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1. Introduction

Laser heat-mode lithography has a promising prospect in the
optoelectronic region due to its high resolution, low cost, facile
fabrication process, and so forth!', Heat-mode lithography
involves resist and the lithographic method. So far, different
lithographic techniques have been proposed including scanning
probe lithography'?), electron-beam lithography!!, and direct
laser writing!*!. Among others, direct laser writing is promising
in micro/nano fabrications because of its relatively high speed
and facile operation (that is, operated in air)*~"),

On the other hand, various heat-mode resists have been found
for lithography such as organic polymers'®!, metallic alloys'>'),
and chalcogenide phase-change materials'"''*), Among others,
chalcogenide material has recently been widely investigated as a
heat-mode resist due to its low surface roughness, easy prepara-
tion, phase-change threshold effect, and atom-scale resolu-
tion). Currently, nanoscale feature size (smaller than 50 nm)
can be achieved in chalcogenide heat-mode resist'"*). Moreover,
high density (the duty cycle of 1:1), multiscale (the minimum
size varying from 90 nm to 2.7 pm), and arbitrary patterns have
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An AgGeShTe thin film is proposed as a negative heat-mode resist for dry lithography. It possesses high etching selectivity
with the etching rate difference of as high as 62 nm/min in CHF; /0, mixed gases. The etched sidewall is steep without the
obvious lateral corrosion. The lithographic characteristics and underlying physical mechanisms are analyzed. Besides,
results of X-ray diffraction, Raman spectroscopy, and X-ray photoelectron spectroscopy further indicate that laser irra-
diation causes the formation of Ge, Sh, and AgTe crystals, which is the basis of etching selectivity. In addition, the etching
selectivity of Si to AgGeSbTe resist is as high as 19 at SF; /Ar mixed gases, possessing good etching resistance. It is believed
that the AgGeSbTe thin film is a promising heat-mode resist for dry lithography.

also been realized!"”). Besides, chalcogenide heat-mode resist
also exhibits high etching resistance, and the patterns can be
transferred onto various substrates, including silicon! '), fused
silica glass!">'”), GaAs!"®), etc. These researches have greatly
promoted the development of laser lithography.

However, wet development is adopted in heat-mode litho-
graphy, which readily results in the undercut of resist and, there-
fore, the pattern collapse!'”!. At the same time, wet development
will also readily cause resist swelling, influencing the pattern
fidelity. Fortunately, dry development of heat-mode resist has
recently been proposed to effectively address the above-
mentioned issues>”, where CrSb,Te film has been used as a
positive heat-mode resist at CHF; and O, gas mixtures. The
etching mechanism of the resist is ascribed to the occurrence
of Sb and CrSb,Te; phases after laser exposure and, thus, the
readily broken Sb phase during the dry development. However,
as far as we know, negative heat-mode resist has yet to be
reported for dry development. Here, an AgGeSbTe thin film
is proposed as a negative resist for dry lithography. The litho-
graphic characteristics, etching resistance, and underlying
mechanisms are investigated.
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2. Experimental Details

AgGeSbTe films with the thickness of 250 nm were prepared
onto silicon substrates according to the co-sputtering technique
with Ag and Ge,Sb,Tes alloy targets. Before sputtering, the
chamber pressure reached 7 x 107 Pa. The powers of Ag
and Ge, Sb, Tes targets were 15 W and 80 W, respectively, along
with the working pressure of 0.8 Pa and the time of 5 min
at the sputtering rate of 50 nm/min. The home-built direct
laser writing instrument was used to expose the prepared
AgGeSbTe thin films with 658 nm as the laser wavelength, spot
diameter of 3 pm, and the exposed energy varying from
0.4 X 10> mJ/cm? to 1.4 X 10°> mJ/cm?. A reactive ion etching
instrument equipped with SF4, CF,, CHF;, Ar, and O, gases
was employed to achieve dry development of the exposed sam-
ples and the etching of the Si substrate, where the type was
Oxford PlasmaPro 80, United Kingdom. In this work, CHF;
and O, were adopted for dry development via the optimal exper-
imental parameters, while SF; and Ar gases were used for
Si etching.

