap in the density of states in graphene is using bilayer
graphene and applying a perpendicular electric field. The applied electric field breaks the symmetry of
the two layers and modifies the density of states in such a way, that a band gap at the Dirac point
opens. The induced band gap scales with the applied electric field and can reach values of up to
~300 meV, which would be sufficient for room temperature FET operation. However, in micron-scale
graphene bilayers a gap was not yet observed at room temperature using electrical measurements.
The reason for this is that inhomogeneities in the doping level of the graphene, intrinsic or introduced
by adhesive matter, create a random potential variation and electrical transport takes place via variable
range hopping when a gap is introduced [4]. The approach of the GRAND consortium to suppress
conductance in bilayer graphene is to confine bilayer graphene below the typical inhomogeneity size

(typically ~20 nm, measured by STM [5]) to inhibit variable range hopping.
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Fig. 5: Transfer characteristic of the top gated bilayer GNR FET Wolpertinger 1.2 at different back-gate
voltages from -40 V to 40 V. The transfer characteristics at Ugg 0 V (red line), +10 V (blue lines) and
+40 V (magenta lines) are highlighted for clarity. The measurement was performed at room

temperature (295 K) under nitrogen atmosphere at a constant source drain voltage of 50 mV.

The transfer characteristics of a top gated bilayer graphene nanoribbon (internal codename
Wolpertinger) are shown in figure 5 for different back gate voltages from -40 V to 40 V. The device is
identical to the device shown in figure 2 and 3 having a wire width of 50 nm and a wire length of 250

nm. For the top-gate dielectric 25 nm evaporated SiO, was used. All measurements were performed at
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room temperature (295 K) in nitrogen atmosphere. The channel conductance plotted in figure 5
corresponds to the conductance of the active region below the top gate electrode. This conductance
was derived by subtracting the resistance of the nickel and graphene interconnects (here 12 kQ; an
estimation of the individual resistances contributing to the device is given in the chapter graphene
interconnects) from the measured 2 point resistance. At zero back gate voltage (red line in figure 5) the
transfer characteristics shows the typical behavior for graphene with an on/off ratio of ~8. This on/off
ratio is typical for bilayer graphene. The mobility of the device is 1000 £ 200 V/cm2 at a carrier
concentration of 1*10™ /cm? decreasing with decreasing carrier concentration as recently shown in
reference [8]. By applying a back gate voltage of +10 V (blue lines in figure 5) not only the Dirac-point
shifts due to the additional introduced carriers, but also the on-current increases and the off-current
decreases slightly. The increased on-current is related to the increased carrier concentration, while the
decreased off-current manifests the opening of a gap. A further increase of the applied back gate
voltage to £40 V (magenta lines in figure 5) leads to a decrease of the off-current by a factor of ~3
compared to zero back gate voltage. Hence the electrical measurement shown in figure 5 provides
direct evidence that a perpendicular electric field opens a gap in the density of states in bilayer

graphene visible in transport at room temperature.
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Fig. 6: Logarithm of the channel conductance Gcpgpop Of the bilayer GNR-FET Wolpertinger 1.2
measured at the Dirac-point as a function of the applied back gate voltage Ugg. From the slope (a =
-0.036 /V) the energy gap can be estimated. The inset shows the energy gap measured by infrared
spectroscopy and calculated in bilayer graphene [6] as a function of carrier concentration. The red

