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Sub-10 nm wide graphene nanoribbon field-effect transistors (GNRFETS) are studied systematically.
All sub-10 nm GNRs afforded semiconducting FETs without exception, with I, /I ¢ ratio up to 10° and
on-state current density as high as ~2000 wA/um. We estimated carrier mobility ~200 cm?/V s and
scattering mean free path ~10 nm in sub-10 nm GNRs. Scattering mechanisms by edges, acoustic
phonon, and defects are discussed. The sub-10 nm GNRFETSs are comparable to small diameter (d =
~1.2 nm) carbon nanotube FETs with Pd contacts in on-state current density and /I, /I ratio, but have
the advantage of producing all-semiconducting devices.
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Graphene-based electronics has attracted much attention
due to high carrier mobility in bulk graphene [1-5]. For
mainstream logic applications, graphene width confine-
ment down to sub-10 nm is needed to open sufficient
band gap for room temperature transistor operation.
Although sub-10 nm graphene nanoribbon (GNR) was
predicted to be semiconducting by several theories [6—
10], experimental work in this area [11,12] has been scarce
partly due to challenges in patterning GNR below 20 nm by
plasma etching. Recently, sub-10 nm GNRs with smooth
edges were obtained and demonstrated to be semiconduc-
tors with band gap inversely proportional to w (Ref. [13]).
Various fundamental questions remain to be addressed
such as the performance limit of graphene nanoribbon
field-effect transistors (GNRFETSs), the intrinsic carrier
mobility in narrow ribbons, and comparison of GNRs
with other materials including carbon nanotubes (CNTs).

In this work, we studied both sub-10-nm GNRs and wide
GNRs (w ~ 10-60 nm). All the sub-10-nm GNRs (a total
of ~40) were found semiconducting with adequate band
gap for transistor operation at room temperature. The GNR
synthesis and transistor fabrication process (see supple-
mentary material [14]) were similar to that described in
Ref. [13]. Figures 1(b) and 1(c) show atomic force micros-
copy (AFM) images of typical sub-10-nm (w ~2 =*
0.5 nm) and wide (w ~ 60 =5 nm) GNR devices. We
carefully used AFM to measure the width (with careful
tip size correction), lengths, and number of layers of our
GNR devices. Only a few discrete heights have been
observed for all the GNR samples we made, i.e., ~1.1,
1.5, and 1.9 nm, which were assigned as one-, two-, and
three-layer graphene [12,13]. All of the devices presented
in this Letter show a height of ~1.5 nm and are assigned as
two-layer GNRs, unless stated otherwise. We also carried
out confocal surface enhanced Raman spectroscopy study
on GNR devices. All the details and results are described in
supplementary information [14].
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Since our GNRFETs were Schottky barrier (SB) type
FETs where the current was modulated by carrier tunnel-
ing probability through SB at contacts, high work function
metal Pd was used to minimize the SB height for holes in p
type transistors. In fact we used Ti/Au as contact and
found that Pd did give higher I, in device with simi-
lar dimensions. 10 nm SiO, gate dielectrics was also im-
portant to achieve higher [, because it significantly re-
duced SB width at contacts compared to 300 nm in pre-
vious work [13]. Figures 2(a) and 2(b) showed the transfer

FIG. 1 (color online). GNRFET device images. (a) Schematics
of GNRFETs on 10 nm SiO, with Pd S/D. P*™* Si is used as
backgate. (b) AFM image of a w ~2 = 0.5 nm, L ~ 236 nm
GNRFET. Scale bar is 100 nm. (¢) AFM image of a w ~ 60 =
5 nm, L ~ 190 nm wide GNR device. Scale bar is 100 nm.
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FIG. 2 (color online). Transistor performance of GNRFETs.
(a) Transfer characteristics (current vs gate voltage I, — V)
under various V, for the device shown in Fig. 1(b). I,/ ratio
of >10° is achieved at room temperature. (b) Output character-
istics (143 — V) under various V,, for the device shown in
Fig. 1(b). On current density is ~2000 wA/um in this device.
(c) Transfer and (d) output characteristics of the device shown in
Fig. 1(c).

and output characteristics for the w ~2 = 0.5 nm L ~
236 nm GNR device shown in Fig. 1(b). This device
delivered I,, ~4 uA (~2000 uA/um) at V=1V,
I,/ ratio >10% at V,, = 0.5 V, subthreshold slope
~210 mV/decade and transconductance ~1.8 uS
(~900 wS/pum). For wide GNR devices, they all showed
metallic behavior because of vanishingly small band gaps
[Figs. 2(c) and 2(d)]. Compared to sub-10 nm GNRFETs
with similar channel length, the current density in wide
GNR devices was usually higher [~3000 wA/um at
V4 = 1 V for the device in Fig. 2(d)]. We note that our
wide GNRs showed relatively weak gate dependence in
transfer characteristics, likely due to interaction between
layers [12]. The Dirac point was usually not observed
around zero gate bias, indicating p-doping effects at the
edges or by physisorbed species during the chemical treat-
ment steps [15].

