
Field-Effect Transistors Based on Thermally Treated Electron Beam-
Induced Carbonaceous Patterns
Narendra Kurra, Venkata Srinu Bhadram, Chandrabhas Narayana, and G. U. Kulkarni*

Chemistry & Physics of Materials Unit and DST Unit on Nanoscience, Jawaharlal Nehru Centre for Advanced Scientific Research,
Jakkur P.O., Bangalore 560 064, India

*S Supporting Information

ABSTRACT: Electron beam-induced carbonaceous deposition (EBICD) derived
from residual hydrocarbons in the vacuum chamber has many fascinating properties.
It is known to be chemically complex but robust, structurally amorphous, and
electrically insulating. The present study is an attempt to gain more insight into its
chemical and electrical nature based on detailed measurements such as Raman, XPS,
TEM, and electrical. Interestingly, EBIC patterns are found to be blue fluorescent
when excited with UV radiation, a property which owes much to sp2 carbon clusters
amidst sp3 matrix. Temperature-dependent Raman and electrical measurements have
confirmed the graphitization of the EBICD through the decomposition of functional
groups above 300 °C. Finally, graphitized EBIC patterns have been employed as
active p-type channel material in the field-effect transistors to obtain mobilities in the
range of 0.2−4 cm2/V s.
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1. INTRODUCTION
Carbon is unique, exhibiting a variety of nanoallotropes. Start-
ing from the discovery of the zero dimensional allotrope C60,
the saga of carbon nanotubes (1D) and more recently graphene
(2D) is astounding. In hindsight, fullerenes and nanotubes may
be viewed as single layers of sp2 graphene rolled in different
fashions.1,2 The way the dimensionality brings about diverse
properties in carbon is something unparalleled.1−4 Although the
electrical transport in these materials owes much to the
prevalent sp2 hybridization, an admixture of sp3 at corners and
bends always induces defect levels in a given morphology which
often are responsible for the observed interesting properties.2,5

For instance, C60 contains both hexagonal (sp2 bonding) and
pentagonal rings (sp3 bonding) where the pentagonal rings
tend to avoid the delocalization of electrons, making an alkene-
like electron deficient system exhibiting semiconducting
properties.6 Carbon nanotubes are considered as bucky tubes
with cylindrical morphology, where the properties can be tuned
from semiconducting to conducting depending on the tube
diameter and chirality.7 Graphene with lateral dimensions of
more than 0.3 μm behaves as a semimetallic system.8 The edge
states of graphene can be metallic or semiconducting depend-
ing on the configuration- zigzag or arm chair respectively.9 The
graphene nanoribbons (widths ∼ a few tens of nanometers)
show semiconducting properties with opening of a band gap
due to edge scattering and quantum confinement.10 These
nanoallotropes find applications in photovoltaics, field effect
transistors, sensors and supercapacitors etc.1−10

The eldest cousin of these allotropes, the amorphous carbon
(a-C), is after all a good mix of sp2 and sp3 hybridized carbon

atoms, exhibiting both diamond- and graphite-like properties
depending on the sp3/sp2 ratio, the higher the ratio the
better the chemical stability, optical transparency, and
mechanical properties.11−13 Thus, a-C structures have been
used as protective coatings for hard discs,14 and joint
implants in the field of medicine.15 However, the use of a-C
material in the electronic devices has been limited due
to presence of high density defect states. Graphitization of
a-C through thermal treatments may reduce the defect
states, making it usable as active material in the functional
electronic devices. Recently, Ruan et al. have demonstrated
the growth of high-quality graphene on Cu foils starting from
natural carbon sources such as food, insects and waste, by
thermal treatment in forming gas.16 Otherwise, carbon
deposits in the form of thin films are usually obtained by
chemical vapor deposition,17 pulsed laser deposition,18 arc
discharge methods19 and sputtering.20 The above methods
involve high temperature and intense plasma conditions
where the nature of the carbon produced depends on the
deposition conditions and type of the precursor source.21−23

