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A B S T R A C T   

Bottom-up assembled nanomaterials and nanostructures allow for the studies of rich and unprecedented 
quantum-related and mesoscopic transport phenomena. However, it can be difficult to quantify the correlations 
between the geometrical or structural parameters obtained from advanced microscopy and measured electrical 
characteristics when they are made into macroscopic devices. Here, we propose a strategy to connect the 
nanomaterial morphologies and the device performance through a Monte Carlo device model and apply it to 
understand the scaling trends of bottom-up synthesized armchair graphene nanoribbon (GNR) transistors. A new 
nanofabrication process is developed for GNR transistors with channel length down to 7 nm. The impacts of the 
GNR spatial distributions and the device geometries on the device performance are investigated systematically 
through comparison of experimental data with the model. Through this study, challenges and opportunities of 
transistor technologies based on bottom-up synthesized GNRs are pinpointed, paving the way to the further 
improvement of the GNR device performance for future transistor technology nodes.   

1. Introduction 

Emerging low-dimensional semiconductors have been envisioned as 
promising candidates for the channel materials of ultimately scaled post- 
silicon transistor technologies [1–3]. Among them, graphene nano
ribbons (GNRs) and their heterostructures produced by on-surface or 
solution-processed bottom-up synthesis approaches [4–10] are of 
particular interest, because of their capability of defining the electronic 
band structures at the limit of the atomic scale, giving rise to intriguing 
electronic properties, including width-tunable band gaps [11], topo
logically engineered edge states [12,13], quantum spin chains [14–16], 
and steep switching induced by quantum dot and superlattice states 
[17–20]. Field effect transistors (FETs) made with bottom-up synthe
sized armchair GNRs have been demonstrated previously [21,22]. The 
widths and edges are perfectly defined with atomic resolution and 
near-unity yield, as indicated in scanning tunneling microscopic (STM) 

studies [4,22]. Transport measurements and theoretical analysis have 
shown that up to 20 μA per GNRs of on-state current with exceptional 
gate-control capability can be achieved for short-channel FETs repre
senting sub-10 nm technology nodes [23]. However, a number of chal
lenges still remain [24], such as large Schottky barriers at the metal-GNR 
contacts [22], GNR-GNR bundling [25,26], short GNR lengths [22,27], 
and chemical instability [28,29]. In addition, although the atomic 
structures of GNRs are nearly perfectly defined, the lengths, orienta
tions, and locations of GNRs are randomly distributed with the current 
synthesis approach (see Fig. 1a). As a result, it has been difficult to 
correlate the overall device performance with the microscopic features 
obtained from advanced materials characterization approaches. In this 
study, we design a methodology that builds connections between the 
transport measurement and the advanced microscopy results of GNR 
samples through a Monte Carlo device model. With this approach, we 
are able to understand the impacts of different geometrical, physical, 
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and process-related factors on the device performance in a quantitative 
manner. In particular, the dimensions of FETs (channel length and 
channel width) are systematically varied for different types of 9-atom-
wide armchair GNR (9-AGNR) samples. A new nanofabrication process 
is developed for GNR FETs with channel lengths down to 7 nm. Through 
a combination of statistical transport measurements, STM and Monte 
Carlo device simulations on these samples, we find clear correlations 
between microscopic variables of the GNR samples, such as GNR 
lengths, densities and spatial distributions, and macroscopic measures of 
device characteristics, such as the device yield, the on-state current 
(ION), the on/off current ratio (ION/IOFF), and the subthreshold swing 
(SS). By comparing the experimental and the simulation results, we find 
that the GNR-GNR bundling and the GNR-length-limited short contact 
length are the major limiting factors of the device performance. This 
approach helps identify the current bottlenecks and future research di
rections for further improving the performance of GNR transistors and 
sets a solid foundation for quantitative electrical characterization and 
device physics studies for bottom-up synthesized nanoscale materials. 

