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We report the realization of top-gated graphene nanoribbon field effect transis-
tors (GNRFETs) of ~10 nm width on large-area epitaxial graphene exhibiting the
opening of a band gap of ~0.14 eV. Contrary to prior observations of disordered
transport and severe edge-roughness effects of graphene nanoribbons (GNRs), the
experimental results presented here clearly show that the transport mechanism in
carefully fabricated GNRFETSs is conventional band-transport at room temperature
and inter-band tunneling at low temperature. The entire space of temperature, size,
and geometry dependent transport properties and electrostatics of the GNRFETs are
explained by a conventional thermionic emission and tunneling current model. Our
combined experimental and modeling work proves that carefully fabricated narrow
GNRs behave as conventional semiconductors and remain potential candidates for
electronic switching devices. © 2015 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4905155]

The implementation of 2-dimensional (2D) graphene for digital logic devices has proven
challenging because of the material’s zero band gap.' Various alternate digital logic device struc-
tures have been proposed which take advantage of interlayer tunneling, graphene-3D semicon-
ductor hetero-structures, and properties that exploit the light-like energy dispersion of carriers in
2D graphene.”” From the point of view of realizing conventional field-effect transistors, well-
controlled graphene nanoribbons (GNRs) mimic the excellent electrostatic properties of carbon
nanotubes (CNTs) and offer hope for graphene-based digital logic devices.® The ultrathin body
enables scaling down to 10 nm or below while still keeping short-channel degradation effects at
bay. GNRs suffer from edge-roughness scattering effects compared with those of CNTs, but GNRs
provide better large-area scalability, planar fabrication opportunity, and heat dissipation capacity.”
The availability of broken bonds at the edges provides a window of opportunity for chemical dop-
ing,'? which remains difficult in CNTs due to saturated sp> chemical bonds. A number of “beyond-
CMOS” devices, such as the GNR tunneling field-effect transistor (TFET),!!' can be realized
if controlled GNRs are fabricated on large-area substrates. Thus, progress in the fabrication and
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characterization of wafer-scale GNRs stands to potentially enable a host of applications in the
future.

The creation of controlled band gaps by quantum confinement of carriers in GNRs remains a
significant challenge.'?! To date, graphene nanoribbon field effect transistors (GNRFETS) ranging
down to 10-20 nm channel width have been fabricated from exfoliated graphene'*'* and chemical
vapor deposition (CVD) grown graphene''¢ using conventional top-down lithography and etching
methods. Bottom-up techniques such as chemically derived GNRFETs down to sub-5 nm width
have been fabricated and show substantial band gaps with Ipy/Iorr ~ 10° at room temperature.17
GNRFETs have also been fabricated by unzipping CNTs.'#2 More recently, GNRs down to 5 nm
has been directly grown on SiC substrates using ion implantation followed by laser annealing.”! But
the bottom-up techniques are not yet site-controlled or reproducible, and are currently incompatible
with conventional lithographic processes for circuit implementations.

Epitaxial graphene (EG) grown on single-crystal, semi-insulating SiC wafers satisfy many of
the above criteria.”” Furthermore, devices based on EG require fewer processing steps and are
more immune to contamination compared to CVD-grown large-area graphene due to the absence
of a transfer process.”> GNRFETSs can mimic properties of carbon nanotube field-effect transistors
(CNTFETs) and remove needs of alignment and randomization of metallic and semiconducting
channels. The major challenge in realizing GNRs is in achieving ~5 nm widths with smooth edges.
In this pursuit, GNRFETs stand to benefit from recent process developments in Silicon FinFET
technology in which arrays of ~5 nm wide Si fins have been demonstrated with robust structural
integrity.>* Process variation challenges of such narrow fins have been addressed for next-generation
of CMOS technology.”

Despite the importance of EG, substantial energy gaps have not yet been demonstrated in
GNRFETSs made in EG on SiC.%® Furthermore, there are no studies that correlate experimentally
measured transport properties and theoretical models for EG-GNRs. In this work, we report the
fabrication of top-gated ~10 nm wide GNRFETsS by lithography on large area EG on SiC substrates.
We observe for the first time, the opening of a substantial energy gap inversely proportional to the
GNRFET width of EG-GNRs. By relating the measured transport with theoretical modeling, we
find that the transport properties of narrow epi-GNRs are similar to well-behaved narrow-bandgap
semiconductors, contrary to carrier localization effects reported extensively in wider GNRs fabri-
cated on exfoliated graphene.>’~3! The reasons for these observations will be discussed.