Although these techniques may offer control on the elec-
trical properties of the carbon deposit, producing patterned
carbon deposits with tunable electrical properties at desired
locations is still challenging. Here, we employ the direct
write technique of electron beam induced carbonaceous
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deposition (EBICD) to produce patterned regions that have
been graphitized by vacuum annealing.
EBICD is usually performed either by supplying the

scanning electron microscope (SEM) chamber with a
hydrocarbon source such as pump oil24−26 and paraffin27

or using residual hydrocarbons28 present in a low grade
vacuum environment. It is chemically robust and electrically
insulating in nature. Therefore, it has been employed as an
etch resist for micromachining,29,30a local dielectric in diode
fabrication and CNT circuits,26,28 and as a glue to lower the
electrical contact resistance and strengthen the mechanical
characteristics of CNT junctions31−33 and CNT-AFM tip
interfaces.34−37 Here, in this article, we present a systematic
study on the fabrication and electrical characterization of the
carbonaceous deposits. Although these findings bring
together and augment the literature results,24−28 we have
further investigated the possibility of improving the electrical
nature of the patterned deposits by thermal treatment, which
for the first time has led to the fabrication of field effect
transistors based on EBICD.

2. EXPERIMENTAL SECTION
An n-type Si wafer (ρ = 4−7 Ω cm) was cleaned by sonicating in
acetone followed by a rinse in double-distilled water for 2 min.
Electron-beam-induced carbonaceous deposition was performed using
a field-emission SEM (Nova Nano SEM 600, FEI Company) with a
chamber pressure of 1 × 10−4 Torr, at a working distance of 3−4 mm.
Selected regions on the substrate were exposed to e beam dosages of
0.7−2.5 C cm−2 at 10 kV in the patterning mode, large area
depositions are made by raster scanning of the e beam in the TV
mode. AFM imaging was done on a diInnova SPM (Veeco, USA)
using Si probes (model, RTESPA, spring constant 40 N/m) in tapping
mode. X-ray photoelectron Spectroscopy (XPS) measurements have
been carried out using Omicron SPHERA spectrometer with
nonmonochromatic AlKα X-rays (E = 1486.6 eV). Raman spectra of
EBICD samples were recorded in the backscattering geometry using a
532 nm excitation from a diode pumped frequency doubled Nd:YAG
solid state laser (model GDLM −5015 L, Photop Swutech, China) and
a custom-built Raman spectrometer equipped with a SPEX TRIAX
550 monochromator and a liquid nitrogen cooled CCD detector
(Spectrum One with CCD3000 controller, ISA Jobin Yvon).Temper-
ature-dependent Raman studies were done using a heating stage
(Linkam THMS 600) equipped with a temperature controller

Figure 1. (a) Schematic illustration of the process of electron beam induced carbonaceous deposition (EBICD). (b) AFM topography of the EBICD
on Si surface along with the z-profile is shown.

Figure 2. (a) C1s and O1s core-level spectra of the EBICD on Si. The SEM image of the EBIC deposit over large area used for XPS measurement is
shown in the inset. Curve fitting of the C1s and O1s spectra was performed assuming a Gaussian peak shape after appropriate background
correction. (b) The FT-IR spectrum of EBICD with the presence of C−H stretching vibrational modes. (c) Raman spectra showing the
deconvoulted D and G bands of the EBICD. The overlapping D and G bands were deconvoluted by fitting two Gaussian peaks.
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(Linkam TMS 94). The confocal fluorescence images were recorded
using a Zeiss LSM 510 laser scanning confocal microscope. For
transmission electron microscopy (TEM), the deposition of carbona-
ceous platforms has been performed on the holey carbon film of the
Cu TEM grid. This grid was used for TEM and selected area electron
diffraction (SAED) analysis in a JEOL-3010 instrument operating at
300 kV. Vacuum annealed EBIC deposits on the SiO2/Si surface have
been transferred to TEM grid by means of polymethylmethacrylate
(PMMA). 50 μL of 3 wt % PMMA (Mw ≈ 996 000, Sigma-Aldrich)
was drop-coated on the annealed EBIC patterns followed by curing at
150 °C for 2 min. The PMMA film was mechanically peeled off using
tweezers. The PMMA film containing EBIC patterns is placed on the
TEM grid followed by dissolving the PMMA film after exposing to
acetone vapors. The EBIC pattern (thickness ≈ 5 nm) was deposited
by irradiation of electron beam (e-dosage 0.7 C cm−2 at 10 keV) on a
300 nm SiO2/Si substrate. This sample was vacuum annealed
(pressure =4 x10−5 Torr) at a temperature of 500 °C for 30 min to
induce graphitization. Finally, 60 nm thick gold source-drain electrodes
were deposited (top contacts) by physical vapor deposition (Hind Hivac,
Bangalore) through a carbon fiber (diameter, 9 μm) such as P100 as a
shadow mask. Transistor measurements were performed using a Keithley
236 multimeter along with a 9 V battery pack for gate voltage.

