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Abstract. The advance of lithographic resolution has made it necessary to
adopt extremely thin photoresist films for the fabrication of “2× nm” structures in order to mitigate problems such as resist collapse during development but limiting achievable etch depths at the same time. By using
multilayer hardmask stacks, a considerable increase in achievable aspect
ratio is possible. We have previously presented a fullerene-based spin-on
carbon hardmask material capable of high-aspect-ratio etching. We report
our latest findings in material characterization of an original and a modified
formulation. By using a higher adduct derivative fullerene, the solubility in
industry-friendly solvents and thermal stability could be improved. The
etching performance and materials characteristics of the new higheradduct fullerene hardmask were found to be comparable to those of
the original hardmask. © The Authors. Published by SPIE under a Creative
Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in
whole or in part requires full attribution of the original publication, including its DOI. [DOI:
10.1117/1.JMM.12.3.033003]
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1 Introduction
With the progress in lithography technology, the feature size
of electronic devices continues to shrink further and further.
However, in order to achieve the required resolution, the
adoption of thinner photoresist films has become necessary
to minimize the impact of problems such as pattern collapse
of resist features upon development due to aspect ratio.1 A
consequence of the reduced resist thickness is the limited
aspect ratio in pattern transfer by etching because of the
reduced mask durability. We have previously shown that
aspect ratios in excess of 5∶1 for 25-nm-halfpitch features
are achievable2 using a high-etch-durability, high-resolution,3 fullerene-based resist. However, with the advent of
new three-dimensional technologies such as FinFET or
Trigate FET, the problem is further exacerbated.4
Using a multilayer hardmask stack to provide the desired
aspect ratio at the required resolution can circumvent this
issue. The stack comprises alternating layers of materials
with differing etch selectivities. A commonly used stack is
a thick amorphous carbon layer deposited by chemical vapor
deposition topped by a thin silicon-rich layer.5,6 A thin photoresist film is then sufficient to pattern the thin silicon layer,
avoiding the pattern collapse problem in thicker resist films.
The silicon is then used as a hardmask to pattern the thick
carbon layer, giving a high-aspect-ratio carbon pattern suitable for subsequent etching of the silicon wafer. For
improved manufacturability and to decrease costs, it is beneficial to replace the use of chemical vapor deposition with
spin-on hardmasks (both silicon and carbon).7,8
We have previously introduced a family of fullerenebased “spin-on carbons” (SoCs) with high etch durability
and resolution.9–11 These materials have low levels of aliphatic hydrogen, which has been proposed as a solution
to “wiggling” of lines during transfer to the thick carbon
layer.12 We report here on further characterization of one of
J. Micro/Nanolith. MEMS MOEMS

the original SoCs thermally and mechanically (IM-HM1101), and on a new variant SoC (IM-HM12-01), which has
been designed to improve the solubility in industry-friendly
solvents such as cyclohexanone by modification of the functionalization of the fullerene molecule.
2 Experimental Methods
Sample preparation was the same in all cases. Silicon
substrates of 18 × 18 mm2 were prepared by dicing a
100-mm n-type h100i silicon wafer (Rockwood Electronic
Materials, Rousset, France) using a Disco DAD 321 wafer
dicer. A precut on the back allowed for further separation
into 4.5 × 9 mm2 pieces after spin coating. The substrates
were cleaned using semiconductor-grade chemicals
(Puranal). After dicing, the substrates were immersed in
isopropyl alcohol (IPA) and placed in an ultrasonic bath
for 10 min. The samples were then rinsed in flowing deionized (DI) water for 1 min (Purite Neptune, 18.2 MΩcm)
before being immersed in freshly prepared H2 SO4
ð95–98%Þ∶H2 O2 (30%) [1∶1] for 10 min. After another
1-min rinse in flowing DI water, the substrates were dipped
for 3 min in a weak aqueous solution of HCl (0.1–1%) to
form a hydrophobic surface, and finally a further 1-min
rinse in flowing DI water. They were then dried with nitrogen
and used immediately for SoC film preparation.
We evaluated two SoC hardmask compositions from
Irresistible Materials. IM-HM11-01 and IM-HM12-01 are
formulated with the same crosslinker, but the latter features
a new fullerene designed for improved solubility in industrially compatible casting solvents. Solutions were prepared
by dissolving appropriate fullerene derivatives in cyclohexanone or anisole with concentrations in the range 5–50 g∕L.
The crosslinker was then added at a 1∶1 ratio by weight. The
solution was filtered with a 0.02-μm Teflon syringe filter to
remove agglomerates. SoC films were produced by spin
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coating on silicon, at 1000 rpm for 60 s. After coating, the
films were baked at a temperature of 300°C for 5 min to render the film insoluble.
The solvent compatibility (elution) of the SoC films was
determined by measuring the film thickness with a surface
profiler (Dektak 3st Auto) before and after a 1-min dip in
various solvents followed by a rinse in IPA. Thermal stability
was investigated by placing the films in a furnace under
nitrogen atmosphere for 5 min and comparing the film thickness before and after heating. Surface roughness was measured with a NanoWizard II atomic force microscope (JPK
Instruments, UK) operating in intermittent contact mode
employing pyramidal-tipped Si cantilevers (PPP-NCL,
Windsor Scientific, UK). Young modulus and hardness
were determined by performing nanoindentation on 1-μmthick films produced by coating multiple successive layers.
For etch tests, after preparation of the carbon films, a
∼20-nm thin silicon layer was deposited on top by sputter
coating at 1 × 10−2 mbar argon pressure with an radio frequency (RF) power of 250 W. After the deposition of the
thin silicon layer, photoresist was spin coated onto the sample. A number of different resists have been successfully
tested in this application including SAL601 (Shipley), our
in-house fullerene-based chemically amplified molecular
resist,2,3 and, as used for the work presented here, a nonchemically amplified triphenylene derivative molecular
resist.13 Resist patterning was done with a FEI XL30
SFEG scanning electron microscope equipped with an
ELPHY Plus pattern generator (Raith GmbH, Dortmund,
Germany). Isolated lines and dense line/spaces with linewidths from 20 to 40 nm were written at a beam voltage
of 30 keV.
All etching was performed using an Oxford Instruments
PlasmaPro NGP80 inductively coupled plasma (ICP) system. An overview of the process is shown in Fig. 1.
Silicon substrates were attached to a sacrificial silicon wafer
using heat sink paste to ensure good thermal contact. The
sacrificial wafer was mechanically clamped to the lower
electrode, which was equipped with helium backside pressure to ensure good thermal control of the sample during the
etching process. The system contained two separately controlled radio frequency power sources supplying 13.6 MHz
power to the ICP coil (referred to herein as ICP power) and to
the lower electrode (RF power). The ICP power was used to
ionize the process gases to generate a high-density plasma,
while the RF power was used to allow the DC self bias, and
hence the ion energy at the sample, to be controlled independently of the ion density. In the first etch step, the photoresist pattern was transferred into the silicon topcoat by a