dotted line gives the energy gap observed in the bilayer GNR-FET Wolpertinger 1.2.
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To determine the size of the introduced band gap, we plotted the channel conductance at the Dirac
point Gchgpp @s a function of the applied back gate voltage (figure 6). In a semiconductor the
conductance G is proportional to exp(-Ec/2kgT), when Fermi’'s energy is located in the middle of the
band gap (here at the Dirac-point). Hence the band gap energy at Ugg=40 V can be estimated using:
Es=IN(Gchapr(4V)-IN(Gerepr(40V), assuming that the band gap vanishes when Geugpp IS minimal;
here at Ugg=4V. This leads to a band gap energy of ~50 meV. In the inset of figure 5 the calculations
for the band gap in bilayer graphene as a function of the applied electric field respectively carrier
concentration are shown (straight red and blue lines) [6]. The green symbols correspond to
measurements of the band gap using infrared absorption spectroscopy [6]. The band gap measured in
the top gated bilayer GNR FET Wolpertinger 1.2 by electrical measurements is indicated by the red
dotted line. Although optical measurements show a nice agreement with calculations our electrical
measurements fail by a factor of 4. The reasons are most likely states inside the band gap leading to
an effectively smaller band gap in transport experiments. These states are randomly distributed and
hence don’t lead to sharp absorption peaks in infrared spectroscopy experiments as band edges do.
By measuring the band gap using infrared spectroscopy the value of the real band gap is observed,
while electric measurements deliver the electrical effective band gap determined by inter-gap states.
The characteristic parameters at room temperature of the top-gated bilayer GNR FET Wolpertinger 1.2
are shown in table 1. The device shows a band gap of 50 meV, an on/off ratio of 80, a mobility of
1000 cm?/Vs and a slope of 2 V/dec. Up to now 6 similar devices, made of different bilayer flakes were
measured showing all comparable parameters (within ~30% deviation), indicating that the process is
highly reproducible. For comparison the characteristic parameters of a 7 nm, a 6 nm and a 2 nm wide
nanoribbon FET are listed [2,7]. These nanoribbons were fabricated by cutting carbon nanotubes to
graphene nanoribbons (7 nm and 6 nm) [2] or chemically derived from graphite (2 nm) [7] and are the
state of the art, surpassing lithographically fabricated graphene nanowires in minimal width and edge
roughness. However these nanoribbon FETs only provide a back gate control of the conductance. Top-
gated nanoribbon FETs with a suitable switching at room temperature (on/off ratio > 10) have not yet
been demonstrated.

Wolpertinger 1.2 7 nm GNR [2] 6 nm GNR [2] 2nm GNR [7] | Target cons. | Target opti.
Band gap (meV) 50 ? ? ? >100 >200
On/Off ratio 80 12 ~150 10° > 120 > 1000
Mobility (cm2/Vs) 1000 1000 ~120 ~50 >1200 >2000
Slope (V/dec) 2 40 ~10 0.2 <0.5 <0.1

Table 1: Characteristic parameters of the top-gated bilayer GNR-FET Wolpertinger 1.2. For
comparison state of the art monolayer FETs (6 nm, 7 nm wide) derived from cutting CNT are listed [2]
and a 2 nm wide ribbon chemically derived [7]. In the last two columns prospects for the device

performance reachable until 12/2010 are given for a conservative and an optimistic estimation.

As shown in table 1 the bilayer GNR FET Wolpertinger 1.2 outperforms the 7 nm wide monolayer GNR
FET in all listed parameters. Compared to the 6 nm wide monolayer FET the Wolpertinger 1.2 shows
much better mobility, but with an on/off ratio smaller by a factor of two. In graphene nanoribbons the

band gap increases with decreasing width. However, as theoretical calculations performed by the
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GRAND partner IUNET show, the reduced wire width leads to a dramatic mobility reduction; this is an
intrinsic behavior of graphene related to phonon scattering and therefore cannot be avoided by e.g. an
advanced fabrication process. Hence in graphene nanoribbon FETs an increase in the band gap,
which results in an increased on/off ratio always causes a reduction of the mobility to values also
achieved in conventional CMOS devices. Consequently Wolpertinger 1.2 has a mobility larger by a
factor of 8 than the 6 nm wide nanoribbon FET and by a factor of 20 larger compared to 2 nm wide
GNR FET.

In the rearmost two columns we listed the targets for the parameters reachable till the end of the
GRAND project (12/2010) for a conservative and an optimistic estimation. The plan for increasing the
band gap is to reduce the inter-gap states by an advanced cleaning procedure, optimization of the top-
gate dielectric and a further reduction of the active channel width. This increase in the band gap energy
will automatically lead to an reduced off current. For an increase in mobility we do not see large space
for further optimization, as the already reached values of 1000 cm?/Vs are state of the art for bilayer
graphene [8]. For decreasing the slope we will optimize the top gate dielectric. In the presented device
Wolpertinger 1.2 25 nm of SiO, was used. Hence there is large potential to decrease the slope by
reducing the thickness of the dielectric and changing the material to high-k dielectrics like Al,Os, HfO,

or TayOs.

