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ABSTRACT Bandgap engineering of graphene is an essential

step toward employing graphene in electronic and sensing applica- :.(7;

tions. Recently, graphene nanoribbons (GNRs) were used to create a 0.5/ {

bandgap in graphene and function as a semiconducting switch. o 0.44

Although GNRs with widths of <10 nm have been achieved, g 0.3 { } Z Fedcume
problems like GNR alignment, width control, uniformity, high aspect < g’f' 'l &'

ratios, and edge roughness must be resolved in order to introduce 0.0 _* .gmis

GNRs as a robust alternative technology. Here we report patterning, T 100 200 300 40

characterization, and superior chemical sensing of ultranarrow NO, Concentration (ppb) o

aligned GNR arrays down to 5 nm width using helium ion beam 10001,

lithography (HIBL) for the first time. The patterned GNR arrays possess narrow and adjustable widths, high aspect ratios, and relatively high quality. Field-
effect transistors were fabricated on such GNR arrays and temperature-dependent transport measurements show the thermally activated carrier transport
in the GNR array structure. Furthermore, we have demonstrated exceptional NO, gas sensitivity of the 5 nm GNR array devices down to parts per billion
(ppb) levels. The results show the potential of HIBL fabricated GNRs for the electronic and sensing applications.
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attracted strong attention due to its
|,2'3

Since the rise of graphene, it has

exceptional electronic,’ therma
mechanical,*> and optical properties.
Due to the lack of an energy bandgap in
graphene, electronic applications of gra-
phene have been limited to functionalities
where switching off the device is not neces-
sary. Accordingly, technologies such as
graphene radio frequency transistors have
been drawing lots of attention because it is
easily implementable in real life applica-
tions.>~"" On the contrary, digital electro-
nics applications require a sufficient band-
gap for the channel material in order to
switch off the device for proper operation.
As a result, extensive research was done to

6—8
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use graphene as a digital switch by employ-
ing novel device structures that made use
of the high tunability of graphene Fermi
level.">~"¢ Although these devices perform
fairly well, their structures are complex and
lack the use of excellent charge transport
properties of graphene. On the other hand,
numerous efforts were devoted to induce
a bandgap in graphene by chemical modifi-
cation,”’™"® use of multilayer graphene
with dual gates,>*°~%? and other methods?>.
Nevertheless, these methods are either dif-
ficult to control or devices fail to perform
well.

Recently, the narrowing of graphene into
stripes with widths ~10 nm was studied
both theoretically?* and experimentally® to
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create an energy bandgap in the electronic structure of
graphene due to quantum confinement. However, the
theoretical predictions and the experimental data did
not match due to inability to control edge structures
and edge states of graphene which contribute to the
creation of a transport gap.”® Consequently, several
methods were used to create GNRs including top
down etching of graphene into GNR,>**"?% unzipping
of carbon nanotubes,’*~3* chemically producing
GNR**73¢ bottom-up chemical synthesis,>’>° and
various methods for producing arrays of GNR.3349~%5
Additionally, several interesting transport properties
were experimentally tested for several types of
GNRs.***” Nevertheless, in order to create a reliable
technology that uses GNR as a platform, better control
of GNR should be accomplished. And issues like
GNR alignment, width control, aspect ratios, ribbon
to ribbon variations, density of GNR and the quality of
the materials have to be precisely and reproducibly
controlled. These features are essential to control the
electronic characteristics of the devices fabricated and
proper operation of complex circuits.

Helium ion beam lithography (HIBL) and helium
ion microscopy>® have recently demonstrated high
resolutions mainly due to their small beam spot size
and relatively small scattering length.”' Additionally, it
has been recently shown that HIBL can cut and pattern
graphene with features down to ~10 nm.>**3 Further-
more, HIBL was used to create random defects in a
graphene lattice in order to open a bandgap.?* Never-
theless, those techniques did not take advantage of the
extremely high resolution and control HIBL can offer.
Here we report the use of HIBL to create GNR field-
effect transistors (GNR FETs) with highly dense GNR
arrays with one of the smallest half-pitch GNR reported
to date. In addition, we can control the aspect ratio of
the GNR up to 400 (i.e., the widths and lengths of GNRs
are 5 and 2000 nm, respectively). Raman spectra of
HIBL fabricated GNRs show relatively large G-band to
D-band intensity ratios (i.e., Ic/Ip) which indicate the
quality of these GNRs compared to lithographically
etched GNRs.>* Subsequently, we have performed low
temperature electrical measurements of the 5 nm GNR
array device and observed thermal activation behavior
of carriers in the graphene/GNR junction. Finally, we
measured the sensitivity of GNR arrays to NO, gas and
observed parts per billion (ppb) level sensitivity show-
ing the potential for using HIBL GNR arrays for sensing
applications.> 7

