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ABSTRACT

Atomic hydrogen dry etching was used for microstructure fabrication. Photolithography was proposed and achieved by a dry development
process using atomic hydrogen irradiation. The reaction system of poly(methyl methacrylate) mixed withmolecular benzophenone was exam-
ined as a model system for a proof-of-concept study. Optical patterning was experimentally made on a thin layer of poly(methyl methacrylate)
with benzophenone by UV light exposure with a photomask. The reaction system acted as a negative tone resist in the proposed process. Thus,
a model system for a new atomic hydrogen dry development process was proposed and successfully demonstrated.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0027509

INTRODUCTION

Atomic hydrogen can be used to etch polymers,1–6 silicon,7,8

silicon-carbide,9 and copper10 without causing any oxidation. It is
also known that atomic hydrogen can be used to carry out isotropic
etching. The development of a photolithography technique using an
atomic hydrogen dry development process will expand the range of
potential applications of atomic hydrogen. Currently, two methods
are used for the generation of atomic hydrogen; these methods were
developed in the 1910s–1920s11,12 and are now well understood.13,14

The first method is based on the use of plasma chemical vapor
deposition that is often used for diamond synthesis,15,16 and the sec-
ond method is catalytic chemical vapor deposition (Cat-CVD) using
metal catalysts such as tungsten.11,13,17,18 An etching process using
hydrogen gas would be simpler and would have lower economic
and environmental costs than the currently used etching processes.
While it is difficult to obtain a realistic estimate of the costs of differ-
ent industrial processes, it is clear that atomic hydrogen dry etching
has the potential to use less solvent compared to the wet develop-
ment processes andwill use less toxic or halogenated gases compared
to the other dry development processes.

The potential benefits of atomic hydrogen etching are based on
the small size of the hydrogenmolecule that is much smaller than the
developer molecules used in wet development processes, enabling
atomic hydrogen to penetrate into fine patterns. This feature is
potentially beneficial for the miniaturization of the lithography pro-
cess, even though the critical size of etching is restricted by the size of
the volatile decomposed molecule. Another characteristic of atomic
hydrogen is its electrical neutrality and reactivity. The neutrality of
atomic hydrogen may give rise to difficulties in the anisotropic etch-
ing process because the application of an electric bias will not affect
the trajectory of atomic hydrogen. The reactivity of atomic hydrogen
is basically complementary to that of ozone etching. Polymers such
as polystyrene, phenol resins such as the novolak resist, and poly(4-
vinylphenol) show less reactivity with atomic hydrogen compared to
poly(methyl methacrylate) (PMMA) but can be easily removed by
the wet ozone treatment.1,4,19,20 On the other hand, PMMA is eas-
ily removed by atomic hydrogen but is difficult to be removed by
the wet ozone treatment. Thus, if these features were introduced to
the easily etched polymer by photo-irradiation, and the irradiated
area was converted to a hardly etched polymer, photolithography
would be achieved. It is also expected that the optical conversion of a
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laboriously etched polymer to an easily etched polymer will achieve
the opposite tone resist.

In this work, photolithography using an atomic hydrogen dry
development process on a thin layer of PMMA with benzophe-
none as a photo-reactive molecule was proposed and carried out
experimentally for a proof-of-concept demonstration of this pro-
cess. For this purpose, molecular benzophenone was used instead
of the polymers that have a benzophenone moiety used in the UV-
cross-linking adhesives21 because the non-photoreacted area must
be etched and must be volatile under reduced pressure. The same
reaction system has been reported in the literature22 and is used in
this study to advance dry development using atomic hydrogen and
for an experimental demonstration of photolithography.

