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Light-Induced Plasmon-Assisted Phase Transformation of

Carbon on Metal Nanoparticles

Dhaval D. Kulkarni, Songkil Kim, Andrei G. Fedorov, and Vladimir V. Tsukruk*

Highly localized light-induced phase transformation of electron beam induced
deposited carbon nanostructures (dots and squares) on noble metal surfaces
is reported. The phase transformation from the amorphous phase to the
disordered graphitic phase is analyzed using the characteristic Raman sig-
natures for amorphous and graphitized carbon and conductive force micro-
scopy. The extent of the transformation is found to be largely dependent on
the plasmon absorption properties of the underlying metal film. It is observed
that the amorphous carbon deposits on the silver films consisting of 12 nm
particles with the plasmon absorption near the laser excitation wavelength
(514 nm), undergo fast graphitization to a nanocrystalline or a disordered
graphitic phase. This transformation results in the formation of a highly
conductive carbon/metal interface with at least seven orders of magnitude

and localized heating with nanoscale pre-
cision for inducing confined phase tran-
sitions in different materials, such as
patterning graphene oxide with conductive
domains.?") With the miniaturization of
electronic devices, these methods can be
used to develop complex phase intercon-
nect architectures for the semiconductor
applications.

Electron beam induced deposition
(EBID) has been used for the nanoscale
growth of amorphous carbon and metals,
with complex 2D and 3D geometries.?!
These deposits can be fabricated over rela-
tively small areas, making it important

lower electrical resistivity than the initial insulating interface. It is suggested
that the fast graphitization of nanoscale carbon deposits might serve as an
efficient path for the formation of complex patterned nanoscale metal-carbon

interconnects with high electrical conductivity.

1. Introduction

Light-induced transformation of materials is a common
phenomenon observed in our day-to-day life for generating
energy to sustain life processes."? Over the years, studies on
light-matter interactions have led to the discovery of many
light-induced reactions such as photoisomerization,! photo-
polymerization, and photoionization. Also, light-based
phenomena, such as the photoelectric effect,l® photomagnetic
effect,/”) photoacoustic effect,®l and photothermal effect,l) have
made their way into many device applications. In fact, photo-
thermal phenomena at the nanoscale have been studied in the
efforts to develop and control biochemical reactions,[1%1112.13]
induce photomechanical actuation, manipulate the precise
growth of nanostructures,!'> improve the efficiency of heteroge-
neous catalysis,['®1”) and for therapeutic applications.'®1% This
area can also open up opportunities to bring about controlled
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for nanoscale fabrication of interconnect
arrays.?22l In fact, these deposits have
been known to act as a good soldering
material for improving the mechanical
contact between heterogeneous materials
(e.g., metal/metal or metal/semiconductor
interfaces).l? However, as deposited EBID
carbon is amorphous, with significant hydrogen content and
low electrical conductivity.l””! Thus, post-deposition treatment
is required for dehydrogenation and directed phase transforma-
tion into the electrically conductive graphitic phase for its use
as a soldering material in electronic devices.’!l Amorphous
carbon composed of both sp? and sp? carbon bonds is known
for its high chemical stability, optical transparency, and excel-
lent mechanical properties, thereby making it important in
areas of protective coatings and optoelectronics.”’-3% Conduc-
tive carbon nanostructures can be achieved by tuning the rela-
tive sp?/sp*® content and nanostructure morphologies. Different
methods have been used to transform amorphous carbon films
into graphitic structures. Thermal annealing at high tempera-
tures has been commonly exploited for inducing the formation
of electrically conductive graphitic nanostructures.

Recently, we showed that the phase transformation in nano-
scale EBID amorphous carbon deposits takes place between 100
and 400 °C.23] Tt has been observed that at lower temperature,
stress relaxation and dehydrogenation take place, followed by
partial graphitization and formation of a disordered graphitic
phase at temperatures above 300 °C. However, these transfor-
mations involve subjecting the entire substrate to high tem-
peratures and are relatively slow, thereby limiting their use to
several applications including fabrication of electronic devices.
As is known, bulk carbon materials can absorb light more effi-
ciently and have been known to ignite or show a strong thermal
emission upon excitation.’'*2 However, nanoscale carbon
deposits with sub-micrometer dimensions cannot be directly
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employed for light-induced transformations because these
structures are light transparent and most of the incident light is
not absorbed if special designs are not implemented.

One of the approaches is the exploitation of metal nano-
structures to induce local heating at metal/carbon interfaces.
Indeed, noble metal nanostructures exhibit a strong absorp-
tion in the visible region because of the surface plasmon reso-
nances in response to the external electromagnetic radiation.*?!
This strong light absorption causes a local increase in the
temperature of the nanoparticles and can increase the rate of
photochemical reaction.'®! Recently, the heat generated by
surface plasmons was utilized for bringing about rippling of
polymer surfaces and for inducing phase transformations.343¢
Brongersma et al. showed a localized photothermal growth of
carbon nanotubes and silicon nanowires on metal nanoparticles
exposed to a focused light beam."]

