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A nanometer-scale grating structure with a 60-nm-wide gap and 200-nm-wide ridge has been
successfully demonstrated on a silicon-on-insulator substrate by using a 220-nm-thick hydrogen
silsesquioxane (HSQ) negative tone electron beam resist. A post exposure baking (PEB) process
and hot development process with low concentration (3.5 wt%) of tetramethylammonium hydrox-
ide (TMAH) solution were introduced to realize the grating pattern. To study the effects of post
exposure baking on the HSQ resist, Fourier transform infrared spectroscopy (FT-IR) and X-ray pho-
toelectron spectroscopy (XPS) analyses were carried out. From the FT-IR and XPS analyses, it was
verified that a thin SiO2 with high cross-linked network structure was formed on the HSQ surface
during the PEB step. This SiO2 layer prevents the formation of unwanted bonds on the HSQ sur-
face, which results in clearly defined grating structures with a 60-nm-gap and 200-nm-wide-ridge on
the 220-nm-thick HSQ resist. The nanometer-scale grating pattern was successfully transfered to
the 280-nm-thick silicon layer of a silicon-on-insulator (SOI) substrate by using inductively-coupled-
plasma-reactive-ion-etching (ICP-RIE).

Keywords: Hydrogen Silsesquioxane, E-Beam Lithography, FT-IR, XPS, Post Exposure Baking
Silicon-on-Insulator (SOI).

1. INTRODUCTION

Hydrogen silsesquioxane (HSQ) is widely used as a high
resolution negative tone electron-beam resist in the fabri-
cation of electronic devices with gate length shorter than
10 nm as well as in the production of low loss photonic
devices.1–4 The advantages of HSQ resist include high
resistance to dry etching,5–6 small granular size,7–9 and
a relatively convenient pattern transfer process from the
resist onto the semiconductor materials. Recently, active
research on nanometer-scale processing have been carried
out by using electron beam (e-beam) lithography and a
HSQ resist to push the limit of the fabrication technology
down to a few nano-meters.
Process conditions such as electron beam dose, the

thickness of HSQ,10–11 baking and developing temper-
ature,12 concentration of tetramethyl-ammonium hydrox-
ide (TMAH) based developer solution,13 types of the
developers,14 and developing time in TMAH solution15

∗Author to whom correspondence should be addressed.

were varied and the results were analyzed with the aim
of achieving optimal resolution of HSQ by using electron
beam lithography.
However, most recent studies have been carried out only

with HSQ resist thinner than 30 nm. This is typically
unsuitable to fabricate silicon photonic devices on silicon-
on-insulator (SOI) substrates, as HSQ resist thicker than
200 nm is required to transfer the waveguide pattern on
to the silicon layer.3–4 Considering that the resolution of
the resist is also limited by the resist thickness,13 pro-
cess development to realize nanoscale patterns on a thick
(> 200 nm) HSQ resist is also required for the fabrication
of nanometer-scale silicon photonic devices.
In this study, a 50-nm-line/space grating pattern with

220-nm-thick HSQ resist was successfully fabricated by
introducing a post exposure baking (PEB) process and a
hot development process with a TMAH solution (3.5 wt%).
A 60-nm-gap with a 200-nm-wide-ridge with a 220-nm-
thick HSQ resist were developed and transferred on to
a 280-nm-thick Si top layer by using ICP-RIE as shown
in the Figure 1. The PEB process, which is commonly
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Fig. 1. (a) SEM top view image of grating pattern with 50-nm-wide
lines and spaces realized on 220-nm-thick HSQ resist. The sample
was developed for 1 min at 50 �C after PEB at 195 �C for 2 min
(b) Cross-sectional SEM view of grating pattern with 200-nm-wide line
and 60-nm-gap spacing on the SOI substrate. PEB was carried out at
195 �C for 2 min and development was performed for 1 min at 50 �C.
For the pattern transfer on to the SOI substrate, ICP-RIE with a SiCl4/Ar
gas mixture was utilized.

employed for producing a negative tone chemically ampli-
fied resist (CAR)16–17 to increase the contrast of the resist,
is introduced to clearly define nanometer-scale grating
patterns in the HSQ resist. The nanometer-scale grating
patterns were inspected by scanning electron microscopy
(SEM) and the effects of PEB on the HSQ resist were
investigated by using Fourier transform infrared spec-
troscopy (FT-IR) and X-ray photoelectron spectroscopy
(XPS) analyses.

