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Graphene nanoribbons (GNRs), when synthesized with atomic precision by bottom-up chemical approaches, possess
tunable electronic structure, and high theoretical mobility, conductivity, and heat dissipation capabilities, which makes
them an excellent candidate for channel material in post-silicon transistors. Despite their immense potential, achiev-
ing highly transparent contacts for efficient charge transport - which requires proper contact selection and a deep
understanding of the complex one-dimensional GNR channel-three-dimensional metal contact interface - remains a
challenge. In this study, we investigated the impact of different electron-beam deposited contact metals - the commonly
used palladium (Pd) and softer metal indium (In) - on the structural properties and field-effect transistor (FET) perfor-
mance of semiconducting nine-atom wide armchair GNRs. The performance and integrity of the GNR channel material
were studied by means of comprehensive Raman spectroscopy analysis, scanning tunneling microscopy (STM) imag-
ing, optical absorption calculations, and transport measurements. We found that, compared to Pd, In contacts facilitate
favorable ohmic-like transport because of the reduction of interface defects, while the edge structure quality of GNR
channel plays a more dominant role in determining the overall device performance. Our study provides a blueprint for
improving device performance through contact engineering and material quality enhancements in emerging GNR-based
technology.

INTRODUCTION ied as one of the most promising transistor channel candi-

dates over two decades due to their remarkable electrical prop-
erties, but achieving high purity semiconducting CNTs re-

Historically, improvements in logic computing perfor-
mance have been maintained by miniaturizing silicon transis-
tors at a pace given by Moore’s famous law!. This progress
has been facilitated by innovations like strained silicon, high
dielectric constant materials, and FinFET structures. How-
ever, as technology continues to advance, the semiconductor
industry faces significant fundamental challenges, including
quantum tunneling, short-channel effects, and heat dissipa-
tion. To enable further scaling and advancements in com-
puting power, it is essential to explore new transistor channel
materials, innovative transistor structures, and device archi-
tectures.

Carbon nanotubes (CNTs) have been envisioned and stud-

mains one of the fundamental challenges.? As potential al-
ternatives to CNTs, bottom-up synthesized graphene nanorib-
bons (GNRs) possess high purity levels thanks to their de-
terministic growth®. Theoretically, GNRs are expected to
have excellent electrical properties similar to CNTs, partic-
ularly high intrinsic charge carrier mobility* and high on-
state drive current’. Additionally, GNRs offer highly tun-
able bandgaps through their widths and topologies.®” Com-
bined with their high purity, these properties make GNRs hi-
hgly promising candidates for transistor channels particularly
in high-performance logic applications. Nevertheless, the per-
formance of GNR devices so far has been relatively poor®, and
only a handful of studies have focused on exploring ways to
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improve their performance®°-17.

A key factor in achieving high-performance GNR transis-
tors is establishing a low-resistive interface between metal
contacts and GNR channel. Currently, the best performance
in GNR devices has been demonstrated using palladium (Pd)
contacts™! %1819 Pd has also been successfully applied to car-
bon nanotube (CNT) devices?®2!. However, GNR devices
with Pd contacts still exhibit poor charge transport due to
the formation of highly resistive contacts, resulting in elec-
trical performance levels significantly below their theoretical
values®. One potential explanation for the formation of this
highly resistive contact might be the damage that occurred in
the GNRs during the metal deposition process.?>2*. Given
that GNRs are incredibly thin (comprising only one atom in
thickness) it is not unreasonable to think that Pd - with its
high vapor pressure, melting point, and chemical reactivity -
could cause damage to GNRs. This damage results in a defec-
tive interface that restricts the flow of charge carriers to/from
GNR channel.

One promising approach to improve the metal-contact in-
terface is to utilize softer metal contacts such as indium (In) or
tin (Sn)?>"2*. These metals, particularly In, have been shown
to be compatible with two-dimensional (2D) materials such as
monolayer/thin film MoS;, WSe,, WS, and NbS,, and have
been shown to establish Van der Waals (vdWs) interfaces and
ohmic-like transport behavior.?>2* Given that GNRs - being
one-dimensional (1D) materials - share the natural thinness
of these 2D materials in terms of being naturally thin, it is
conceivable that employing these metals to fabricate contacts
can minimize defect formation and result in cleaner interfaces,
leading to improved performance.

