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Abstract

Electrospray deposition (ESD) in ambient conditibas been used to deposit graphene
nanoribbons (GNRs) dispersed in liquid phase dierdint types of substrates, including
ones suitable for electrical transport. The depmsitprocess was controlled and
optimized by using Raman spectroscopy, ScanningpePMicroscopy and Scanning
Electron Microscopy. When deposited on graphitiecebdes, GNRs were used as
semi-conducting channel in three terminal devickewsng gate tunability of the
electrical current. These results suggest that ESBnique can be used as an effective
tool to deposit chemically synthesized GNRs ontdstates of interest for

technological applications.
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1.Introduction

The use of graphene in electronics is attractinghrinterest for its potential as
constituent material of several devices like trstogs, sensors, touch screens and
energy storage devices [1]. Its excellent chargbilipand transparency to the visible
light are well established and ready to be expibibeit the use of graphene in electronic
devices, such as a field effect transistor (FEGQuires the presence of an energy gap in
the electronic band structure and viable stratetpeachieve this goal are still under
exploration. The reduction of the lateral size bk tgraphene layers down to
nanoribbons (GNRs) with nm-sized width is an eéfitiway to induce an energy gap,
however as long as the GNRs are obtained by coiovettop-down approaches such
as lithography [2] or by unzipping of carbon narbas [3], the resulting structure is not
controllable, making the electronic properties walictable. The use of chemically
synthesized GNRs with atomically-controlled widghtherefore very appealing in this
context. Typically, high-quality GNRs are grown uftra high vacuum on metallic
surfaces [4,5], whereas a non-conducting substsat@andatory for applications in
electronics. GNRs with atomically defined edges banalternatively synthesized in
liquid-phase [6,7]. Given their huge mass, theyncare evaporated and the deposition
is usually performed by drop casting, possibly fioralizing the surface of insulating
substrates [8-10].

Electrospray deposition (ESD) [11-15] is an altékgatechnique that allows to
softly land large and heavy molecules from liquidEension on to any substrate. ESD
has been successfully used for the deposition afitgboiomolecules (proteins) [16],
fullerenes [17,18], carbon nanotubes [19], molecutanomagnets [20-23] and
nanoparticles [24], thus enabling integration afgéa molecular units in electronic
circuits. Homemade and commercial apparatuses imgoged for ESD in a large
variety of design and sophistication. Briefly, loles the capillary injecting the desired
sprayed solution/suspension and the target holtiegdesired support, an ESD setup
may include: 1) stages under differential pressieading to an UHV environment
where the support (either conducting or insulat®mnaintained; 2) one or more stages
of electromagnetic lenses that act as mass setemmolor to (de-)accelerate molecules.



Here we report a feasibility study for the fabrioatof three terminal electronic
devices made of chemically synthesized GNRs dispeirs tetrahydrofuran (THF) and
deposited by an elementary ESD setup. The idea us¢jugaad approach to test the
viability of this route. To this end, we controletimorphology of the deposited GNR
film by optical microscopy, scanning electron msxope (SEM), atomic force
microscopy (AFM), scanning tunneling microscopy K8§Tand the quantity of
deposited material by Raman spectroscopy. To pitweffectiveness of our approach,
GNRs have been deposited on graphitic electrodeéghesi-V characteristics measured

at room temperature show a pronounced gate tutyabilthe device current.

2. Experimental Methods

2.1 Electro spray appar atus

The ESD system used in our experiments is the esdge of arhermo Finnigan
SurveyorMass Spectrometer (MSQ). The quadrupole and tlss rmiaalyzer stage were
not used due to the huge mass of the GNRs (molemalight in the order of 7610
a.u.). Briefly (see Fig.1), our Electrospray soursecomposed by a stainless steel
capillary where the solution flows. The capillagncbe hold at a voltagé, tunable in
the range + 5 kV, with respect to the target amdrést of the chamber. It is surrounded
by a tube injecting nitrogen and the action of bitth gas and the applied voltage
produce an aerosol of liquid droplets [25]. Thesptee of the nitrogen gas was kept at
4 bar at the entrance of the tube in order to ggt flux of clean nitrogen in the whole
deposition chamber. The solution is initially can&d in an external syringe and driven
into the capillary by a pump.