3. RESULTS AND DISCUSSION

We first examine the chemical nature of the EBICD in some
detail and the schematic in Figure 1a illustrates the EBICD
process. Our SEM vacuum chamber is pumped by a
turbomolecular pump (entire pumping system is designed oil-
free at a base pressure of 1 × 10−4 Torr), which is equipped
with a nitrogen-purged bearing and is backed by a scroll pump.
At this vacuum, water and oxygen exist as residual gases along
with possibly little of nitrogen. The hydrocarbon species
originate from degassing of the sample holder, conducting glue,
etc., enough to cause EBICD under the intense electron beam.
E beam seems to induce the cross-linking of hydrocarbon
molecules into some polymeric species. This has been well-
discussed in the literature.24−37 The exact chemical reactions
leading to EBICD are however, unclear. It is believed that when
an electron beam is focused on a substrate, the hydrocarbon
molecules in the proximity undergo complex reactions leading
to carbonaceous deposition containing sp3 and sp2-functional-
ized carbon.24−28 The carbonaceous deposition on Si substrate
has been performed (see Schematic in Figure 1a) with e dosage
of 2.5 C cm−2 at 10 kV beam energy. The corresponding AFM
image of the EBIC deposit with z-profile showed a nominal
thickness of 5 nm with the peripheral regions slightly elevated
where the beam returns (see Figure 1b). The thickness of
the EBIC deposits can be controlled (from ∼1 to 4 nm as
the e dosage increased from 1 to 2.5 C cm−2) depending on
the residual pressure in vacuum and e dosage conditions
(see Figure S1 in the Supporting Information). Dhaval et. al
have also studied the fabrication of EBIC deposits with varying
e-dosage conditions.38

X-ray photoelectron spectroscopy (XPS) analysis was
performed on the EBICD to examine the nature of the carbon
present. Figure 2a shows the core level spectra of the
EBICD. The C1s spectrum has the main peak at 285.1 eV
corresponding to sp3 C−C and C−H bonding and additional
peaks at 286.8 and 288.4 eV assignable to C−OH and O
C−OH species, respectively.39 The O1s peak positioned at
530.3 eV is assigned to OC−OH and that at 532.8 eV to
C−OH groups. The atomic ratio of carbon to oxygen was
estimated to be 3:1 for the EBICD. Since XPS does not
clearly distinguish sp3 C−C and C−H, we have characterized
through infrared (IR) analysis. The two vibrational modes at

2920 and 2856 cm−1 correspond to the aliphatic C−H
stretching modes40 (see Figure 2b), and this has also been
confirmed by the previous studies using various surface
spectroscopic studies.27

Raman spectroscopy plays an important role in the structural
characterization of graphitic materials, especially in providing
information about defects, stacking, and finite sizes of
crystallites parallel or perpendicular to the hexagonal axis.41

