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Abstract Focused-electron-beam-induced processing

(FEBIP), a resist-free additive nanomanufacturing tech-

nique, is an actively researched method for ‘‘direct-write’’

processing of a wide range of structural and functional

nanomaterials, with high degree of spatial and time-domain

control. This article attempts to critically assess the FEBIP

capabilities and unique value proposition in the context of

processing of electronics materials, with a particular

emphasis on emerging carbon (i.e., based on graphene and

carbon nanotubes) devices and interconnect structures. One

of the major hurdles in advancing the carbon-based elec-

tronic materials and device fabrication is a disjoint nature

of various processing steps involved in making a functional

device from the precursor graphene/CNT materials. Not

only this multi-step sequence severely limits the through-

put and increases the cost, but also dramatically reduces the

processing reproducibility and negatively impacts the

quality because of possible between-the-step contamina-

tion, especially for impurity-susceptible materials such as

graphene. The FEBIP provides a unique opportunity to

address many challenges of carbon nanoelectronics, espe-

cially when it is employed as part of an integrated pro-

cessing environment based on multiple ‘‘beams’’ of

energetic particles, including electrons, photons, and mol-

ecules. This avenue is promising from the applications’

prospective, as such a multi-functional (electron/photon/

molecule beam) enables one to define shapes (patterning),

form structures (deposition/etching), and modify (cleaning/

doping/annealing) properties with locally resolved control

on nanoscale using the same tool without ever changing the

processing environment. It thus will have a direct positive

impact on enhancing functionality, improving quality and

reducing fabrication costs for electronic devices, based on

both conventional CMOS and emerging carbon (CNT/

graphene) materials.

1 Introduction

As the feature sizes of electronic devices decrease to

nanoscale, copper resistivity increases due to electron

scattering at the surface and grain boundaries and wire-type

structures become more vulnerable to electromigration

damage [1–3]. As alternative materials, carbon nanoelec-

tronics has emerged based on carbon nanotubes (CNTs)

and graphene, which are being actively explored owing to

their unique electronic transport characteristics, as well as

their excellent mechanical and thermal properties [3–8].

Despite an intriguing potential of graphene/CNT-based

materials and structures for nanoelectronic devices, a

number of fundamental limitations still provide significant

roadblocks to application of these materials to real device

platforms [3]. Among them, the most significant challenge

is a large electrical contact resistance between CNTs/

graphene and metal terminals. Recently, significant pro-

gress has been made in assessing the contact resistance of

metal contacts to single-walled CNTs (SWCNTs) [9, 10]. It

was found that contact resistance to a metallic SWCNT can
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be reduced down to the quantum limit (*6.5 kX) with the

channel length scaled down to 15 nm [9]. One of com-

pelling applications is to utilize a multi-walled CNT

(MWCNT) as an interconnect link and to make connection

to multiple conducting shells, acting as parallel conducting

channels. However, it is challenging to connect multiple

conducting shells of a MWCNT using standard metal

deposition processes due to the limited control of direc-

tionality (in three dimensions) in a standard contact fabri-

cation process using nanolithography followed by metal

evaporation/sputtering [11, 12].

Theoretical calculations revealed that physical contact

resistance between metal and an open end of a carbon

nanotube is on the order of 3–4 kX even for contamination-

free interface [8, 13]. Also, metal deposition using sput-

tering or evaporation only yields a physical contact (i.e.,

via weak van der Waals interactions) to the MWCNT,

which results in an inefficient electronic coupling at the

Fermi surface [14, 15]. Thus, alternative fabrication

methods have been demonstrated for establishing chemical

binding of multiple CNT shells to metal [11, 12, 16]. For

example, a TEM-AFM combination with the piezomotor-

driven nanomanipulator was utilized to precisely position

an open end of a MWCNT in contact with a tungsten AFM

tip; then, the MWCNT and the tip were fused by Joule

heating to establish a multiple shell contact to the metal.

Such a composite MWCNT-carbide-metal interface resul-

ted in a very low contact resistance of 700 X [16]. Obvi-

ously, while yielding a high-quality electrical contact, this

technique is not amenable for the scalable fabrication of

electronic devices and the contact area/geometry between a

MWCNT and a metal tip is limited to whatever sponta-

neously forms in the course of an intense heat release at the

contact junction with rather poor control over the final

outcome.

For graphene, the contact resistance challenges are

similar to that of CNTs. Physical contacts of metal to

graphene by conventional metal deposition methods

resulted in the contact resistivity of 2e-4 X-m with Au/Pd/

Ti metal contacts [17]. In order to improve contact resis-

tance, double contacts (both at the top and bottom surface)

of metal to graphene were suggested, and 40 % reduction

of contact resistance was achieved compared to a single

metal contact to graphene [18]. However, it still resulted in

a contact resistivity of an order of 1e-4 X-m, which is much

higher than graphene’s channel electrical resistivity. The-

oretically, based on the density functional theory (DFT)

calculations, the primary contribution to the contact resis-

tance is the nature of the electronic coupling relying on the

binding properties of the interface [19, 20]. Simulations

suggest that the ‘‘end-contact’’ geometry should result in a

significantly lower contact resistance than the ‘‘side-con-

tact’’ geometry since the dangling bonds at the edges of

MWCNT/graphene will form the covalent bonds to metal

resulting in strong electronic coupling between MWCNT/

graphene and metal electrodes. For example, Ti ‘‘end-

contact’’ interface has 10 times higher binding energy and

also 10 times lower contact resistance than the ‘‘side-con-

tact’’ interface between the same materials. However, the

end contact is difficult to achieve experimentally using

conventional metal deposition methods due to the limited

control of directionality and presence of hydrogen-termi-

nated edges of graphene, impeding chemical binding to

metal. The current state of the art is on the order of 10-4 X-

m lowest electrical contact resistivity demonstrated with

conventional fabrication methods using Ti contact, which

is still an order of magnitude higher than that of the the-

oretically predicted optimal end contact between graphene

and metal and also for silicon-metal contacts in the CMOS

device structures [19–21]. Therefore, alternative techniques

are still needed to reduce contact resistivity without any

side-effects of the contact fabrication process on devices.