The capillary and its casing can be heat up to 656figh temperature facilitates the
evaporation of the solvent and impedes the bloclohghe capillary due to the
accumulation of agglomerates. The quantity of solttually deposited on substrate
was controlled by the time of surface exposure ardirectly, by the concentration of
the solution, while the rate of the syringe pumswWapt constant. All the depositions
have been carried out in ambient conditions, narttedysubstrate was kept at room

temperature and exposed to atmospheric pressure.
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Figure 1: Scheme of the ESD system with the reteymmameters: the probe
temperature (J), the capillary voltage (§ and that of the substrate {Vand the

distance between substrate and capillary (d).

2.2 Graphene nanoribbons and their dispersion

In this work we have used structurally well-defin@iNRs with a “cove”-type edge
structure and width of approximately 1nm (Fig. Zhey exhibit a semiconducting
behavior with 1.88 eV optical band-gap [6]. They &ottom-up synthesized by the
methods of synthetic organic chemistry, followirg tprocedure reported in Ref.[6].
Briefly, the synthesis was carried out through Aitype Diels-Alder polymerization
of a monomeric precursor 2,5-bis-(4-dodecylpheBy(B-ethynylphenyl)-4-phenyl-2,4-
cyclopentadienone to provide non-planar polypherg/leprecursors, which were
subsequently “graphitized” by oxidative cyclodehygination in solution. Uniform
GNRs with the same width and edge structure hawe tibtained as powder samples,
which could be dispersed in organic solvents sichtdF, thanks to the fact that they
possess dodecyl (&H.5) chains attached at the peripheral positions. tRelg short
GNR samples 5100 nm, nominally) have been used for our ESD ewpsarts,
considering the decreasing dispersibility of lon@MRs. The average lengths were
estimated by molecular modeling and by weight-ayeranolecular weights of the
corresponding polyphenylene precursors, obtained the gel permeation
chromatography analyses against polystyrene stdsadior sake of completeness we

just mention that two other GNR samples with défarlengths, respectively 20 and



80 nm, have been also deposited and they gave gjmitkar results, at least within our

analysis.
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Figure 2: Left: Chemical structure of the GNRs ugadthe depositions. Right: Mother
dispersion $of the GNRs in THF.

In the following, we define "mother dispersion'p(@s a supernatant dispersion
of supersaturated suspension of GNRs in THfts 8btained by deeply sonicating the
supersaturated suspension and carefully takingstipernatant avoiding undispersed
GNR particles at the bottomo % diluted with different amounts of THF to make a
intermediate dispersion with varying concentratiddisce THF is slightly corrosive for
the ESD components, the dispersion is further elluiO times with acetonitrile
(CH3CN) to obtain the dispersion that is actually ukedESD. We used two different

concentrations composed by the following fractidegping the total volume constant:

S1=1(S):9 (THF) : 90 (CHCN)
S, =1(S): 99 (THF) : 900 (CHCN)

After the dilution, dispersionsas sonicated once more for at least 10 minutes at
40 °C in order to reduce the formation of GNR aggtes. In early tests we have also

used methanol instead of acetonitrile, but in tase it was quite difficult to maintain



good dispersion and the deposition needed to be tomediately after sonicatiofhe
guantity of deposited material was controlled bg toncentration of the dispersions
and the time of deposition, since the rate of grenge pump was kept constant. In the
following, the quantity of deposited material igpeassed inml of sprayed dispersion. In
our experiments the time of deposition ranged betwkO sec to 40 minutes, suggesting
that this approach is a rather fast and efficieaty wo prepare films of GNRs on

different types of substrates.

2.3 Surfacetechniques

The GNR film morphology has been firstly visualizé&y means of an optical
microscope (Olympus-BX51M, see Supplementary Infdrom).

SEM images were taken by using a Carl Z&iggna microscope equipped with the
GEMINI column (the typical acceleration voltage used was 2kV).