2. Methods 

2.1. Materials synthesis and characterization 

9-AGNR Synthesis. 9-AGNR samples were produced in a stand- 

alone ultrahigh-vacuum (UHV) system dubbed the “GNR reactor” - a 
fully automatized system that allows reproducible and high-throughput 
fabrication of GNRs [26]. A Au(111)/mica substrate (Phasis, 
Switzerland) was cleaned by two cycles of Ar + sputtering (1 keV, for 10 
min) and annealing (470 ◦C, for 10 min). 9-AGNRs were synthesized by 
thermal sublimation of 3′,6′-diiodo-1,1′:2′,1′′-terphenyl (DITP) [27] 
followed by two sequential annealing steps at 200 ◦C and 400 ◦C to 
activate polymerization and cyclodehydrogenation (CDH) reactions, 
respectively. The three molecular coverages investigated in this work 
were achieved by controlling both the precursor sublimation rate with a 
quartz microbalance and the deposition time. 

Raman Spectroscopy Measurement. Raman characterization of 
the GNRs was performed using a Horiba Jobin Yvon LabRAM ARAMIS 
Raman microscope using a 785 nm laser with <10 mW power and a 100 
× objective lens, resulting in a laser spot size of <1 μm. No thermal 
effects were observed under these measurement conditions, and at least 
three spectra from different points were collected for each sample to 
verify the consistency. The measurements were taken at ambient 
conditions. 

Scanning Tunneling Microscopy (STM). Topographic STM images 
of as-grown 9-AGNRs on Au(111)/mica samples were taken with a 
Scienta Omicron VT-STM operated at room temperature. Constant- 
current STM images were recorded. The sample bias and the set point 
current are indicated in the associated figure captions. 

Fig. 1. FETs made with bottom-up synthesized 9-atom wide armchair graphene nanoribbons (9-AGNR). (a) STM image of synthesized 9-AGNR (with 1 monolayer 
coverage) on an Au/mica substrate with sample bias voltage (Vs) of − 1.5 V and setpoint current (It) of 5 pA. (b) Raman spectra of 9-AGNR as synthesized on Au (blue) 
and after transferred onto the HfO2 local bottom gate substrate. The laser excitation wavelength is 785 nm. (c) Schematic of the 9-AGNR FETs with tungsten local 
back gate, 5 nm HfO2 gate dielectric and Pd source/drain electrodes. (d) SEM images of the as-fabricated devices with different metal gaps (channel lengths) labeled 
on the images. (e) ID – VGS characteristic of a 9-AGNR FET in linear scale (left axis) and in logarithmic scale (right axis). The channel length (L) and the channel width 
(W) are 20 nm and 500 nm, respectively. (f) ID –VDS characteristic of the same device with VGS varying from − 3 V to 3 V with 0.5 V steps. (A colour version of this 
figure can be viewed online.) 
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2.2. Device fabrication and measurement 

Preparation of Local Bottom Gate Substrate. The starting sub
strate is 100 nm SiO2/Si. The local back gates are ~8 nm W deposited 
through sputtering, and lithographically patterned and wet etched by 
H2O2. The ~5.5 nm HfO2 was grown in an atomic layer deposition (ALD) 
system (Oxford, FlexAl Plasma ALD) at 135 ◦C. Alignment markers and 
large pads for electrical probing were patterned using standard photo
lithography and lift-off of ~3 nm Cr and ~25 nm Pt. The wafer was then 
diced, and individual chips were used for further device processing. 

GNR Transfer. First, the GNRs grown on the Au(111)/mica sub
strates were floated in 38% HCl in water, which caused the substrates to 
delaminate with the GNRs/Au film floating on the surface of the acid. 
Next, the floating GNRs/Au film was picked up with a local bottom gate 
substrate, with the GNRs facing the substrate. To increase adhesion 
between the gold films and substrates, a drop of isopropanol was placed 
onto the gold thin films (dried at ambient conditions for 5 min) followed 
by a hot plate baking at 100 ◦C for 10 min. A gold etchant solution 
(potassium iodine, no dilution) was used to etch the remaining gold 
layer. After ~5 min of etching, the samples were cleaned by soaking 
them in deionized water for 10 min followed by rinsing with isopropanol 
and dried under a stream of nitrogen. 