Atomic force microscopy (AFM) was utilized to determine
the sample height information, where the instrument type was
Nanosurf Core AFM, Switzerland. The scanning electron micro-
scope (SEM, JSM-IT100) and transmission electron microscope
(TEM, Tecnai G2 F20 S-TWIN) were used to observe cross-
section profiles and surface morphologies. The composition
ratio of AgGeSbTe resist was characterized via energy-dispersive
X-ray spectroscopy (EDS), where the atomic fractions of Ag, Ge,
Sb, and Te were 34.9%, 20.4%, 13.9%, and 30.8%, respectively.
The crystallization temperature of AgGeSbTe was determined
via the dependence of resistance on temperature measured
by LINKAM HEFS600E-PB4 hot stage. The crystal structures
of the exposed samples were analyzed by an X-ray diffractom-
eter of Bruker advance D8, Germany. The bonding environ-
ments of resists were measured according to the Raman
spectroscopy (HORIBA LabRAM HR Evolution, laser wave-
length of 532 nm) and X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250XI).
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3. Results and Discussion

Figure 1(a) shows the SEM image of the developed AgGeSbTe
film, exhibiting a clear and uniform surface morphology.
Figure 1(al) shows the AFM image of the exposed sample, pre-
senting clear but quite shallow line structures. Figure 1(b) dis-
plays the cross-section profile of the developed film, where
the exposed region is higher compared to the as-deposited
region, and the height difference reaches 62 nm at the develop-
ing time of 1 min, showing a negative-tone characteristic. The
magnified SEM image of Fig. 1(a2) reveals the smooth etched
lines with low line edge roughness. The etching rate difference
is as high as 62 nm/min, where the etching rate is defined as the
ratio of etching height to time, and the etching rate difference is
defined as the difference between etching rate of the exposure
region and that of the non-exposed region. The high difference
of etching rate means high etching selectivity of AgGeSbTe resist
at CHF;/0O, mixed gases. The TEM cross-section image of
Fig. 1(c) reveals the steep sidewall (86°) without obvious lateral
corrosion.

Figure 2(a) shows the influence of etching power on linewidth
and etching height. It is found that the linewidth is hardly
changed, while the etching height increases gradually with etch-
ing power. This is mainly due to the higher power providing
more energy for active ions and making the etching rate larger.
When the power reaches 240 W, the etching height increases to
about 250 nm, which is nearly the same as the thickness of
AgGeSbTe film. Figure 2(b) shows the influence of developing
time on linewidth and etching height. It is revealed that the line-
width is hardly changed, whereas the etching height increases
firstly and then reduces with the increasing developing time.
When the developing time is 2 min, the etching height reaches
the maximum. The reduction of height is due to the weakened
etching resistance and increased etching rate of the exposed
region after 3 min. Figure 2(c) depicts the influence of laser
energy on linewidth and etching height, respectively. One can
see the increment of linewidth and height when the laser energy
becomes larger. The reason is that the generated heat becomes
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Fig. 1. (a) SEM image; (al) AFM image of the exposed sample, (a2) magnified SEM image of developed sample; (b) corresponding cross-section curve;
and (c) TEM cross-section image of AgGeSbTe heat-mode resist. For (a) and (b), the laser energy is 0.7 x 10° m)/cm?. The gas flow ratio of CHF3/0, is 60/2.
The etching power is 200 W, and the chamber pressure is 50 mTorr with the time of 1 min. For (c), the laser energy is 1.2 x 10° mJ/cm? and the etching time

is 3 min.
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Fig. 2. Dependence of (a) etching power, (b) developing time, and (c) laser power on linewidth and height of grating structures. For (a), the laser energy is
0.8 x 10° mJ/cm?. The gas flow ratio of CHF/0, is 60/2, and the chamber pressure is 50 mTorr with the time of 4 min. For (b), the laser energy is
0.7 x 10° mJ/cm?. The gas flow ratio of CHFs/0; is 60/2, and the etching power is 200 W with the chamber pressure of 50 mTorr. For [c), the gas flow ratio
of CHF3/0, is 60/2, the etching power is 200 W, the chamber pressure is 50 mTorr, and the developing time is 3 min. The thickness of AgGeSbTe film is 250 nm.