Performance of the graphitic materials for practical applications
is generally influenced by the defects present in these materials.
Hence the knowledge of the defects is an important factor in
understanding its mechanical and electrical properties. The
Raman spectra recorded on the EBICD is shown in Figure 2c.
The positions of the D and G bands are centered around 1389
cm−1 (fwhm, 274 cm−1) and 1557 cm−1 (fwhm, 126 cm−1),
respectively (see Figure 2c). In general, the G band relates to
the bond stretching vibrations of sp2 carbon atoms whereas the
D band originates from the breathing motion of the 6-fold
aromatic rings. The ratio of the intensity of D and G bands (ID/
IG) is proportional to the probability of finding 6-fold aromatic
rings which depends on the sp2 carbon cluster area in
amorphous carbon deposits.42 The D and G bands being
broad, is a clear signature of the amorphous nature of the
EBICD (see Figure 2c). Inset shows the EBIC deposits on Au
surface. The ID/IG ratio was found to be 0.57. It is to be noted
that the ID/IG ratio is found to be in the range of 0.57−0.88 in
the various samples investigated which is common in
amorphous carbon (see Figure S2 in the Supporting
Information). The emission map is shown in Figure 3

(excitation, 355 nm), where the EBIC deposits are seen as
blue fluorescent regions and the emission is nonuniform from
the EBICD. This weak fluorescent nature arises because of the
presence of the carbonyl, carboxyl, and hydroxyl functional
groups, which goes well with the XPS analysis. The emission
spectrum of the EBICD with a emission maximum at 485 nm
is shown in Figure 3b. Based on Raman measurements, the
G band arises from the sp2 carbon domains in the EBICD
(see Figure 2c). These sp2 carbon domains are surrounded by
the presence of functional groups which induces localization of
electrons giving rise to isolated sp2 clusters in the sp3 carbon
matrix.43 These clusters behave as luminescence centers or

Figure 3. (a) Confocal laser scanning image of the EBIC-deposits; the
fluorescence map was obtained by exciting at 355 nm. (b) Emission
spectrum of the EBICD with a emission maximum at 485 nm.
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chromophores exhibiting fluorescence, originating from the
recombination of electron−hole (e−h) pairs, localized within
small sp2 carbon clusters embedded within the functionalized
carbon sp3 matrix.
We have examined the microstructure of the EBICD using

TEM. The TEM images of the rectangular shaped carbona-
ceous platforms on the holey carbon grid are shown in Figure
S3a in the Supporting Information. However, it proved difficult
to decipher the sp2 clusters from the rest, due to their small
sizes (∼1 nm).43 The electron diffraction patterns from the
EBICD are diffused halos, indicating their amorphous nature
(see Figure S3b in the Supporting Information).27

Raman measurements have shown interesting changes as the
EBICD is heated in air at different temperatures (Figure 4). At

room temperature, the D band appears as a shoulder to the
G band. As the temperature increases, the fwhm of both D and
G bands decrease and peaks become prominent above 300 °C.

The G band appearing at 1561 cm−1 at room temperature shifts
gradually toward higher frequencies as the temperature is
increased to position itself finally at 1584 cm−1 at 500 °C,
similar to the observations of Dillon et al.44 Defects introduced
in the sp2 carbon network soften the phonon band which,
is responsible for broadening of the peaks. The upshift of the
G band together with its narrowing of the width indicates that
the EBICD becomes progressively defect free (decomposition
of functional groups to form nanocrystalline graphite) at higher
temperatures.44 As indicated in Figure 4, ID/IG is 0.88 at room
temperature, and it increases with temperature to reach 1.05 at
500 °C. The mean crystallite size is estimated to be ∼20 nm
using the formula41,42

= × λ− −L I I(nm) (2.4 10 ) ( / )a
10 4

D G
1

A significant increase in the ID/IG ratio with temperature
indicates that the growth of the sp2 carbon clusters induce
graphitic ordering in the EBICD.42