Patterning of Source/Drain Electrode. After GNR transfer, the 
samples were spin-coated with double-layer e-beam resist (methyl 
methacrylate (MMA)/poly(methyl methacrylate) (PMMA)) and 
patterned by e-beam lithography (Crestec CABL-UH 130 kV). After 
development, the MMA layers were undercut, leaving suspended PMMA 
stripes with 100–200 nm widths as local shadow masks. Then two 
consecutive steps of electron-beam evaporation of 10 nm Pd with the 
samples tilted at the opposite angles were performed, followed by a lift- 
off process, leading to 10–100 nm Pd nanogaps as the channels of the 
FETs. 

Electrical Characterization. The electrical characterization of the 
GNR FETs was performed in a Lakeshore TTPX cryogenic probe station 
with the vacuum level of <10− 5 torr, using an Agilent B1500 semi
conductor parameter analyzer. All the measurements were performed at 
room temperature. 

2.3. Device modeling 

Monte Carlo Model for GNR spatial distributions. The length of 
GNRs can be represented by the gamma distribution: lGNR ~ gamma(α, 
β), with the probability distribution function (PDF) expressed as 
PDF(lGNR) = β− αΓ− 1(α)lα− 1

GNR exp( − lGNR /β), where Γ(•) is the gamma 
function; α and β are fitting parameters. To generate the spatial distri
bution of GNRs, we first determine the total number of GNRs that need 
to be placed on top of a given area, Ntot = ρ•A, where ρ is the GNR 
density extracted from the STM images, and A is the area to be simu
lated. Then the lengths of the Ntot GNRs are generated randomly ac
cording to the gamma distribution: lGNR ~ gamma(α, β). Finally, each 
generated GNR is placed randomly onto the simulation area sequentially 
based on either of the following two scenarios with certain probabilities: 
(a) with the probability pa, the current GNR is placed close to the pre
vious one, with the center-to-center distance Δc generated randomly 
from a Gaussian distribution: Δc ~ Gaussian(0, σc), and the relative 
angle between the current and the previous GNRs Δθ also generated 
from a Gaussian distribution: Δθ ~ Gaussian(0, σθ); (b) with the prob
ability pb = 1 - pa, the current GNR is placed with random center position 
onto the simulation area. The relative angle between the current the 
previous GNRs Δθ is generated from a Gaussian distribution: Δθ ~ 
Gaussian(60◦ or 120◦, σθ). An additional constraint needs to be met for 
both scenarios: the current GNR cannot overlap or be placed closer to 
any of the already placed GNRs than the minimum GNR-to-GNR sepa
ration, Smin. These two scenarios are chosen based on the following 
observations: (a) there is local alignment between neighboring GNRs 

with relatively small rotation angles; (b) at a larger length scale, the 
locally aligned GNRs form domain structures: within each domain, the 
GNRs are aligned, whereas in between different domains, the GNR an
gles are roughly 0◦, 60◦, and 120◦, following the crystalline orientations 
of the Au substrates. For low-coverage (LC) samples, α = 2.47, β = 7.00, 
ρ = 0.0147 nm− 1, σc = 2 nm, σθ = 3◦, pa = 0.999, and Smin = 2 nm; for 
medium-coverage (MC) samples, α = 2.44, β = 8.05, ρ = 0.0273 nm− 1, 
σc = 2 nm, σθ = 3◦, pa = 0.999, and Smin = 2 nm; for high-coverage (HC) 
samples, α = 3.50, β = 15.23, ρ = 0.0188 nm− 1, σc = 10 nm, σθ = 3◦, pa 
= 0.9997, and Smin = 2 nm. 

