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Processing and Characterization of Ultrathin
Carbon Coatings on Glass
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ABSTRACT Ultrathin carbon layers, on the order of 3—6 nm in thickness, were formed on glass substrates by spin coating and pyrolysis
of polymer precursors. The organic precursors used were poly(furfuryl alcohol), coal tar pitch, and a photoresist. The carbon coatings
were characterized by ellipsometry, optical profilometry, water contact angle, confocal Raman spectroscopy, UV—vis spectroscopy,
and atomic force microscopy. We also report the transparency, hydrophobicity, friction, weathering resistance, and electrical
conductivity of the carbon-coated glass. The results reveal that up to 97 % transparent, ultrathin carbon films could be formed on
glass substrates with a root-mean-square roughness of less than ~0.3 nm. This carbon layer modified the otherwise hydrophilic surface
of the glass to yield a water contact angle of 85°. The coatings were also found to provide a water barrier against weathering under
hot and humid conditions. A 4.5-nm-thick carbon film on glass had a sheet resistance of 55.6 k& m and a conductivity of 40 S/cm.
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1. INTRODUCTION
arbon has several different allotropic forms such as

graphite (1, 2), nanotubes (3, 4), fullerenes (5),
diamond (6, 7), nanoporous carbon (8, 9), amor-
phous carbon (10, 11), etc., that exhibit a broad range of
properties including electrical conductivity, thermal conduc-
tivity, porosity, and surface area. In recent times, the two-
dimensional (2D) single-layer graphene carbon structure has
received considerable interest primarily because of its in-
teresting electrical properties (2, 12—16). This single-layer
graphene sheet is also expected to be transparent, hermetic
to oxygen and water, and hydrophobic, and so it could be
an interesting coating material for glass (17). Presently, the
synthesis and deposition of graphene is an active and very
challenging area of research, and there is no method yet
developed for direct vapor deposition on glass. Alternatively,
techniques such as mechanical exfoliation of graphite to
create graphene flakes, followed by dispersion and spin-
coating of the nanoparticulate graphene flakes or graphene
oxide, are being developed for coating glass (18—22).
Carbonization of a graphitizing polymer is another alter-
native, being explored here, for preparing carbon thin films
with a graphitic structure on glass (8, 23—26). Although the
formation of a continuous single layer of graphene by this
process is somewhat unrealistic at the present time, a
nanocomposite thin film of graphene and amorphous car-
bon would be worthy of evaluation and development. Such
a carbon film could be formed on selected glass substrates
(even in manufacturing) by coating with a polymer precur-
sor, followed by pyrolysis to yield value-added properties for
glass such as hydrophobicity (27, 28), adhesion (27), low
friction (29, 30), barrier properties (27), transparency (3, 31),
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and electrical conductivity (10, 11, 31). The formation of a
continuous nanocomposite carbon film on glass could en-
able a broad range of applications that include easy clean
surfaces or transparent electrically conductive coatings.

In this investigation, we explore the use of three different
organic precursors to deposit a uniform, nanoscale layer of
carbon on glass surfaces. We report the chemical and
physical properties of the deposited carbon layer in detail.

2. EXPERIMENTAL PROCEDURE

2.1. Solution Preparation. Furfuryl alcohol resin in the form
of Durez resin no. 16470 [poly(furfuryl alcohol), PFA] from
Occidental Chemical Corp., coal tar pitch (CTP) purchased
from Koppers Inc., and S1805 photoresist (PR) purchased from
Shipley were used as the organic precursors. Soluble fractions
of CTP were extracted by using tetrahydrofuran (THF) as the
solvent. PFA and CTP were diluted using acetone and THF,
respectively, to different concentrations (0.5, 1, 5, and 10 wt
%). PR was mixed with a p-type thinner (1:10 by weight). The
resultant solutions were well mixed in an ultrasonic bath to
obtain complete solubility before spin coating. We chose PFA
and PR because they are commercially available resins that have
the tendency to cross-link at higher temperatures (>250 °C) and
thus are good precursors for the synthesis of nongraphitizing
disordered carbons. CTP, on the other hand, is a graphitizing
precursor that forms an ordered mesophase at temperatures
greater than 450 °C.