Here, we demonstrate a fast and highly localized phase trans-
formation of amorphous carbon deposits on nanoparticulate
metal films without global thermal treatment and the subse-
quent improvements in the deposited carbon’s electrical conduc-
tivity. We highlight the critical role of surface plasmons excited
by the laser source in bringing about a large local increase in
the temperature, sufficient to induce graphitization of amor-
phous carbon deposits and quickly convert them to disordered
graphitic phase. The annealing kinetics of the carbon deposits
on different metal films clearly demonstrates the role of the
substrate on the carbon nanodeposit phase transformation.

In this study, EBID was used to make 0D (dots) and 2D
(square) carbon nanostructures on a silicon substrate, a gold
film, and a silver film. The change in the composition and
microstructure of the deposits on different substrates after
exposure to the incident light at 514 nm was evaluated using
Raman spectroscopy. Also, the effect of the localized heating
on the morphology of the substrate was analyzed using atomic
force microscopy (AFM). Furthermore, to confirm the increase
in electrical conductivity of these deposits associated with the
amorphous to graphitic phase transition, conductive force
microscopy (CFM) imaging was used to contrast the enhanced
electrical conductivity of regions of the carbon deposits selec-
tively exposed to laser irradiation from the unexposed regions.

2. Results and Discussion
2.1. Metal Nanostructures

Three different common substrates were utilized for this study:
silicon (Si) wafer, gold (Au) film, and silver (Ag) film (see Exper-
imental Section). Figure 1 shows topographical AFM images of
these substrates along with their corresponding cross-sections.
Bare silicon and gold films appear to be relatively smooth with a
rootmean square (RMS) microroughnessof 0.17nmand 0.51 nm,
respectively, over a surface area of 1 um? (Figure 1a,b). In con-
trast, silver film show a significantly rough surface with an
RMS roughness of 3.6 nm and dense granular morphology
with nanoparticles measured to be 12 £ 0.9 nm in diameter
(Figure 1c). The gold film shows the presence of continuous
island-like morphology.
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Figure 1. AFM images showing the morphology and sectional analysis
of different films: a) silicon substrate, b) gold film, and c) silver film. The
z-scale is 20 nm for all the images.

2.2. EBID Deposit Fabrication

After analyzing the surface morphology of different substrates,
EBID carbon deposits of similar shapes and sizes were deposited
over these substrates (Scheme 1). The schematic shows the for-
mation of selected areas with graphitized carbon within carbon
films on substrates with different morphologies, as will be dis-
cussed in detail. Electron beam focused at a spot for a prolonged
period of time leads to the formation of dot-like structures from
residual hydrocarbons (“contamination”) as a precursor. Scan-
ning electron microscopy (SEM) images of deposits upon tilting
the substrate at 45° with respect to the electron beam reveal a
pillar like morphology for the dots (Figure 2a). Although the
substrate would have an influence on the morphology of the
EBID deposits because of the difference in the secondary elec-
tron yield and surface diffusion coefficient, the dimensions of
the deposits on the different substrates were within +200 nm.

514 nm Laser 514 nm Laser 514 nm Laser

Amorpho"uS Carbon,

Silicon

Scheme 1. EBID amorphous carbon nanostructures (grey blocks) fabri-
cated on substrates with different composition (silicon, gold, and silver)
and surface morphologies and their physical state upon exposure to a
514 nm laser source.
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spectrum. Carbon nanotubes have been
known to show a significant shift in their
strain sensitive Raman peaks under tensile
and compression loadings.*1*2*3 Typically,
the thermal strain in the system can be esti-
mated from the product of the thermal expan-
sion coefficient and the change in tempera-
ture. Thus, assuming that the coefficient of
thermal expansion of the amorphous carbon
deposits is =3-5 uC™! and the local temper-
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ature at the surface to be =400-450 °C, the
strain in the deposits can be =0.12-0.2%.[444]
This can result in a shift in the G-band peak
position by =3-6 cm™1.[4647]

Figure 3 shows the high-resolution Raman
map and the corresponding Raman scattering
obtained from averaging over 400 individual
spectra of the EBID carbon dots on different
substrates. The images were obtained by inte-

Section Analysis

Figure 2. Morphology of the EBID carbon deposit. a) SEM image obtained at 45° viewing
showing an array of carbon deposits, b) AFM image of one of the carbon deposit (z-scale:
1.5 um), c) corresponding 3D image showing its pillar-like morphology (z-scale: 1.5 um), and

d) sectional analysis.