Estimation of the On-State Current. The total current (ION) can be 
computed by a summation of the current passing through each GNR that 
is connected to both source and drain (In): ION =

∑

n
In. From the Monte 

Carlo simulation, we can find the connected GNR and its dimension 
parameters (length of GNR, lGNR; the rotation angle of GNR with respect 
to the channel direction, θ, as well as the contact length on the source 
and drain side, LS, and LD) as indicated in the red line in Fig. S1. Also, the 
effective channel length for this GNR is different from the channel length 
of the device, L, because of the rotation angle θ, which can be expressed 
as l = L/cos(θ). Assuming that the carrier scattering within the GNR 
channel is negligible, In can be estimated according to the Landauer 
formula [30–32]: 

In∝
TSTD

TS + TD − TSTD
(1)  

where TS(D) is the transmission probability through the tunneling barrier 
at the source(drain) contact. Considering the finite contact length LS(D), 
TS(D) can be estimated by the transmission line model [33]: 

TS(D) =TC0 tanh
(

LS(D)

LT

)

(2)  

where TC0 is the transmission probability at the contact when the con
tact length is infinitely long; and LT is the transfer length, with an esti
mated value of 25 nm according to a previous work on carbon nanotubes 
[34]. Figs. S6g–i summarize the calculated ION for different device di
mensions and different types of 9-AGNRs based on the GNR spatial 
distributions obtained by the Monte Carlo simulation. In Fig. 3a and b, 
the simulated ION-L curve for each type of 9-AGNRs is multiplied by a 
constant to roughly match the magnitudes of the experimental results. 

3. Results and discussion 

3.1. Field effect transistors (FETs) made with atomically precise 9-AGNRs 

Fig. 1a shows a representative STM image of the as-synthesized 9- 
AGNRs on an Au(111)/mica substrate. The 9-AGNRs are straight and 
densely packed on the surface, indicating high quality of the synthesized 
9-AGNRs. The 9-AGNRs are then wet-transferred [26] onto a 
pre-patterned local bottom-gate substrate with 5.5-nm-thick HfO2 gate 
dielectric for further device fabrication and transport characterization 
(see Methods for details about synthesis, transfer, and device fabrica
tion). To verify the fidelity of the transfer process, Raman spectroscopy 
measurements are performed on the samples before and after the 
transfer (blue and red in Fig. 1b, respectively), with an excitation laser 
wavelength of 785 nm. The sharp and strong peak at 314 cm− 1 corre
sponding to the radial breathing-like mode (RBLM) is well-preserved 
after transfer, suggesting that the atomic structures of the 9-AGNR 
samples [35,36] remain intact. After transfer, the source-drain metal 
contacts (Pd) are patterned by a process that involves e-beam litho
graphically defined local shadow masks and two steps of tilted e-beam 
evaporation (see Methods). With this process, it is possible to resolve 
channel lengths down to 7 nm. The device schematic and the top-view 
scanning-electron microscopic (SEM) images of the as-fabricated de
vices are shown in Fig. 1c, d and Fig. S2. 
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Fig. 1e and 1f represent typical transport characteristics of the as- 
fabricated 9-AGNR FET with a channel length (L) of 20 nm and a 
channel width (W) of 500 nm. According to the transfer characteristic 
(drain current, ID, versus gate voltage, VGS) as shown in Fig. 1e, p-type 
FET behavior is observed, with ION of 3.5 μA at a drain voltage (VDS) of 1 
V, and ION/IOFF on the order of 103, which are among the best reported 
values for bottom-up synthesized GNR transistors [19,21,22,37–39]. 
Given that the band gap of 9-AGNR has been theoretically predicted to 
be ~2.2 eV [11], it is in general challenging to form ohmic contact to 
semiconductors with such a large band gap. The super-linearity of the 
output characteristics (ID versus VDS) as shown in Fig. 1f indicate the 
presence of a finite Schottky barrier at the metal-GNR interface, how
ever it is considered to be more linear than previously reported results 
[19,21,22,37–39], indicating an improved metal contact. This 
improvement is likely due to the larger average GNR lengths, which will 
be discussed later. Devices measured in air and under vacuum exhibit 
similar ID-VGS characteristics, and small hysteresis, as shown in Fig. S3. 