Focused-electron-beam-induced deposition (FEBID) of

graphitized carbon interface at the CNTs/graphene-metal

junction has unique potential to resolve the above-men-

tioned challenges. The FEBID, a resist-free ‘‘direct-write’’

additive nanomanufacturing technique, is an emerging

chemical vapor deposition (CVD) method for deposition of

a variety of materials with high degree of spatial and time-

domain control, [22] with pattern resolution of *2–3 nm

[23] and down to sub-nanometer scale for atomically thin

suspended substrates [24]. Of particular interest to CNT/

graphene electronics is deposition of carbon using sec-

ondary electron mediated dissociation of surface-adsorbed

hydrocarbon precursors. [25, 26] Due to formation of

highly reactive hydrocarbon radical intermediates during

deposition procedure, there are reasons to expect that FE-

BID carbon will form strong chemical binding to

MWCNT/graphene [27, 28]. Also, deposition of the con-

tact material can be precisely controlled in FEBID (both

the rate of growth and the resulting 3D shape of the contact

interface) by changing the electron beam current and

accelerating voltage [25, 29, 30] and moving the electron

beam relative to the deposition substrate. A fundamental

challenge with any beam-based fabrication methods is

limited scalability to making contacts simultaneously to

many devices in parallel. FEBID is no exception in this

regard, but recent advances in developing a multi-beam

FEBID system provide a pathway for at least partially

mitigating the scale-up challenge [31].

An overarching goal of this opinion article is to criti-

cally assess the FEBIP capabilities and its unique value

proposition in the context of processing of electronics

materials, with particular emphasis on emerging carbon

(CNT and graphene) devices and interconnect structures.

As such it is not intended to be a comprehensive review of
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the state of the art, but rather our reflection through a lens

of recently demonstrated capabilities and achievements by

our group aiming to identify the opportunities for major

advances and to stimulate further research in the field of

FEBIP for nanoelectronics. To this end, we first introduce

our long-term vision of multi-functional FEBIP environ-

ment for ‘‘direct-write’’ manufacturing of electronic

materials using a synergetic combination of electron,

photon, and molecular beams. Second, we summarize our

achievements of the past decade in realizing different

aspects of this vision, including development of FEBIP

fabrication protocols for reducing the intrinsic contact

resistance through chemical bonding by FEBID graphitic

carbon nanostructures at the MWCNT-metal and graphene-

metal interfaces. Third, we discuss opportunities for using

FEBIP for direct-write patterning/etching of graphene, as

well as the utility of energetic inert gas jets for impurity/

doping management of the conduction channel of graph-

ene-based devices. Lastly, we briefly present a hybrid

FEBIP-MaCE (Metal-assisted Chemical Etching) tech-

nique for manufacturing 3D complex, high-aspect-ratio

nanostructures useful for optoelectronic and metamaterials

applications. We conclude the article with a brief summary

of key lessons learned and outlook for the future.

2 FEBIP promise and opportunities

In his famed speech ‘‘There’s plenty of room at the bot-

tom’’ in 1959, Richard Feynman outlined a vision of future

for focused beam enabled additive nanomanufacturing—

‘‘The next question is: How do we write it? We have no

standard technique to do this now. But let me argue that it

is not as difficult as it first appears to be. We can reverse

the lenses of the electron microscope in order to demagnify

as well as magnify. A source of ions, sent through the

microscope lenses in reverse, could be focused to a very

small spot. We could write with that spot like we write in a

TV cathode ray oscilloscope, by going across in lines, and

having an adjustment which determines the amount of

material which is going to be deposited as we scan in

lines.’’ This visionary prediction by one of the greatest

physicists of the twentieth century is in essence the foun-

dational premise for FEBIP, which has been transformed to

reality in the last 20? years and is now maturing to the

level of having an increasing impact on important practical

applications. Nanoelectronics is one such application and is

the focus of discussion in this article.

Generally speaking, focused electron (FEBIP) and ion

(FIBIP) beam deposition/etching are complimentary

nanoscale direct-write processing techniques, as both rely

on secondary electrons generated upon interactions of the

primary beam electrons and ions, respectively, to facilitate

desired deposition or dissociation (etching) chemistry of

surface-bound precursor molecules. However, despite

higher deposition/etching rate and greater purity of FIBIP

deposits, for nanoelectronics application the use of FEBIP

is preferred. This is not only due to greater resolution of

electron-beam-generated nanostructures, but also, and

perhaps more importantly due to significant damage and

potential for parasitic chemical doping of the substrate

when ion beam processing is utilized. This is especially

critical for highly sensitive substrates, such as graphene,

for which even slight mechanical/structural and chemical

changes may result in substantial modification of electronic

properties, such as bandgap, carrier mobility, and work

function. Yet, it should be noted that many of the process

enhancement concepts introduced next for nanoelectronics

applications in conjunction with FEBIP could be readily

adopted for other applications, including those for which

FIBIP may be equally useful or even preferred.

2.1 Vision of multi-functional FEBIP for ‘‘direct-

write’’ mask-less processing of electronic materials

One of the major hurdles in advancing the carbon-based

electronic materials and devices (i.e., based on graphene

sheets and carbon nanotubes) is a disjoint nature of various

processing steps involved in making a functional device

from the ‘‘raw’’ substrate materials. For example, it is well

known that any lithographic steps in patterning graphene

leave photoresist residues that affect the electronic prop-

erties of the resulting device. Or making a connection

between the CNT/graphene and metal interconnects in a

heterogeneous device requires multiple incompatible steps,

ranging CNT dispersion and alignment, graphene ribbon

cutting and/or opening the CNT ends, lithographic defini-

tion of contacts, and eventually metal evaporation to form a

contact. Not only this multi-step sequence severely limits

the throughput and increases the cost, but also dramatically

reduces the processing reproducibility and negatively

impacts the quality because of possible between-the-steps

contamination, especially for impurity-susceptible materi-

als such as graphene.

The FEBIP provides a unique opportunity to address

these grand challenges of carbon nanoelectronics. A

compelling long-term vision for the field is development

of a forward-looking multi-functional ‘‘direct-write’’

nanomanufacturing process, based on focused electron/

molecule/photon beams to enable a lithography-free, sin-

gle-step patterning (i.e., via direct nanoscale etching/cut-

ting), interconnection (i.e., via deposition of a bridge

material forming joints between the heterogeneous devi-

ces), and doping state control (i.e., via control of adsorbed

surface impurities) of the emerging carbon-based elec-

tronic materials. Importantly, the aim is to perform all of
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these processes within the same processing environment

(i.e., without ever leaving the processing chamber) with

nanoscale resolution. This is accomplished using a com-

bination of (1) a focused, high kinetic energy molecular

gas jet (for in situ substrate cleaning from contaminant or/

and dopant precursor introduction by impact dissociation/

selective sticking), [32–34] (2) focused electron-beam-

induced processing FEBIP (for in situ etching and joining

CNT/graphene to other materials) using controlled injec-

tion of either reactive (water vapor/oxygen) or dissocia-

tive (hydrocarbons) precursors for carbon etching and

deposition steps, respectively, [25, 35–38] and finally (3)

nanoscale local annealing and phase transformation (e.g.,

carbon graphitization) of deposited nanostructures/inter-

faces via plasmon-enhanced absorption of photons

delivered by a focused laser beam at room temperature

[39–41].