mixed-mode SF6 ∕C4 F8 etch with an SF6 flow rate of
25 sccm, C4 F8 flow rate of 30 sccm, RF power of 20 W and
ICP power of 220 W, 15 mTorr chamber pressure, 10 Torr
helium backing, and stage temperature 5°C. The patterned
silicon then acted as etch mask during oxygen plasma etching of the SoC layer with an O2 flow rate of 10–15 sccm, RF
power of 150 W and ICP power of 300 W, 2 mTorr chamber
pressure, 5 Torr helium backing, and stage temperature 5°C.
The final etch step consisted of transferring the carbon hardmask pattern into the silicon substrate by either a mixedmode SF6 ∕C4 F8 etch again or the use of a SF6 ∕CHF3 process chemistry. Conditions for the mixed-mode SF6 ∕C4 F8
etch were SF6 flow rate of 20 sccm, C4 F8 flow rate of
30 sccm, RF power of 20 W and ICP power of 220 W,
15 mTorr chamber pressure, 10 Torr helium backing, and
stage temperature 5°C. SF6 ∕CHF3 plasma conditions were
SF6 flow rate of 15 sccm, CHF3 flow rate of 50 sccm,
RF power of 20 W and ICP power of 200 W, 20 mTorr chamber pressure, 10 Torr helium backing, and stage temperature
5°C. Etched features were imaged with the SEM in top view
and under 45-deg tilt.
3 Results
3.1 Film Preparation and Characterization
The difference in the two film compositions is in the number
of functional adducts. While IM-HM11-01 contains a monoadduct, the fullerene in IM-HM12-01 is a bis-adduct. The
mono-adduct variant from the previous work9–11 required
the use of the halogenated solvent chloroform to achieve substantial film thicknesses. However, chloroform is not an
industry-acceptable solvent. The aim was therefore to
increase the solubility in acceptable solvents in order to
spin >100-nm-thick films. The first solvent tested was anisole. The solubility of the mono-adduct was 19.5 g∕L, and
36.3 g∕L for the bis-adduct. However, after addition of
crosslinker, spin coating from this solvent gave a maximum
thickness of 75 nm, which is below our desired value of at
least 100 nm. In cyclohexanone the solubility of the monoadduct was <10 g∕L, but this increased to ∼50 g∕L in the
bis-functionalized fullerene. With 50 g∕L concentration it
was possible to coat a 4-inch wafer with a defect free
∼120-nm-thick SoC film after formulation with the crosslinker. While anisole and cyclohexanone have similar evaporation rates, the viscosity of cyclohexanone is twice that of
anisole which probably leads to the higher film thickness.
Both compositions have been characterized with respect
to their thermal and mechanical properties to determine if the
number of adducts has any influence on these parameters.

Fig. 1 Overview of the spin-on-carbon (SoC) etch stack process.9
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Table 1 Comparison of etch rate and selectivity between IM-HM1101 and IM-HM12-01.