2.2. Deposition and Pyrolysis of Solution. Prior to deposi-
tion, alkali-free glass substrates (AF45 manufactured by Schott
Glass) were cut to the desired size (typically 2.5 x 3.5 cm),
followed by cleaning with acetone, isopropyl alcohol, and
deionized water. The cleaned substrates were dried with N, gas
and baked at 200 °C for 10 min on hot plate for dehydration.
The glass substrates were coated with the diluted organic
precursors using a spin coater operated at a rotational speed of
10K rpm for 45 s under a static dispenser program. The samples
were then baked at 115 °C for 3 min using a hot plate. The
coated glasses were heat-treated to pyrolyze the organic coat-
ings at 107°=107" Torr vacuum in a quartz tube furnace; it was
ramped at 2 °C/min to 350 °C and allowed to soak for 4 h,
followed by a slow ramp at 1 °C/min to 500 °C and another
soak for 4 h to provide enough time for pyrolysis and homo-
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Table 1. Thickness (nm) of Spin-Coated PFA, CTP, and Photoresist before and after Pyrolysis

ellipsometry

optical profilometry after AFM after pyrolysis

organic precursors before pyrolysis after pyrolysis at 800 °C pyrolysis at 800 °C at 800 °C

PFA 0.5 wt % 9.60 £0.15 3.28 £0.04 5.7 4.5
1wt % 12.88 £0.08 3.38 £ 0.06
5wt % 5331 £0.17 10.04 £0.05

CTP 0.5wt % 16.68 £0.15 327+0.13 3.6 3.2
1wt % 20.94 £ 0.81 4.60£0.18
5wt % 81.66 £ 1.69 577 £0.15

PR 10:1 13.39 £0.18 2.68 £0.05 4.6 5.1

geneous aromatic carbon formation. The samples were then
finally heated at 700—800 °C at 5 °C/min and allowed to soak
for 2 h before cooling down at 2 °C/min to room temperature.
The final pyrolysis temperature for AF45 glass and silicon wafer
substrates was 800 °C, while the carbon films made on float
glass were limited to 700 °C in order to prevent thermal
deformation of glass.

2.3. Characterization of Carbon-Coated Glass. 2.3.1. Thick-
ness Measurement. In order to measure the thicknesses of the
deposited carbon coatings, we prepared carbon-coated samples
using similar process parameters such as the concentration of
the precursor and the pyrolysis temperature on both silicon and
glass substrates. Ellipsometry (Gaertner L115 ellipsometer;
Scientific Co.) was used to measure the thickness of the coated
silicon wafers both before and after pyrolysis. In order to
measure the thickness of carbon-coated glass, the carbon films
were selectively etched using oxygen to create a patterned
surface. Three-dimensional (3D) images of the patterned sur-
faces were taken using both optical profilometry (Wyko NT
1100 profilometer; Veeco Instruments, Inc.) and atomic force
microscopy (AFM), and the thickness and uniformity of the
coatings on glass were examined.

2.3.2. Physical Property Measurements. 2.3.2.1. AFM
(Morphology and Friction). Topography and friction of the
carbon coatings were analyzed by AFM (Digital Instruments
Dimension 2000 atomic force microscope; Veeco instruments,
Inc.). The 2D and 3D morphology as well as roughness of the
carbon layer were obtained in tapping mode. To measure
the frictional behavior, the contact mode of AFM was used and
the frictional properties of the carbon coatings were measured
using 3D images of height and friction modes at the boundary
between the carbon coating and the pristine glass surface.
Furthermore, the quantitative changes in frictional resistance
were calculated by using the procedure adopted by Koszewski
et al. (32).