2.2 FEBID carbon as interfacial material for CNT/

graphene devices

Extensive investigations of CNT/graphene-metal interfaces

have been performed both theoretically and experimentally

in the past decade [14–21, 42]. Based on the literature

review, it can be concluded that the intrinsic contact

resistance depends on electronic coupling at the CNTs/

graphene and metal interface, which is defined by the

binding properties (i.e., physical/van der Waals vs. chem-

ical/covalent bonding). Among possible contact metals, Ti

was found to be the best candidate featuring the lowest,

Ohmic contact resistance with strong binding energy of -

6 kcal/mol for the ‘‘side-contact’’ and -80 kcal/mol for the

‘‘end-contact’’ interface to graphene [14]. FEBID allows

the use of a variety of materials for forming a contact

junction [33]. Of particular interest to CNT and graphene

electronics is carbon deposition using readily available

hydrocarbon precursors. Carbon is superior as an interfa-

cial material in that an intrinsic resistance of the contact to

the CNT/graphene can be made negligibly small since

carbon has good wettability to both metals (e.g., Cu) and

CNT/graphene [35, 43]. Additionally, the MWCNT/

graphene–carbon–metal junction should have Ohmic

behavior due to similarity of work functions for all three

materials involved in forming the junction [43–45].

In order to understand how FEBID carbon interacts with

graphene, FEBID process of a methane molecule on

graphene basal plane is modeled by sequentially removing

hydrogen atom (‘dissociation’) and optimizing graphene

structure with FEBID intermediate species (‘adsorption’),

using density functional theory (DFT) calculation. Density

functional theory (DFT) is a well-developed quantum

mechanics simulation tool for atomistic understanding of

molecular interactions of materials, such as binding and

electronic properties [19, 20, 46]. As shown in Fig. 1,

electron-beam-induced deposition of each intermediate

(CH3, CH2, CH, C) establishes strong chemical binding to

the basal plane (‘side-contact’) of graphene with modifi-

cation of the graphene’s atomic structure. For example,

FEBID of carbon on graphene yields the binding energy of

-55.35 kcal/mol, which is much stronger than that of the

‘side contact’ of Ti to graphene and comparable to that of

the ‘end contact’ of Ti to graphene. This result implies that

FEBID carbon contact should help improve contact inter-

face between graphene and metal electrodes.

  

CH3 CH2 CH C

Sequential dissociation and adsorption of FEBID intermediate species on graphene

e- e- e-

Species CH3 CH2 CH C

Binding Distance (A) 1.58 1.29 1.23 1.31
Binding Energy (kcal/mol) -42.6 -98.1 -64.5 -55.35

Fig. 1 DFT simulation results for electron-beam-induced sequential dissociation and adsorption of FEBID radical intermediates on the basal

plane of graphene. Table inset shows the binding properties for each intermediate radical and graphene
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2.3 Plasmon-enhanced low temperature graphitization

of FEBID carbon nanostructures

Initial composition of FEBID carbon nanojoints is known

to be hydrogenated amorphous structure which has high

electrical resistivity of an order of 103 X-m [46, 47].

Thermal annealing is therefore required to induce carbon

graphitization in order to improve its electrical resistance,

which has to be performed at moderate temperatures under

a stringent limit of less than 400 �C as imposed by ITRS

for electronics manufacturing. [3] We have developed an

experimental methodology and performed a comprehensive

investigation of FEBID carbon interface composition and

amorphous-to-graphitic phase transitions using a combi-

nation of Raman, Atomic Force and Conductive Force

Microscopies (AFM and CFM, respectively) (Figs. 2, 3).

The formation of graphitic, highly conductive carbon from

initially amorphous FEBID carbon deposits can be moni-

tored with characteristic Raman graphitic band at

1,580 cm-1. Raman studies on the as grown FEBID

amorphous carbon subjected to thermal annealing revealed

that the transition from amorphous carbon to graphitic

phase occurs around 250 �C and is fully completed at

350 �C, resulting in formation of nanocrystalline graphite

(Fig. 2c) [35]. Moreover, specifics of this transformation

further depend upon the geometry and size of the carbon

deposits in form of lines and dots with characteristic

dimension from 500 to 100 nm, common for carbon joints

required for making connection to electronic devices. AFM

measurements on these carbon deposits showed a dramatic

decrease in carbon dimension which is caused by the

densification of carbon deposit due to transformation from

amorphous carbon phase to graphitic phase (Fig. 2a, b). In

complimentary study, we observed that surface plasmons

Fig. 2 a AFM image of FEBID carbon lines on SiO2 substrate and

b corresponding Raman mapping. c Raman G-band position and

height of carbon lines showing the phase transition to fully

graphitized, nanocrystalline state within the temperature range (boxed

in figure) between 150 and 250 �C

Fig. 3 a CFM mapping of electric current (conductivity) across the

FEBID carbon film deposited on gold (left panel) and silver (right

panel) substrate, indicating *7 orders of magnitude increase

(compare the current magnitude for the same applied CFM tip bias)

in the carbon electrical conductivity due to plasmon-assisted

graphitization on silver substrate at room temperature. b Evolution

of the Raman G-band position, showing faster carbon graphitization

kinetics on silver as compared to the gold substrate for the laser-

assisted localized annealing of FEBID carbon films
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play a key role in graphitizing the FEBID carbon deposits

grown on metals (Cu, Ag, Au) surfaces and substantially

improving their electrical conductivity (Fig. 3) [40]. We

observed that simple scanning of the FEBID carbon grown

on rough metal substrates, especially silver, under appro-

priate laser excitation source served as an excellent tech-

nique to locally graphitize the amorphous carbon deposits,

which, importantly, occurs under the globally low (room)

temperature conditions. Further, the tightly focused laser

beam (514 nm) concentrated on the FEBID carbon struc-

ture only helps in avoiding any physical damage to the

CNT or graphene channel, which is an important motiva-

tion for its incorporation as part of the proposed tri-func-

tional FEBIP environment for fabrication of electronic

devices.

2.4 FEBID for 3D sculpturing and modification

of graphitic interfaces to CNTs and graphene

As stated in the introduction, reducing the contact resis-

tance at the CNT/graphene-metal interfaces down to its

intrinsic limit is foundational to the field of carbon nano-

electronics and therefore provides an excellent opportunity

for demonstrating the FEBIP-enabled capability to address

this challenging problem. Here, we discuss this topic as

two interrelated themes, one is focusing on FEBID of the

MWCNT-metal interface and another one is on forming

contact structures to graphene devices, and describe a

comprehensive framework for development of fabrication

protocols and electrical/structural characterization of FE-

BID graphitic carbon contacts to the open-ended

MWCNTs. Specifically, a complete sequence of processing

steps was developed, starting from opening and exposing

the multiple conducting shells of MWCNTs, following by

dielectrophoretic alignment of multiple MWCNTs between

metal electrodes in an array, to finally making the FEBID

graphitic carbon nanostructures at the exposed ends of

MWCNTs, which successfully established an Ohmic

‘‘end’’ contact to multiple conducting channels of

MWCNTs [35]. This resulted in demonstration of the

record low contact resistance *116 X, which is an order of

magnitude lower than the best results reported in literature

to date. Using these advances in application of FEBID to

sculpturing the graphitic carbon interfaces, three fabrica-

tion strategies of electrical contacts using graphitic nano-

joints are demonstrated experimentally between the

multilayered graphene and a metal interconnect [36]. This

early original work is important in its own rights, but also

provides a solid scientific foundation for further activities

to realize the vision of multi-functional FEBIP of elec-

tronic materials.