The size and structure of the EBID carbon deposits over dif-
ferent substrates were quantified using AFM imaging. Figure 2b
shows the AFM image of the dots along with the corresponding
3D image (Figure 2c) and cross-sectional profile (Figure 2d). 3D
image of the dots also reveals a pillar-like morphology in agree-
ment with the SEM image (Figure 2a). The height of the dots is
approximately 1.2 £ 0.2 um and their width is 0.72 £ 0.15 um for
an electron beam exposure time of 10 min. The shape and size of
the deposits can be varied by adjusting the SEM deposition settings
and exposure time, as has been discussed in detail elsewhere.’]

2.3. Phase Composition

The intrinsic physical state of the carbon deposits was analyzed
from the Raman spectra collected from individual carbon struc-
tures using confocal Raman micromapping under minimum laser
power (<1 mW) to avoid any laser-induced heating. All carbon
materials show characteristic D-bands and G-bands between
13501380 cm™! and 1560-1590 cm™!, respectively, which relate to
the sp? and sp® content of the system.?”3¥ Generally, the Raman
spectra of carbon materials are dominated by the sp? sites because
of their higher scattering cross-section.? Thus, depending on the
peak positions and the intensity ratio of these bands, the micro-
structure of the material can be identified (for detailed discussion,
see ref. [23]). Briefly, amorphous and graphitized carbon show
G-band peaks around 1520 cm™ and 1580 cm™, respectively,
and increase in the disorder of a graphitized system leads to the
breakdown of the large graphitic domains into smaller moieties,
thereby further shifting the G-band peak to 1590-1600 cm™.57!
This phase is termed as “nanocrystalline graphite” and represents
carbon material with a disordered graphitic microstructure with
short-range ordering of graphitic planes.“%l

Also, it is worth noting that the thermal stresses in the
deposits can contribute to a shift in the observed Raman
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grating the intensity of the peaks between
1000 cm™! and 1800 cm™ to account for the
characteristic D-band and G-band peaks for
carbon dots. Interestingly, the carbon dots
on different substrates showed significantly
different Raman characteristics. The G-band peak position and
the D/G ratio of the dots deposited on silicon substrate are
approximately 1556 £ 1 cm™ and 1.2, respectively (Figure 3a).
For carbon deposits on gold film, the G-band peak position
is slightly higher than on silicon (1564.6 £ 1.5 cm™) with the
D/G ratio of approximately 1.5 (Figure 3b). The slight differ-
ence in the G-band peak positions of the carbon dots on silicon
and gold substrate may be due to the difference in the internal
stresses. These stresses are formed during fabrication due to
the difference in the secondary electron yield and surface diffu-
sion coefficient.

In contrast, the Raman spectrum for the carbon deposits
on the silver film showed the G-band and D-band peaks com-
pletely distinguishable from one another. The G-band peak
position for dots deposited on the silver film reached 1582 cm™!
(Figure 3c). Also, the D/G ratio is significantly higher (1.9) than
the deposits on silicon (1.2) and gold (1.5). This suggests that
although the carbon deposits were fabricated under identical
conditions, they exhibit different microstructure when exposed
to the laser source at 514 nm.

Thus, the analysis of Raman data suggests that as-deposited
carbon dots on silicon substrate are partially amorphous with
some sp? content. However, the deposits on silver film show
G-band peak position shifted significantly above 1580 cm™,
implying an increase in the graphitic ordering with the formation
of the nanocrystalline carbon phase inside the structure upon
laser exposure, a unique phenomenon revealed in this study.

As is known, an amorphous to graphitic transformation
usually requires exposure to high temperature or high pres-
sure.?>*® However, in this study, the amorphous carbon
deposits were subjected to an extremely low laser power
(<1 mW) under normal atmospheric conditions. This phenom-
enon suggests that the substrate must be influencing the phase
transformation process of the as-deposited amorphous carbon
deposits under laser illumination. In particular, bare silicon
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Figure 3. Raman spectra of carbon deposits with insets showing the
Raman maps on a) silicon substrate, b) gold film, and ¢) silver film.

substrate shows no effect on the properties of the amorphous
carbon deposits. However, noble metal films seem to influence
the characteristics of the as-deposited carbon deposits in the
presence of a laser source. Thus, the interaction of light with
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the metal film needs to be studied in order to understand the
laser-assisted phase transformation.