The growth of nanocrystalline graphitic domains with
thermal treatment has been further confirmed through AFM
and TEM analysis. It is well-known that thermal treatment
under ambient conditions, converts the solid EBICD into
volatile CO and CO2 gases. In order to prevent the volatiliza-
tion, we have annealed the samples under vacuum conditions at
500 °C for 30 min (pressure of 5 × 10−5 Torr). AFM topo-
graphy shows the presence of nanoparticle domains in the
EBICD after vacuum annealing (see Figure 5a). The increase in
the roughness of EBICD is due to decomposition of functional
groups after the heat treatment (see Figure 1b for the AFM
topography of the EBICD). The similar behavior is reflected in
the TEM analysis (see Figure 5b). The nanodomains are
crystalline in nature as evidenced from the hexagonal electron
diffraction pattern from the same region (see inset in the Figure
5b). Therefore, vacuum annealing of the EBICD leading to the
formation of nanocrystalline graphitic domains with typical
crystallite sizes of 20−30 nm, which is consistent with the
Raman studies (Figure 4).
To investigate the electrical nature, we patterned the EBICD

on a SiO2 (300 nm)/Si substrate. Using a shadow mask, a 9 μm
gap was produced between the gold contact pads (50 nm thick)
deposited on the carbonaceous platform (see Figure S4 in the
Supporting Information). The I−V data (Figure 6a) show a
blockade region across zero bias (−2 V to +3 V) and beyond
−3 V, the curve is slightly asymmetric with current in the range
of 20 nA. The I−V behavior of the EBIC deposits (widths of

Figure 4. Raman spectra of EBICD recorded at different temperatures
in ambient conditions.

Figure 5. (a) AFM topography and (b) TEM micrograph of the nanocrystalline graphitic domains of the EBICD after vacuum annealing. Inset in
b shows the hexagonal electron diffraction pattern from the same region.
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10 and 20 μm across length of 9 μm) between Au contact pads
on a glass substrate, confirms the insulating nature (see Figure
S5 in the Supporting Information).The EBICD was thermally
annealed under vacuum (5 × 10−5 Torr) at 500 °C for 30 min.
The I−V data changed significantly (Figure 6a), with current in
the range of ∼1 μA at a low bias of 1 V, which is at least 3
orders of magnitude higher compared to the pristine deposit.45

The electrical nature of the EBICD has also been examined
under ambient conditions with respect to temperature (see top
inset in Figure 6a). The current was monitored with time at a
bias of 5 V with increasing temperature. Until 200 °C, there is
no change in the current but at 300 °C; current value has
increased by an order (0.1 to 1.3 μA). Further enhancement in
the current (at least five times) was observed after heating the
sample to 400 °C. This can be attributed to the graphitization
of EBICD above 300 °C, supporting the temperature
dependent Raman studies (Figure 4).44 The electrical behavior
is corroborated by the Raman data. The thickness of the
EBICD diminished to a large extent after heating in the
ambient conditions because of formation of CO and CO2 gases.
Thermal treatment can decompose the functional groups to
induce graphitization in an otherwise insulating EBICD. No
major changes were observed after heating the sample for
longer times. As discussed in Figure 2c, the EBICD shows
broad D and G bands, G band is centered around 1557 cm−1

(fwhm, 126 cm−1) (see black curve in Figure 6b). After vacuum
annealing, the position of the G band is upshifted to 1599 cm−1

and the fwhm decreases to 76 cm−1 (see red curve in Figure
6b). This upshift in the G band position and smaller fwhm are

clear signatures for the growth of nanocrystalline graphitic
domains in the EBICD after vacuum annealing.42

We have performed the three terminal electrical transport
measurements on vacuum annealed EBICD deposits in the
form of stripes between Au source-drain electrodes on SiO2/Si
substrates (Figure 7 and Figures S6 and S7 in the Supporting
Information). Figure 7a shows the output characteristics (IDS vs
VDS) with varying negative gate voltage (VG). IDS increases with
negative VG, demonstrating the p-type FET operation, similar
to the carbon nanostructures deposited by other methods.46,47

Four such devices were tried and all exhibited p-type channel
behavior with similar low operating voltages. Under ambient
conditions due to adsorption of water molecules, electron
conduction gets suppressed in carbon materials and the holes
become the majority carriers.48 We have made two devices with
top contacts on the thermally treated EBIC-deposits, obtained
typical mobilities of 2 and 4 cm2/(V s). On the other hand, the
devices with bottom source-drain contacts, showed mobilities
below 1 cm2/(V s). The absence of saturation indicates that the
conduction is by hopping rather than extended state transport,
across the nanocrystalline graphitic domains. The contact
resistance at the channel-electrode interface is also responsible
for the absence of the saturation currents in the output
characteristics similar to the literature reports.49 On the basis of
the transfer characteristics (Figure 7b), the hole mobilities are
calculated using the following formula.