48,49

RESULTS AND DISCUSSIONS

Figure 1a shows the fabrication steps for the HIBL
GNR array transistors. First, chemical vapor deposition
(CVD) graphene was transferred onto a P>* Si/SiO,
wafer using common polymer-mediated transfer tec-
hniques.**®°° Then, Ti/Au electrodes were patterned
on top of graphene to form contacts for source and
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drain. Afterward, a channel definition took place using
oxygen reactive ion etch (RIE) to remove unwanted
graphene. Finally, the whole device was loaded into
a HIBL machine to create the desired GNR patterns.
Figure 1b—d shows helium ion microscope images
of several GNR half-pitches (ie, 5, 6, and 7.5 nm,
respectively). These images show the precise control
of the widths, spacing, as well as the alignment of GNRs
we achieved for GNR arrays (i.e., the bright lines in the
helium ion microscope image is graphene). Addition-
ally, Figure 1e shows the high aspect ratios and density
we can achieve using HIBL. For the employed device
structure, the Ti/Au electrodes contact graphene which
makes graphene the actual source and drain in contact
with the GNR array channel (Figure 1f). Helium ion
microscope was used to capture all the images of the
GNR arrays, which cannot otherwise be imaged by
scanning electron microscope (SEM), because helium
ion microscope not only has better resolution but also
better signal to image graphene patterns. The interac-
tion volume of helium ions is much smaller than that of
electrons, and thus, the image carries more informa-
tion from surface properties (i.e., the graphene layer).
For all the devices created using HIBL, we have used
monolayer graphene CVD (Figure S1).

To assess the quality of HIBL GNRs, Raman spectra of
the GNR arrays were performed. Figure 2a shows the
Raman spectra of GNR arrays with 5,6, 8, 10,and 15 nm
half-pitch. For all the Raman spectra measurements,
a 532 nm laser was used. It can be observed that the
G-band (~1589 cm™ ') and the 2D-band (~2670 cm ™)
broaden as the widths of GNR decrease from 15 to
5 nm. For GNR with widths of 5 and 6 nm, the 2D-band
cannot be distinguished due to further broadening.
This can be explained by softening of the phonons
because of the dominance of defects in the GNR
lattice.®® Simultaneously, since for narrower GNR the
defects represent a higher percentage of the Raman
signal, the heterogeneous nature near the edge causes
the broadening of the peaks.>* Moreover, it has been
predicted that the G-band upshifts in frequency with
decreasing GNR widths which can be explained by the
fact that with higher defect densities higher frequency
phonons are allowed and an additional peak merges
with the G-band peak which results in an apparent
upshift in frequency.®® However, the G-band shift we
observed is random and not monotonic (Figure S2).
The G-band shift can also be explained by quantum
confinement effects in GNR.®' Figure 2b shows the
dependence of Ig/Ip on the inverse of GNR array half-
pitch (i.e., GNR width). This plot shows the effect of
increasing the percentage of edge defects on both
G- and D-bands. Below a certain size, the number of
ordered carbon rings compared to defects decrease
and Ip decreases accordingly. On the other hand, /g
is related to the bond stretching of sp? bond and
accordingly will not be affected by GNR narrowing.*°
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Figure 1. (a) Scheme of GNR arrays fabricated by HIBL. (b—d) Helium ion microscope images of (b) 5 nm, (c) 6 nm, and (d)
7.5 nm half-pitch arrays . (e) Helium ion microscope image of high aspect ratio GNRs (width x length is 5 nm x 1200 nm). (f)
Helium ion microscope image shows smooth interface between graphene and patterned GNRs. For all images, bright lines

represent graphene.

Consequently, the Ig/lp will increase as GNRs get
smaller which further confirms Ryu et al.'s* observa-
tion on Raman relaxation length of D-mode phonons.
The measured Ig/Ip data points in Figure 2b can be
fitted into a line with equation: I¢/Ip ~ 8.39/W, where W
is the width of GNRs in nanometers. This equation does
not apply to wider GNR (e, W = 15 nm) because
the mechanisms that govern Ip are different.>#6%%2
Furthermore, comparing Ig/Ip for the same width can
give an indication about the quality of the patterned
GNRs. In Figure 2c we compare our Ig/Ip to other recent
publications in order to highlight the relative quality
of HIBL GNR patterning. Since I originates from the
doubly degenerate zone center mode which corre-
sponds to the carbon atoms (sp? bond) phonons in
graphene® and Iy corresponds to various defects in
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graphene (e.g., vacancies, stone-wales, foreign ada-
toms and edge defects),®%%*%* the ratio of I¢/lp for
the same GNR width can be a measure for material
quality. For example, our 15 nm wide GNRs have I¢/Ip of
0.52 compared to 0.2 for electron beam lithography
(EBL) patterned GNR.>* This highlights the quality of
GNRs patterned with HIBL compared to other lithogra-
phy based techniques.