2.4. Optical Properties of Sputtered Metal Films

Figure 4 represents the refractive indices and extinction coef-
ficients of the gold and silver films used in this study. The
gold film showed a slight variation of the refractive index up to
450 nm, followed by a steady decrease with an increase in
wavelength (Figure 4a). It shows a near-zero refractive index
at wavelengths between 550 and 580 nm and continues to
rise thereafter. A similar trend is observed for the silver film
(Figure 4b). The refractive index show a slight variation in the
near UV wavelengths followed by a steady decrease, approaching
zero between 550 and 580 nm and continues to steadily increase
up to 900 nm. These results correlate well with the optical prop-
erties of evaporated metal films reported by Sennett et al.* At
shorter wavelengths, bound electrons contribute towards the
absorption whereas at higher wavelengths, the absorption due
to free electrons is more dominant. This transition occurs in
the visible region and UV region of the electromagnetic spec-
trum for gold and silver films, respectively. In the case of gold
films, the absorption increases at wavelengths above 550 nm
whereas silver film strongly absorbs at all wavelengths.
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Figure 4. The variation of refractive index (n) and absorption coefficient
(k) with wavelength of a) gold film and b) silver film.
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Figure 4 also gives the variation of the extinction coeffi-
cient of the metal films with the wavelength. The extinction
coefficient for the gold film shows an increase up to 500 nm
with a small bump around 420 nm and sharply increases up to
700 nm (Figure 4a). Above 700 nm, the extinction coefficient for
the gold film saturates. For the silver film, the extinction coeffi-
cient shows a near linear increase from 300 nm to 450 nm and
undergoes a transition between 450 and 480 nm and continues
to linearly increase up to 900 nm (Figure 4b). It is interesting
to note that the extinction coefficient of these films shows little
variation at wavelengths where the refractive index approaches
a minimum.

The sudden drop in the refractive index of the metal films is
caused by the free electron transition, which occurs due to the
resonant coupling between the surface plasmons and incident
electromagnetic wave, and can be described using the Drude
model for free electron oscillations.’%>3 At the resonant fre-
quency, the real part of the permittivity approaches zero and
consequently the refractive index approaches zero. A refractive
index of less than 1 represents a pure metal-like behavior of the
sputtered films. However, these resonances occur at a slightly
different wavelength than that of our laser source.

Comparing the absolute values of the extinction coefficient
at 514 nm, the absorptive index of silver (3.0) is significantly
higher than that for gold (1.75), suggesting that the silver film
absorbs light more efficiently than the gold film. Thus, on
exposure to the incident light, the surface plasmons of silver
nanoparticles oscillate near its resonant frequency and absorb
the incident light more efficiently than the

www.afm-journal.de

morphology of the silver film changes significantly in the areas
exposed to the laser, whereas the gold film does not show any
apparent change in its surface features. A high-resolution AFM
image in Figure 6 shows that the nanoparticles within the laser-
exposed regions of the silver film became significantly reduced
in size, indicating intense changes in silver nanoparticle mor-
phology after exposure to light. The average size of the silver
nanoparticles in the exposed areas is 2.3 nm, as compared to
12 nm in the unexposed areas.

Ablation of metal nanostructures using a high powered laser
source is well known in the literature.061.62 However, the
laser used in this research is a low-power continuous laser and
the power density used in this study is several orders of mag-
nitude (at least four) lower than that reported.®*l Thus, direct
light-induced ablation of the metal nanoparticles is improb-
able under our experimental conditions. We speculate that the
localized excitation of surface plasmons of the silver film that
possess absorption near the incident laser frequency causes
temperature to dramatically increase in the exposed areas, to
a value high enough to affect the surface morphology of the
area. Also, it is well established from our previous work that
a temperature of around 350-400 °C would be required for
the EBID amorphous carbon deposit to graphitize completely.
Although the exact temperature at the surface of the nanoparticles
on laser exposure is a challenge to measure under the cur-
rent experimental conditions, an estimate of the temperature
required for silver nanoparticle morphology changes would be
necessary.

gold surface, though the plasmon resonance
of gold is also close to the laser wavelength. (a)

Such localized electromagnetic enhance-
ment of light is achieved by excitation of the
surface plasmons of metal nanoparticles at
or near their resonant frequency.P*>% As a
result, metal nanoparticles act as nanoheat
generators, absorbing incident light and
converting it into thermal energy.l'7°75859
This heating effect is especially strong
under the plasmon resonance conditions
when the energy of the incident photons is
close to the plasmon frequency of the metal
nanoparticles. Thus, based on the optical

Gold

properties of metal films discussed above, we b
suggest that the thermal energy generated by (b)
the surface plasmons might be responsible
for bringing about the phase transformation
of amorphous carbon deposits.