To investigate the intrinsic properties of GNRs such as
carrier scattering mean free path (MFP) and mobility, we
made different channel length transistors on the same
GNR. Figure 3(a) showed an AFM image of a typical w ~
2.5+ 1 nm GNR with L ~ 110, 216, and 470 nm seg-
ments that delivered /,, ~ 5, ~4, and ~2 uA, respectively
[only the output characteristics of the upper segment is
shown in Fig. 3(b)]. We measured the low bias resistance
R, of the three segments [Fig. 3(c)], and extrapolated the
parasitic contact resistance R, = ~60 k() for this device.

Under low bias, the on-state resistance in GNR due to
scattering can be written as

R =R — R,
L
~(e)(3)
1 1 h
=L +—+— () (1)
<Aedge Aap Adefecl><262>

where L is channel lengths, A is total scattering MFP, and
Acdge> Aaps Aderect denote MFP due to GNR edge, acoustic
phonon, and defect scattering, respectively. The scattering
MFP of GNR

A= L(%)/(Rm ~R.). @)

We estimated A ~ 14, 11, and 12 nm in the three segments
of the GNR. Based on standard transistor model, the in-
trinsic carrier mobility is

, 3

Idv

where g,, = IVdS is the intrinsic transconductance ob-

tained from the measured gn®® by excluding the source
resistance g,, = g /(1 — gn*R;) and C,, is gate capaci-
tance per unit length. We used three- dlmensional electro-
static simulation to calculate C,, (see supplementary
information [14]) and obtained C,, ~ 26 pF/m foraw ~
2.5 nm ribbon. Using Eq. (3), we calculated u ~ 174, 171,
and 189 ¢cm?/V s in the three segments after excluding the
effects of contact resistance. Figure 3(b) compares the
computed I, vs V,, characteristics by using a square law
model in series with the parasitic resistance to the experi-
mental data for the 470 nm GNRFETs.

In narrow GNRs, edge may play an important role.
When electrons travel to an edge, a scattering event hap-
pens if the edge is not perfect. The edge scattering MFP is
modeled as (see supplementary information [14])

(1 + i") 1, 4)

Lk _w
Pk, P

Aedge -

where k| and k; are k-space wave vectors along and
perpendicular to the GNR direction, E; is the kinetic
energy of electrons, A is half band-gap energy, and P is
the probability of backscattering which depends on edge
quality. From experiment, our low field A = 12 nm <
Acgge» SUggesting a backscattering probability P < 20%
for this ribbon. Assuming similar edge quality in various
widths GNRs, our model predicts that A.q,. is proportional
to w. Experimentally, we fabricated multiple channel
length GNRFETs with different width ribbons and ob-
served the trend that wider sub-10-nm GNRs tent to have
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FIG. 3 (color online). Three channel
E,: 210 lengths GNRFET. (a) AFM image of a
= typical w ~ 2.5 = 1 nm GNRFETs with
three channel lengths. White arrows are
-15 pointing to the channels. L ~ 110, 216,
and 470 nm for the lower, middle, and
20x10° upper segments, respectively. Scale bar

| | is 200 nm. (b) Output characteristics
10 08 06 04 -02 00 (symbols) and simulations (lines) for
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higher mobility [Fig. 4(a), data obtained from multiprobe We next analyze how close the GNRFET operates to the
measurements excluding contact resistance] and MFP,  ballistic performance limits by comparing experiments
although there were some device-dependent fluctuations. with theoretical modeling. The theoretical model computes
Acoustic phonon and defect scattering can also be respon-  the ballistic performance limits by assuming a single bal-

sible for the short MFP. Although A,, ~ 10 um is pre-  listic channel and ideal contacts (sufficiently negative SBs)
dicted for a w ~ 2.5 nm hydrogen terminated zigzag GNR ~ [17]. We found that the L ~ 236 nm device in Figs. 2(a)
[16], we expect it shorter in our GNRs since the edge is and 2(b) delivered about 21% of the ballistic current at
probably not perfect due to possibly mixed edge shape and V4 = 1 V, and about 4.5% of the ballistic current at low
dangling bonds [13]. At high bias (V43 =1 V), Aegee is  Vas <0.1 V. The highest high bias ballisticity in our
longer than low bias, in this case, it is possible that optical ~ studied devices is ~38%. The ballisticity at low drain