In this study, we investigated the impact of Pd and In con-
tacts on the electrical characteristics of semiconductor nine-
atom-wide armchair-type GNR (9-AGNR) back-gated (BG)
field-effect transistors (FETSs) with varying source (S)-to-drain
(D) spacing. The results indicate that In contacts promote fa-
vorable ohmic-like transport, attributed to the reduced damage
to the structural quality of the GNRs, compared to the case of
Pd. We then discuss the importance of improving synthesis
methods to ensure high structural quality for achieving opti-
mal device performance.

Il.  RESULTS AND DISCUSSION

The synthesis of 9-AGNRs was performed on
Au(111)/mica substrates from 3,6-diiodo-1,1:2,1-terphenyl
(DITP) precursor using the established on-surface synthesis
protocol.?>2® This method was initially reported for the
synthesis of 7-AGNRs by Cai et al.’> and has been widely
adopted for the synthesis of other GNRs?>’~3". The growth of
9-AGNRs, initially reported by Talirz et al.* using a bromine
(Br)-based precursor, was later improved by employing
an iodine (I)-based precursor?®, leading to improved GNR
length. As shown in Figure la, the reaction proceeds in
two sequential annealing steps involving an Ullmann-type
polymerization reaction at 77 = 200°C and a subsequent
cyclodehydrogenation (CDH) at 7, = 400°C. Enabled by

the flat surfaces of mica substrates, deposited atomically
smooth Au(111) thin films serve as a catalyst for both
chemical reactions and allow scanning tunneling microscopy
(STM) analysis. Au(111) on mica substrates furthermore
facilitate the transfer of GNRs onto dielectric substrates for
device fabrication employing wet-etch methods developed
for them,>$-38

(a)

Figure 1. On-surface synthesis of 9-AGNRs. (a) On-surface syn-
thesis route for the growth of 9-AGNRs on an Au(111) surface from
3’,6’-diiodo-1,1°:2",1"-terphenyl (DITP) precursor by two sequential
annealing steps. (b) STM topographic scan (V = —1.5V, I = 30pA)
of a 1 monolayer-coverage sample of 9-AGNRs on Au(111) on mica.
The scale bar is 5 nm.(c) nc AFM image of a 9-AGNR. The scale bar
is 1 nm.

Figure 1b shows a representative scanning tunneling mi-
croscope (STM) image of a sample containing 9-armchair
graphene nanoribbons (9-AGNRs) synthesized on Au(111) on
mica at 1 monolayer coverage. The image reveals highly uni-
form and densely packed GNRs, with an average length rang-
ing from 45 to 50 nm. Figure 1c shows a non-contact atomic
force microscopy (nc-AFM) image capturing an individual
9-AGNR, revealing the well-defined width and edge topol-
ogy along and on the GNR termini. The width of the GNRs
measures approximately 0.95 nm. Theoretical calculations
suggest that the free-standing 9-AGNR possesses a predicted
bandgap of 2.29 eV, whereas the gold-supported 9-AGNR ex-
hibits a bandgap of 1.4 eV.*

To investigate the impact of contact metal depositions on
the GNRs, we first transferred two GNR samples onto pre-
patterned SiO,/Si chips with dimensions of 1 cm x 1 cm.
These chips contained BG devices with ~ 8 nm tungsten (W)
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gate metal capped with a ~ 5 nm hafnium dioxide (HfO,) di-
electric layer fabricated by atomic layer deposition (ALD).
The transfer process was carried out using the polymer-free
method reported in our previous work>.