2.5. Effect of Laser Exposure on the Substrate

Silver

To further consider the effect of the laser
illumination on the metal films, we studied
the silver and gold films under identical
direct light exposure. Figure 5 shows the
topographical AFM images of these exposed

| Topogr’ap'hy'i

Phase Spm_

areas along with the corresponding phase
images. It can be clearly seen that the surface
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Figure 5. AFM image of the metal films after exposure to the laser showing the topography
(z-scale: 20 nm) and phase (z-scale: 60°) of a) gold film and b) silver film.
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Figure 6. High-resolution AFM image showing the difference between the laser-exposed and
unexposed areas of silver film. a) Topography (left; z-scale: 10 nm) and phase (right; z-scale: 60°).
Sectional analysis showing the height variation in the b) unexposed areas and c) exposed areas.
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about a change in morphology of silver nano-
particles would be similar for thermal-based
annealing and laser-based transformation.
To further confirm this independently, thin
films of common polymers, such as poly(4-
vinylphenol), with a well known thermal
decomposition temperature above 360 °C,[64
were deposited on noble metal substrates
and exposed to the laser under identical con-
ditions. As a result, we observed an intense
and highly localized thermal decomposition
of a 100 nm thin film of the selected poly-
mers deposited on silver substrate in areas
exposed to the laser, whereas the morphology
remained unaffected for a similar polymer
film deposited on silicon. Such thermal
decomposition additionally confirms a local-
ized plasmon-assisted laser-induced thermal
heating on the silver surface with a tempera-
ture well exceeding 360 °C.

2.7. Application of Laser-Induced Phase
Transformation of Carbon on a Copper
Substrate

As a proof of concept experiment, we studied
the effect of laser exposure on the physical
state of the carbon deposits fabricated on top
of a copper substrate, which is a commonly
used material in the semiconductor industry.
Figure 8a shows the morphology of the copper
substrate along with the corresponding cross-
sectional analysis. Similar to the silver sub-
strate, the copper substrate also showed the
presence of a granular surface topography
with a particle size of 9.4 + 0.6 nm. Further,

2.6. Local Temperature Estimation

Figure 7 shows the morphology of the silver film annealed at

different temperatures. It can be seen that the
surface morphology of the silver film remains
unaltered on annealing up to 450 °C, with a
uniform particle size distribution over the
entire surface. Annealing above this tem-
perature results in an increase in the lateral
dimensions of the silver nanoparticles with
the height decreasing to 7.3 +.1.1 nm. These
changes suggest that the silver nanoparticles
melt upon annealing above 450 °C. Thus,
exposing the substrate to the highest tempera-
ture results in local melting causing the silver
nanoparticles to aggregate and grow in size.
On the contrary, in case of the sputtered silver
film exposed to the laser source, the particles
are in a state of confinement in the exposed
areas and account for the excess tempera-
ture by the reduction of size and increasing
specific surface area. It is logical to assume
that the temperature required for bringing

2134  wileyonlinelibrary.com
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on measuring the optical properties of the copper film, it was
observed that the refractive index of the film approaches a
minimum between 460 and 500 nm, corresponding to the free

Figure 7. High-resolution AFM image showing the morphology of silver film at different
temperatures. The z-scale is 10 nm for all images.

Adv. Funct. Mater. 2012, 22, 2129-2139
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(=1.5 mW) and monitored the

11 Raman spectra. It was observed
that the G-band peak position
blue-shifts towards the graph-
itic peak position at 1580 cm™
(Figure 8d). This further validates
the role of surface plasmons in
bringing about a localized phase
transition in amorphous carbon
deposits upon exposure to light.

2.8. Kinetics of Laser-Induced
Phase Transformation
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The carbon dots on different
metal films were exposed to
the laser illumination under
minimum power (<1 mW) for
increasing periods of time and
spectra were recorded after each
exposure interval to monitor
kinetics of phase transformation.
Figure 9 shows the variation of
G-band peak position and the
D/G ratio for the dots deposited
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on silver and gold films. It can
be seen that initially the deposits
are amorphous with the G-band

Figure 8. a) Morphology of the copper film showing granular morphology along with the cross-sectional
profile (z-scale: 20 nm). b) The variation of refractive index (n) and absorption coefficient (k) with wavelength
of copper film. c) Topography of the EBID carbon square deposited on the copper film along with the cross-
sectional profile (z-scale: 40 nm). d) Raman spectra of the carbon square at different laser powers. The dotted

line indicates the blue shift in the G-band peak position.