EXPERIMENTAL SECTION

Sample preparation

PMMA (Aldrich, Mw ≙ 120 000) was dissolved in ethyl lactate
(Nacalai Tesque, 96.0%>), and a 12 wt. % solution was obtained.
Both PMMA and ethyl lactate were used as received. A thin layer
of this solution was used as a control material for atomic hydro-
gen dry etching. To obtain the BP/PMMAmixed solution, 9.0 wt. %,
19 wt. %, 41 wt. % of benzophenone (TCI, 99+%, BP) with respect
to the weight of PMMA was dissolved in the PMMA/ethyl lactate
solutions. BP was used after recrystallization from ethanol (Wako,
99+%). The solutions were spin-coated on a 3-in. silicon wafer using
a spin coater (M-1S, Mikasa) and baked first at 60 ○C for 1 min and
then at 100 ○C for 1 min to remove the solvent. The typical layer
thickness was 1 μm.

Estimation of the selection ratio and patterning
procedure

The initial layer thickness was determined using a stylus pro-
filer (Dektak® 6M, Bruker). Then, lithographic exposure was car-
ried out by irradiation with broad light exposure using a pho-
tomask with a mask aligner. A super-high-pressure UV discharge
lamp (USH-250Dwith HB-25105AA power supply, Ushio) was used
as the light source. The typical exposure intensity was measured
by a thermal power sensor (S401C with PM100D, Thorlabs) as 55
mW/cm2 for the broad illumination. The exposure dose estimation
was performed at 365 nm using a photodiode-type detector (UVD-
365PD with UIT-101, Ushio). Lithographic exposure was carried
out at 295 ± 3 K. To estimate the selection ratio under a certain
exposure dose, light exposure was simply carried out without a
photomask.

Atomic hydrogen was irradiated using the hot-wire method
with a tungsten wire by an atomic hydrogen irradiator (Tokyo Ohka
Kogyo Co, Ltd.), as schematically shown in Fig. 1. Hydrogen was
introduced close to the tungsten wire with flow rate control ensured
by a mass flow controller. The tungsten wire was heated by elec-
trical heating with a constant current controlled by an AC power
supply (max. voltage 200 VAC, 60 Hz). A sample was placed under
the hot-wire on the sample stage with heating control in order to
heat the sample. The heating stage and the area around the hot-wire
were covered by a quartz plate and a quartz hood to reduce the loss
of atomic hydrogen by avoiding the exposure of the metal surface

FIG. 1. Schematic diagram of the atomic hydrogen irradiator. The flow rate of the
hydrogen gas was controlled to remain in the range of 90 ml/min–490 ml/min.
Temperature control of the heating stage enables sample temperature control in
the temperature range from room temperature to 200 ○C.

to the generated atomic hydrogen with the exception of an uncov-
ered area just below the hot-wire, so that the bare aluminum sample
stage was exposed for an area that had a diameter of 77 mm and
was well covered by a 3-in. wafer. A vacuum chamber was evacuated
using a dry pump (EV-S50N, Ebara). A throttle valve was placed
between the chamber and the pump to achieve the desired inter-
nal pressure by controlling the exhaust velocity. The temperature
of the hot-wire was monitored through a quartz window using a
two-color pyrometer (ISR 12-LO MB 33, Impac) placed outside the
chamber.

The general procedure of atomic hydrogen irradiation was as
follows. (1) The sample was placed on a temperature-equilibrated
sample stage of an atomic hydrogen irradiator at a certain tempera-
ture. (2) The chamber was evacuated down to 3 Pa or less. (3) Hydro-
gen gas was introduced at a certain flow rate and a certain exhaust
velocity setting, and atomic hydrogen was irradiated. (4) Thirty sec-
onds after the hydrogen flow started, the power supply used to heat
the hot-wire with a certain current setting was turned on, and atomic
hydrogen irradiation was commenced once the hot-wire tempera-
ture increased. The temperature was stabilized at approximately 10 s
after turning on the power supply. (5) These conditions were main-
tained until the atomic hydrogen irradiation was completed. (6) The
power supply of the hot-wire was turned off, and the system was
maintained for 30 s under hydrogen flow. (7) The hydrogen flowwas
stopped, and the chamber was evacuated to obtain a pressure of 3 Pa
or less. (8) The vacuum chamber was purged with nitrogen gas up to
atmospheric pressure, and then the sample was replaced or removed.
In step 1 and after step 8, the sample was exposed to the atmo-
sphere, while during steps 2–7, the chamber was evacuated using a
dry pump. Under the atomic hydrogen irradiation conditions, the
pressure was at a certain low vacuum value given by the flow rate of
hydrogen gas and the setting of the throttle valve. Procedures 3–7
were automated to use the desired settings of the stage temperature,
hydrogen flow rate, hot-wire current, throttle valve settings, and the
duration of atomic hydrogen irradiation. In the present series of
experiments, the stage temperature was maintained at 100 ○C, the
pressure during atomic hydrogen irradiation was 80 Pa, the hydro-
gen flow rate was 490 ml/min, and the temperature of the tungsten
wire was 1800 ○C.