Raman spectroscopy was utilized to corroborate growth and
assess the quality of the GNRs, as well as to evaluate their
structural integrity after transfer. The measurements were per-
formed following the growth of 9-AGNRs on the Au(111)
substrate and their subsequent transfer to the devices. In iden-
tical fashion to previous studies’$*, we employed a 785-nm
wavelength laser. The photon energy of this laser closely
matches the optical transition energy of 9-AGNRs*!, result-
ing in a high Raman intensity.
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Figure 2. Raman spectroscopy analysis of 9-AGNRs. (a) Raman
spectrum of 9-AGNRs synthesized on the Au(111)/mica substrate
and after transfer onto the local BG substrate. The laser excitation
wavelength used is 785 nm. (b) Comparison of RBLM peak inten-
sities and FWHM values of the as-transferred 9-AGNRs, after In/Au
and Pd deposition. Data were collected from at least 10 points from
each sample. (c) Absorption profile (absorption per unit incident op-
tical power per nm length) is calculated using the transfer matrix
mechanism for the three samples (S1, S2, and S3) and plotted with
the thickness of the structures. The schematic of each sample is given
in the inset of the respective figures.

Figure 2a shows a comparison of Raman spectra acquired
on the as-grown 9-AGNRs on the Au(111) substrate and on
the transferred GNRs on the device. Let’s begin by discussing
the Raman spectrum of the as-grown GNRs. The spectrum ex-
hibits all the characteristic peaks of 9-AGNRs.? The G peak
arises from C-C bond vibrations along the ribbon axis®, and
its shape, location, and intensity can vary depending on the
growth substrate type, crystallinity, and doping****. The D
peak corresponds to the ring breathing mode of sp? atoms, re-
sembling that of graphene.*> Unlike graphene, where the D
band excitation is only activated in the presence of defects, 9-
AGNRs exhibit a D peak even in the absence of defects due
to their edges. An additional peak associated with the theoret-
ically predicted in-plane C-H bending modes localized along
the edges*®*7 is observed in proximity to the D peak. In the

low-frequency region, a radial-breathing like (RBLM) peak
is present, analogous to the radial-breathing mode (RBM)
observed in CNTs.*8*° The presence of RBLMs serves as
a distinctive characteristic of GNRs and provides valuable
structural information.>® The existence of these characteris-
tic peaks with sharp features verifies the high quality of the
GNRs.3! Furthermore, the Raman spectrum, generated from a
focal spot covering tens of thousands of nanoribbons, exhibits
only one sharp and intense RBLM peak, confirming the width
uniformity of virtually all GNRs. This uniformity is highly
desirable for large-scale high-density transistor applications
of GNRs in logic devices.

Moving on to the Raman spectrum of the transferred GNRs,
the result indicates that all characteristic peaks of 9-AGNRs
are preserved with similar intensities and shifts. The well-
preserved GNR Raman features, along with the absence of C-
O and O-H peaks, suggest that the GNRs remain structurally
intact after transfer and are not damaged or chemically altered
during the transfer process.3®>2

After transferring the GNRs, we deposited a ~12 nm thick
Pd film on one half of the sample. On the other half of
the same sample, we deposited two consecutive layers: an
~8 nm thick In film followed by a ~20 nm thick Au film.
These depositions were carried out using e-beam deposition
under high-vacuum conditions p ~10~% Torr. The choice of
a ~12 nm Pd film for the GNR contacts follows the conven-
tion for GNRFETS, which has shown the best performance
to date.>>1418.19 Regarding In contacts, we did not deposit a
~12 nm In layer due to the requirement of protecting In from
oxidation in ambient conditions. In contacts typically require
capping with either Au or Pd to prevent oxidation.””>* Con-
sidering that we aimed to build devices with small S-to-D gaps
down to ~30 nm due to the average length of the GNRs (45-
50 nm), the total electrode thickness needed to be limited to
~30 nm, explaining our choice of ~8 nm In and ~20 nm Au.
These proportions were also used in a recent work on MoS,.%
The difference in thickness between In and Pd contacts does
not pose a comparison problem because their resistivities are
similar, regardless of thickness, and they both make uniform
contact with GNRs. Additionally, the Au film does not alloy
with In and does not impact electrical performance.