2. EXPERIMENTAL DETAILS

The HSQ (FOx-12, Dow Corning) resist spun at a speed
of 4000 rpm for 60 sec on the SOI substrate resulted in
a thickness of 220 nm. The samples covered with HSQ
were then prebaked at 150 �C for 2 min on a hot plate.
E-beam exposure was carried out using a JEOL JBX-
6000FS/E e-beam lithography system with 50 keV accel-
eration voltage and 1 nA beam current. The grating pattern
was designed to comprise periodic 200-nm-wide ridges
with 60-nm-wide gaps. The samples after e-beam exposure
were baked at 105 �C for 2 min as a PEB step. The sam-
ples without PEB (WOPEB) and with PEB were developed
with TMAH solution (3.5 wt %) for 1 min at temperatures
of 23 �C and 50 �C.

Fig. 2. For the XPS analysis, samples A to E were prepared to investi-
gate the effects of the processing steps.

A parametric study on the PEB temperature was also
carried out. To study the effect of the PEB tempera-
ture, samples were baked on a hotplate at temperatures of
105 �C, 150 �C, and 195 �C for 2 min after e-beam expo-
sure and were developed at 50 �C for 1 min. The samples
were inspected by SEM (Hitachi S-4700) to identify their
effects on the HSQ resist.
Additionally, FT-IR spectra were recorded to monitor

the chemical change of the resist that occurred during
the PEB process step. The FT-IR spectra were obtained
by the transmission technique using a ‘Nicolet 5700—
ThermoFisher’ spectrometer with a resolution of 2 cm−1.
For the FT-IR measurement, prebaked HSQ coated silicon
samples were blanket exposed over a 5 mm2 area with
an electron beam lithography system with the same dose
(D = 1500 �C/cm2� as used to fabricate the gratings.
X-ray photoelectron spectroscopy (XPS) was also car-

ried out to inspect the effects of PEB on the HSQ surface
in the five cases, as shown in Figure 2. The XPS study
was performed using a MultiLab 2000 X-ray photoelec-
tron spectrometer (Thermo Electron) with a Mg K X-ray
source (h= 1253�60 eV). The XPS samples were prepared
by e-beam exposure over a 1 mm2 square area.

The grating pattern on HSQ was transferred to the SOI
substrate using an inductively-coupled-plasma-reactive-
ion-etching (ICP-RIE) system (Plasmalab system 100,
Oxford Instrument Co., UK) with process parameters of
SiCl4/Ar= 10/2.5 SCCM, chamber pressure of 10 mTorr,
dc bias of 230 V, and RF power of 50 W.

3. RESULTS AND DISCUSSION

In order to assess the effects of the PEB on the HSQ
resist, SEM micrographs of the processed samples were
compared. Top view images of the samples with PEB and
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Fig. 3. Comparison of SEM top view images of the developed
HSQ resist with the design of 200-nm-width and 80-nm-gap spacing
(a) WOPEB sample developed at 23 �C, (b) PEB sample developed at
23 �C, (c) WOPEB sample developed at 50 �C, and (d) PEB sample
developed at 50 �C.

without PEB are shown in Figure 3. The effect of PEB can
be clearly seen at the edges of the grating patterns devel-
oped at room temperature. The WOPEB sample, which
was developed at room temperature directly after e-beam
exposure without PEB, has residue on the developed area
as shown in Figure 3(a). On the contrary, the PEB sam-
ple exhibits a clean developed area without any noticeable
residue although it was developed at room temperature.
The difference can be ascribed to the SiO2 layer formed on
the e-beam exposed surface during the PEB step. The Si–H
bonds broken by e-beam irradiation easily make bonds
with oxygen in the air, which leads to the formation of
SiO2 layer on the surface. The stable SiO2 layer prevents
further formation of unwanted bonds on the HSQ surface,
which are insoluble in TMAH solution.
In Figure 3(c), WOPEB sample developed at an ele-

vated temperature exhibited clean line edges along the
pattern. However the residue of HSQ was observed
in the 80-nm-gap region. The hot development process
improves the contrast along the line edge, but it could not
remove the residue at the nanometer-scale gap. However,
when the samples were developed at an elevated tempera-
ture of 50 �C, the PEB samples exhibited a clearly opened

Fig. 4. SEM top view images of the developed PEB samples baked at (a) 105 �C, (b) 150 �C, and (c) 195 �C for 2 min.
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Fig. 5. FT-IR spectra obtained from the HSQ resist process in different
conditions. Si–O bending network peak (830 cm−1�, Si–O bending cage-
like peak (860 cm−1�, Si–O stretch network peak (1070 cm−1�, and Si–O
stretch cage-like peak (1130 cm−1� are shown in (a) and Si–H stretch
mode (2250 cm−1� is shown in (b).