electron oscillations of the surface plasmons as a response to the
incident electromagnetic radiation (Figure 8b). Thus, the surface
plasmon resonance of the copper film was also near the laser
excitation wavelength as observed for the gold and silver film.
However, on comparing the extinction coefficient of the copper
film with the gold and silver films, it was observed that the copper
film absorbs 2.5 times less light than the gold film and 5 times
less light than the silver film at a wavelength of 514 nm. Thus,
according to the hypothesis presented in the earlier sections, the
carbon deposits should not graphitize on the copper film. In order
to prove this, we fabricated carbon squares on top of the copper
film. Figure 8c shows the morphology of the carbon square along
with the corresponding cross-sectional profile. The height of the
square was around 16.5 nm with lateral dimensions of =3 um x
3 um. Upon exposing the deposit to the Raman laser at 514 nm,
it was observed that the deposit showed amorphous behavior, as
expected, with a G-band position around 1568 cm™ (Figure 8d).
This suggests that the surface plasmons of the copper film do
not absorb enough light at 514 nm to bring about a local increase
in the temperature that is high enough for graphitization of
the carbon deposit. However, in order to increase the effective
absorption of light at 514 nm, the laser power can be increased.
Thus, we exposed another carbon square fabricated under
similar conditions to the laser source at slightly higher power

Adv. Funct. Mater. 2012, 22, 2129-2139
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peak position around 1558 cm™
and 1567 cm™! on gold and silver
films, respectively (Figure 9a).
Also, the D/G ratio for deposits
occurs around 0.8 on gold and
1.2 on silver films (Figure 9b). As
the exposure time increases, the G-band peak position for carbon
deposits on silver films steadily increases and reaches 1580 cm!
after =30 s of light exposure with the D/G ratio increasing to 1.6.
Further increase in the exposure time results in the steady shift
of G-band peak position towards 1590 cm™!, suggesting the for-
mation of a nanocrystalline graphitic phase.?”] Thus, the carbon
deposits on the silver film undergo a rapid (tens of seconds) tran-
sition from amorphous to graphitic to nanocrystalline graphitic
phase upon exposure to the laser source (Figure 9c).

The G-band peak position of deposits on gold films shows
a sharp increase up to 1572 cm™ during the initial exposure
followed by a plateau region (Figure 9). This minor shift sug-
gests that the carbon deposits on gold undergo only partial
graphitization to disordered graphitic phase, without a com-
plete transformation. The D/G ratio of carbon deposits on gold
film remains about constant around 0.9 (Figure 9).

2.9. Changes in the Electronic Properties of Carbon Deposits
Upon Laser llumination

In order to address the practical applications of the amorphous
to graphitic phase transformation in controlling the electrical
properties of carbon/metal interfaces, we performed CFM
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The phase image show similar features in
the exposed and unexposed area, further
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suggesting the absence of phase transition in
the carbon deposits on silicon exposed to the
laser source.

Similarly, Figure 11a shows the amplitude
(morphology) and phase (stiffness) of EBID
square carbon deposit on a gold film for CFM
experiments. It can be seen that the carbon
square shows some non-uniformity in its
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=32 nm at the center. Inside the square, a
smaller dark square can be seen, which rep-
resents the surface area that was exposed to
laser illumination under similar conditions
as before. High-resolution AFM imaging
around the exposed region shows that the
laser ablates a part of the deposit (Figure 11b).
The laser exposure resulted in the ablation
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carbon from the deposit. However, a thin
layer of the material (=12 nm) still remains
intact after exposure to laser irradiation. The
phase image also reveals the formation of an
area with different surface properties within
the exposed region (Figure 11c).

Figure 12a shows the topographical fea-
tures of the EBID square carbon deposit on a
silver film, which are similar to those observed

Exposure time (s) 1000 1200

1400 1600 1800
Raman Shift (cm)”

on the gold film. Exposure to the laser illumi-

Figure 9. Kinetics of phase transformation of the carbon deposit on different metal films on
exposure to 514 nm laser source. a) G-band peak position of the carbon deposit at different
exposure times. The solid lines represent a fit to the data points. b) Corresponding D/G ratio.
The solid lines represent a fit to the data points. c) Raman spectra of the carbon deposit on

silver at different time intervals.

measurements of laser-exposed amorphous carbon deposits. An
electrically biased metal-coated tip rasters across the surface of
the carbon deposits and the current flowing through the system
is recorded.l®® The current flow will thus depend on the contact
resistance between the tip and the surface and the resistance of
the material itself. In order to have a valid comparison between
the amorphous and graphitic domains, we used the same tip to
scan both areas within the same sample. However, the shape of
the dots is not ideal for such measurements because the pillar-
like morphology can be easily destroyed by the relatively large
forces used during the CFM scanning process. Therefore, we
used square carbon deposits for CFM experiments.