3.2. Scaling and statistical trends 

To investigate the impact of the length scales of GNRs on the device 

performance, 9-AGNR samples with various average lengths and den
sities are synthesized with different growth conditions, and the statistics 
about the length and spatial distributions are characterized with STM 
and captured by a Monte Carlo model. The right panels of Fig. 2a–c 
displays typical STM images of 9-AGNRs on Au(111)/mica substrates 
synthesized under LC (0.3 monolayer), MC (0.5 monolayer), and HC (1 
monolayer) conditions. The GNR length (lGNR) distributions for these 
three types of samples are extracted from multiple STM images as shown 
in Fig. 2d–f. The means and standard deviations are 17.29 nm and 11.77 
nm for LC samples, 19.70 nm and 13.19 nm for MC samples, and 47.87 
and 29.20 nm for HC samples. The densities of GNRs (defined as 
numbers of GNRs per unit area) are 0.0147 nm− 2, 0.0273 nm− 2, and 
0.0188 nm− 2, respectively. It is observed that the LC and MC samples 
have similar GNR length distributions, while the MC and the HC samples 
are more densely packed than the LC sample. The asymmetric length 
distributions can be fitted well with the gamma distribution as shown in 
red solid curves in Fig. 2d–f. The spatial distributions can be further 
modeled by a Monte Carlo simulation with the extracted length distri
butions, the GNR densities and the minimum GNR-to-GNR separations 
as the input parameters (see Methods for details). As shown in the left 
panels of Fig. 2a–c, the simulated spatial distributions can capture the 

Fig. 2. GNR spatial distributions and channel length scaling. (a–c) Representative simulated (left) and experimentally obtained (right) STM images of LC (a), MC (b) 
and HC (c) 9-AGNRs on Au/mica substrates. Vs = − 1.5 V; It = 20, 30, and 5 pA, respectively. The simulated and experimentally obtained images are on the same 
scale. (d–f) length distributions of LC (d), MC (e) and HC (f) 9-AGNRs extracted from multiple STM images. They are fitted with gamma distributions as shown in red 
curves. (g–i) Typical ID-VGS characteristics of FETs made with LC (g), MC (h) and HC (i) 9-AGNRs with W = 500 nm and different L. The curves are color-coded and 
labeled with L in nm. (A colour version of this figure can be viewed online.) 
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main features observed in experimental results (STM images, right 
panels of Fig. 2a–c) reasonably well, especially in terms of the short- 
range alignment and the long-range randomness. 

Raman spectroscopy measurements are taken on these three types of 
samples before and after transfer and device fabrication, which provides 
complementary valuable information about the GNRs at macroscopic 
scale. Figs. S4a–c displays the typical Raman spectra of the HC, MC, and 
LC GNRs as-grown on Au(111)/mica and the GNR devices, respectively. 
The presence of the well-defined characteristic RBLM, C–H mode, D, and 
G modes for all samples confirms the successful growth and transfer of 
the 9-AGNRs on Au(111)/mica [26]. When compared, the HC GNR 
sample has the sharpest and highest intensity RBLM peak, which in
dicates its high quality [26]. This result is well-consistent with the re
sults of a recent study [40] reporting that when the molecules are more 
densely packed on the gold surface, the GNR quality in terms of the 
length and alignment is improved significantly due to the increased 
polymerization reaction and the reduced premature cyclo
dehydrogenation. The HC and MC samples are also more stable under 
potential processing environments [41] since the neighboring GNRs 
protect each other from the environmental contaminants while at the 
low coverage the GNR edges are more exposed to them. Moreover, while 
the intensities of the RBLM, G, D, and CH peaks in the Raman spectra of 
the HC and MC devices are almost similar, the peak intensities of the LC 
device are lower than those of the two devices. This result is expected 
since the Raman intensities are proportional to the GNR density, and it 
further confirms that the GNRs are seamlessly transferred. 