2.4.1 FEBID of ultra-low resistance ohmic contact

to MWCNTs

We have demonstrated the robust FEBID fabrication pro-

tocols for connection of multiple conducting channels of

MWCNTs to metal electrodes via the FEBID graphitic

nanojoints [35]. As illustrated in Fig. 4, the fabrication

protocol consists of four steps. Starting with CVD grown

vertically aligned MWCNT forest, one end of MWCNTs is

opened using Ar plasma etching so that multiple conduct-

ing shells of MWCNTs are exposed. MWCNTs are further

broken down into small pieces by releasing MWCNTs

from the substrate and dispersing in dimethylformamide

(DMF) by ultrasonication, thus opening the other end of

MWCNT. After aligning open-ended MWCNTs onto the

prefabricated interconnect using dielectrophoresis (DEP),

FEBID carbon nanojoints are made using a process shown

in Fig. 4b, connecting multiple conducting channels/shells

of MWCNTs to the metal electrodes (Fig. 4a). Unique to

this approach is that the optimal FEBID sequence was

‘‘designed’’ on the computer using comprehensive FEBID

simulations [35, 48], which suggested the off-end electron

(a) (b)
Step 1. Plasma etch of exposed CNT ends
(height reduction from 18nm to 10 nm) 

Step 2. CNT transfer from substrate to 
solution & opening shells on opposite ends

Step 3. CNT alignment using AC 
electrophoresis

Step 4. FEBID carbon contacts between 
exposed end of MWCNT and metal pads 

FEBIDAC

Au/Cr electrodes
SiO2 buffer layer

Si Substrate

5 MHz                     0.3V~1V for 1min

Ar plasma

CVD MWCNT Forest

Si substrate

FEBID off end FEBID off-end

MWCNT with both ends open

Si/SiO2 Substrate
Metal Pad

FEBID Scan FEBID Scan

MWCNT-Carbon-Metal 
Contact

Metal Pad

Fig. 4 Schematics of fabrication protocol of an ultra-low-resistant

MWCNT-metal interconnect via FEBID graphitic nanojoints, includ-

ing a a sequence of process steps, and b details of FEBID graphitic

nanojoint fabrication setup, resulting in connection of multiple

conducting shells of MWCNT to metal terminals to form high

electric performance interconnect link
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beam positioning during deposition for forming a desired

‘‘end-contact’’ geometry of the contact interface with car-

bon film making a lateral connection to multiple CNT

shells [49].

In order to graphitize the FEBID carbon nanojoints,

thermal annealing was performed at 350 �C followed by

two-terminal electrical measurements. Figure 5b shows the

reduction of the device resistance upon increasing the

annealing time for graphitization of FEBID carbon deposits.

During the first stage, formation of EBID amorphous carbon

nanojoints increases contact area between the MWCNT and

metal electrode, leading to four order of magnitude reduc-

tion of electrical resistance from 1 GX to 300 kX. During

the second stage, the FEBID amorphous carbon nanojoints

are graphitized, further increasing their conductivity and

connecting metal electrodes to the multiple conducting

channels of MWCNT. During the third stage, additional

thermal annealing improves the interfacial/electrical prop-

erties of the contact interface to MWCNT, ultimately

resulting in the total interconnect resistance of

(116.0 ± 0.1) X, which is 107 times smaller than without

FEBID graphitic nanojoints [35]. Figure 5c shows a rep-

resentative Raman spectrum of the FEBID carbon nano-

joints after thermal annealing for 30 min. In Raman

spectrum of carbon structures, D band corresponds to the

breathing mode of sp2 sites in rings and G-band relates to

the stretching vibration of any pair of sp2 sites in chains or

aromatic rings [39, 50]. In case of amorphous carbon

structures, the D-mode stretch is proportional to the prob-

ability of finding a sixfold ring in the cluster, which in turn

is proportional to the cluster area. Thus, the development of

the D peak indicates ordering of carbon atoms into the sp2-

like networks [43]. Also, the D/G area ratio is known to be a

quantitative factor in determining the size of graphitic

crystallites in any carbon structure. It is accepted that the

increase in the D/G ratio corresponds to the increase in the

correlation length of the graphitic crystallites. It was shown

that the D/G ratio for carbon materials varies between 0

(100 % amorphous carbon) and *2.5 (fully nanocrystalline

graphite) [39, 50]. In the measured Raman spectrum in

Fig. 5c, G-band and D-band peak positions and their area

ratio (D/G = 2.55) of the FEBID carbon nanojoints indi-

cate the characteristics of nanocrystalline graphite whose

electrical resistivity is on the order of 10-6 X-m [46]. The

inset of Fig. 5c shows the Raman mapping of graphitic

contact structures with bright domains corresponding to the

highest (graphitic) G-band peak areas.

2.4.2 FEBID graphitic nanojoints for graphene-metal

contact

We have extended application of FEBID to making

graphene-metal interconnects in order to reduce contact

resistance at the graphene-metal interface. Three fabrica-

tion protocols for forming a multilayer (ML) graphene-

metal interconnect via FEBID ‘overlayer’ (Device struc-

ture I), ‘‘post-deposited’’ (Device structure II) and ‘‘pre-

deposited’’ (Device structure III) ‘interlayer’ were devel-

oped, as described in Fig. 6. ML graphene was obtained by

mechanical exfoliation from highly ordered pyrolytic

graphite (HOPG) using a scotch tape and transfer onto SiO2

(90 nm)/Si substrate.