2.3.2.2. Raman Spectroscopy (Structural Characteriza-
tion). Measurements of Raman spectra were carried out using
a confocal Raman (WITec CRM200 spectrometer; WITec Instru-
ments Corp.) with 488-nm wavelength of the excitation laser
and a 100x (NA = 0.9) objective scanned in the range of
1100—1850 cm™'. The spectra were curve fitted using a Gauss-
ian function to determine the individual contributions of the D
and G peaks of the carbon layer.

2.3.2.3. UV—Vis Spectroscopy (Transparency). UV—Vis spec-
tra of carbon-coated glass were recorded using a Cary 100
UV—vis spectrophotometer (Varian, Inc.). The transmission was
measured from 200 to 800 nm for the samples, before and after
pyrolysis. As a reference, bare glass and blank measurements
in air were used to calibrate the background spectrum.

2.3.2.4. Contact Angle (Hydrophobicity). To characterize
the carbon layer, the contact angle of water on the coated glass
surface was measured at ambient temperature using the sessile
drop technique. The contact-angle measurement was made at
five different locations on the coated sample, and the average
value was taken.
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2.3.2.5. Weathering Resistance. In order to do the weather-
ing test, an ultrathin carbon film was formed on float glass,
which is susceptible to leaching. Carbon coatings were made
using the three precursors by pyrolysis at 700 °C. The effect of
the carbon coating on the chemical durability of the glass
surface was evaluated at a constant 85 % relative humidity and
a temperature of 85 °C for several days. The samples prepared
using each precursor were removed from the chamber at time
intervals of 1, 2, 3, 5, 7, and 10 days, and the surfaces were
observed with an optical microscope.

2.3.2.6. Electrical Conductivity. Characterization of the
electrical properties of the thin carbon films was carried out
using a two-point probe I—V station designed and fabricated for
measuring the electrical resistance as a function of the temper-
ature. The 50-nm-thick gold electrodes, 2 mm x 5 mm, were
sputtered on top of the carbon film pyrolyzed on a glass
substrate. The resistance and conductivity was calculated from
current—voltage curves.

3. RESULTS AND DISCUSSION
The thicknesses of the spin-coated carbon precursor

films, before and after pyrolysis, were measured by ellip-
sometry, optical profilometry, and AFM and are summarized
in Table 1. The thicknesses of the coatings after spin coating
increase with the concentration of the organic precursors
and are in the range of 10—80 nm. During pyrolysis, the
polymer decomposes to leave behind a thin carbon layer on
the glass surface. The thickness of the pyrolyzed film was
in the range of 20—25% of the original thickness for the
three precursors. To further confirm the thickness and
continuity of the coatings, the carbon-coated surfaces were
patterned by using a shadow mask to selectively etch the
carbon film with oxygen. Figure 1 shows the 3D representa-
tion showing the interface between the coated glass and the
etched surface. It can be seen that the ultrathin carbon layer
is continuous and has a thickness in the range of 3.6—5.6
nm for all of the pyrolyzed precursors. Likewise, thickness
profiles obtained by AFM from these patterned samples
confirmed again that these carbon layers are 3—6 nm in
thickness.

AFM was also used to study the surface morphology and
roughness of the carbon-coated layers. AFM images obtained
in tapping mode are displayed in Figure 2a—c. The ultrathin
carbon layers are smooth and uniform. The root-mean-
square (rms) surface roughnesses of carbon films obtained
from PFA and PR were in the range of 0.18—0.22 nm.
Comparatively, the CTP-derived carbon coating has a slightly
larger surface roughness of ~0.35 nm.