nanometer-scale gap as shown in Figure 3(d). Contrary
to the WOPEB sample, the PEB process combined with
hot development resulted in the best grating patterns with
nanometer-scale gap.
It was also shown that the PEB temperature affected

the resulting grating structures. Grating patterns fabri-
cated using different PEB temperatures are compared in
Figure 4. The grating structures with 200-nm-wide lines
and 60-nm-wide gaps exhibited the clearer patterns with
the increase of PEB temperature from 105 �C to 195 �C.
The SiO2 layer formed on the HSQ surface during the PEB
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process prohibits large molecules to diffuse into the HSQ
film and only allows hydrogen to diffuse into the HSQ
resist.13 The accelerated formation of SiO2 layer at the
higher PEB temperature reduces the likelihood of the gen-
eration of unwanted bonds at the HSQ surface. The dif-
fused hydrogen atoms make bonds with the free Si bonds
generated by e-beam exposure and form Si–H bonds,
which leads to the lower sensitivity and higher contrast.
The chemical change due to each processing step

was analyzed on the basis of FT-IR measurement data.
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Fig. 6. XPS spectra obtained from samples A to E. (a) sample A (b) sample B (c) sample C (d) sample D (e) sample E.

The location of the absorption peaks in the FT-IR spec-
tra is determined by the molecular structures.18 The FT-IR
spectra in Figure 5 exhibit the following absorption peaks:
(1) Si–H stretch mode (2250 cm−1�,
(2) Si–O stretch cage-like peak (1130 cm−1�,
(3) Si–O stretch network peak (1070 cm−1�,
(4) Si–O bending cage-like peak (860 cm−1�, and
(5) Si–O bending network peak (830 cm−1�.
In the normalized FT-IR spectra19 in Figures 5(a)

and (b), WOPEB samples developed at 23 �C and 50 �C
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exhibit higher intensity signal at the skirt of the spectra
than the PEB sample developed at 50 �C. This surplus
intensity at the skirt can be ascribed to unwanted bonds
formed after e-beam exposure due to the instability of the
HSQ resist.13�19 As a result, the PEB samples have the
lower density of unwanted bonds than WOPEB samples.
To shed light on the formation of the SiO2 layer on

the HSQ surface during the PEB process, XPS measure-
ment was carried out. In Figure 6, the XPS spectra show
two main peaks corresponding to the high binding energy
(103.5 eV∼104.95 eV: Si4+� and the low binding energy
(102.8 eV∼103.3 eV: Si3+�.20–21 The two peaks (Si4+ and
Si3+� originate from the strong siloxane bonds (Si–O–Si)
and weak silicon hydride bonds (Si–H), respectively.15

It is known that the silicon hydride bonds can be broken
by e-beam exposure and the broken silicon hydride bonds
initiate cross-linking reactions.7�15 The chemical change
due to each processing step can be identified from the rel-
ative intensities of the two peaks. Figures 6(a) to (e) show
XPS data obtained from samples A to E, respectively. The
sample after e-beam exposure (sample B) shows increased
Si4+ peak intensity and decreased Si3+ peak intensity com-
pared with the sample before e-beam exposure (sample A).
It implied that the strong siloxane bonds (Si–O–Si) with
network structure (Si4+ peak) were formed by e-beam
exposure although silicon hydride bonds (Si–H and Si–O−)
with cage structure (Si3+ peak) are still dominant. In other
words, the increase of Si4+ peak intensity in sample C
showed that more cross-linked network structures were
formed on the surface during the PEB process.21

The samples developed in the TMAH based solution
(sample D) exhibited the higher Si4+ peak intensity and
the lower Si3+ peak intensity compared with the samples
before development (sample B). Because silicon hydride
bonds (Si–H) and silanol groups (Si–O−� dissolve in
TMAH solution and form siloxane bonds (Si–O–Si),13 the
Si4+ peak intensity is increased and the Si3+ peak inten-
sity is decreased after the TMAH development process. As
shown in Figure 6(e), Si4+ peak intensity is much higher
than Si3+ peak in the PEB sample (sample E), which con-
firms that cross-linked network structure is dominant at the
surface of the PEB sample.

4. CONCLUSION

Grating structures with 200-nm-width and 60-nm-gap
spacing were demonstrated on a 220-nm-thick HSQ resist
by introducing a PEB process to the normal e-beam lithog-
raphy process. The improvement in the nanofabri-cation

process can be ascribed to the effects of the SiO2 layer
formed during the PEB process. By employing XPS and
FT-IR, it was confirmed that SiO2 layer was formed at the
surface of HSQ resist during PEB process and the number
of unwanted bonds were reduced due to the effect of the
SiO2 layer which stabilizes HSQ surface. By introducing
the PEB process together with high temperature develop-
ment, the potential of the HSQ negative e-beam resist can
be fully exploited for the fabrication of high resolution
nanometer-scale devices.
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