After irradiation of the thin layer sample on the Si wafer for
a certain time with atomic hydrogen, the thickness of the polymer
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layer was determined using a stylus profiler. For the observation of
the resultant pattern, optical microscopy images were obtained using
an optical microscope (Eclipse L150, Nikon).

RESULTS AND DISCUSSION

The thicknesses of the polymer layers were decreased by atomic
hydrogen irradiation, and the magnitude of the thickness decrease
was proportional to the irradiation duration. Therefore, the etch-
ing rates were calculated using linear fitting of the remaining layer
thickness plotted as a function of the irradiation time. The etch-
ing rates obtained using different light exposure doses are listed in
Table I. An examination of the data presented in Table I shows that
the etching rates for the unexposed samples remained at approx-
imately 0.1 μm/min. When the BP/PMMA sample was exposed
to a certain dose of light, the etching rates decreased with the
increasing exposure dose. The selection ratio of this dry develop-
ment process can be calculated by dividing the etching rate of the
unexposed sample by that of the exposed sample. The obtained
selection ratio shows a clear dose dependence for all BP/PMMA
samples, as shown in Fig. 2. The maximum selection ratio was

TABLE I. Etching rate and selection ratio.

Sample Light exposure Atomic hydrogen dry etching

BP conc. Dosea

(wt. %) (J cm−2) Etching rate (μmmin−1) Selection ratio

0 . . . 0.094 . . .

9.0

0 0.094 1.00
2.2 0.066 1.42
4.7 0.052 1.82
8.7 0.046 2.04
13.5 0.043 2.21
20.3 0.040 2.37
29.1 0.036 2.62
40.6 0.034 2.75

19

0 0.099 1.00
2.2 0.064 1.56
4.7 0.049 2.03
8.7 0.045 2.23
13.5 0.041 2.44
20.3 0.036 2.77
29.1 0.035 2.88
40.6 0.032 3.12

41

0 0.106 1.00
2.2 0.062 1.72
4.7 0.049 2.16
8.7 0.043 2.46
13.5 0.040 2.65
20.3 0.037 2.88
29.1 0.034 3.13
40.6 0.033 3.20

aExposure doses are expressed as the value of the dose at 365 nm.

FIG. 2. Dependence of the selection ratio on the exposure dose and BP concen-
tration.

achieved for the 41 wt. % BP-containing PMMA and was equal to
3.2. The selection ratio appeared to saturate close to the maximum
dose in this series of experiments; however, when the selection ratio
was plotted vs the exposure dose in a log–log plot, the dependence
showed a clear linear relationship, as shown in Fig. S1. Based on
this log–log plot, the selection ratio appears to have not yet been
saturated.