As a control, we fabricated square carbon deposits on a sil-
icon substrate and exposed a small area (1 um x 1 um) of it to
the laser operated under minimum power (<1 mW). Upon ana-
lyzing the morphology of the deposit after the laser exposure,
it was observed that the laser locally ablates the exposed area of
the deposit (Figure 10a,b). However, sectional analysis reveals
that a significant layer of the deposit (=35 nm) still remains
separated from the underlying silicon substrate (Figure 10c).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nation resulted in the ablation of the carbon
deposit with initial thickness of 35 nm (dark
square at the center). High-resolution AFM
images near the exposed areas reveal changes
in morphology of the initially amorphous
carbon (Figure 12b). The laser exposure
resulted in a significant reduction in its size
due to material ablation with a residual (=13 nm) carbon film left
within the laser exposed “crater”. The phase image shows the for-
mation of carbon material with different physical structure in the
areas exposed to the laser beam (Figure 12¢). This similarity sug-
gests that the laser exposure has similar effect on the morphology
of the amorphous carbon deposits on different substrates.

According to the arguments put forth earlier based upon the
Raman scattering studies, it is expected that the areas exposed to
the laser irradiation would consist of disordered and nanoscale
graphitic domains (conductive) while the remaining film should
consist of amorphous carbon (insulating). The CFM images
were obtained by maintaining a minimum force between the
tip and the sample in order to prevent any structural damage to
the deposits as the tip moved across the surface. Multiple scans
over the laser-exposed areas were performed and analyzed for
the changes in the morphology and dimensions during the
scanning process. Sectional profile analysis showed a negligible
change in structure of the deposits during imaging.

Figure 13 shows the conductivity map of these deposits
on different metal films obtained via CFM. The deposit on
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Figure 10. Morphology of amorphous carbon square on a silicon sub-
strate. a) Topography (z-scale: 200 nm) and the corresponding phase
(z-scale: 60°) showing the square and the laser-exposed area at the center,
b) high-resolution topography (z-scale: 100 nm) and phase (z-scale: 60°)
of the laser-exposed areas showing the difference in morphology, and
c) sectional analysis of the laser-exposed area.

the gold film shows much improved conductivity at the laser
exposed areas. However, the surrounding area shows practically
no current flow, i.e., carbon film remains nearly insulating.
Exact values of the resistance cannot be obtained quantita-
tively because of the unknown contact resistance. However,
qualitatively the CFM images clearly identify the graphitic
and amorphous domains and degree of graphitization. More-
over, the area of amorphous carbon exposed to the laser on
the silver film shows a much greater electrical conductivity
(Figure 13b, current of =0.5 mA flows from the CFM tip to the
substrate on applying a sample bias of 3.0 V) as compared to
the deposits on gold film (Figure 13a, current of =0.5 nA flows
from the CFM tip to the substrate on applying a sample bias
0f 9.0 V).

It is difficult to estimate or compare the electrical conduc-
tivity of the amorphous carbon in the unexposed areas of the
square deposit since it shows no measurable current even after
applying a maximum sample bias of 10 V. However, since the
amorphous carbon maintains its identity in the unexposed
areas, irrespective of the underlying substrate, it can be said
that the electrical conductivity of amorphous carbon is signifi-
cantly lower than that of partially graphitized carbon on the
gold film. The electrical conductivities of gold (4.2 x 107 S m™)
and silver (6.2 x 10’ S m™) are large and almost identical at
room temperature.”! Thus, assuming the contact resistance
between the sample and the tip to be same in both cases, the

Adv. Funct. Mater. 2012, 22, 2129-2139
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Figure 11. Morphology of amorphous carbon square on gold film.
a) Topography (z-scale: 100 nm) and the corresponding phase (z-scale:
90°) showing the square and the laser-exposed area at the center. b) High-
resolution topography (z-scale: 50 nm) and phase (z-scale: 30°) of the
laser-exposed areas showing the difference in morphology and c) sec-
tional analysis of the laser-exposed area.

presence of the silver film resulted in an increase in the elec-
trical conductivity by over seven orders of magnitude (resistance
of the laser exposed carbon film is =0.6 kQ s on the silver sub-
strate, compared to =14 GQ s on the gold substrate) and, thus,
much improved overall electrical conductivity (or dramatically
decreased resistivity) at the carbon/silver interface after laser-
induced transformation.

3. Conclusions

We have shown that a localized and confined change in
phase and electrical properties occurs in the EBID amor-
phous carbon nanostructures deposited on top of nanostruc-
tured metal films upon exposure to the laser illumination.
Microscopic amorphous carbon deposits on silicon, gold,
and silver showed different structural characteristics upon
laser exposure. Specifically, the amorphous carbon deposits
maintained their character under laser illumination on a sil-
icon substrate but showed partial and full graphitization on
gold and silver films. This change in the material properties
is attributed to the local laser-induced heating of the metal
nanoparticles with a close match of the light absorption fre-
quency with the laser wavelength. We demonstrated that the
phase transformation of carbon can also be brought about on
substrates such as copper, which has a low light absorptive

wileyonlinelibrary.com

2137

“
G
F
F
>
v
m
~




-
™
<
[
-l
wd
=
™

2138

Section Analysis

o -

M, LR

A
0 10.0

-50

pm

Figure 12. Morphology of amorphous carbon square on silver film.
a) Topography (z-scale: 100 nm) and the corresponding phase (z-scale:
90°) showing the square and the laser-exposed area at the center. b) High-
resolution topography (z-scale: 50 nm) and phase (z-scale: 30°) of the
laser-exposed areas showing the difference in morphology and c) sec-
tional analysis of the laser-exposed area.