Graphene interconnects

Due to its high current capability, reaching values of 1*10° Alcmz, the use of graphene as on chip
interconnects represents another point for possible application. The main advantage of graphene as
interconnect material compared to conventional copper based interconnects would be a smaller
capacitance and consequently lower charging energies, as graphene interconnects could be design
significant smaller due to the much higher current capability (a factor of 100 larger as copper).
Additionally carbon is in contrast to copper compatible to standard CMOS technology and does
therefore not require additional diffusion barriers. An additional advantage of graphene for the use of
interconnects is the perfect integration into graphene based FETs. Hence on a graphene based chip
the FET channel material and the on chip interconnects could be made out of the same material, as
graphene combines two contrary properties: High current capability (low resistance) and band gap
(high resistance). Additionally graphene has the advantage compared to nickel or palladium
interconnects, that no Schottky-barrier forms between the interconnects and the active graphene
channel. E.g. the chemically derived back-gated nanoribbon FETs shown in reference [7] are directly
contacted by palladium contacts. As the palladium couples only to the valence band a Schottky-barrier
forms and the ambipolar character of graphene is lost, so that the graphene ribbon shows only p-type
conductance. This Schottky barrier is also contributing to the large on/off ratio of 10° reported in [7].

In the Wolpertinger 1.2 device presented in the previous chapter the active region below the top-gate is
already connected to the larger nickel contacts by graphene interconnects. In the following we will give
an estimation of the resistances contributing to the whole device, namely the resistance of the active

FET region below the top gate, the resistance of the graphene interconnects, the contact resistance
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between the graphene interconnects and the nickel interconnects and the resistance of the nickel
leads: The two point resistance between two contact pads of the Wolpertinger device 1.2 ranges
between 14 kQ and 210 kQ. Therein the relatively long nickel leads (each 1.4 mm long) contribute a
constant value of ~10 + 1 kQ. This resistance was determined on a nickel reference structure with
identical thickness and fabrication process (20 nm of sputtered nickel) leading to a specific resistivity of
2.2 10° Qcm, which is in good agreement with the values for sputtered nickel reported in literature
(2 10° Qcm [10]). The resistance of the active FET channel ranges from 2.5 kQ to 200 kQ depending
on the applied back gate and top-gate voltage and the resistance of the graphene interconnects is
~1..4 kQ, depending on the applied back gate voltage. The contact resistance between graphene and
nickel is smaller than 1 kQ.

In summary the use of graphene as interconnect material is obvious especially for graphene FET
devices, as the same material can be used for the active channel and the interconnects. Therefore in
the presented FET Wolpertinger 1.2 graphene interconnects were already used. However the
extended use of graphene interconnects still requires the availability of large area graphene layers with

well defined thickness not available yet.
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We imvestignte the transport properties of double-gated bilxyer graphens manonbbons at room
temperaturs.  The devices were fabricated wsing conventional CMOS compatible processes. By
analyming the dependence of the resistance at the charge neutrality point as a funciion of the
electric fizld applied perpendicular to the graphens surface, we show that a band gap in the denmity
of states opens, reaching an effective value of ~ 50 meV. This demonstrates the potential of balayer
graphene as FET channel maternial in a conventional CMOS environment.

The two dimensional arrangement of spP-bonded car-
bon atoms, known &s praphene, has sttracted enormous
attention sinee the group of Geim pushed it into the spot-
light of the solid state community in 2004 [1). From a
technological point of view the high mobility and the
ampibolar charscter of charge carriers in graphene have
attracted much interest and have led to investipations on
using graphene as channel material for fisld-affect tran-
sistors (FET) [2, 3] and opto-elactronic deviees (4], How-
ever, as & zero band pap materisl the intrinsic on)/off
ratio of graphene based FETS is rather poor and not
suitable for most applications. Therefore a major focus
of research i= on the investigation of opening a band gap
in the density of states to incresse the on/off ratio of
praphane based FET:.

In bilayer gpraphene a tunable band gap can be intro-
duced by a perpendicularly applied electric fisld. The
electrie fiold breaks inversion symmetry and introduces
& band gap at the Dirac point reaching walues of up to
300 meV |5, 6). Although such a band gap could be ob-
sorvad by infrared spectroscopy (7, 8], the elactrical mes-
surement of such & gep s more sophisticated. A= reported
by Oostinga e el an insolating state oceurs in double-
gated bileyer graphens, but only at cryogenic tempera-
tures revesling an effective band gap size below 10 meV
[9]. They proposed that inter-gap states induced by in-
homogeneities in the loral doping lesd to a transport me-
diated via variable ranpe hopping. Very recontly F. Xia
et al. [10] mansged to detect a band gap in double-gated
praphene by trensport Messurements st Toom e peri-
ture. By depositing & 9 nm thick organic laver directly on
top of the graphene they could minimize inhomogensities
in the doping and thus reduce inter-pep states in the
graphene.  Our approach for reducing inhomogensitios
in the doping concentration i confining the praphene
leyer to a nanoribbon. As recently showm by scanning
grte microscopy micronseale inhomogeneities in the loeal
carrier concontration with An = 10" fem? are prosont
in graphene layers [11]. These inhomogeneities can be
svoided by using nanoscals devices. In such small devices
only smaller inhomoreneitics with An ~ 4 x 1011 fem?