The Raman spectroscopy analysis in Figure 2b shows no-
ticeable differences in intensities and linewidth full-width
half-maxima (FWHMs) of the RBLM of the GNRs between
Pd and In/Au deposition. Pd deposition results in a broader
linewidth and a significant reduction in the RBLM peak inten-
sity compared to In/Au deposition. The width of the RBLM
peak can be associated to the formation of defects’!, and
therefore the wider RBLM peak in the Raman spectrum af-
ter Pd deposition compared to that in In deposition suggests
that more defects are induced after Pd deposition than after
In deposition. Indeed, the introduction of these imperfections
is primarily attributed to the high vapor pressure® and high
melting temperature of Pd, which lead to high energies for Pd
atoms and clusters. Furthermore, when combined with Pd’s
strong chemical reactivity>*, this highly energetic Pd has the
potential to cause disruptions in the GNR structure. On the
other hand, In contacts shows a narrower RBLM peak, sug-
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gesting a more uniform and well-defined GNR structure with
potentially less defects. In, with its low vapor pressure®,
melting temperature, and chemical reactivity, is less likely to
cause disruptions to the GNR structure during deposition. We
observe that the RBLM peak intensity gets significantly re-
duced in sample S3 (sample containing 12 nm Pd) compared
to the pristine sample (S1) and S2 (sample containing 20 nm
Au/8 nm In) in Figure 2b. The peak intensity can, of course,
be reduced due to quality of 9-AGNRs in these two samples.
Now, we also know that Raman intensity is fundamentally a
linear function of the incident (or available) optical power.>
Due to the multilayer nature of the samples (S1, S2 and S3),
the laser power gets absorbed differently in each layer de-
pending on their thickness and optical constants. The total
absorption can be calculated by solving the transfer matrix for
each sample.’®>7 Hence, the available optical power for Ra-
man scattering in the GNR layer might be different, which
can, in principle, lead to the observed Raman peak intensity
difference.

e
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Figure 3. Fabrication of 9-AGNR FETs. (a) Schematic of 9-AGNR
FETs made with ~12 nm Pd or ~8 nm In capped with ~20 nm Au
contacts deposited by e-beam deposition under similar experimen-
tal conditions. The device is made on a local back-gate geometry
for better electrostatic control using an ultrathin ~5 nm ALD-grown
HfO, gate dielectric and ~8 nm W metal deposited by the sputter-
ing method. The devices were made using standard photolithog-
raphy patterning, deposition, etching, and liftoff. The GNRs are
wet-transferred onto the pre-patterned devices. After transferring
the devices, the small metal contacts are made using EBL. (b) Low-
magnification SEM image of the as-fabricated 9-AGNR FETs with
different channel lengths. High-magnification SEM images of the
electrodes made with Pd (c) and In/Au (d). The scale bars are 100
nm.

In Figure 2¢ we have plotted the calculated absorption pro-
file (i.e. absorption per unit incident optical power per nm
depth of the sample) for the three different structures. The
area under the curve (in Figure 2c) is the total absorbed op-

4

tical power (per unit incident optical power per unit area) in
the sample. Smaller the absorption, larger is the optical power
available for Raman scattering by the GNRs in each sample
and vice versa. Due to the absence of any metallic layers in
S1, the calculated absorption is minimal and consequently we
experimentally observe a large Raman peak intensity (blue
circles in Figure 2b). The optical absorption increases for
both S2 and S3 due to the presence of thick metallic layers
and experimentally we observe reduced Raman peak intesnity.
However, the absorption is ~ 5 times larger in S3 compared
to S2, which can’t explain the the experimentally observed
two orders of magnitude reduction in the Raman peak inten-
sity (assuming the Raman peak intensity depends mostly on
the available optical power for GNRs in each sample). The
experimentally observed results in Figure 2b indicate that the
difference in the optical power alone can not explain the large
Raman intensity reduction in S3. Therefore, we conclude that
the introduction of Pd contacts must lead to a deterioration in
the GNR quality, which in turn results in the significant Ra-
man intensity reduction.