We used a Veeco Multi Mode Nano Scope llla AFM tiiretapping mode, while the
STM images were taken by an Omicron UHV VT STM epyst

Raman spectra have been collected by using a Yalom LabRAM with an integrated
optical microscope, through which we could selbetdrea to be illuminated. We used a
laser's wavelength= 632.81 nm and the diameter of the spot wasim in our typical

configuration.

3. Results

3.1 Investigation by Raman Spectroscopy.

Raman spectroscopy is an efficient tool for stugyosarbon-based materials
[26]. In particular the G peak at ~1600 Ctifrelated to the in-plane optical phonon
branch and therefore is found in all carbon allpg®withsp? hybridization) and the D
peak at ~1300 cth(which is related to a second order process, irchvbiut-of-plane
optical phonons scatter with a defects) are thennfimigerprints normally used to
identify GNRs [27-30]. A careful analysis of theshape would allow to get further
information about the GNR edges [28] and otheruesst We have simply performed a

comparative study of these two peaks to get semnifative information on the



quantity of deposited carbon material. A similarpagach has been previously
employed to study the deposition of carbon nanatrel the growth of hydrogenated
diamond-like carbon films prepared by plasma ddjwosi[31, 32]. The background
signal due to residual solvent or amorphous matevas estimated and subtracted
before the measurements of the GNR-deposited samiplgeneral, the intensity of a
Raman peak depends on the laser power, spot stz¢hanpenetration depth of the
beam. We therefore took care to perform all thesmesaments in the same conditions
and in a short period of time in order to avoid plreeturbation induced by laser heating.
Statistics over the deposited surface was alsossacg to account for thickness
inhomogeneity (see Supplementary Information forevdetails).

Fig. 3b and 3c show the trend of the G and D paalenisity for different deposition
conditions on Au/mica. The intensity of both theniRen peaks clearly scales with the
guantity of deposited GNR as estimated by the depongarameters. Similar trends are
also obtained considering the area of the respecipeaks (see Fig. S3 in
Supplementary Information). By decreasing the gtyanf deposited GNRs, intensity
and areas of both G and D peaks get very smalcks# to the limit of sensitivity of
our measurements that we roughly estimate to edio 1 monolayer by comparison
with other type of samples.

Within the conical shape approximation for the atgel beam, a simple model that
relates different deposition parameters statesthigatjuantity of deposited GNR should

be proportional to:

Vs-t-C-d?

where Vs = syringe-pump velocity (ml/min), t = tin@ deposition (min), C =
concentration (a.u.), d = capillary — substrateagise (cm). We could verify that this
simple relation holds as confirmed by the analggiRaman peaks. In particular, we
may notice that Raman peak scales by a factor lihdrgasing the concentration 10
times and that it approximately decreases a factyr doubling the capillary — substrate
distance (Fig. 3b and 3c).
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Figure 3: a) Typical Raman spectrum of a GNR filepakited by ESD on Au/mica. b)
Intensity of the D peak as a function of the qugraf dispersiordeposited for three
different deposition conditions. c) Intensity okt peak vs quantity of deposited

dispersion.



3.2 Surface Investigation by Scanning Microscopies

Fig. 4 shows AFM images of a GNRs spot depositec @kxu/mica substrate. In this
case, the deposition parameters were tuned tonobite of the thinnest GNR films (see
Fig. 3). A network of GNRs bundles is visible a¢ tkpot center (Fig. 4a) while we can
recognize structures that can be associated tatésblGNRs with typical dimensions of
~ 100 nm in length (Fig. 4b).

Similar results have been obtained by depositingR&MIso on the insulating
SiO, substrate. Large substrate areas (R0 wide) are homogenously covered by
GNRs aggregates: an optical image of 0.25 ml otitemi sprayed on a 300 nm
thickness of Si@surface over a Si bulk is shown in Fig. 5a. Thenftion of GNRs
aggregates is confirmed by Raman spectra (Figwbimgse intensity at the D and G
peaks is very strong on purple spots. On the offaed, in the white shadows the
Raman signal is much less intense (Fig. 5c) andlntost disappears (but still
detectable) in the blue areas of the optical imBg¢h the SEM and AFM images better
display the morphology of these aggregates, whighrobably determined by the slow

evaporation of residual solvent.