index, by tuning the incident laser intensity. Such transfor-
mation resulted in dramatic increases in the electrical con-
ductivity of the amorphous carbon deposits. We suggest that
the surface plasmons assist in converting the incident light
energy into heat that enables a localized phase transition
in the amorphous carbon nanostructures to nanocrystalline
carbon. Localized graphitization of nanoscale amorphous
carbon deposits can be important in applications where low
temperature, localized, and fast carbon-metal interconnect
fabrication are key issues.
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4. Experimental Section

Substrate Preparation: Silicon (100) wafers were cleaned in pirhana
solution (3:1 mixture of H,SO,/H,0, hazardous solution) for 1 h and
then rinsed thoroughly with Nanopure water (18 MQ cm).®l Gold
and silver were sputtered on the cleaned silicon substrates for 2 min
and copper was sputtered for 10 min at a 30% setpoint in a Denton
Vacuum Desk IV sputterer under an argon atmosphere at a pressure of
50 mbar. The average thicknesses of the gold, silver, and copper films as
measured from ellipsometry were 14.4 £ 0.2 nm, 10.2 £ 0.18 nm, and
17.0 £ 0.12 nm, respectively.

Residual hydrocarbons and acetone were used as sources of the
precursor molecules to induce the growth of carbon deposits over the
substrates mentioned in the earlier section.?22325 EBID carbon deposits
were fabricated using a Quanta 200 ESEM operated under 0.01 Pa.
The cone-shaped carbon deposits shown in Figure 2 were deposited
by keeping the electron beam in spot mode for a period of 10 min.
An electron beam energy of 25 keV with the electron beam current in
the =20 pA (spot size 3) was used for deposition. The square carbon
deposits shown in Figure 9-11 were made by scanning the electron
beam at an energy of 25 keV and current of =250 pA (spot size 5),
using the NPGS (Nanometer Pattern Generation System) program with
1300 mC cm™ of electron beam area dose. In order to keep the thickness
of the squares similar, the deposition time per square was 45 min and
90 min on the gold and silver films, respectively. Silver films shown in
Figure 7 were annealed in a Barnstead Thermolyne furnace for 5 s at
different temperatures under normal atmospheric conditions.

Characterization: AFM topographical and phase images were collected
with a Dimension-3000 microscope, using silicon tips with tip radii
between 10 and 20 nm and a spring constant of about 40 N m™, in
accordance with previously reported procedures.? 681 The samples were
scanned at 0.5-1.0 Hz. The domain height and surface area coverage
were determined from cross-sectional and bearing analysis, respectively.

Raman data were obtained using a WITec (Alpha 300R) confocal
Raman microscope using Ar ion laser (514.5 nm) as an excitation
source.®l The images were obtained by scanning an area of 5 um x 5 um
for the dots and 1 um x 1 um for the square with a 100x objective
(Olympus 100x-NA (numerical aperture) = 0.9). The spectra were
obtained under minimum laser power (<1 mW) to avoid any laser-induced
annealing, as verified independently. The integration time was optimized
at 1 s for the all the deposits in order to obtain higher signal-to-noise
ratio. The spectra were integrated between 1000 cm™' and 1800 cm™' to
account for the D-band and G-band. A grating with 600 grooves mm™'
grating with a spectral resolution of 4 cm™ was used for this study.

Measurement of the optical properties was carried out using a Woollam
M2000U ().A. Woollam Co., Inc., Lincoln, NE) multiangle ellipsometer
with WVASE 32 analysis software for three incident angles (65°, 70°, and
75°).7% The psi (polarized angle) and delta (phase) values were measured
and fitted with the stored parameters for the gold, silver, and copper
model to determine the thickness and optical constants (refractive index
(n) and extinction coefficient (k)) of the metal films
over wavelengths of 300 nm to 900 nm.

(b)

Conductivity maps were collected using Innova
AFM microscope (Veeco) using silicon tips with
tip radii of 30 nm and a spring constant of about
1-3 N m™, coated with 20 nm Pt/Au. The samples
were scanned at 0.3-0.5 Hz. The sample bias was
varied from 1.0 V to 10 V and the amplifier gains
were varied from 10° V A™ to 10° V A™' depending
on the substrate.
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