Lee et al. www.acsami.org



Downloaded by PENNSYLVANIA STATE UNIV on June 29, 2009
Published on April 29, 2009 on http://pubs.acs.org | doi: 10.1021/am900032p

Y Profile Y Profile Y Profile
X 935 um I 8um X148 0um
- 0 9]__u\‘ 6 . N v‘ . L5 ] m _€ - X : o ‘,
e | ANAC T V] 18 Aa /\ | room ) | A 45} ) (o )i
E \ | ke \ IV TV V u 3 7 Wt
: \ 4 1 | i 34 E 3 5
E \ ’ ; 3 A ’ II ; E ¥ ¥ I 3
o] \ = Pv. o3
K | 3/ AV - .-\;JI E Ly o, el i inyg |
E “f\‘"’"'le"“"\r] Y P s L k_"""\;.f- E WY 'J' VY
4 g 2 . > 4= 4 4 2

FIGURE 1. 3D image scanned using optical profilometry to measure the thickness of the patterned carbon film deposited on AF45 glass substrate
after pyrolysis at 800 °C using spin-coated 0.5 wt % PFA, 0.5 wt % CTP, and PR (10:1) as precursors.

FIGURE 2. AFM topographical images (flattened images and 3D images) (1 um x 1 um) of the deposited carbon layer: (a) 1 wt % PFA, rms
roughness = 0.190 & 0.027 nm; (b) 5 wt % CTP, rms roughness = 0.293 £ 0.036 nm; (c) PR (10:1), rms roughness = 0.180 & 0.021 nm.
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FIGURE 3. Raman spectra of thin carbon layers deposited using (a) 0.5 wt % PFA, (b) 0.5 wt % CTP, and (c) PR (10:1) pyrolyzed at 800 °C.
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Figure 3 shows the Raman spectral data experimentally
obtained from the carbon-coated glass. The two most in-
tense features are the G peak at 1580 cm™' and the D peak

at 1350 cm™!, and these peaks are clearly seen for all of the
carbons made using the three organic precursors. The
presence of G and D peaks confirms the formation of
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Table 2. Raman Intensities of Deconvoluted G and
D Peaks for the Carbon-Coated AF45 Glass Pyrolyzed
at 800 °C

intensity fwhm
material I Ip intensity ratio Ip/lg Ba Bp
0.5wt % PFA 6280 7738 1.232 89.91 332.29
05wt % CTP 1926 2301 1.195 90.24 359.20
PR (10:1) 3315 3888 1.173 92.80 359.26

polyaromatic carbon on the surface of the glass. The G peak
is usually referred to as the Raman-active E,g in-plane
vibration mode of polyaromatic domains, while the D peak
is assigned to the A4 in-plane breathing mode (33), which
is due to the presence of disorder in the structure. The
relative peak intensity ratio (Ip/lg) is correlated to the recipro-
cal of the crystalline size along the basal plane (1/L,). The
relative intensities of the two peaks were measured by
deconvoluting the peaks in the Raman spectra. Even though
there are differences in the types of precursors, all of the
films pyrolyzed at 800 °C show significant amounts of
disorder such as edge defects, dangling bonds, etc. In order
to understand the structural differences between the three
precursors, it is important to anneal the films at much higher
temperatures (1000—1500 °C) to induce significant align-
ment of polyaromatic domains. However, the maximum
temperature for these experiments was limited by the
softening point of the glass substrate.

Table 2 summarizes the Raman results for the carbons
derived from the three precursors. The relative intensities
(Ip/Ig) for all three carbons range between 1.173 and 1.232.
This corresponds to L, ~ 3.6 nm, which is the case with the
most disordered carbons.

The transmittance spectra after pyrolysis are presented
in Figure 4. The AF45 glass exhibited a 91 % transmittance
with respect to air when probed in the visible region of
wavelength greater than 400 nm. The transmittance of AF45
glass dramatically decreases below 400 nm because of the
UV cutoff at ~300 nm. Among the carbon-coated glasses,
CTP-derived carbon-coated glass showed the highest trans-
mittance. This is in good agreement with the thickness
measurements, which showed that the CTP-coated glass was
the thinnest. In order to better characterize the effects of the

[a]

—
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FIGURE 5. Water contact-angle measurements done on (a) pristine
AF45 glass and (b) carbon-coated AF45 glass made using PR (10:1)
as the precursor (~5 nm thick).