The starting material in this work was epitaxial-graphene grown on a 4 in. diameter Si-
face 6H-SiC substrate. The epitaxial growth conditions are described in earlier reports®> and this
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FIG. 1. (a)-(d) Optical microscope image of epitaxial GNR FETs on wafer size SiC substrate. (¢) Scanning electron micro-
scope (SEM) image of GNR having 10 nm width with source and drain metal. (f) SEM image of Hydrogen silsesquioxane
(HSQ) array ribbon patterns, consisting of 13 nm line width and 17 nm space, showing no deformation or collapse. The HSQ
patterns play a role as a mask to etch graphene during O; plasma. Finally, GNR remains after removing the HSQ mask.
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FIG. 2. (a) Ip versus Vgs of 10 nm width GNRFETs at various temperatures. I is dominated by thermionic emission
at 300 K, while it is controlled by band to band tunneling at 4 K since thermionic emission is suppressed. (b) Family
Ip versus Vps of 10 nm GNRFETS at various Vg at 4 K showing clearly on/off state. (c) Ip versus Vps depending on
different GNR width with Vg fixed in the charge neutral voltage at 4 K.

epitaxial graphene on SiC is expected to have a lower residual charge than transferred graphene
(2-5x 10'" cm™2) on SiO, due to the absence of a transfer process.’>? Figure 1 shows the final
device images including a single GNR and arrays of GNRs. HSQ, a negative-tone electron-beam
resist, was used to fabricate GNRs of varying widths, down to ~10 nm. The gate stack consists of
15 nm HSQ followed by atomic layer deposited (ALD) 30 nm Al,O3 at 200 °C and Cr (5 nm)/Au
(100 nm) using an electron-beam evaporator. The GNRs are connected to the two-dimensional (2D)
graphene area, in order for the energy barrier for either electrons or holes entering the GNR to be
half of the GNR band gap and symmetry. The source/drain contact metal of Cr (5 nm)/Au (100 nm)
sits on the 2D area forming an ohmic contact with a zero band gap. From the transfer characteristics,
extrinsic field-effect mobility was extracted at 800—1000 cm?/V s at maximum transconductance.
The contact resistance was not accounted for in the mobility extraction and the contact resistance
extracted from transmission line method (TLM) patterns was around 10* Q um. Details of the HSQ
process and device processing flow have been discussed earlier.>*

Figure 2(a) shows the measured drain current /p as a function of the gate bias Vg of 10 nm
GNRFETs at three different temperatures. The gate modulation (ratio of Ipy/Ilopr) of the drain
current is about 10x. The relatively high Iprr observed at 300 K is due to a thermionic emission
current from the source contact. For a 10 nm wide GNR, the energy gap is E, ~ 0.14 eV, which
leads to a Schottky barrier height of g¢p ~ E,/2 ~ 70 meV. This is only slightly smaller than
~ 3 kT at room temperature, implying a large thermionic emission current over the barrier where
L5 ~ exp[—q¢p/kT]. This temperature dependence is accentuated at lower temperatures, because
I,, stays relatively constant whereas I,; is reduced by several orders of magnitude due to the
reduction of the thermionic emission current. This results in an increase of I,,/l,; — 10° at 4 K as
shown in Fig. 2(a). At this low temperature, the Fermi-Dirac tail of the electron distribution in the
source is severely curtailed and electrons have to tunnel through the energy gap of the GNR. This
band-to-band transport mainly happens across the barrier formed at the contact, but not across the
entire length of the device.

This strong temperature dependence of Ip in the GNR FET shown in Fig. 2(a) is distinctly
different from that of the 2D FETs,>* revealing the presence of an energy gap. The family Ip
versus Vpg of 10 nm GNRFETSs in Fig. 2(b) clearly shows the “turn-on” and “turn-oft” region
depending on the location of the Fermi level, which is tuned by the gate bias, Vgs. Figure 2(c)
shows Ip vs. Vps for GNRs of three different widths (10, 13, and 17 nm) at a Vg biased near the
charge neutral voltage. The current-voltage curve in Fig. 2(c) is a characteristic of back-to-back
metal-semiconductor Schottky diodes, and the turn-on window is a measure of the Schottky barrier
height. It is observed that as the widths of GNRs decrease the size of the low-conductance window
increases. The energy gap is inversely proportional to the widths of GNR FET channels. In order
to measure the band gap quantitatively, a more comprehensive approach entails measuring the
conductance map as a function of Vpg and Vgs. The results of such measurements are discussed next.