phonon scattering limits the total MFP, with A,, ~ 10 nm bias is consistent with the short edge elastic scattering
[16], similar to CNTSs. MFP, but the large ballisticity at high drain biases is
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FIG. 4 (color online). GNRFETSs and CNTFETSs performance comparison. (a) Mobility vs w for multichannel GNRFETs. All data
here were obtained from multiprobe measurements of single ribbons to exclude contact resistance. (b) Current density (current
normalized by w for GNRs, 2d for CNTs) as a function of I, /I under V,, =V, = 0.5 V and V, (on) — V,(off) = 2 V. Red (or
gray) symbol: w ~ 3 nm L ~ 100 nm GNR; blue (or dark gray) symbol: w ~ 2 nm L ~ 236 nm GNR; black dashed line: d ~ 1.6 nm
L ~ 102 nm CNT; black solid line: d ~ 1.6 nm L ~ 254 nm CNT; gray dashed line: d ~ 1.3 nm L ~ 110 nm CNT; gray solid line:
d~ 1.1 nm L ~ 254 nm CNT.
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surprising, especially considering that optical phonon (OP)
or zone boundary phonon (ZBP) emission, which has a
MFP of ~10 nm, exists at high drain biases. The reasons
could be similar to the small direct effect of OP scattering
on the current in CNTFETSs [18]. Because the OP/ZBP
energy is high (~0.2 eV), a carrier backscattered by emit-
ting an OP/ZBP does not have enough energy to overcome
the barrier near the source end of the channel, and return
back to the source. Any subsequent edge scattering after
OP/ZBP emission has a small direct effect on the DC
current because edge scattering is elastic and does not
change the carrier energy. Such a carrier rattles around in
the channel and finally diffuses out of the drain. At high
drain biases, therefore, only elastic scattering near the
beginning of the channel matters and the rest of the channel
essentially operates as a carrier absorber.

Compared to the earlier works on GNR of 20 nm width
[19], the devices in the current work show 10° higher
I.,/1 ratio at room temperature, ~20 times higher on
current density (at Vo = 1 V) and ~100 times higher
transconductance per um, due to larger band gaps, high
GNR quality with better edge smoothness [13], thin gate
oxide, and short GNR channel. At the same carrier con-
centration (e.g., V, = —0.67 V, corresponding to —20 V
on 300 nm SiO,) and V;, = 1 V, our wide GNR devices
deliver higher current density (~2000-3000 wA/um)
than previously reported bilayer GNR with similar width
(~50 wA/um) [12]. After correction for ~10 times chan-
nel lengths difference, our current levels are still a few
times higher, indicating good GNR quality.

To further access the performance of our GNRFETSs, we
compared with CNTFETs. We fabricated Pd contacted
CNTFETs on 10 nm SiO, with similar channel lengths.
The performances of our CNTFETs (I, and 1, /I ratio)
are very similar to previously published results [20]. We
compared the on current density with different diameter
CNTs at the same power supply voltage V,, =V, =
0.5V and I/l ratio [21]. We used V,(on)—
V,s(off) = 2V, equivalent to a 10 nm gate dielectrics
with dielectric constant € = 4 X 3.9 = 15.6. In Fig. 4(b),
we plotted two representative GNRFETs with w ~ 3 nm,
L ~ 100 nm and w ~ 2 nm, L ~ 236 nm, and compared
them with d ~ 1.6 nm, 1.3 nm, and 1.1 nm CNTFETSs with
similar channel lengths. Both GNRs have on current den-
sity ~2000 uA/um. The d ~ 1.6 nm CNTs outperform
GNRs in terms of on current density (>3000 wA/um) but
exhibit high off state leakage and a maximum I, /I ratio
<10°. For d ~ 1.3 nm CNTs, they outperform GNRs in
current density at the same I,/ ratio [Fig. 4(b)]. The
d ~ 1.1 nm CNTs, on the other hand, deliver much lower
current density than GNRs at the same I/l ratio,
probably due to large positive SB, short AP MFP [22],
and defects [23].

Our sub-10-nm GNRFETs afford all-semiconducting
nanoscale transistors that are comparable in performance
to small diameter carbon nanotube devices. GNRs are
possible candidates for future nanoelectronics. Future
work should focus on elucidating the atomic structures of
the edges of our GNRs and correlate with the performances
of GNRFETs. The integration of ultrathin high-« dielec-
trics [24] and more aggressive channel length scaling is
also needed to achieve better electrostatics, higher /,,, and
ideal subthreshold slope.
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