a)
0-

Figure 4. AFM images of GNRs deposited by ESD adm#a. a) Uniform distribution
of aggregates and bundles of GNRs are visible fpodition with sufficiently high
concentration (deposition conditions: 0.05 ml of @& Au/mica, distance between
capillary and substrate d = 2 cm). b) Isolated fGNR with typical length of one
hundred of nm are also visible in peripheral zomésthe substrate and for lowest

concentration density.
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Figure 5: Images of GNRs deposited on Si@) optical image (Magnification

100x) of GNRs deposited by ESD on S(@eposition parameters: 0.25 ml of, 8=4
cm) b) Typical Raman spectrum on the purple spasgmt on the substrate. c¢) Typical
Raman spectrum on the white regions that surrotnedpiurple spots (grey spectrum)
and on the blue areas (blue spectrum). d) AFM ph@sge of the aggregates of GNRs
on SiQ . e) SEM image (Magnification =1200x) of GNRs aggates on Si9

To further investigate the GNR film morphology wisatook of STM images. In this
case Au(111) surface, previously cleaned by spog&mnealing procedure, was used
in order to ensure good tunneling conditions. Tral fisolated GNR we inspected the
external part of the Au(111) substrate, where tr@yed jet was less intense and the
probability to form GNRs bundles is mino8TM images show that GNRs tend to
accumulate at the edges of Au(111) terraces. Figsteows a typical case: the height of
white stripes is 0.4 nm above the gold steps whilke lateral size of these 1D
assembling ranges from 5 to 10 nm as estimated Ty, onsistently with what
expected by considering the lateral alkyl chaind§4m) and by taking into account

the image convolution with our tip.
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Figure 6: STM image of GNR deposited by ESD angat@t in proximity of the

Au(111) terraces (deposition conditions: 0.25 mEofd = 4 cm. STM setting: tunneling
current = 0.1 nA, Tip voltage = -2 V). Notice theepence of extra peaks in the profile
(0.4 nm above the height of the terrace) correspuntb the white stripes in the STM

image.

3.3 Fabrication and characterization of threeter minal device

To test the effectiveness of the ESD method forrdaization of GNR-based
electronic devices, we deposited the GNRs on gtiaptlectrodes on top of a 300-nm-
thick SiQ, substrate, using an underlying doped silicon tiana metallic back gate.
The graphitic electrodes were prepared using thetrelburning process as described in
details in Ref. [33]. Briefly, multilayer grapheiflakes are mechanically exfoliated on
the substrate and Cr/Au contacts (typically spacéal 6pum one to another, see Fig.7a)
are then fabricated by electron beam lithograptBLJEA physical gap is then opened
in the graphitic channel by the electro-burninggess, setting the parameters to obtain
an aperture of the order of ~10-50 nm. The effectipening of the gap was checked by
the I-V characteristics taken after the electro-burningcess, finding no measurable
current in the range of -2V to +2V (Fig.7b). Themr deposited GNRs by ESD on the
whole substrate and measured again the conductdnitee devices. The quantity of

11



sprayed solution (1 ml) makes reasonable the pilityato get GNRs in the region of
the gap (Fig. 7a). To have an idea of the prodacfield, on a chip with initially ~10

electro-burned devices, two of them show a sigafiancrease of conductivity after the
GNRs deposition (Fig. 7b).
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Figure 7: a) SEM image of graphitic contacts magdhe electro-burning process [33]
on which we deposited 1 ml of the dispersianT&e yellow stripes are Cr/Au contacts
patterned by EBL. The graphene flake is coloredyieen: the dark green area is
pristine graphene, while the light green is duethie ESD of GNRs. Part of the ES-
deposited GNRs film bridging the gap between tle gvaphitic electrodes is clearly

visible. b) I-V characteristics of an electro-budhedevice before and after the
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deposition of GNRs through ESD. c) I-V charactaerssfor different values of the gate
voltage.