Having established an understanding of the structural defect
formation in GNRs upon Pd and In deposition, we now move
on to a study of their electrical properties. To this end, we fab-
ricated devices with Pd and In/Au contacts with similar thick-
nesses as in our Raman studies. A cross-sectional diagram of
BG 9-AGNR devices is shown in Figure 3a. The GNRs were
successfully transferred to prepatterned devices following the
polymer-free transfer protocol. After the transfer, S and D
electrodes with varying channel widths (W) and lengths (L)
were patterned using the e-beam lithography (EBL) process,
which involves e-beam writing, followed by e-beam deposi-
tion of metal and subsequent lift-off steps. A top-view low-
magnification scanning electron microscopy (SEM) image of
the fabricated device is shown in Figure 3b. High-resolution
SEM images of Pd and In/Au contacts are presented in Figure
3¢ and Figure 3d, respectively. While the SEM images show a
slightly granular structure for In/Au contacts, electrical resis-
tivity measurements indicate a comparable resistivity between
both In/Au and Pd.

Figure 4 shows the electrical transport characteristics of
the as-fabricated 9-AGNR FETs with Pd and In/Au contacts.
When comparing the transfer characteristics (drain current Ip
as a function of gate voltage V5) of the 9-GNR devices made
with Pd and In/Au contacts, it can readily be seen that both
devices exhibit a predominant p-type FET behavior (Figure
4a). The p-type behavior in the device with Pd contacts can be
partially attributed to Pd’s high work function.® However, the
fact that the devices with low work function In contacts also
show p-type transport suggests that there are other factors con-
tributing to the observed p-type behavior. We note that both
devices exhibit a positive shift in their transfer curves (Fig-
ure 4a), possibly due to charge trapping in the dielectric layer
and/or around the GNR channel. Assessing the symmetry of
the devices would require applying larger positive voltages to
compensate for these trapped charges, but this is not feasi-
ble because the ultrathin HfO, gate dielectric breaks down
at voltages exceeding 3.5 V. The devices with both Pd and
In/Au contacts exhibit similar electrical performance, with an
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Figure 4. Electrical transport characterization of 9-AGNR FETs. (a) Comparison of typical Ip-Vgg characteristics of 9-AGNR FETs with
Pd and In/Au contacts. (b) Ip-Vs characteristics of three different 9-AGNR FETs with In/Au contacts (c) Comparison of typical Ip-Vpg
characteristics of 9-AGNR FETs with Pd and In/Au contacts. (d) Comparison of Ip-Vpg characteristics of 9-AGNR FETs In/Au contacts
before and after annealing. The device dimensions are W= 500 nm and L= 30 nm in (a-d). L dependence and comparison of NL (e) I, (f),
Il,n/l,,f/ (g), and SS,,;, (h) for devices made with In (in purple) and Pd (in green) contacts, with the inclusion of annealing data for In devices
(in red). All measurements were conducted with a Vpg of -1V, and the values of the /,, were recorded at a (Vgs) of -3.5V. The I, was taken

when the drain current reached its minimum value.

on-current (Ipy) of ~ 0.1 uA and an on and off-current ratio
(Ion/Lofr) of ~ 10%. Assuming around ~20 GNRs facilitate the
current in the channel, the device yields a GNR-width normal-
ized current drive of approximately 5.3uA/um for a width of
0.95 nm. It’s noteworthy that the 9-aGNRs possess a larger
band gap of roughly 2.3 eV, so utilizing GNRs with a lower
band gap is anticipated to significantly reduce Schottky Bar-
rier (SB) and improve the device’s performance.’® Addition-
ally, while the devices made with Pd contacts with the L <
30 nm have the potential to exhibit >1 pA per ribbon and
>25 uA per GNRFET device>!8, the present work utilizes
only down to L= ~30 nm. This conservative value was cho-
sen to account for the unknown nature of In/Au deposition
process. However, it is believed that devices with smaller L
will perform even better, as the number of ribbons bridging
the S and D increases significantly with decreasing L.!® Fig-
ure 4b shows the Ip-Vs characteristics of three devices fab-
ricated with In/Au contacts and L= ~30 nm . All devices ex-
hibit hysteresis, similar to the behavior observed in Pd devices
(see Figure 4a). Hysteresis has also been observed in the 2D
materials,®~®! and is attributed to the trapped charges located
on the surface of the channel, within the gate dielectric, at the
channel/dielectric interface, or within the channel itself.