The smallest thickness of the ML graphene samples

used in this work was *3 nm, which corresponds to *9

layers of graphene sheets. Thus, all the ML graphene

samples are expected to have no response to perpendicular

external electric field, which means that electrical con-

ductivity should be constant regardless of the gate voltage

(Vg) modulation [51]. Also, since the work functions

(WFs) of all three contact materials are similar in range

(graphene: 4.6 eV, amorphous carbon: 4.5 eV, and Cr/Au:

4.3 eV), all the devices should exhibit the Ohmic behavior

[43, 44, 52]. This was confirmed by three-terminal (d:

drain, s: source, g: gate) electrical measurements (Ids - Vds

Multiple Aligned MWCNTs 
for FEBID contacts
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Fig. 5 a SEM image of MWCNT-metal interconnect with FEBID

graphitic nanojoints (insets), b electrical measurements—three stages

of reduction of the overall interconnect resistance with FEBID carbon

nanojoint fabrication and subsequent annealing, and c Raman

spectrum of FEBID graphitic nanojoints indicating the characteristics

of nanocrystalline graphite with inset showing a Raman map of G

peak domains (brightest areas) of FEBID graphitic contact interface

indicating that the deposits are fully graphitized
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and Ids - Vg) for all the device structures, and accordingly,

we evaluated the device resistance from Ids - Vds using the

linear fitting based on the Ohm’s law. All electrical mea-

surements were performed using a two-terminal method at

a fixed gate voltage of Vg = 0 V.

Device structure I adds an additional conductive path

through the FEBID carbon ‘overlayer’ nanojoints

between the ML graphene and metal terminals. An

interconnect between the 38-nm-thick ML graphene and

metal electrodes, as shown in Fig. 7a, was fabricated

using e-beam lithography followed by Au (30 nm)/Ti

(10 nm) deposition using e-beam evaporator and lift-off

procedure. The ML graphene was characterized using

confocal Raman spectroscopy with minimum laser

power. In the Raman spectrum of graphene or graphite,

D-band peak is related to increase of the disorder in sp2

sites, and thus, low D/G intensity ratio indicates high

quality of graphene. Accordingly, we can conclude that

the ML graphene has high quality with vanishing D/G

ratio as shown in Fig. 7b, c) shows the device structure

with FEBID carbon ‘overlayer’ nanojoints covering one-

third of one graphene-metal contact width. The sectional

AFM profile of the device in Fig. 7d shows the thickness

profile of metal electrodes and FEBID carbon ‘overlayer’

nanojoints to graphene, indicating that the FEBID carbon

‘overlayers’ fully (i.e., with no connectivity breaks) link

graphene and metal electrodes forming an electric

interconnect.

To demonstrate the effect of FEBID carbon ‘over-

layer’ nanojoints on electrical performance of the ML

graphene device, two-terminal (drain-to-source) electri-

cal measurements are adequate since gate voltage has no

effect on electrical conductivity of the device in the case

of multilayer graphene. The Ids - Vds data in Fig. 8a

show linear behavior indicating Ohmic contact at the

ML graphene-FEBID carbon–Au junctions. Figure 8b

shows the reduction of the device resistance with FEBID

‘overlayer’ nanojoints and inset shows the electrical

measurement setup. Initial reduction of the device

resistance by 14 % resulted from forming an additional

conductive path for electrons through the FEBID of

hydrogenated amorphous carbon (H:aC). Further reduc-

tion was achieved by post-deposition thermal annealing

of FEBID nanojoints in vacuum (P * 10-5 Torr)

Fig. 6 Schematic of the three

strategies for fabrication of

graphene-metal interconnects

via FEBID graphitic nanojoints

Fig. 7 a AFM image of the as-fabricated ML graphene-metal device,

b Raman spectrum of ML graphene showing its high quality, c AFM

image of a device with FEBID carbon ‘overlayers’ formed at both

electrodes and d AFM sectional profile showing connection of the ML

graphene and metal electrodes via FEBID carbon ‘overlayers’
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resulting in graphitization and improvement of carbon

electrical conductivity. The first annealing step was done

at 100 �C (with the temperature ramp rate: 5 �C/min)

during which the dehydrogenation occurs in the as-

deposited FEBID H:aC nanojoints [39], which led to

reduction of the device resistance by only 4 %. After

annealing at 310 �C, an additional decrease of the device

resistance by 7 % was observed. The Raman G-band

peak position and D/G area ratio for the annealed

nanojoints were measured as 1,587.9 cm-1 and 1.88

(Fig. 8c), respectively, indicating the partially graphitic

structure with an increase of sp2 carbon network

domains. Overall, this multi-step procedure resulted in

30 % reduction of the device resistance with addition of

FEBID graphitic conductive path, compared to the as-

fabricated standard metal contact. One would expect that

additional annealing at an elevated temperature or

increasing the annealing time should further improve the

contact resistance. Also, it is worth to note that further

reduction of the contact resistance can be achieved by

increasing contact width of FEBID nanojonits at ML

graphene-metal interface.

The electrical properties of the graphene-metal contact

are determined by the nature of electronic interactions,

which are defined by molecular binding at the interface

(i.e., physical/van der Waals vs. chemical/covalent bond-

ing). Our DFT calculations shown in Fig. 1 indicate that

the carbon atom as an interfacial link has strong chemical

binding on the basal plane of graphene, and its binding

energy is stronger than that of Ti contact to graphene,

which is the best metallic material with contact resistivity

of 2e-4 X-m [17, 20]. This suggests that FEBID graphitic

nanojoints should also improve intrinsic interfacial prop-

erty at the graphene-metal contact. Guided by this insight,

device structures II and III were explored to improve the

intrinsic interfacial property of graphene-metal contact

using thin FEBID carbon ‘interlayers’.

Figure 9a shows the fabrication protocol of a ML

graphene-metal interconnect with ‘post-deposited’ FEBID

interlayer (Device structure II). An AFM image shows

formation of the FEBID carbon interface to ML graphene

with thickness of *7 nm, corresponding to *21 layers of

graphene. At the targeted graphene regions (red box), metal

electrodes were fabricated using e-beam lithography fol-

lowed by Au(20 nm)/Cr(10 nm) deposition and lift-off

procedure. After fabrication of metal electrodes, focused

electron beam with spot size 3(*30 pA) and beam energy

of 25 keV was exposed on top of ML graphene-metal

contact areas to fabricate atomically thin FEBID carbon

‘‘interlayer’’ using entrapped hydrocarbon contaminations

as precursor molecules.

Device structure III described in Fig. 9b was fabricated

by firstly depositing a thin FEBID carbon interlayer

(thickness *1.4 nm) on ML graphene (thickness *3 nm)

followed by Au (20 nm)/Cr (10 nm) deposition on top of

FEBID carbon interlayer. While a complete, uniform sur-

face coverage with FEBID carbon interlayer can be guar-

anteed in this device structure, interfacial coupling between

the FEBID carbon interlayer and a metal electrode would be

worse than that for a ‘post-deposited’ FEBID interlayer in

the device structure II since metal deposition on ‘pre-

deposited’ FEBID interlayer would result in a weak

(physical interaction) binding similar to the standard metal

contact to graphene. In order to enhance the interfacial

property between FEBID carbon interlayer and metal, we

additionally scanned the top of metal-FEBID interlayer-ML

graphene contact areas by the focused electron beam,

attempting to improve interfacial binding similar to the

device structure II with the ‘post-deposited’ interlayer. For

each ML graphene sample, reference standard metal con-

tacts were also fabricated for side-by-side comparison of

electrical performance. For all devices, thermal annealing in

vacuum was performed to graphitize the FEBID carbon

interlayers and to improve their electrical conductivity.