are expectad on a lenpth scale of typically 20 nm [12].

For investigeting transport in bilaver grephone we
fabricated double-geted praphene nanoribbons (GNRs)
using standard CMOS-competible processes.  Bilayer
graphene fakes wore deposited by mechanical exfoliation
from natursl graphite on highly doped silicon substrates
coverad with 90 nm of thermal Si0;. Bilaver flakes wers
identified by their optical contrast to the suhstrate [13]
Az back-gate electrode the highly p-doped substrate was
used. In the first lithopraphy step metal contects wers
defined by means of electron beam lithography, thermal
evaporation of 20 nm nickel and a subsequent lift-off.
In the next step an etching mesk for the nanoribbons
was defined using e-beam lithography and PMMA as re-
gist. The graphene etching was performed with an ocy-
gon plasma. With this technique we were able to define
nanoribbons with & width down to 30 nm uncovered by &
rosist, as PMMA can be removed sfter etching. An eloc-
tron micrograph (falss color) of & GNIR heving a width of
30 nm and & lenpth of 250 nm iz shown in fipure 1C. After
pattarning the GNR the top-pete dislectric wes deposited
by thermal evaporstion of ¢ = 25 nm S50, and lift-off.
The dielortric constant of the evaporated SiQr was mea-
sured using standard MOS-capecitors: & = 6.5 4+ 0.4,
In the lest step the top-gate electrodes were defined by
e-beam lithography and thermal evaporstion of 40 nm
nicksl followed by a lift-off process. A finished sampls
iz depicted in fipure 1 A-C. The top-peted bilayer GNRs
presented in this paper have s width of 50 nm and &
length of 250 nm. All messurements were performed st
room temperature (285 K) in & nesdle probe station un-
der nitrogen stmosphere. For probing a HP 41568 semi-
conductor parameter analyeer wes used.  Immedistely
before the messurement the sample was annealed for one
hour in nitrogen atmosphere st 2000 “C to minimise con-
tamination.

T imvestigate the opening of a band gap in bilayer
eraphens, the resistance of top-pated bilayer GNRs was
measurad az & function of the applied back-rate and top-
pate voltage at & fixed source-drain voltags of 50 mV. In
figure 2 the channel resistance of a top-prted bilayer GNR
iz depicted as & function of the applied top-gate voltage
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FICG. 1. Images of double-gated bilayer graphene nanoribbons. A) Optical image of a sample with a set of 12 individual
double-gated bilsyer CNR devices. The 16 source-drain contact pads are labeled from A to P. The 12 top-gate contact pads are
labeled from ab to op. The §5i0; dielectric s light blue. B) Electron micrograph of one double-gated bilayer GNR (false color).
The ribbon is located below the top-gate electrode. C) Electron micrograph of a similar bilsyer GNR (w = 30 nm, [ = 250 nm)
before deposition of the top-gate dielectric and top-gate decirode for illustration of the used geometry (false color).

for different back-gate voltages ranging from —40 V to
40 V. The measured resistance, in the presented device
ranging from 15 k) to 200 kf2, consists of the resis-
tance of the active channel below the top-gate electrode
and the resistance of the leads. As only the resistance
of the active region is required for an snslysis we sub-
tracted the resistance of the relatively long and narrow
leads which is in our case 12 k2. This resistance wss es-
timated using the lead geometry and the corresponding
nickel resistivity and confirmed by s fit of the zero back-
gate voltage transfer-trace similar to the one described
in reference [14]. With this fit we also extracted a car-
rier mobility of 1000 cm?/Vs. At zero back-gate voltage

180 v T 'T= o

o
5 4 3 2 4

FIG. 2. Channel resmstance of a double-gated bilsyer CNR as
function of the top-gate voltage for different back-gate volt-
ages from 40 V to 40 V (2 V steps). The measurement wis
performed at room temperature (205 K) in nitrogen atmo-
sphere at a fixed source-drun voltage of 50 mV. For clanty
the transfer characteristics at 0 V (green trace), £10 V (blue
traces) and 40 V (red traces) are highlighted.