Figure 4c shows the typical output characteristics (Ip vs.
source voltage Vps) of the same devices, respectively. The Ip-
Vps curve for the devices with Pd contacts exhibit distinctly
nonlinear behavior, suggesting a significant SB tunneling re-
sistance at the GNR-contact.®!8 On the other hand, the Ip-Vps
curve for the device with In/Au contact at the same device di-
mensions shows a nearly linear response, suggesting a better

metal contact. To quantitatively analyze the nearly linear re-
sponse, we define the nonlinearity (NL) as

_ Ip(Vps=—1V)
1015 (Vps = —0.1V)

. The average NL values for the devices with Pd and In/Au
contacts with various Ls but the same W of 500 nm are plot-
ted in Figure 4e. Remarkably, the device with In/Au contacts
consistently exhibits lower NL values compared to the device
with Pd contacts for the same L. These results indicate that
the contact-GNR channel interface is improved with In. We,
therefore, conclude that, compared to Pd, In introduces fewer
defects that cause scattering and decrease the electrical per-
formance.

Figure 4f-h shows the quantitative analysis of I,,, I(,,,/I,,ff,
and subthreshold swing (SS,,i,) for devices fabricated with In
and Pd contacts. The analysis shows that while no substantial
improvements were observed in I,, and SS,,;,, In-based de-
vices consistently showed higher 1, /1,7 values, indicating
superior performance compared to Pd-based devices. More-
over, In-based devices exhibited significantly smaller vari-
ation with lower error bars. Conversely, Pd-based devices
showed greater variability, likely attributable to random dam-
age in the GNRs, resulting in fluctuations in device parame-
ters.

It is worthwhile to mention that since the GNRs randomly
grow on Au(l11)/mica substrates, after transfer, they ran-
domly stay on the surface of pre-patterned devices. In order
to establish functional GNR devices with desirable on-state
current and on/off ratio characteristics, a fundamental require-
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ment is that at least one GNR forms a continuous bridge from
the S to the D electrodes, effectively establishing a conductive
path between them.” Given that the electrode widths measure
500 nm, our previous statistic calculations'® suggest that there
are several GNRs within the device structure with the poten-
tial to span and connect these electrodes. However, it is im-
portant to note that, due to the 100 nm width of the metal
leads, the likelihood of a single GNR bridging more than one
gap is almost zero, as the maximum length of a GNR is about
120 nm. Thus, only the GNRs bridging has a dominant ef-
fect on the overall conductance, and any parasitic pathways
should not significantly influence our results. There might be
some network effect that may exist; however, we believe its
impact to be minimal. Even if considering the contributions
from the parasitic effects as well as network behaviors, since
we are comparing Pd and In/Au contacted devices with the
same geometry, this should not pose any comparison prob-
lem. Although it is not within the scope of this work, in future
studies, we will investigate such effects.

To explore the possibility of further improving device per-
formance, we annealed In devices fabricated in vacuum at
T = 250 °C. Figure 4e-h show that key device parameters re-
mained similar after annealing. The mild annealing temper-
ature is not expected to be sufficient to alloy In and Au and
therefore no changes in the work function should take place,
explaining the lack of changes to the device parameters>*. On
the other hand, the absence of degradation in device perfor-
mance after annealing and presence of the linear Ip-Vps be-
haviour Figure(4c) is further evidence for the stability of In
contacts. This stability is an important characteristic that en-
sures the reliability and durability of the devices over extended
periods of operation.