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

-4

-2

0

2

4
I
d
 (mA)

V
d
 (V)

 As-fabricated
 As-deposisted
 Annealed at 100 C
 Annealed at 310 C

(a)

1 2 3 4
180

200

220

240

260

R
to

t (Ω
)

Process ID #

30 % reduction 
in device resistance

Process # 1: As-fabricated only with metal contact
Process # 2: As-deposited FEBID contact
Process # 3: 1st annealing (at 100 °C) 
Process # 4: 2nd annealing (at 310 °C) 

(b)

1000 1200 1400 1600 1800

0

400

800

1200

1600

In
te

ns
ity

 (
a.

u)

Raman Shift (cm-1)

G-peak position: 1587.9 ± 1.2
D-peak: 1375.2 ± 3.1
D/G area ratio: 1.88 ± 0.14

(c)

Fig. 8 a Electrical measurements for the ML graphene device with

FEBID carbon ‘overlayer’ using the two-terminal method, b the

reduction of the device electrical resistance achieved with FEBID

graphitic ‘overlayer’ nanojoints, and c Raman spectrum after thermal

annealing at 310 �C in vacuum (P * 10-5 Torr) indicating the

graphitic structure of FEBID ‘overlayer’ nanojoints
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Figure 10 shows the Ids - Vds measurements for all

devices at zero back-gate voltage. Figure 10a, b is for the

devices with post-deposited and pre-deposited FEBID

carbon interlayer, respectively, while Fig. 10c, d is for the

devices with a standard metal contact only for comparison.

Focused electron beam scanning over the metal contact

area, hereafter referred to as ‘post-deposition’ of FEBID

interlayer, improved the electrical conductivity of a device

with the pre-deposited FEBID interlayer (Fig. 10b), while

it does not appear to make any significant contribution to

the device with the post-deposited FEBID interlayer

(Fig. 10a). It is clear that ‘post-deposition’ of FEBID car-

bon interlayer improves the interfacial property, but dif-

ferences in contribution of the FEBID carbon interlayer in

the two device structures are due to the parasitic deposition

of a thin carbon film on the graphene conduction channel,

which introduces scattering sites for electron transport. For

the device with pre-deposited interlayer, graphene channel

is already contaminated by a thin film of FEBID carbon

during the pre-deposition and thus further contamination

does not influence the electron transport through the

graphene channel. However, for the device with post-

deposited interlayer, the parasitic thin carbon film on top of

‘clean’ graphene channel increases the channel resistance

of the as-fabricated device, along with improving the

intrinsic interfacial binding and electronic coupling at the

graphene-metal contact. Thus, one can expect that there

should be a ‘trade-off’ between an increase of the channel

resistance due to the parasitic deposition of carbon versus

the reduction of the contact resistance owing to the

improved electronic coupling at the contact interface.

Interestingly, despite a negative effect of FEBID carbon on

the channel resistance, one finds that the devices with the

FEBID interlayers exhibit an improved electrical conduc-

tivity upon thermal annealing in vacuum. On the other

hand, annealing of standard metal contacts does degrade

performance (Fig. 10c, d), likely due to interfacial

breakdown.

In order to clearly identify the contribution of the

graphitic interlayer, the linearity of Ids - Vds curves (an

indicator of Ohmic contact) and device resistance nor-

malized by the contact width (yielding the device resis-

tivity) are examined in Fig. 11a, b, respectively. Focused

electron beam scanning (process ID #2) and thermal

annealing at a moderate temperature (310 �C) in vacuum

(process ID #3) improved the I–V linearity (Ohmic

behavior) almost to an ideal limit with a FEBID inter-

layer, while thermal annealing of devices with standard

metal contacts (Fig. 11a) even at low temperature

degraded the linearity of I–V curves. The same trend can

Fig. 9 Schematics and the corresponding AFM and SEM images for

mechanically exfoliated ML graphene devices with (a) post-deposited

(i.e., after pad metalization) and (b) pre-deposited (i.e., before pad

metalization) FEBID carbon ‘interlayer’ to improve intrinsic interfa-

cial properties at the ML graphene-metal contacts
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Fig. 10 Electrical measurements for devices with a post-deposited

FEBID carbon ‘interlayer’, b pre-deposited FEBID carbon ‘inter-

layer’, c, d standard metal contacts only. All measurements were

performed at Vg = 0 V using two-terminal method, and thermal

annealing was performed in vacuum, P * 10-5 Torr
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be observed in the device resistivity in Fig. 11b. This

result implies that FEBID interlayer improves both the

electrical and thermo-mechanical properties at the

graphene and metal interfaces. However, after high

temperature annealing (530 �C), the linearity for all

devices decreased showing the rectifying behavior, and

the device resistance continues to increase after repeating

the bias voltage sweep from -4 to 4 V as shown in

Fig. 11c, which indicates that the interfaces are degraded

when excessive temperature is applied for interface

conditioning. Device resistivity after high temperature

annealing (process ID #4) in Fig. 11b was obtained from

the initial measurement of Ids - Vds before degradation

due to repeated electrical biasing. While repeating the

bias voltage sweep increases the electrical resistivity of

all devices, high temperature annealing (process ID #4)

reduces the device resistivity with FEBID interlayer, as

shown in Fig. 11b. It is likely owing to an increased

graphitization (and improved electrical conductivity) of

the interlayer despite the interfacial breakdown. Yet,

after repeated measurements, the interfacial breakdown

appears to overwhelm the improvement of the interface

electrical conductivity due to the FEBID graphitic

interlayer, which poses a significant challenge to prac-

tical applications of the proposed interface improvement

method. These observations motivate additional efforts to

understand the mechanism of interface degradation upon

annealing and to develop an improved methodology for

graphitizing the FEBID carbon ‘‘interlayer’’ interface at

low temperature.