The photoinduced reaction between BP and PMMA is well-
known.23 BP in the excited triplet state carries out a hydrogen
abstraction reaction24 with PMMA, resulting in a partial modifica-
tion of PMMA.21,23,25–29 Product analysis was also reported for this
reaction, and it was found that the side reaction involves the forma-
tion of benzopinacol as determined by gel permeation chromatog-
raphy. Due to the nature of hydrogen abstraction, the intermediate
radical of BP is the benzophenone ketyl radical, which is a carbon-
centered radical, and the hydrogen abstraction is irreversible. Three
types of hydrogen atoms can react with the triplet carbonyl of BP,
namely, the hydrogen atoms of the –CH2– groups in the main chain,
the hydrogen atoms of the –CH3 groups, and the hydrogen atoms of
the –O–CH3 groups. The site of hydrogen abstraction will be mainly
affected by the location of BP because the reaction occurred in solid
PMMA around 23 ○C, which is the temperature at which the light
exposure was made, so that the diffusion of BP was limited. The
counterpart radical of the hydrogen abstraction reaction in PMMA
can lead to a cross-linking reaction. Based on the reported atomic
hydrogen etching rates, polymers containing an aromatic ring tend
to exhibit a low etching rate.1 Therefore, it is reasonable to assume
that the etching rate of the light-exposed area converted to a PMMA
derivative, which is a random copolymer containing an aromatic
ring, is also low.

As shown in Fig. 2, the selection ratio increased with the
increasing exposure dose, and the observed selection ratio trend
indicated that a lower BP concentration resulted in a smaller selec-
tion ratio. However, this trend was attributed to the fact that the
etching rate of the unexposed area tends to be higher with the
increasing BP concentration because BP will be simply sublimed and
therefore undergoes higher etching, while the exposed area etch-
ing rates were comparable for all BP concentrations. Therefore, a
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FIG. 3. Optical microscopy images of atomic hydrogen dry development pho-
tolithography. Broad light exposure of 40.6 J/cm2 at 365 nm with an etching
duration of 9 min on the sample of 19 wt. % BP vs PMMA. In the figure, 1, 8,
and 6 correspond to 100 μm, 80 μm, and 60 μm line and space, respectively.
Positive (a) and negative (b) line and space patterns.

higher concentration did not enhance the yield of BP grafting to
PMMA, which can be understood based on benzopinacol forma-
tion.28,29 Similar phenomena may occur when the exposure dose
is increased. In addition to the benzopinacol formation, the steric
issue mentioned above for hydrogen abstraction appears to limit the
grafting yield because if BP could diffuse rapidly in PMMA within
the lifetime of the excited state, a linear dose dependence would be
observed until BP was depleted.

The pattern exposure was carried out for the sample with the BP
concentrations of 9 wt. %, 19 wt. %, and 41 wt. % vs PMMA, and the
exposure doses were as high as 40.6 J/cm2 at 365 nm of broad light
exposure. Atomic hydrogen dry development patterning was suc-
cessfully carried out for all three BP concentrations (Fig. 3 and Fig.
S2 in the supplementary material). Figure 3 shows the results for the
sample of PMMA with 19 wt. % BP obtained with broad light expo-
sure and 9 min of atomic hydrogen dry development. The etched
area was the masked area composed of PMMA and BP. This reaction
system acted as a negative tone resist. For the 19 wt. % BP samples,
the exposure doses of 2.2 J/cm2, 6.5 J/cm2, 13.8 J/cm2, and 29.1 J/cm2

were also tested for pattern exposure in addition to the 40.6 J/cm2

exposure, and all of the samples were successfully dry-developed by
atomic hydrogen etching, as shown in Fig. S3 in the supplementary
material.

The profiles of the remaining pattern of the 19 wt. % BP sample
treated with an exposure dose of 40.6 J/cm2 after the development
are shown in Fig. 4. As observed from the figure, the etched patterns
were trapezoidal. For this sample, the duty ratio of the exposed and
unexposed areas was 1.15:1 for both the positive and negative pat-
terns, and the original mask pattern had a ratio of 1:1. This widening
of the exposed area can be understood as being due to the reflection
of light between the photo-mask and the Si substrate in the poly-
mer layer in addition to the diffraction of light at the photo-mask.