Table 3. Water Contact Angle on an

Organic-Precursor-Coated Glass Surface after
Pyrolysis at 800 °C

organic precursors

contact angle of

water (deg)

contact angle of
the glass surface

PFA 0.5wt % 80.78 £ 2.55 47.57 £ 2.46
Twt% 80.55 £ 3.92
5wt % 79.96 £ 2.39
CTP 05wt % 79.56 £ 4.22
Twt% 77.34 £ 1.75
5wt % 77.61 £ 1.45
PR 10:1 85.33 £ 2.19

carbon film, an AF45 glass substrate was heat-treated at 800
°C to provide reference spectra, as shown in Figure 4b. This
makes it possible to identify the absorbance at 250 nm,
which is characteristic of these, and most, carbonaceous
materials (31, 34). All of the carbon-coated glasses derived
from different organic precursors showed absorption in the
range of 250—300 nm after pyrolysis. Figure 4c shows the
transmittance at 650 nm as a function of the thicknesses of
the deposited carbon layers. Both CTP- and PFA-derived
carbon layers showed a decrease in the transmittance with
increased thicknesses. Depending upon the concentration
of PFA or CTP, it was possible to make very thin transparent
carbon films from both precursors. However, the PFA-
derived carbon films became considerably thicker with an
increase in the concentration of the precursor, while CTP
showed a gradual increase in the thickness with increased
concentration. The transmittance was almost 97 % in the
visible region for the carbon-coated glasses with thicknesses
on the order of 3—4 nm synthesized using both PFA and
CTP. As the thickness increased beyond 5 nm, the transmit-
tance dramatically dropped for PFA-derived carbon films
(65% at 10 nm).

The contact angle of water on the freshly cleaned glass
substrate (Figure 5a) was 47.56°. Carbon-coated glass showed
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FIGURE 4. Comparison of the transmittance of carbon-coated glasses as measured using UV—vis spectroscopy with respect to (a) air as the
reference and (b) the bare glass substrate as the reference. (c) Change in the transmittance as a function of the film thickness of the carbon

layer on AF45 glass.
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FIGURE 6. (a) Topography, (b) friction profiles, and (c) lateral force vs normal load data measured using AFM FDCs and the torsion loop (Kr:
torsion spring constant) on carbon-coated AF45 glass (4.5 nm thick) made using PFA as the precursor.
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FIGURE 7. Optical micrographs of the glass surfaces exposed to 85 °C and 85% relative humidity for 10 days: (a) pristine float glass; (b)
carbon-coated float glass made using PR (10:1) as the precursor; (c) carbon-coated float glass made using a 0.5 wt % CTP solution as the

precursor.

a substantial increase in the contact angle. PR-derived
carbon (Figure 5b) showed the highest contact angle of 85°,
while those of PFA and CTP were 80° and 78°, respectively.
Static water contact angles measured on the carbon layers
of the PFA, CTP, PR, and pristine glass surface are sum-
marized in Table 3.

Parts a and b of Figure 6 present the topography and
friction profiles for the bare and carbon-coated glasses over
1.9 x 1.9 um? scan areas. It is seen that the height image
and the frictional force image are complementary to each
other. The exposed glass surface has higher frictional resis-
tance compared to the carbon-coated glass surface. In Figure
6¢, the lateral force versus normal load for the carbon-coated
surface is reported. The normal load and the lateral force
have been extracted from the force—distance curve (FDC)
and the torsion loop, which is the measured torsion of the
cantilever versus relative displacement. As shown in Figure
6, the measured friction value on the carbon-coated surface
was 5 times less than that of the bare pristine glass. PR and
CTP showed considerably lower frictional resistance (by 2
times) than PFA. Even though Raman studies did not indi-
cate significant structural differences, it is possible that PR
and CTP have comparatively more ordered polyaromatic
domains than PFA, resulting in increased lubricity. More-
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FIGURE 8. Plot of current (I) vs voltage (V) measured using carbon-
coated AF45 glass samples derived from 0.5 wt % PFA, 5 wt % CTP,
and PR (10:1) as 46, 117, and 123 KQ, respectively.

over, PFA-derived carbons are nanoporous in nature, while
carbons from CTP are expected to be pore-free (8, 9).