011101-4 Hwang et al. APL Mater. 3, 011101 (2015)

E, log (conductance) vs. V, /V . A og(conductance) vs. V. /V e
o il 03 N T Vs
0.2 al 5 o
4 02 7 Conduction
< 0.1 g S 01 P -8
3 8o >
= -9 | 9 5
- 0.1 &
10 nm widt
-10 -10
02| Model
s o . B -11 -0.38 0 2 1a 6 -11 Source Channel Drain
6 - -1 -1 - - - - -
Vss v VGS \
m, log (conductance) vs. Vs / Vs . E] log (conductance) vs. Vs / Vs . n
. 03 10
) 0.2 7 Open square: experiment
Line: from equation
S o1 =
e 8 B
S Eqg
N -0.1 S 3nav, h
E;,=——"—
10 oo -10 qw
i
-1 -0.3 -1 105 10 15 20 25 30
-6 -8 -10 -12 - -10 -12 -14 -16
W, (hm
Ve ) Ve ) e ()

FIG. 3. The differential conductance of two representative GNRFETs of 10 nm width (a) and 17 nm width (b) as a function of
Vps and Vs at 4 K. Modeling results of two different widths of 10 nm (c) and 17 nm (d) GNRFETSs which are corresponding
to (a) and (b), respectively. The black (dark) color represents a low conductance as indicated by the color map. (e) The energy
band diagram was used in the model which was developed based on the Schottky barrier. (f) The extracted band gap of
GNRFET vs. width of GNR. The linear line was predicted using the model. The deviation of these GNRs width is around
0.5 nm by SEM.

Figure 3 shows the 4 K conductance versus Vpg and Vgg for two representative GNRFETSs
of 10 nm (a) and 17 nm (b). The conductance is shown as a color in a logarithmic scale with
red representing high (on-state) and black as low conductance (off-state). For a fixed drain bias,
scanning the gate voltage results in a sharp transition from conducting to insulating states. For
example, the 4 K scan in Fig. 3(a) is for a drain bias of 20 mV in which the transition is seen in
the region —8 V < Vs < —6 V. Similarly, for a fixed gate bias, scanning the drain voltage reveals
the back-to-back Schottky behavior as shown in Figs. 3(a) and 3(b). Realizing that this channel is
no different from a traditional semiconductor (albeit with a small band gap), an accurate method to
extract the energy band gap is to model the entire conductance map using traditional semiconductor
transport equations, accounting for both thermionic emission and tunneling current components.
Because the contacts are Schottky barriers of height half of the energy band gap, and tunneling
depends on the band gap, modeling the dependence of the conductance maps on the GNR widths
enables an accurate extraction of the energy band gap.

The details of the hybrid thermionic emission/tunneling transport model are provided in the
supplementary material accompanying this paper.*> The modeled conductance versus Vpg/Vgs for
GNRs of widths 10 nm and 17 nm is shown in Figs. 3(c) and 3(d) alongside the measured experi-
mental results. The simple textbook-model of transport captures the entire shape of the conductance
map. Note that no localization or quantum-dot type hopping transport was used in this model. The
band-edge fluctuations that may result from the line-edge roughness of the GNRs cause a smearing
of the on-off state transition that is observed in the experimental data as compared to the sharp
transitions predicted by the model. Such fluctuations are a measure of the disorder in the GNR, but
these are minimal compared to the overall characteristics, which are captured in the band-transport
picture. We note that such fluctuations are not limited to GNRs alone; indeed, such fluctuations exist
on any material system due to the residual charge distribution and impurities. However, their effect
lessens for wide gap semiconductors while this fluctuation becomes pronounced and noticeable in
narrow bandgap semiconductors.**-*¥ We do not observe any Coulomb diamonds or charging effects
as reported earlier.”’~** The reason for this difference from earlier reports is twofold. First, because
the GNRs reported here are among the narrowest reported to-date fabricated by lithographic tech-
niques, the corresponding energy gaps are among the highest. Second, the epitaxial graphene on SiC
substrates reveals smaller potential variation of 12 meV>’ than that of transferred graphene on SiO,
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of 59—77 meV.?’-3 The potential fluctuations due to charged impurities can localize carriers if the
band gap is small, whereas a larger band gap coupled with low residual impurity density enables
conventional band-edge transport.