more and more as the laser energy increases, which enhances the
thermal diffusion in the horizontal and vertical directions'*'’,
To more clearly understand the physical mechanism where
laser energy influences the linewidth and height, the thermal dis-
tribution of AgGeSbTe resist is analyzed by COMSOL software
with the finite element method. It is noted that the optical and
thermal parameters of GeSbTe films are utilized due to the lack
of relative parameters of AgGeSbTe!*!!. The laser pulse width is
set to 50 ns to achieve the crystallization of AgGeSbTe films
based on the fast crystallization speed of phase-change
material ), Figure 3(a) displays the relationship between sheet
resistance and temperature. The slow reduction of sheet resis-
tance is related to the semiconductor behavior. However, the
dramatic reduction of sheet resistance at 290°C-300°C is
ascribed to the phase-change process of thin film. Thus, the
phase-change temperature of AgGeSbTe film is 290°C via the
intersection of the tangent. Figure 3(b) shows the temperature
field of the resist at fixed laser energy, showing the thermal
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Fig. 3. (a) Relationship between sheet resistance and temperature in
AgGeSbTe thin film. (b) Thermal field distribution of heat-mode resist in thick-
ness direction. (c) and (d) Temperature profiles in radius and thickness
directions, respectively.

diffusions in both thickness and radius directions. Figures 3(c)
and 3(d) display the temperature profiles with different laser
energies in the radius and thickness directions, respectively.
One can see that the diameter and penetration depth of the heat
spot both increase with the laser energy. This tendency is in good
consistence with the result of Fig. 2(c).

To further understand the structural evolution after laser
exposure, X-ray diffraction (XRD) patterns of AgGeSbTe films
are obtained in Fig. 4(a), showing the amorphous nature in the
as-deposited state, while phase separation happens and crystal-
line phases of Ge, Sb, and AgTe occur after laser exposure. The
bonding environment is also investigated by Raman and XPS
spectra [Figs. 4(b) and 4(c)]. One can see from Fig. 4(b) that
the as-deposited sample presents a broad Raman peak at
50-200 cm™!, whereas the exposed sample exhibits two Raman
peaks at 118 cm™! and 151 cm™}, respectively. The main peak at
151 cm™! is due to the Sb-Te vibrations of SbTe; units, or it
originated from the defective octahedron of Sb atoms'*”.
Another peak at 118 cm™! is due to the A; vibration mode of
GeTe,_,Ge, (n=1, 2) corner sharing tetrahedron'??. In
Fig. 4(c), Gaussian fitting is also performed to obtain more struc-
tural information. In the as-deposited state, the binding energies
at 30.11 eV and 30.71 eV correspond to octahedra, defective
octahedra (i.e., Ge®t*d¢f=oct) ‘and tetrahedra, pyramid structures
(ie., Ge'rPYr), respectively!??). After laser exposure, the peak of
Geocttdef-oct j¢ enhanced, while the peak of Ge''"PY* decreases,
indicating the generation of the Ge atom arrangement. In addi-
tion, the energy peaks all shift to higher directions after laser
exposure. It is well known that the electronegativity of Ag (1.93)
is lower than that of Ge (2.01), Sb (2.05), and Te (2.1), which will
lead to the reduced binding energy for Ge, Sb, and Te when
bonding to Ag!*>**!. However, the increased binding energies
of Ge 3d, and Sb 4d levels after laser exposure indicate the gen-
eration of Ge-Ge and Sb-Sb bonds. Overall, the structural differ-
ence between as-deposited and exposed states is the basis of
etching selectivity in AgGeSbTe resist.