While we have concrete evidence that the contact-GNR in-
terface was improved, the lack of substantial device perfor-
mance improvement, particularly in on-state current perfor-
mance, indicates that the GNR channel material might have
issues with charge transport. A likely explanation for the
limited performance is the presence of "bite defects" (see
the inset of Figure5 for the schematic of the defects)- de-
fects in the GNR channel characterized by missing benzene
rings at the edges, resulting in the scattering of charge carri-
ers and a resulting decrease in charge transport through the
channel.®93 To systematically study the bite defects, we ob-
tained a high-resolution STM image of 9-AGNRs grown on
Au(111)/mica substrate at low coverage, shown in Figure 5a,
and performed a statistical distribution analysis of the defects
along the lengths of the GNRs. Figure 5b shows the cumu-
lative number of bite defects as a function of length x over
all GNRs of Figure 5a. A linear fit to the data reveals that
the defect density is roughly one defect for every 4 nm of 9-
AGNRs, and therefore a GNR spanning a channel with L =
20 nm will be host to an average of 5 defects. Bite defects in
9-AGNRs are associated with a reduction in transmission on
the order of roughly 30% to 50% as a result of scattering of
charge carriers.®>%3 Therefore, even a conservative estimate
of the reduction of current through a GNR spanning the chan-
nel is AG = Go(1 —(1/2)°) ~ 97%. Based on this finding, we
recognize the importance of improving the quality of the chan-
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Figure 5. STM characterization of the structural quality of 9-
AGNRs (a) STM topographic image of a 9-AGNR sample grown
at lower coverage on Au(111) substrates (V = 500 mV, / = 50 pA).
The 9-AGNRs are grown at lower density to facilitate high-resolution
imaging. Note that the quality and length profile of the GNRs at
lower density may differ from those at high coverage, which tend to
be of higher quality and longer length. The devices were made with
the high-coverage samples. The inset provides a closer view of the
defects in the GNR structure, which are "bite defects" characterized
by missing benzene rings at the edges. (b) The cumulative distri-
bution of edge defects along the length of the GNRs shows the total
number of bite defects as a function of length across all GNRs. A lin-
ear fit to the data reveals that the defect density is approximately one
defect per 4 nanometers of the GNRs, so a GNR spanning a channel
with length of 20 nm will have an average of 5 defects.

nel in addition to optimizing the contact resistance between
the metal contacts and the channel. Strategies to improve the
GNR’s inherent performance may include using GNRs that
are less prone to the formation of bite defects, or other de-
fects that may induce scattering. For example, new types of
GNRs with mixed armchair and zigzag edges are actively be-
ing explored, and some of them show promising electronic
characteristics in addition to high atomic perfection.®*%> Al-
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ternatively, alternative GNR structures may be used, which are
less affected by defects in their transport. Examples of the lat-
ter category of GNRs are AGNRs with widths of 17 atoms®®,
or even wider®2.

11l.  CONCLUSION

In conclusion, we thoroughly examined the eftects of differ-
ent metal depositions on the structure and charge transport of
9-AGNRs. Our detailed Raman spectroscopy measurements
and absorption calculations revealed that In deposition caused
fewer structural disruptions at the metal-GNR interface com-
pared to Pd deposition. Unfortunately, we were unable to pre-
cisely determine the extent and characteristics of these disrup-
tions within the interface. This difficulty arises from the chal-
lenge of directly visualizing the metal-GNR interface using
conventional electron microscopy techniques, mainly due to
the thinness and sensitivity of GNRs to electron beam-induced
damage. Despite this limitation, our findings offer valuable in-
sights into how contact metal deposition influences the struc-
tural properties of GNRs, which is essential for advancing
high-performance GNR-based devices. Furthermore, we per-
formed extensive electrical measurements and a comprehen-
sive comparison of Pd and In contact devices. We found that
certain key device characteristics, including device-to-device
variation, on/off ratio, and SS, improved with In contacts.
However, a significant improvement in the on-state current
was not observed. To understand why the interface improve-
ment did not result in a noticeable on-state current improve-
ment, we studied individual GNRs and found the presence of
edge defects in the GNR structure. Such edge defects might
adversely affect charge transport, hindering the realization of
their theoretically estimated electrical properties. This high-
lights the importance of directing efforts towards enhancing
the quality of the GNR channel to fully capitalize on the po-
tential benefits offered by In contacts. We believe that our
study contributes to a better understanding of the factors in-
fluencing device performance and can guide future research
in this area.