= μ − ≥ −I W L C V V V V V( /2 ) ( ) [for ( )]DS i G th
2

DS G th

Figure 6. (a) Two probe I−V measurements of the EBICD between two Au electrodes on SiO2/Si, before (black curve) and after (red curve)
vacuum annealing at 500 °C for 30 min. Top inset shows the increase in the conductance of EBICD with temperature under ambient conditions,
bottom inset shows the optical micrograph of the EBICD across the gold pads. (b) Raman spectra for the EBICD before (black curve) and after
(red curve) vacuum annealing.

Figure 7. (a) Output and (b) transfer characteristics of thermally annealed carbonaceous patterns on a 300 nm SiO2/Si substrate with Au source-
drain electrodes.
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where IDS = source-drain current; W = width of the channel,
45 μm; L = length of the channel, 9 μm; Ci = capacitance per
unit area, 12 nF cm−2; μ = field effect mobility; VG = gate
voltage, −0.4 V. A hole mobility of 4 cm2/V.s was obtained
with Vth of −0.3 V and current on−off ratio (Ion/Ioff) of 20. The
mobility values of the other three devices came out to be 0.2, 1,
and 2 cm2/(V s). The mobility values are comparable with the
nanocrystalline graphene samples fabricated by thermal
annealing of self-assembled monolayer and mobility value depends
on the annealing temperature.50 However, crystalline carbon nano-
materials such as carbon nanotubes, graphene and graphene nano-
ribbons produced by various synthesis methods show very high
mobilities (>1000 cm2/(V s)) but need higher operating voltages
for their operation.51 In our case, because of presence of nano-
crystalline domains, the mobilities are low but the devices work at
lower operating voltages.
As evident from this study, the simple method of EBICD

which enables nanopatterning without the need of an external
carbon source can be extended with a following step of vacuum
annealing to produce nanocrystalline graphitic domains, which
serve as active elements in FET devices. Instead of vacuum
annealing, the graphitization of the EBICD can also be achieved
by passing higher currents which may decompose the
functional groups and induce the graphitization through local
joule heating phenomenon. This form of nanocrystalline
graphite may also find applications in resistive switching
memory where the resistance states can be controlled through
the ratio of sp2/sp3 carbon bonding through partial graphitiza-
tion. By introducing suitable organometallic precursors in
vacuum during EBICD, the electronic properties of the EBICD
can be varied through local doping leads to carbon-based
nanoelectronic devices.52 Another possibility is that EBICD
created on catalytic surfaces can possibly be transformed into
graphene patterns under suitable annealing conditions.
However, there are few limitations, e-beam being a serial
patterning technique, limits the throughput. As we rely on
residual hydrocarbons present in the vacuum chamber, the
nature of the EBICD depends on the quality of the vacuum at
that particular time.

3. CONCLUSIONS
The nature of the carbonaceous deposit produced by EBICD is
known in the literature. The present study has brought out
additional features of the carbonaceous deposit produced by
EBICD such as the weak blue fluorescing nature due to
presence of functional groups. Following one step vacuum
annealing, it has been effectively converted to graphitized
carbon patterns which in turn served as an active channel
material in field effect transistors. These observations have
extended our understanding of both the process and the
deposit in terms of its chemical and electrical functionality.
The FET devices are of p-type behavior with mobilities in the
range of 0.2−4 cm2/(V s). The operating voltages are rather
low (∼2 V). We envisage that this form of patterned graphitized
EBICD may find applications in all-carbon electronics.53
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