With the help of the statistics of GNRs in the microscopic scale as 
discussed above, we can now better understand the statistics and scaling 
effects of the transport characteristics. Fig. 2g–i are representative 
transfer characteristics of FETs made with the three types of 9-AGNR 
samples, with the channel lengths ranging from 7 nm to 90 nm. To 
confirm that the measured ID are the current flowing through the GNR 
channels, instead of the gate leakage current (IG), or the short-circuit 

current across the source-drain electrodes due to fabrication imperfec
tions, we measured the IG as well as ID on a device with similar di
mensions, but without GNRs in the channel, which are shown in Fig. S5. 
Both currents are several orders of magnitude smaller than the ID 
measured on the 9-AGNR FETs, which rules out such possibilities. Clear 
correlations are observed in Fig. 2g–i among the device performance, 
the FET channel length, and the types of 9-AGNR samples. To better 
capture the channel length scaling effect, we fabricate and measure tens 
of 9-AGNR FETs for each dimension and each GNR coverage and sum
marize the statistics of the key device performance metrics. 

First, dramatic increases of both ION and the device yield are 
observed as L is downscaled. The scattered points in Fig. 3a and b are ION 
versus L for devices made with different types of 9-AGNR samples 
(plotted in different colors) and in different W (100 nm and 500 nm, 
respectively). Please note that the change in the absolute values of ION 
for different chips may come from batch-to-batch variations introduced 
during the GNR synthesis, transfer, and device fabrication processes. To 
account for such variations, the simulated ION is normalized by an 
arbitrary scaling factor to better match the simulated and experimen
tally measured ION. In addition, the device yield is also improved as L is 
reduced (Fig. 3e and f). Here, the device yield is defined as the per
centage of devices, at each dimension, with their measured ID at least 10 
times larger than their measured gate leakage current (IG). This yield 
improvement is more substantial for the LC and MC samples. Both the 
trends for ION and for device yields can be explained by the larger 
number of connected GNRs and the longer average contact length 
(defined as the overlap between the GNR and the source/drain metal 
contact; labeled at LS and LD in Fig. S1) of GNR-metal interfaces as the 
channel lengths decrease, given certain length and spatial distributions 
of the 9-AGNR samples. Here the contact length is still smaller or 
comparable to the characteristic length of the current “crowding” at the 
contact edge (called transfer length), which is a major limiting factor for 
the contact resistance of 9-AGNR FETs. This effect has also been 

Fig. 3. Channel length dependence of ION, N, and device yield. (a) ION versus L for devices with W = 100 nm. (b) ION versus L for devices with W = 500 nm. (c) N 
versus L for devices with W = 100 nm. (d) N versus L for devices with W = 500 nm. (e) Yield versus L for devices with W = 100 nm. (f) Yield versus L for devices with 
W = 500 nm. The scattered points are experimental results for HC, MC and LC GNR samples. Each point is extracted from at least 10 devices with the same dimension. 
The dashed lines are the corresponding simulation results. (A colour version of this figure can be viewed online.) 
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observed in carbon nanotubes [42]. 
To quantify the impacts of the device dimension and the GNR dis