IV. METHODS

Growth and STM imaging of 9-AGNRs: Au(111)/mica
(Phasis, Switzerland) was cleaned by 2 cycles of sputtering at
1 kV Ar+ (10 minutes) and annealing at 470 °C (10 minutes)
in UHV. The 9-AGNR precursor monomer 3’,6’-di-iodine-
1,1:2’,17-terphenyl (DITP) was sublimated onto the clean
Au(111) from a quartz crucible heated to 70 °C with the sub-
strate at room temperature. After a deposition of a full mono-
layer, the substrate was heated to 200 °C (0.5 K/s, 10 min-
utes) to initiate DITP polymerization, followed by annealing
at 400 °C (0.5 K/s, 10 minutes) to form the final GNR topol-
ogy by cyclodehydrogenation. STM images of 9-AGNRs on
Au(111)/mica were acquired at room temperature using a Sci-
enta Omicron VT-STM. Topographic images were acquired
in constant current mode using a sample bias of -1.5 V and a

setpoint current of 30 pA.

Transfer of 9-AGNRs: The transfer of 9-AGNRs was done
by using the polymer-free method, with the following steps: 1.
GNR/Au(111)/mica samples are floated on aqueous HCI solu-
tion until mica cleaves off from the Au film, II. Ultra-pure wa-
ter is added to substantially reduce the HCI concentration, III.
Pick up of GNR/Au with target substrate, IV. Drop of ethanol
and annealing to increase Au adhesion to the target substrate,
V. etching the Au layer. For more details on the transfer see
Refs3867,

Raman spectroscopy characterization: ~ Raman spec-
troscopy was performed using a Horiba Jobin Yvon LabRAM
ARAMIS Raman microscope using a 785 nm laser with <10
mW power and a 100x objective lens, resulting in a laser spot
size of <1 um. No thermal effects were observed under these
measurement conditions, and at least ten spectra from differ-
ent points were collected for each sample.

Absorption calculations: The wavelength of the incoming
laser radiation is considered to be 785 nm and it is entering in
an orthogonal direction to the film surface. Then, we calcu-
late the normalized absorbed laser fluence based on the trans-
fer matrix calculation considering the thickness and optical
constants of the individual layers. By calculating the area un-
der the curve for HfO,(5 nm) layer, for the three structures,
we compare the absorbed laser fluence in these structures (as-
suming the GNR is mostly sensitive to the light absorbed by
the material beneath that.*®

Device fabrication: ~ After the transfer, poly(methyl
methacrylate) (molecular weight 950 kDa) was spun on the
chips at 4000 rpm followed by a 10 min bake at 180 °C. Next,
the S and D electrodes were patterned using a JEOL 6300-FS
100 kV EBL system and subsequently developed in 3:1 IPA-
MIBK at 5 °C for 90 s. Finally, ~8 nm of In was deposited,
followed by ~20 nm Au deposition using e-beam evaporation
under ~10~% Torr, and lift-off was completed in a Remover
PG at 80 °C. for the fabrication details of the devices with Pd
contacts can be found in our recent publication.'®

Transport measurements: Transport measurements were
conducted using the Lakeshore CPX-HF probe and the Agi-
lent 4155C semiconductor parameter analyzer, controlled by
the EasyEXPERT software, and the Lakeshore TTPX probe
station, controlled by M81-SSM Synchronous Source Mea-
sure. The measurements took place at room temperature un-
der a vacuum condition of 1 x 1072 torr.

STM imaging and analysis of edge defects: STM experi-
ments were performed using a commercial CreaTec LT-STM
operating at T = 4 K using Pt/Ir STM tips. Image processing
of the STM scans was performed using WSxM software®® and
Mathematica®.
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