The corrosion resistances of the coated glasses were
tested under hot and high-humidity conditions. Figure 7
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shows the optical micrographs of samples under the influ-
ence of this weathering condition for 10 days. The bare
surface of this glass was visibly deteriorated, while the
carbon-coated glass surfaces (Figure 7b,c) did not appear to
exhibit any visible signs of corrosion. This result clearly
indicates that the ~5 nm thickness of the carbon layer can
provide a water barrier and, thereby, improve significantly
the chemical durability of the glass surface.

Figure 8 shows the I—V characteristics of the pyrolyzed
films from the various organic precursors. These carbon
films exhibit ohmic behavior (35). The room temperature
electrical resistances calculated from the I—V measurements
were 46 KQ (PFA), 117 kQ (CTP), and 123 kQ (PR). The
electrical resistance and conductivity were found to vary
with the film thickness, and the representative conductivity
values measured from these three carbon films were 0.432
x 10? S/cm (PFA at 4.5 nm), 0.148 x 10% S/cm (CTP at 6
nm), and 0.163 x 10? S/cm (PR at 5 nm).

4. SUMMARY
We began this investigation by choosing polymeric

precursors such as PFA, PR, and CTP because they can
be easily spin-coated on glass substrates. PFA and PR are
cross-linking precursors, while CTP is a graphitizing pre-
cursor with a significant content of polymer, i.e., hydro-
carbons. Upon pyrolysis, all three precursors undergo
decomposition, leaving behind a residual carbon film.
Because the coatings were formed on glass, we were
limited to a pyrolysis temperature of 700—800 °C. Under
these conditions, all three precursors yield glassy or
disordered carbon. The transformations of the polymer
precursors to disordered carbon is described in detail
elsewhere (8). During pyrolysis, the precursors undergo
transformations to form polyaromatic domains and, in the
process, release gases such as water, CO,, CO, and CHa.
This results in a significant amount of weight loss. Because
the polymer precursor film itself was thin, this translates
to the formation of ultrathin carbon layers on the order
of 3—6 nm in thickness. CTP has the smallest thickness,
as confirmed using optical profilometry, UV—vis measure-
ment, and Raman intensity. This is because the percent-
age yield of carbon from CTP is relatively less than that
from PFA or PR. Raman spectroscopy clearly showed
evidence for the formation of polyaromatic carbons on
the glass surface.

Our goal in this work was to create a very thin uniform
layer of carbon on glass that has very high transparency.
UV—vis measurements confirmed that the transmittance
through the coated glass was almost 97 % with respect to
pristine glass. We then addressed the question of unifor-
mity of the deposited carbon layer using several ap-
proaches. A morphological study using optical profilom-
etry and AFM revealed that the surface roughness was on
the order of 0.2—0.35 nm. We further confirmed the
uniformity by doing contact-angle measurements at vari-
ous locations on the glass surface. The contact angle was
consistently higher than that of bare glass at all locations,
and PR-derived carbon layers showed the highest contact
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angle of 85°. This value is consistent with the contact-
angle measurements reported for bulk carbon substrates.
The study of the frictional properties of this layer using
AFM showed that the carbon layer is uniform and lower
in frictional resistance by almost 5 times as compared to
the pristine AF45 glass surface. We also exposed the
carbon-coated float glass to severe weathering conditions
and found that the ultrathin carbon layer was, in fact,
acting as a significant water barrier. The outstanding
chemical durability, transparency, and continuity of the
thin film make this carbon coating a promising candidate
for use as a transparent conductive electrode for selected
applications. The sheet resistance and electrical conduc-
tivity of the prepared 4.5-nm-thick carbon-coated glass
were 55.6 kQ m and 40 S/cm, respectively.
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