tribution on the device performance, a simplified device model is 
developed based on the Monte Carlo simulation results as discussed 
earlier. Fig. S1 illustrates a simulated GNR spatial distribution, with the 
box in purple dashed line indicating the active device area. Then it is 
straightforward to find how many GNRs are connected to both the 
source and the drain electrodes for each simulated device. These are the 
GNRs that contribute to the channel conductance. This simulation pro
cess is repeated for multiple times at each device dimension, and the 
resulting median numbers of connected GNRs (N) as a function of L for 
different types of 9-AGNR samples are plotted in Fig. 3c, d and Fig
s. S6a–c. Meanwhile, the simulated device yield can be obtained if de
vices with N > 0 are considered as working devices. The simulated 
device yields are shown in dashed lines in Fig. 3e and f, and additional 
results are shown in Figs. S6d–f. An interesting observation is that the 
simulated and the experimental results match with each other to 
different extent for different samples and different device dimensions. In 
particular, they agree with each other very well for the LC 9-AGNR 
sample among various L and W, whereas the measured yields are 
higher than the simulated ones for the MC and HC samples when L is 
larger and W is smaller (W = 100 nm in Fig. 3e). Given that the MC and 
HC samples have higher densities than the LC sample, we infer that the 
larger difference between the simulated and the experimentally 
extracted yields for MC and HC samples may originate from the addi
tional inter-ribbon conductance due to GNR relocation. An underlying 
hypothesis for the Monte Carlo simulation is that the spatial distribu
tions of GNRs are preserved after the device fabrication process, and as a 
result, no inter-ribbon electrical conductance is considered. This hy
pothesis may not be accurate, as relocation of GNRs may take place 
especially during the wet-transfer process, and the neighboring GNRs 
are likely to contact, or bundle with one another, leading to the inter- 
ribbon conductance [26]. It is noted that the GNR relocation may only 
cause very slight shifts of each GNRs, thus the overall GNR spatial dis
tributions can still be approximated by the Monte Carlo model. 
Assuming similar degrees of GNR relocation for the three types of 
9-AGNR samples, the higher density, or lower GNR-GNR spacing in MC 
and HS samples would give rise to a higher probability of physical 
contact of neighboring GNRs and more contributions from the 
inter-ribbon conductance. Therefore, the higher yields measured on 
devices with larger L and smaller W for these two types of samples can be 
attributed to the longer-range and winding conduction paths of inter
connected GNRs within and outside the channel regions, respectively. 

The total on-current ION for each device can be computed by the 
summation of the current passing through each GNR that is connected to 
the source and drain electrodes. To estimate the single-GNR current, a 
simplified model is used based on the Landauer formula [30] with the 
considerations of the transmission probability through the source/drain 
contact barriers and the effect of short contact length (see Methods for 
details). Fig. 3a and b displays the simulated and experimental average 
ION for the three types of 9-AGNR samples when W = 100 nm and 500 
nm, respectively, and they are in reasonable agreement with each other. 
Figs. S6g–i show additional simulated ION with various device di
mensions. We thus conclude that the negative correlation between ION 
and L are mainly because of the change in the number of connected 
GNRs in the channel, as well as the change in the contact length. In 
addition, the slightly faster ION drop with L in the shorter L regime (L <
20 nm) observed in experiments may come from defect scattering in the 
channel [43], and the more gradual tail in the longer L regime (L > 50 
nm for the HC sample) may be another indication of the inter-ribbon 
conductance as mentioned earlier. In addition, the much lower ION for 
the LC sample can be attributed to both the smaller number of connected 
GNRs and the lower GNR quality than those of HC and MC samples as 
substantiated by the Raman spectroscopy results as discussed earlier 
(Fig. S4). 