(green trace in figure 2) the transfer characteristics show
the typical behavior for bilayer graphene with an on/off
ratio slightly below 10. The charge neutrality point is
at a top-gate voltage of 2 V corresponding to a doping
concentration of 2.5 x 10'? Jem?. The resistance st the
charge neutrality point is 71 kf2, which translates into
a sheet resistance of 6.2 k2 ~ h/4e?. With increasing
back-gate voltage both, the resistance at the charge neu-
trality point and the on/off ratio increase, reaching values
of ~180 k2 and ~80 at Uy = 40 V respectively. These
increases reveal the opening of & band gap in the density
of states. The top-gate voltage at the Dirac point is plot-
ted as & function of the applied back-gate voltage in the
inset. of figure 3 showing & perfect linear behavior ss ex-
pected. From the slope the Si0, dielectric constant can
be estimated to ¢ = 6.4 which is in good agreement with
the ¢, estimated by using MOS-capacitors. To analyze
the opening of a band gap more quantitatively we plot-
ted the logarithm of the channel resistance at the Dirac
point Regape &8 s function of the applied back-gate
voltage in figure 3. In a semiconductor with the Fermi
energy located inside the band gap the resistance R de-
pends on the temperature T and the band gap energy
Eec by R x exp{Eq/2ksT). Assuming that the band
gap vanishes when Royqpp is minimal, the band gap
energy 8t Uy = 40 V can be estimated by: E(40V) =
InRepapp(40V) — InRepapp(4V) ~ 50 meV. As indi-
cated by the straight line in figure 3, the band gap en-
ergy scales roughly linearly for back-gate voltages from
15 V to 40 V, as one would expect for bilayer graphene
at band gap energies smaller than 150 meV (7, 8. The
average vacuum displacement field at the charge neutral-
ity point ) = (Uge — Upeo) X érne)/tpe i 1.6 V/nm
for UBC = D'BCU = 36 V; here chu is the applied back
gate voltage where Ropapp i3 minimal. The estimated
band gap energy is in fair sgreement with the value re-
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FIG. 3 Loganthmic channel resistance at the charge neo-
trality pomnt of the double gated GNR shown in fgure 2 as a
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ported by F. Xis et al (80 me¥ at 7= 1.3 V/nm [10]],
but by & factor of four smaller than messrued opticslly
[8]. This difference can most likely be attributed to inter-
grp states, which reduce the electric effective band gap,
but do not slter the shape of the infrared spectroseopy
sipnal. Thiz explanstion was slready suggested by J.B.
Oostings ef al. and confirmed by their analysis of the
temperature dependency of the resistance at the charpe
neutrality point, showing an exp(1/T0/3) behavior at
cryorenic temperatures, typical for varisble range hop-
ping (9. We also investigated electric transport in two
not-annealed top-gated bilayer GNRs having the same
geometry as the deviee shown sbove. In thess two de-
vices the resistence at the charge neutrality point also
increased with increasing back-pate voltape, but the of-
fective band gep energy, estimated by the method shown
in this paper, wes only ~ 35 meV. This suggests that im-
purities removable by an annealing procedure are a major
source of inter-pap states, which limit the effective band
ERP opening.

In summeary, we have investigated transport in dou-
ble gated hilaver praphene nanoribbons at room tem-
perature. The resistance and on/off ratio of the inves-
tigated devices at the charge neutrality point increases
with increasing displacement field showing that & band
pap opens.  The maximal achieved offoctive bend gap
energy was ~ 50 meV at I} = 1.6 V/om in reasonehble
spresment with recent results obtained by Xia et al. in
& different environment [10], but four times smaller than

18 December 2009 17 /17

ealeulated by theory and measured wsing infrared speoe-
troscopy [8]. This devistion betwoen electrical and opti-

cal measurements in combination with the enhancement
of the sffective gap size by annealing shows that trans-
port iz still limited by randomly distributed inter-gap
states introduced by contaminstion. Further attempes
to incresse the bandpap requires accurate control of the
individual process stops to reduce parasitic contamina-
tion.
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