Bare silicon IM-HM11-01 IM-HM12-01
Average roughness (nm)

0.28

0.36

0.28

RMS roughness (nm)

0.35

0.45

0.36

Peak to valley (nm)

4.57

4.51

3.12

Young modulus (GPa)

—

5–6

4.7

Fig. 2 Film thickness of the SoC films before and after heating in the
furnace.

Hardness

—

800 MPa

1.15 GPa

The result from the assessment of the thermal stability is
shown in Fig. 2. The increase in adduct number actually
seems to be beneficial for the thermal stability as the temperature before the onset of film loss is raised from 400°C to
450°C. Further, the film loss for IM-HM12-01 plateaus
after the initial loss at 450°C, until the temperature is in
excess of 550°C, which could be indicative of film compaction rather then sublimation and possibly extend the usable
temperature range above 450°C for this material. A possible
explanation for the higher temperature stability is improved
crosslinking as the bis-adduct provides additional crosslinking site in comparison to the mono-adduct.
The surface roughness for the two compositions was
found to be of comparable size as well as being similar to a
reference measurement of the silicon used for the substrate.
This demonstrates that the use of the hardmask does not introduce significant roughness (see Fig. 3, Table 1). Measurement
of the mechanical parameters, hardness, and Young modulus
displayed no significant differences between the two materials.
Testing for solvent compatibility (elution) showed that
once they had received a postcoating bake, neither material
showed measurable film loss or swelling after 1 min of
immersion in the following commonly used solvents: propylene glycol monomethyl ether (-acetate), ethyl lactate,
ethyl ethoxy propionate, anisole, cyclohexanone, and tetramethylammonium hydroxide (25%), making the material
compatible with standard industry processes.

pattern was written into ∼80 nm-thick SAL601 resist film as
a control and reference. Samples were etched for 45 s in
SF6 ∕CHF3 and SF6 ∕C4 F8 plasmas and the feature height
recorded before and after silicon etching. After stripping
of the remaining resist and SoC material via oxygen plasma
ashing, the height of the etched silicon features was measured as well. In this way the amount of SoC masking
material removed was calculated. The results are summarized in Table 2. It can be seen that the etch rate of the
higher-adduct SoC IM-HM12-01 is lower than that of IMHM11-01, although it can also be seen that both materials
perform better than the SAL601 control—a high-durability
novolac resist that has been widely used in microfabrication
because of its good etch resistance and resolution. Based on
the concept of Ohnishi number,14 which states that the etch
rate is proportional to carbon content in the material, we
expected the mono-adduct to perform better then the bisadduct. Calculating the number for both materials gives a
value of 1.25 for IM-HM11-01, whereas IM-HM12-01 has
a number of 1.45. A lower Ohnishi number typically equates
to a lower etch rate. But here we observed that IM-HM12-01
actually showed a lower etch rate. We presume this to be
caused by increased crosslinking of the material due to
the second adduct.
Both IM materials are capable of high-resolution patterning. Examples of the patterned hardmask and transfer into
silicon are shown in Fig. 4. Sparse line features with a
width of 20 nm were successfully etched into silicon as well
as 30-nm dense patterns for both materials. While the plasma
chemistry generally does not affect the etch rate of the SoC
material, higher aspect ratios are achieved with SF6 ∕CHF3 as

3.2 Hardmask and Silicon Etching
For comparison of the etch rate and selectivity 10-μm-wide
lines were patterned into the hardmask. In addition, the same

Fig. 3 AFM surface roughness of bare silicon (a), IM-HM11-01 (b) (note different scale), and IM-HM12-01 (c).
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Table 2 AFM and Nanoindenter measurements of the IM-HM11-01 and IM-HM12-01 films.

Etch chemistry
Material etch rate (nm/s)

SF6 ∕C4 F8

Selectivity to silicon
Material etch rate (nm∕s)

SF6 ∕CHF3

Selectivity to silicon

IM-HM11-01

IM-HM12-01

SAL601 control

1.17

0.98

1.24

3.9∶1

4.5∶1

3.4∶1

0.91

0.8

1.34

13.1∶1

14.8∶1

8.6∶1

Fig. 4 Sparse 20-nm line patterns in for IM-HM11-01 (a) and IM-HM12-01 (b), SoC films; and transferred into silicon via SF6 ∕CHF3 etching for
IM-HM11-01 (c) and IM-HM12-01 (d).

the higher silicon etch rate for this gas combination results in
a higher etch selectivity.
4 Conclusion
In summary, we have presented material characterization for
a previously introduced SoC hardmask and a new variant.
With the aim of improving the solubility of the material in
industry-accepted solvents, we have further investigated how
the material properties change when modifications to the
number of functional groups are made. The change in adduct
number greatly improved the solubility of the compound in,
for example, cyclohexanone. Both the original and modified
versions perform better than the SAL601 control resist,
although the modified composition had slightly higher etch
rate than the mono-adduct variant. Both SoC carbon films
were capable of transferring high-resolution features into silicon with high aspect ratio.
J. Micro/Nanolith. MEMS MOEMS
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