Second, the gate coupling efficiency is also strongly correlated with 

the channel length, as suggested by the scaling trends for both the ION/ 
IOFF and the SS as shown in Fig. 4a and b, respectively. Here, SS is 
defined as SS = |d lg(ID)/dVGS|− 1, and the minimum SS among different 
VGS is selected to represent the performance of each device in Fig. 4b. 
The average IOFF as a function of L are also shown in Fig. S7a. At the 
long-channel limit, the average ION/IOFF is as high as 104, and the 
average SS is as low as 100 mV/dec, which indicate good gate coupling 
efficiencies. However, when L becomes smaller, the average ION/IOFF 
decreases exponentially and the average SS increases exponentially, 
corresponding to a fast degradation of the gate control. The transition 
between the flat and the fast-changing regimes happens at the critical 
channel length Lcr ≈ 30 nm. However, for an ideal single-GNR channel 
on a 5.5-nm-HfO2 gate dielectric, the scaling length λ is estimated to be 
only ~2 nm [44], which is much lower than Lcr. Such a discrepancy 
could be attributed to two factors: (1) GNR-GNR screening, in which the 
neighboring GNRs in a densely packed sample screen the fringe capac
itance of each GNR channel, leading to a weakened gate coupling effi
ciency; (2) GNR relocation and bundling, in which there might be a 
chance that neighboring GNRs are on top of each other, resulting in a 
higher effective body thickness. In future work, aligned GNRs with low 
density [45] and dry transfer techniques can be adapted to address these 
issues. Furthermore, the bottom-gate device geometry can be replaced 
by a dual-gate or a gate-all-around geometry to further improve the gate 
coupling efficiency and to enable the further downscaling of GNR 
transistors [44,46,47]. 

Third, the source/drain metal contact to the GNR channel is 
improved for the longer GNR samples (HC 9-AGNR). As shown in Fig. 4c, 
the ID-VDS curve for the MC sample is very nonlinear, indicating a large 
Schottky barrier tunneling resistance at the metal-semiconductor con
tact, whereas the ID-VDS curve for the HC sample with the same device 
dimension is almost linear, indicating a better metal contact. To quantify 
this effect, we define the nonlinearity NL as NL = ID(VDS = − 1 V)/ 
[10ID(VDS = − 0.1 V)]: larger NL (greater than 1) means stronger 
superlinear ID-VDS relation; and NL = 1 corresponds to linear ID-VDS 
relation. The average NL for the three types of 9-AGNR samples for 
various L and W are plotted in Fig. 4d. A systematically lower NL is 
observed on the HC 9-AGNR sample than on the LC and MC samples, for 
the same L. This trend is further substantiated by the systematically 
lower drain-induced barrier lowering (DIBL) for the HC sample as shown 
in Fig. S7b. We thus conclude that such a nonlinearity improvement for 
the HC sample is associated with the larger contact length, or the larger 
overlap between the GNR channels and the source/drain electrodes. 

4. Conclusion 

In summary, through varying the device geometry and extracting the 
statistical trends of the device parameters, the correlations between the 
GNR microscopic morphologies and the device performance of the GNR 
FETs are obtained. With a combined theoretical and experimental 
approach, the effects of the GNR spatial distributions, the GNR-GNR 
relocation and bundling during the device fabrication processes, and 
the overlaps between the metal contacts and the GNR channel are 
quantitatively investigated. Based on our analysis, we identify the fac
tors limiting GNR devices fabricated using the present technologies, and 
anticipate that further improvement of the device performance be ach
ieved for aligned GNR samples with longer GNR lengths and controlled 
GNR densities. 
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[13] O. Gröning, S. Wang, X. Yao, C.A. Pignedoli, G.B. Barin, C. Daniels, A. Cupo, 
V. Meunier, X. Feng, A. Narita, K. Müllen, P. Ruffieux, R. Fasel, Engineering of 
robust topological quantum phases in graphene nanoribbons, Nature 560 (7717) 
(2018) 209–213. 

[14] D.J. Rizzo, G. Veber, J. Jiang, R. McCurdy, T. Cao, C. Bronner, T. Chen, S.G. Louie, 
F.R. Fischer, M.F. Crommie, Inducing metallicity in graphene nanoribbons via 
zero-mode superlattices, Science 369 (6511) (2020) 1597–1603. 

[15] T. Cao, F. Zhao, S.G. Louie, Topological phases in graphene nanoribbons: junction 
states, spin centers, and quantum spin chains, Phys. Rev. Lett. 119 (7) (2017), 
076401. 
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