The dependence of the band gaps on the GNR widths extracted from Figs. 3(a) and 3(b) is
shown in Fig. 3(f) and is in good agreement with a conventional model of GNR band gaps.*’ An
energy band gap of E, ~ 0.14 eV was achieved by scaling to a GNR width of ~10 nm. Based on
this observation, an E, ~ 0.3 €V could be achieved by narrowing the GNR width down to 5 nm,
a potential possibility in the future using FinFET technology.?* Since the transport model is based
on thermionic emission and tunneling, it may be used for predicting the behavior of GNRFETSs of
different channel lengths. A crucial test for a transport model is tunneling from the source to drain
being heavily dependent on the S/D separation at small drain voltages, whereas thermionic emission
is not dependent. Using the model and the corresponding experimental measurement, we can verify
the accuracy of the model further. To do so, we performed transport measurements on GNRFETSs
with varying S/D distances and compared them with the predictions from the model; which will be
discussed next.

Figures 4(a) and 4(b) show the Ip vs Vs of 15 nm wide GNRFETS for three gate lengths: 5 um,
1 pum, and 0.1 ym measured at 300 K (a) and 4 K (b). It is observed that I, increases as the gate
length decreases at both 300 K and 4 K. As the gate length decreases, the gate modulation remains
relatively constant at 300 K in Fig. 4(a), whereas the gate modulation changes exponentially at 4 K
in Fig. 4(b) since the conduction is dominated by tunneling. The corresponding predictions based
on the hybrid thermionic emission/tunneling current model are shown as solid lines in Figs. 4(a)
and 4(b). The energy band diagram corresponding to the model is shown in Fig. 4(c). The model
captures most of the experimentally observed behavior, further lending credence to the claim that
transport in the GNRs is band-like, and both hopping and localization effects do not need to be
invoked in order to explain the device behavior. As shown in the supplementary material, 75 and
Tp are two coefficients determined by the source and drain barriers and Viyg represents the local
potential of the GNR channel.

Several recent studies have associated charge transport in GNRs with hopping conductivity
and quantum dot behavior,>’~*! and not by conventional conduction mechanisms. We discuss these
earlier findings in light of our observations. The observations can be resolved by paying careful
attention to GNR widths, surface potential variation of graphene, GNR edge roughness, and device
operation regimes. First, in earlier reports, GNR widths ranging from 30 to 100 nm, which will
lead to energy band gaps less than ~50 meV. This energy gap is comparable to the electron-hole
puddle surface potential variations, which have been reported to be around 50-80 meV?>"-3! for the
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FIG. 4. Ip versus Vs of 15 nm width GNRFETSs depending on different gate lengths at 300 K (a) and at 4 K (b). The inset
(right bottom) of each figure shows a schematic image of major transport mechanism depending on temperature. The I
dependence on channel length can be explained by the channel resistance at 300 K (a) and band to band tunneling at 4 K (b).
(c) A general concept of current mechanism which was taken into account in this model at both (a) and (b).
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graphene/SiO, interface, but only 12 meV for graphene/SiC interface.>” When the disorder potential
variations are of the order of or more than the energy band gap, it constitutes a severe perturbation
of transport properties. Furthermore, the high density of such fluctuations in graphene/SiO; inter-
faces exacerbates the localization of carriers leading to hopping transport. On the contrary, when
the energy gap is larger, as obtained with narrower GNRs, the potential disorder behaves like a
weak fluctuation, similar to ionized impurity doping in traditional semiconductors. The residual
charge densities of GNRFETS in previous reports?’—! are expected to be high, since the GNRs were
fabricated from exfoliated graphene transferred on to SiO, substrates. In addition, the HSQ mask
(15 nm height) produced by EBL to etch graphene results in smooth epi-graphene GNRs, whose
edge roughness is estimated to be less than ~0.35 nm using root mean square (RMS) estimation
of the width by image processing.'> Edge roughness from previous work is around 4 nm.?® Finally,
the device operation regime in the conductance map reported in this work spans hundreds of meV
range, unlike ~50 meV ranges reported earlier. The experimental results reported here and the
above discussions suggest that even though there is a potential fluctuation caused by either line
edge roughness or potential inhomogeneity, the behavior of epi-GNR FETs is indeed no different
from any conventional narrow-bandgap semiconductor. Most effects such as the ratio of Ioy/Iorr
observed in the transport of previously reported GNRs mimic those of disordered or heavily doped
narrow-bandgap semiconductors,*! and as GNRs become narrower and cleaner, their intrinsic prop-
erties and electrostatic advantages will make them highly attractive for electronic devices in the
future.