In the previous research?®!, CrSb, Te thin film acted as a pos-
itive resist, while AgGeSbTe thin film can act as a negative resist
in this work. The positive/negative-tone characteristic of resist is
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Fig. 4. (a) XRD patterns, (b) Raman data, and (c) XPS profiles of the as-deposited and laser-exposed AgGeShTe films, where the exposed energy is

0.7 x 10° mj/cm?.

closely related to its structural difference, that is, Cr doping leads
to the phase separation of Sb,Te and the occurrence of Sb crys-
tals, while the Ag doping results in the phase separation of
GeSbTe and the generation of Ge, Sb, and AgTe crystals after
laser irradiation. Under CHF; /O, mixed gases, the precipitated
Sb crystal of CrSb,Te is readily broken compared with the
as-deposited state, causing the positive-tone characteristic.
However, the precipitated Ge and AgTe crystals of AgGeSbTe
are difficult to be etched owing to their higher mechanical
strength compared with the as-deposited state. Thus, the nega-
tive-tone characteristic is obtained under the same etching gases.
The positive/negative-tone mechanism of resist is very compli-
cated and will be further investigated in detail in the future.
Etching resistance of AgGeSbTe resist is further evaluated via
SFs and Ar mixed gases, where the Si substrate is adopted, and
the results are shown in Fig. 5. In Fig. 5(a), the height of
AgGeSbTe resist after development is 220 nm, and the non-
exposed region is completely removed, as shown in the inset
of Fig. 5(a). After further etching by SFs and Ar mixed gases
for 5 min, the height difference (AH) reaches 940 nm, which
contains the etching height of Si and the residual thickness of
AgGeSbTe resist [Fig. 5(b)]. In order to accurately distinguish
the thickness of them, pure Si is also etched under the same
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condition, as displayed in Fig. 5(c). One can see that the etching
height (AH) of Si is 760 nm at the time of 5 min with the etching
rate of as high as 152 nm/min. Hence, the residual thickness of
AgGeSbTe resist is 180 nm, and the AgGeSbTe resist is etched by
40 nm with the etching rate of as low as 8 nm/min. Therefore, the
etching selectivity of Si to AgGeSbTe resist reaches 19. Results
indicate that the AgGeSbTe resist possesses good etching
resistance.

4. Conclusion

In summary, an AgGeSbTe thin film is proposed as a negative
heat-mode resist for dry lithography. It is found that the resist
possesses high etching selectivity with the etching rate difference
of as high as 62 nm/min. The etched sidewall is steep without the
obvious lateral corrosion. The influences of laser energy, etching
power, and developing time on linewidth and developing height
are also investigated. The underlying physical mechanism is
further analyzed. Results of XRD, Raman, and XPS profiles
indicate that laser exposure induces the phase separation of
AgGeSbTe resist and the occurrence of Ge, Sb, and AgTe
crystals, which is the basis of etching selectivity. Besides, the
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Fig. 5. AFM cross-section profiles of (a) development, (b) etching of AgGeSbTe resist on Si substrate, and (c) etching of the pure Si, where the exposed energy is
12 % 10° m)/cm? For development of (a), the gas flow ratio of CHFs/0, is 60/2. The etching power is 200 W, and the chamber pressure is 50 mTorr with the
developing time of 3 min. Inset of (a) is SEM cross-section image of the developed sample. For Si etching of (b) and (c), the gas flow ratio of SFg/Ar is 15/35.
The etching power is 150 W, and the chamber pressure is 50 mTorr with the etching time of 5 min.
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AgGeSbTe resist possesses good etching resistance with the
etching selectivity of Si to AgGeSbTe resist of as high as 19.
The proposed AgGeSbTe resist may have potential applications
in micro/nano fabrications.
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