2.4.3 FEBIE for resist-free patterning of graphene devices

A high-resolution and resist-free graphene patterning

technique is one of key enabling technologies directly

relevant to fabrication of graphene devices. The electronic

state of graphene can be tuned by controlling its width and

edge structure. For example, interconnect applications

require graphene with metallic characteristics, whereas

transistors require graphene to be semiconducting with a

definite band gap. To this end, we and other groups

explored the reactive gas-assisted focused-electron-beam-

induced etching (FEBIE) of graphene [36–38]. An in-

house-developed gas injection system was used to intro-

duce the focused O2 flow onto designated areas of graphene

for etching, as shown in Fig. 12. Ionization of O2 gas

molecules by electron beam exposure results in the highly

reactive ionized O2 gas plasma, which reacts with/oxidizes

carbon atom of graphene. Figure 12 compares the AFM

images of the areas exposed and unexposed to EBIE. It

shows that FEBIE results in formation of the porous

structure in graphene with the nanopits of the depth around

6 nm. Using a similar approach, Thiele and co-workers

demonstrated ‘‘direct-write’’ graphene patterning via FE-

BIE with spatial resolution better than 20 nm [38]. This

initial demonstration of possibility to etch graphene using

electron beam is a promising result, and with further fun-

damental understanding and optimization, FEBIE has a

potential to become a powerful technique for resist-free

patterning of graphene.

2.4.4 Energetic inert gas jet for control of conduction

channel contamination in FEBID

Parasitic deposition of a carbon ‘‘halo’’ film due to both

the widely spread, high-energy backscattered primary

electrons and longer range secondary electrons reaching

the graphene surface outside of the metal-graphene contact

area has a detrimental effect on the electronic properties of

the pristine conduction channel due to high sensitivity of

graphene to doping by adsorbed or surface-bound impu-

rities. Thus, if FEBID were to be successfully used for
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Fig. 11 a Linearity of Ids - Vds curves after each step (process ID)

of the experimental process, and b device resistivity (normalized by

contact width) for graphene devices with post- and pre-deposited

FEBID carbon interlayer versus reference devices with only standard

metal contacts. c Repeated measurements after high temperature

annealing at 530 �C by sweeping the bias from -4 to 4 V, resulting in

an increase of the device resistance which indicates the interfacial

breakdown. Process ID #1: as-fabricated, #2: focused electron beam

scanning over graphene-metal contact area, #3: annealed at 300 �C,

and #4: annealed at 530 �C
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making contacts to graphene-based electronic devices a

provision needs to be made for managing this parasitic

carbon film deposition. One promising approach to this

challenge is to exploit the impact-induced desorption of

the surface-bound contaminants, including hydrocarbon

species acting as precursors for FEBID, by impingement

of high kinetic energy jet of inert gas molecules prior to

turning the electron beam on for deposition [32]. This is

the third and important ‘‘leg’’ of the multi-functional

FEBIP environment [33], which we advocate in this article

as the way forward for the FEBIP application as a ‘‘direct-

write’’ multi-functional tool for carbon nanoelectronics.

Importantly, such an energetic gas jet can be readily

integrated within the SEM chamber of a typical FEBIP

setup (see, for example, Fig. 12), thus minimizing the

number of auxiliary steps prone for picking up additional

contamination between the surface cleaning and deposi-

tion/etching processes in a typical device fabrication

workflow. We have shown that an energetic inert (Ar) gas

jet is as an effective means to enhance desorption of

hydrocarbon contaminants from the substrate for the sur-

face cleaning during SEM imaging, which minimizes the

parasitic carbon deposition [32]. Figure 13 shows one of

possible workflows for energetic-gas-jet-assisted FEBIP of

metal-to-graphene interconnect, which utilizes this

technique to remove the adsorbed contaminants/possible

precursors from the graphene conduction channel regions,

while selectively depositing FEBID carbon interlayer only

at the graphene-metal contact region where precursor

source remains protected under the metal.

2.5 FEBIP? X methods for resist-free semiconductor

nanostructure manufacturing

In this section, we briefly highlight an emergence of hybrid

techniques, which exploit unique capabilities of FEBIP for

high-resolution, negative (deposition)/positive (etching)

resist-free patterning in combination with batch material

deposition/removal chemistry, for solving some of the key

challenges of semiconductor manufacturing industry.

While the standard semiconductor fabrication techniques,

such as plasma etching, ion etching, and deep reactive ion

etching (DRIE), have successfully been used to fabricate

electronic devices of varying degrees of complexity, two

issues remain unresolved as feature sizes shrink into the

nanoscale. First, fabrication of high-aspect-ratio nano-

structures with smooth side walls has been elusive. For

example, the maximum aspect ratio of silicon nanowires

achievable with DRIE fabrication can be pushed to about

*50:1; however, the process leaves very rough and

Fig. 12 a SEM image showing the gas injection system for FEBIE

(electron-beam-induced etching) procedure, and b AFM images of the

graphene surfaces exposed and unexposed to FEBIE, which shows the

FEBIE produces uniformly distributed, etched nanopits (depth

*6.5 nm) on the graphene surface

Fig. 13 Schematic of the FEBID carbon ‘‘interlayer’’ fabrication procedure as a contact between metal and graphene with an assistance of

energetic, inert (e.g., Ar) gas jet for cleaning of precursor molecules from the graphene conduction channel
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scalloped sidewalls. Second, and perhaps most critical, the

need for resist layer spinning limits application of resist-

based masking techniques in making complex nanostruc-

tures with varying feature height in subsequent fabrication

steps. A hybrid (FEBIP?X) approach, which combines the

focused-electron-beam-assisted deposition/etching (FE-

BID/FEBIE) of amorphous carbon (aC) with metal-assisted

chemical etching (MaCE) has a unique features that could

help address both of these challenges.

The FEBIP?MaCE method exploits a well-established

chemistry of substrate-selective MaCE in novel combina-

tion with carbon deposition by FEBID as a ‘‘negative’’

masking step and/or carbon removal by water/oxygen-

assisted FEBIE as a ‘‘positive’’ masking step to make

unique three-dimensional nanostructures on semiconductor

substrates. The speed of FEBID carbon mask deposition is

comparable to the writing speed of Electron Beam

Lithography, while the MaCE etching rate is known to be

in the range of etching rates of DRIE. We have established

an essential proof of principle for the proposed FEBID/

FEBIE-MaCE process—that is that the 3–4-nm-thick bar-

rier layer of amorphous carbon (aC) can be imbedded using

FEBID underneath the layer of metal catalyst nanoparticles

to locally block MaCE of silicon substrate with nanoscale

resolution (sub 10 nm), thus yielding a ‘‘negative’’ mask

for complex nanostructure fabrication (Fig. 14). With

optimized process parameters, such as catalyst nanoparticle

size distribution and FEBID masking procedure, fabrica-

tion of solid 3D silicon nanostructures with sharp edges

and straight walls has been demonstrated [53, 54].

To achieve a capability for hierarchical fabrication of

different aspect ratio nanostructures on the same semicon-

ductor substrate (e.g., Fig. 15), the fabrication steps need to

be interchanged by first depositing the metal nanoparticle

catalyst layer everywhere on the substrate surface and then

using either FEBID or FEBIE to create ‘‘negative’’ or

‘‘positive’’ carbon masks atop of the metal layer followed by

a timed MaCE etching after each masking step. Thus, FE-

BID of carbon on top of densely packed metal particles,

which is required for MaCE of 3D structures, will also yield

a thin carbon layer beneath and in-between the particles.