Electrical measurements were carried out for the
GNR array devices using P*" Si as a back gate. We
performed the measurements on a 6 nm half-pitch
GNR array device with along channel length (i.e., 2 um).
Figure 3a shows the graphene device before pattern-
ing the GNR with a Dirac point close to zero gate
voltage. Figure 3b,c shows the device performance
after patterning the GNR array devices at 300 and 77 K,
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Figure 3. Transfer characteristics of (a) graphene device before patterning, (b) device after patterning 6 nm GNR arrays at
room temperature, and (c) 6 nm GNR array device measured at (77 K). (d) Transfer characteristics in log scale of a—c. V4 was
0.1 V for all the measurements.

respectively. To compare the ON/OFF ratios of the
GNR array device at different conditions, we define
the ON/OFF ratio to be the current at gate voltage of

(Vg = —15 V) divided by the minimum current at the
charge neutrality point. It can be observed that the
ON/OFF ratio increases from 2 to 2.25 after patterning
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the GNR at 300K and reaches a value of 4.75 at 77K.
Additionally, the minimum conductance decreased for
the device from 300 to 77 K which is a typical semi-
conducting behavior. Figure 3d shows all the mea-
sured curves under log scale. It should be noted that
the ON current level dropped dramatically after pat-
terning the GNR array. Moreover, it should be noted
that the gate voltage sweeping range in the GNR array
device is smaller than that of the graphene device
before patterning the GNR. This is due to the increased
leakage through the gate oxide after patterning. Ad-
ditionally, we also measured HIBL GNR with width of
15 nm, and the transport characteristics (Figure S5a)
showed ON current value of 4 uA at drain voltage of
0.1 V and gate voltage of —25 V, which would convert
to a reduction in current density (i.e., current normal-
ized by width) by a factor of ~2 when compared to
graphene before HIBL. Comparatively, a reduction in
current density of ~5000 was observed for 6 nm HIBL
GNR which may be attributed to: (i) GNR edge scatter-
ing which is inversely proportional to GNR width,5>5¢
(ii) increased impurity scattering after HIBL due to
helium ions breaking Si—O bonds in SiO, dielectric
and creating surface defect states, (iii) increased elec-
tron and hole masses for narrow GNR®’ and (iv)
reduced effective transconductance of HIBL GNR de-
vices because of charge traps created in SiO, which
contribute to effects such as weak Fermi level pinning
and the screening of gate electric field which would
also negatively affect the ON/OFF ratio .%%°°

Current degradation for EBL-patterned GNRs was
rarely reported; however, our current degradation for
15 nm HIBL GNR compares favorably with limited data
we can estimate from ref 66, which reported a degra-
dation of mobility (and thus current) by a factor of 15
when the GNR width goes from 1000 to 15 nm. We
believe the main factor for the significant current
degradation of 6 nm GNR is that 6 nm is close to the
so-called inactive GNR edge width (W). The conduc-
tance of GNR can be described with a linear fit G =
a(W — Wo)/L, where ois the GNR sheet conductivity, W,
is the GNR inactive edge width, Wis the GNR width and
L is the GNR length. The inactive GNR edge width is
usually believed to be related to contributions from
localized edge states scattering due to GNR edge
roughness caused by etching.? Figure S5b plots the
conductance of HIBL GNRs with widths of 15, 10, and
6 nm vs GNR width, and a fit using the above equation
yields W, of 5.6 nm, which is comparable to W,
estimated for EBL-patterned GNRs. Furthermore, Ra-
man characterization (Figure 2c) has revealed a similar
Ie/Ip ratio for HIBL GNR in comparison to EBL patterned
ones which confirms similar levels of defects created
by HIBL and EBL processes.>*

To evaluate the effect of helium ions scattering in
SiO,, we performed a Monte Carlo probabilistic anal-
ysis based on the high energy stopping of light ions
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using commercial software. This simulation sheds
light on the effect of defect states in SiO, on the gate
control and Fermi level tunability in GNR array devices
(Figure S3). Principally, in order to improve the device
performance, patterning should be made on graphene
before transfer. Alternatively, the whole device can be
transferred from the substrate by using an oxide etcher
and a polymer scaffold. A possible transfer-free meth-
od is based on free-standing suspended GNR channel
where the SiO, underneath the GNR is etched.”® This
method might have a low yield but would be interest-
ing for scientific study purposes.