To get reproducibld-V characteristics, an annealing (10 hours at 400nK)
vacuum (10 mbar) was necessary: it is likely that this makes®NR film more stable
on the surface, improving the electrical contadhwtihe graphitic electrodes. After this
annealing, the source-drain currégsis in the nA range foWsp =0.5 V, significantly
higher than what reported for drop casted GNR Njn linear I-V curve suggests
presence of an effective Schottky barrier. The aotidn channel is composed by
disordered aggregates of GNRs and the effectivetSghbarrier here is due to both the
ribbon-ribbon junctions and the contact resistaatcéhe interface with the electrodes.
Notice however that the resistance of the devi6®) is one order of magnitude lower
than what reported in literature [8] for similarviees with GNRs deposited by drop-
casting but using Ti/Au contacts.

Interestingly, such-V characteristics show a pronounced gate depend€ig.e
7¢), with a current on/off ratio as high as 5, legkhan what reported for this type of
solution-synthesized GNRs [8,9], proving the effgmatess of the ESD as fabrication
method.

We found that our devices have an n-type behawviorthe gate range
experimentally accessible (Fig. S5 in Supplemeniiaigrmation). The n-type behavior
was also reported for GNRs grown under ultra-higitlwum and contacted by Pd
electrodes [34] so the characteristic of our dessisenot surprising although in different
conditions one may also have p-doped devices [Bjpplar behavior is expected but in
our case we would need values of the gate voltageru safe experimental conditions.

We can estimate the electron mobilityollowing the procedure for FET in the
linear region [35] and we found values ranging frarh0* to 1102 cn’ V! st (See
Supplementary Information for more details). As extpd, these values are small for
homogeneus semiconductors and more similar to fdwatd in organic electronics.
They suggest that the conducting channel of ouicdeg made of GNR aggregates -
consistently with AFM and SEM images - whose cotigiitg is dominated by junction
between GNRs.

13



4. Discussion and Conclusions

In this work we have used a simple setup to sprhsa-long solution-
synthesized GNRs dispersed in organic solventss Tdpproach allowed us to
circumvent intrinsic and technical difficulties.§.transfer of GNR on non conducting
substrate, evaporation of large mass moleculestbtt. are limiting the use of GNR in
electronics. The use of combined analysis allougdo show that ESD is an efficient
way to deposit GNRs on any type of substrates @stet both metallic Au/mica and
non conducting Sig), and to cover large area, as shown by opticaloseopy, SEM
and AFM on different scalesufi’*to cnf). We used semi-quantitative analysis of the G
and D Raman peaks to quantify the amount of degbsriaterial and show that it is
possible to control the quantity of material depexsithrough the feeding electrospray
source. Three terminal electronic devices have bseccessfully fabricated by
electrospray GNRs onto a SiGubstrate with graphitic electroddsV characteristics
show finite current (nA a¥/sp=0.5V) through the GNR channel and dependenceeo th
gate voltage. Overall, these results show that ESB fast deposition technique that
represents a valid alternative to drop castingléposition in ambient conditions.

Further improvements are readily visible adoptingable technical solutions.
For instance, GNRs film homogeneity can be furth@roved by placing the substrate
more distant from the spraying capillary. Additibmaprovement can potentially be
obtained by depositing in a chamber with differanfpressure: this may facilitate
formation of smaller droplets and improve homoggneiver large surfaces. In
commercial mass spectrometers, such chamber isdlat axis and after selection of
charged molecules and, in the case of GNR, itsreselts in a drastic reduction of
deposition rates. This can be suitable for fabiocadf devices comprising single GNR.
Alternatively different designs with substrate fagithe capillary after chambers with
differential pressure may allow efficient depositimso in UHV conditions.

Another interesting parameter of ESD is the appboaof high potential

AV=VV; between the capillary and the substrates. Thigssantially two roles: firstly

14



it ionizes the droplets thus facilitating their pkssion; secondly it charges GNRs. The
latter process is necessary to accelerate the Ghifglsto select their masses if
spectrometer is used. Yet, because of the largs wfaGNRSs, this process is scarcely
effective and it can be exploited only with a dediéd apparatus. Nevertheless, charged
GNRs tend to repulse each other and to better siicksurface. Thus, even if
electromagnetic lenses are not used for mass meletite use of charging potential can
help in depositing isolated GNRs on substrate arsldan be a further parameter to be

controlled.
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