Similarly, water/oxygen-assisted FEBIE can locally remove

an evaporated/sputtered carbon film from the top and within

the interparticle spaces of the porous metal catalyst network.

Since the metal nanoparticles always remain in direct con-

tact with a semiconductor substrate, each MaCE step can be

followed by FEBID/FEBIE of another carbon mask,

resulting in fabrication of hierarchal nanostructures of

Fig. 14 Schematic of a three-step process ‘‘direct-write’’ process

with (1) FEBID carbon ‘‘hard’’ masking, (2) metal (gold) catalyst

deposition, and (3) area selection MaCE silicon removal, yielding in

high-aspect-ratio-free standing silicon nanostructures of complex

geometry and straight walls, shown in progression of SEM images of

Georgia Tech logo with 100 nm line-width etched for a 15 s,

resulting in *225 nm wall height and b 30 s, resulting in *700 nm

wall height

Fig. 15 Process flow diagram

for hybrid FEBID/FEBIE-

MaCE resulting in hierarchal

3D nanostructure fabrication
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varied height and topological complexity. Upon multiple

masking-etching steps, including a possibility for substrate

tilting and rotation during FEBID/FEBIE masking steps,

essentially an arbitrarily topologically complex 3D semi-

conductor nanostructure or an array of nanostructures will

emerge. Such high-aspect-ratio hierarchical nanostructures

with complex 3D geometry [55] should enable a much

greater functionality, which are beyond the capabilities of

conventional lithographic ? batch deposition/etch chemis-

try approaches used for semiconductor manufacturing and

will, without doubt, be beneficial to a host of existing and

new applications of opto-electro-mechanical devices and

new integrated circuit architectures.

3 Summary and outlook

Focused-electron-beam-induced processing (FEBIP) is an

emerging method for ‘‘direct-write’’ fabrication of topo-

logically complex three-dimensional nanostructures from

a variety of materials, which is relatively low cost, inflicts

minimal surface damage to the substrate, and can achieve

high feature resolution. Despite these compelling capa-

bilities, until recently the FEBIP application to electronics

manufacturing has been limited to specialized niches,

such as for example lithographic mask repair. This is

likely due to limited throughput of the technique and

scalability challenges common to all beam-based manu-

facturing techniques which make parts sequentially, one

at the time. However, an emergence of new electronic

materials, such as carbon nanotubes and graphene, brings

about both the new opportunities as well as unique

challenges to their patterning and processing methods,

especially in the case of hybrid devices which require

integration of conventional CMOS with carbon compo-

nents. In this context, the needs for circuit customization

and managing electrical/thermal/mechanical interfaces

associated with integration of dissimilar materials make

the flexibility afforded by the FEBIP’s ‘‘direct-write’’

capability appealing. This is further amplified by a fact

that electron-beam-induced deposition has some unique

aspects that are fundamentally not possible to accomplish

using any other conventional integrated circuit fabrication

techniques. In particular, an ability to modify the buried

interfaces, which are externally inaccessible, via the

penetrating electrons of appropriately tuned beam energy,

and to form the imbedded deposits performing as an

interfacial ‘‘glue’’ with tunable electrical/thermal/

mechanical properties (e.g., poorly conducting but highly

compliant amorphous carbon vs. graphitic carbon with its

superior electrical and thermal conductivity) provide

intriguing opportunities to enable unique applications for

carbon nanoelectronics.

The materials processing capabilities offered by FEBIP

are especially compelling when it is done in combination

with other ‘‘beams’’ of energetic particles (photon, mole-

cules, etc.), as it establishes an intimately integrated multi-

functional processing environment that has a potential for

realizing the Richard Feynman’s vision for the focused

beam-based additive nanomanufacturing—that is ‘‘we

could write with that spot like we write in a TV cathode ray

oscilloscope, by going across in lines, and having an

adjustment which determines the amount of material which

is going to be deposited as we scan in lines.’’ It is our

opinion that this avenue for future FEBIP development is

most promising from the applications’ prospective, as an

emerging multi-functional (electron/photon/molecule

beam) FEBID/FEBIE operation would enable one to define

shapes (patterning), form structures (deposition/etching),

and modify (cleaning/doping/annealing) properties with

locally resolved control on nanoscale within the same tool

without ever changing the processing environment. This, in

turn, should allow for (1) increasing the process throughput

by minimization of a number of intermediate ‘‘handling

steps’’ (which is a deficiency for all beam-based techniques

as compared to batch fabrication), (2) the possibility to

create almost an arbitrarily diverse portfolio of different

device structures/functionalities on the same substrate due

to ‘‘direct-write’’ nature of the approach, and (3) the capa-

bility for local property control/modification while mini-

mizing the parasitic substrate contamination in the course of

processing, which is especially critical for graphene-like

electronic materials, whose properties are highly sensitive

to intended or unintended dopants.

While development and transition to industrial use of

multi-functional FEBIP environment will require sub-

stantial advances in both fundamental understanding of

multiple interacting processes and new technological

solutions and, therefore, has longer term horizon, the

hybrid approaches combining FEBIP with standard batch

semiconductor processing methods have near to mid-term

potential for impacting the practical applications by

extending the range of possible structures and device

architectures that can be produced using conventional

techniques. An example of such a hybrid approach, the

FEBID/FEBIE-MaCE process, is as fast in pattern defini-

tion and etching speed as any other nanostructure fabrica-

tion techniques, but, owing to its resist-free nature, it is

significantly simpler, more flexible and robust as compared

to the current state-of-the-art 3D nanofabrication tech-

niques. Furthermore, the FEBID/FEBIE-MaCE process

also has potential for controllable pattern definition of sub

10 nm features that enable formation of high-aspect-ratio

3D nanostructures with smooth walls. This yields a ver-

satile and low-cost fabrication method (FEBID/FEBIE-

MaCE) of high-aspect-ratio hierarchical 3D semiconductor
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nanostructures with complex topology and through-depth-

variable geometry.

Lastly, with recent advances in development of multi-

electron-beam systems, there is an expectation that a

diverse family of emerging FEBIP-based techniques,

including those summarized in this article, can be further

scaled up to achieve a substantial increase in throughput,

which will further enhance its cost competitiveness and

should promote greater penetration to a broad range of

semiconductor device manufacturing and materials pro-

cessing applications. This provides strong motivation for

in-depth fundamental studies of interacting physical,

chemical, and engineering aspects of this very potent

‘‘direct-write’’ nanomanufacturing technology, as well as

active exploration of new FEBIP applications to emerging

fields of carbon nanoelectronics and hybrid opto-electro-

mechanical devices.
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