To study the carrier transport in the patterned
GNR arrays, we performed low temperature output
characteristic (i.e., Ip—Vg) measurements of a device to
study the nature of thermionic activation of carriers
through the graphene/GNR junction. For this device,
in order to have higher operating currents, GNRs with a
width of 5 nm and length of 200 nm were patterned.
Figure 4a shows the temperature dependence of the
Io—V4 curves with clear reduction of the conductance
as the temperature is reduced. The nonlinearity of the
differential conductance near the zero bias point
(i.e., Vg = 0 V) is clearly shown for lower temperatures
in Figure 4b. This effect indicates a potential barrier
created for carriers transporting through graphene/
GNR junction. Moreover, estimation of the activa-
tion energy (Ex) was carried out using the minimum
conductance value for each temperature point.
Figure 4c shows that the minimum conductance
(Gmin) points fit with the thermally activated carriers'
equation:

Gmin = G1e_EA/kBT

where G, is a constant, kg is Boltzmann's constant, T
is the absolute temperature, and E, is the activation
energy. The curve fitting yielded an E, of 44 meV, and
based on Figure 3b,c, we note that the Dirac point
corresponds to a small negative gate voltage, and
device at zero gate voltage shows n-type conduction.
The E, derived based on output characteristics of the
device at zero gate voltage (Figure 4) should corre-
spond to the energy difference between metal Fermi
level and GNR conduction band, which should be
slightly smaller than the energy difference between
metal Fermi level and GNR valence band (as the gate
voltage corresponding to the Dirac point is slightly
negative). The GNR bandgap (Eg) is therefore esti-
mated to be >88 meV. Theoritical tight-binding models
suggest that a GNR with 5 nm width will have a
bandgap ~0 to 0.3 eV depending on the edge struc-
ture and number of dimer rows.>* The value extracted
from Figure 4 (ie., Eg = 0.088 eV) falls within the
expected theoretical values.

One of the very promising applications of GNR
devices is chemical sensing.”’ The reduced charge
density caused by their small dimensions and the
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Figure 4. Temperature-dependent electrical measure-

ments of 5 nm wide and 200 nm long GNR array: (a) output
characteristics of the device under different temperatures;
(b) minimum differential conductance (G;,) variation ver-
sus drain voltage at different temperatures; (c) minimum
conductance vs inverse temperature and the corresponding
curve fitting. The gate voltage was 0 V.

bandgap opening may provide higher sensitivity and a
larger range of modulation of the electronic structure
of the GNR compared with gapless graphene. In light
of this motivation, we have performed gas sensing
experiments using a 5 nm half-pitch HIBL GNR array
with 200 nm channel length. The target gas we used
in the experiments was nitrogen dioxide (NO,). High
sensitivity to NO, is very important for health and
environmental safety as concentrations above 0.2 ppm
can cause respiratory irritation.”? Figure 5a shows the
changes of the Ip—Vy4 curves as a function of NO,
concentrations. Nitrogen was used as a dilution gas to
obtain NO, with different concentrations. It can be seen
from Figure 5a that concentrations down to 20 ppb can
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Figure 5. GNR array based NO, gas sensor: (a) output
characteristics of the GNR array sensor as a function of
NO, gas concentrations; (b) conductance change (AG/Go)
of the same GNR array sensor as a function of NO, gas
concentration. Error bars are extracted from the control
experiment of the same device with Nitrogen flow only. (c)
Langmuir isotherm curve fitting for the same device show-
ing agreement between measured conductance values (red
squares) and fitted curve (black line).

be clearly detected with the GNR array device. The
GNR array FETs exhibit ambipolar transport behavior,
as can be discerned from Figure 4. Since NO, act as
an electron acceptor, consequently, the GNR devices
exhibit increased conductance with increasing the
concentrations of NO,, As control experiments, after
finishing the NO, sensing experiment and recovering
the device back to the original conductance; the device
was subjected to pure nitrogen environment to study
the drift of the device conductance over time
(Figure 3s). This step is aimed to rule out the time
drift of the conductance of the device as a source of
false signal. Figure 5b is showing conductance change
AG/Gg of NO, sensing experiment. The sensor response
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is defined as:

AG _ Gs — Gy
Go  Go

where Gy and Gs are the conductance of the device
before gas exposure and after 1000 s of exposure to
certain concentration of gas. The apparent difference in
AG/Gy between the sensing and control experiments
indicates the sensitivity of the GNR array device to NO,
(Figures 5b and S4). Moreover, the measurement fits
with the Langmuir isotherm for molecules absorbed on
a surface. This indicates that charge transfer and mono-
layer molecular adsorption via site-binding govern the
sensing mechanisms of the HIBL GNR array devices. Our
device showed an unprecedented sensitivity for GNR
FET based gas sensors. Novoselov et al.>> have demon-
strated single molecule sensitivity with a hall measure-
ment system while a relatively small (4%) change of
graphene device conductance was observed when
exposed to 1 ppm NO,. Also, other graphene based
sensors showed even less NO, sensitivity.”” Compara-
tively, we observe a 53 + 8% change in conductance for
0.4 ppm concentration of NO, gas. The high sensitivity
of HIBL GNR array devices can be attributed to: (i) edge
states of GNR which are more active sites for binding
with NO, gas molecules than pristine sp? bonded

METHODS

Graphene Growth and Transfer. Graphene was grown using a
low pressure CVD growth on a 25 um thick copper foil (99.98%
in purity). The copper foil was annealed at 1000 °C in hydrogen
for 20 min. For graphene growth, temperature was maintained
at 1000 °C for 30 min and a mixture of hydrogen, argon, and
methane with flow rates of 4, 46, and 7 SCCM, respectively, was
flowed at a pressure of 500 mTorr. Transfer was done by spin
coating (2000 rpm, 1 min) two layers of methyl methacrylate
(MMA) as a polymer scaffold on graphene and subsequently
baking at 180 °C for 1 min to solidify the film and improve the
adhesion. Afterward, copper was etched using a water diluted
ferric chloride solution and the MMA/graphene film was rinsed
with water and cleaned in a water diluted hydrochloric solution.
The film was then transferred to the target substrate and MMA
was removed using acetone and hydrogen annealing (350 C°
and 2 h) subsequently.

Helium lon Beam Lithography. The GNRs were patterned by
direct helium ion beam milling using a helium ion microscope
(Orion plus, Carl Zeiss SMT GmbH). The patterning was done
using 5 um aperture size and a beam spot 4, which exhibited a
0.9 pA beam current. The patterns were written as single pixel
lines with step size of about 0.3 nm. The dose to pattern 5 nm
half-pitch GNRs was 10 nC/cm and lager doses were used to
patterns with larger features.

NO, Gas Sensing. Gas sensing was carried out by exposing the
GNR array FET device to nitrogen diluted NO; gas in a closed
chamber. Concentrations of NO, were adjusted by changing
the flow rates of both gases while keeping the total flow rate
constant. For each curve, the device was exposed to the desired
concentration for 1000 s and then the Ip—Vy4 curve was mea-
sured. Control device was subjected to the same measurement
conditions (i.e., same time between measurements and total
flow rate) but with nitrogen gas only.

Helium lon Scattering Simulation. Simulation was performed
using a commercial program (SRIM). Simulation parameters
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graphene surface,” (ii) the transition from a semimetal
to a semiconductor after HIBL resulting in a reduced
charge density and better current modulation by NO,
molecules. As previously mentioned, the charge traps in
SiO, may screen the gate electric field and negatively
impact the transconductance; however, chemical sen-
sing involves modulation of carrier density in GNR by
electron extraction using NO, and is not affected by
charge traps inside SiO,. This demonstrates the poten-
tial for using HIBL GNR arrays for high sensitive sensing
applications.

CONCLUSIONS

In summary, we developed an efficient method for
pattering CVD grown graphene into narrow and tun-
able widths, highly aligned, densely packed and high
aspect ratio GNR arrays using HIBL. Moreover, Raman
spectra of HIBL GNR showed the relative high quality of
the patterning and the resultant material. Additionally,
we have revealed the existence of activation energy of
44 meV in carrier transport through the graphene/GNR
junction. Finally, we showed the exceptional NO, sen-
sing performance of the GNR array device. The GNR
array based sensor exceeded the performance of other
graphene based sensors and is sensitive to low NO,
concentrations down to 20 ppb.

were as follows: helium ions, 1000 data points, 30 KeV energy
and SiO,/Si of 56 and 500 nm thicknesses, respectively.
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