FIG. 4. Remaining film profiles after atomic hydrogen dry development for the films of PMMA with 19 wt. % BP with broad light exposure of 40.6 J/cm2 at 365 nm. The
presented patterns correspond to the 80 μm line and space mask pattern. Positive pattern area (a) and negative pattern area (b) and their expanded plots [(c) and (d)] are
shown. Zero height corresponds to the silicon substrate surface. For the 5 min development plots, the remaining layer thicknesses were determined from the Si substrate
and were used as offsets.
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These unwanted exposure effects under the photo-mask limit clean
patterning.When the exposure dose decreased to 2.2 J/cm2, the ratio
decreased to 1.07:1 under the same development conditions (Fig.
S4). Therefore, unwanted exposure contributed mainly to the duty
ratio. As expected from the dependence of the selection ratio on the
concentration, there was no duty ratio dependence on the concen-
tration for the samples with BP concentrations of 9 wt. %, 19 wt. %,
and 41 wt. %. The sidewall angles obtained for the samples with 9
min, 12 min, and 15 min development shown in Fig. 4 were 7.6○,
7.2○, and 6.4○, respectively. These values are far from the values
of the conventional resist (close to 90○) and are reasonable for the
hard contact exposure of broad light that causes the unwanted expo-
sure mentioned above. In addition, the selection ratio was small, and
the isotropic nature of the dry etching technique led to the sloping
of the edges. While it would be interesting to estimate the critical
dimension and the ultimate resolution of the present technique, it
is better to omit the estimation of these values to avoid an incor-
rect estimation of the characteristics of the dry development using
atomic hydrogen because the present results are too far from those
of the best available exposure techniques. Furthermore, the resists
used in the present experiments are obtained for a model reaction
system composed of BP and PMMA, and 1 μm line and space pat-
terning, as shown in Fig. S5 in the supplementary material. Thus,
the results obtained for this system may not be suitable for esti-
mating the critical dimension and the ultimate resolution of this
technique, but at least less than 1 μm resolution will be possible. To
obtain more refined patterns, it will be necessary to access reduced
projection exposure using an anti-reflection coating. Because the
goal of this experiment is to report and demonstrate a proof-of-
concept system for a new dry development approach, a detailed
characterization of the obtained pattern is beyond the scope of this
paper.

CONCLUSIONS

The application of atomic hydrogen was expanded to pho-
tolithography. A novel photolithographic process using atomic
hydrogen dry development was proposed and successfully demon-
strated. A PMMA thin film containing benzophenone was used
as a model reaction system, and pattern exposure was carried out
with broad light irradiation. The dependence of the selection ratio
on the exposure dose was determined, and a maximum selection
ratio of 3.2 was achieved for 41 wt. % BP-containing PMMA with
an exposure dose of 40.6 J/cm2 at 365 nm. Photolithographic pat-
terning was successfully performed using the exposure doses of
2.2 J/cm2, 4.7 J/cm2, 13.5 J/cm2, 29.1 J/cm2, and 40.6 J/cm2 at
365 nm.

The proposed procedure can be summarized as follows. A
thin film, composed of a polymer that can be easily etched by
atomic hydrogen irradiation and a photosensitizer, was fabricated.
The photosensitizer must be sublimable under reduced pressure at
the temperature of the dry-etching condition and able to undergo
a photo-reaction with the base polymer. The polymer produced
by the photochemical reaction changed the etching rate of atomic
hydrogen dry etching. Then, a pattern exposure of light that can
cause photo-reaction of the photosensitizer was applied. Finally,
the sample was irradiated with atomic hydrogen to carry out dry
development.

SUPPLEMENTARY MATERIAL

See the supplementary material for exposure dose and BP
concentration dependences on the selection ratio (log–log plot)
(Fig. S1), optical microscopy images of atomic hydrogen dry devel-
opment photolithography (9 and 41 wt. % BP) (Fig. S2), opti-
cal microscopy images of photolithography (exposure dose depen-
dence) (Fig. S3), remaining film profiles after atomic hydrogen dry
development on 19 wt. % BP vs PMMA film and their differential
values of thickness by distance (Fig. S4), and optical microscopy
images of photolithography of less than 6 μm lines and spaces
(Fig. S5).
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