The array GNRFETS consisting of parallel arrays of 30 GNRs were fabricated and the I, versus
Vis of the 30-array GNRFET was compared with that of a single GNRFET, all with the same 13 nm
width as shown in Figs. 5(a) and 5(b). The inset of Fig. 5(b) shows the schematic image of an
array GNRFET, comparing the inset of a single GNRFET in Fig. 5(a). It shows that the individual
device performance of array GNRFET is preserved in the array structure. The increase of the
drain current is one of the benefits of array GNRFETs. We also observe a high maximum drain
current density of ~12 mA/um considering the total channel width. Such high current drives have
never been reported in any semiconductor device.*> If we consider only the active ribbon width,
the maximum high drain current density becomes 28 mA/um, a value that may be approached by
changing the pitch of the GNR array. We attribute this high current carrying capability to the high
electrical and thermal conductivity of the GNR channels due to the absence of lateral scattering,
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FIG. 5. Ip versus Vg of a single GNRFET (a) and array GNRFET (b) at both 4 K and 78 K. (c) The differential conductance
of an array of 30 GNRFETSs having 13 nm widths. (d) Maximum drain current density of the array of 30 GNRFETs with
Vs = 0V (scaling by the total channel width: 30 13 nm line width+30x 17 nm space = 900 nm). A maximum drain current
density of 28 mA/um can be achieved if the current density is divided by only active GNR area (30 x 13 nm = 390 nm).
The drain current I of ~ 10712 A current was obtained after etching GNRs showing the current conduction is, indeed,
through the GNRs and not through the substrate.
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coupled with the excellent thermal conductivity of the underlying SiC substrate. The high current
drives are attractive from many viewpoints: for high-performance transistors with fast switching and
possibly for integrated interconnects.

Finally, it is also worth mentioning the crystallographic direction of GNRs. It is predicted that
GNRs with armchair shaped edges (AGNR) can be either metallic or semiconducting depending
on their widths, and that GNRs with zigzag shaped edges (ZGNR) are metallic with peculiar edge
states on both sides of the ribbon regardless of their widths.**** Indeed, the origin of the bandgap in
nanoribbons is still under debate.*>*® However, experimental observation shows that band gaps are
inversely proportional to the GNRs’ width with no sign of crystallographic direction dependence.'?

In this work, we also did not observe any signature of band gap dependence on the crystallo-
graphic direction. We believe that there are several reasons why this dependence is not observed
experimentally; first, channel direction in the transistor is neither AGNR nor with atomically precise
control, so it is safe to mention that GNRs possess mixed properties of both AGNR and ZGNR.
Second, even though we have perfectly aligned AGNR and ZGNR in the entire channel, the GNRs
properties will be highly dominated by the edge termination structure rather than the overall crys-
tallographic direction. In this work, the edge of epi-GNRs is fully hydrogen terminated since the
GNRs are covered by HSQ, which possesses plenty of hydrogen. Based on these understandings at
this present moment, the energy gap is created due to the charge carrier quantization and therefore
we treat GNRs like well-behaved narrow-bandgap semiconductors.

In summary, we report results of the first top-gated 10 nm width GNRFETSs on a large-area
epitaxial graphene exhibiting exceptionally high drive currents, the opening of a substantial band
gap and an increase of drain current by exploiting FET arrays. The narrow GNR width in the range
of 10 nm and the epitaxial platform enables a conventional current flow mechanism without intro-
ducing the hopping effect or quantum dot behavior. The measured transport dependence over the
entire parameter space (GNR width, gate length, temperature) is explained accurately by invoking
a single conventional thermionic emission + tunneling model. With further scaling of the widths of
wafer-scale clean GNRFETS, graphene based transistors can show promising potential for practical
applications.
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