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Abstract. Maskless etching of Mn-Zn ferrite in dichlorodifluoromethane (CC1,F,) by Ar*-ion
laser (514.5 nm line) irradiation has been investigated to obtain high etching rates and aspect-ratio
of etched grooves. The etching reaction was found to be thermochemical. High etching rates of up
to 360 um/s, which is about one order of magnitude higher than that in a CCl, gas atmosphere and
even higher than that in a H;PO, solution, have been achieved. A maximum aspect-ratio of 6.9

was obtained.
PACS: 75.50G, 81.60

Laser-induced microfabrication, as a new fabrication
method for the microstructures of semiconductors,
metals, and insulators, has been widely investigated in
recent years [1-4].

Like semiconductors, ceramics are another important
kinds of materials in the electronic industry. For example,
ferrite is used as an important material for magnetic heads
in the information storage system. Our previous studies
on laser-induced processing of ferrite materials provided a
new method to microfabricate this material with high
process-rate, high precision and low damage, in which
laser-induced etching of ferrite in a CCl, gas atmosphere
orin a H; PO, aqueous solution [5-8], and laser-induced
deposition of buried SiO, line in ferrite [9] were
performed.

This paper shows a new approach to etch the ferrite
material by laser irradiation in a CCL,F, gas atmosphere
instead of other reactive halogen compounds. Since
CCl,F, is chemically stable at room temperature, much
safer to human body than CCl, [10] and does not stain
the metal parts in the vacuum system, it is considered to be
more suitable for the industrial applications. Further-
more, CCLF, has high vapor pressure of up to several
atm. at room temperature which may promote etching
reaction, whereas CCl, has a vapor pressure of below
100 Torr. The sample used in this study is single-
crystalline ferrite, which is superior in mechanical and
magnetic characteristics to conventionally used poly-
crystalline ferrite. For example, single crystalline ferrite
has higher magnetic susceptibility, higher wear resistance
and free of grains.

The etching behavior in CCL,F, is compared with
those in laser-induced dry etching in CCl, and wet etching
in a H;PO, aqueous solution.

1. Experimental

The schematic diagram of the experimental system is
shown in Fig. 1. The experimental system includes an
Ar*-ion laser, a convex lens, a quartz-window-containing
vacuum chamber, a pumping system and an etchant gas
supplying system. (100)-oriented single crystalline Mn—Zn
ferrite (MnO:ZnO:Fe,0,=31:17:52) samples were
mounted on the bottom of the vacuum chamber. The
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Fig. 1. Schematic diagram of the experimental system
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chamber was fixed on an electronically controlled X — Y
stage, and evacuated by a turbomolecular pump down to
107 Torr. The ambient CCI,F, gas was introduced into
the chamber through a needle valve at a pressure ranging
from 5 to 710 Torr. The gas pressure in the chamber was
monitored by a capacitance manometer,

The 514.5 nm line of an Ar *-ion laser was focused by a
convex lens, with a focal length of 40 mm, down to a spot
diameter of about 13.2 um (at 1/e intensity) on the sample
surface. The laser beam was scanned over the sample by
moving the chamber with a speed ranging from 3 to
600 um/s.

Etched patterns were observed by scanning electron
microscopy (SEM) and a stylus measurement (DEKTAK)
to obtain etched depth, etched width and the distribution
of the reaction products of the laser-irradiated surface.
Auger electron spectroscopy (AES) was used to locally
investigate the atomic composition of the reaction prod-
ucts and the etched surface.

The etching rate was defined as the maximum etched
depth divided by the beam dwell time.

2. Results and Discussion
2.1 Etching Mechanisms

Laser-induced etching of materials generally includes two
steps in the reaction. The first is the dissociation of the
etchant and the second is the reaction between the
dissociated radicals and the substrate. According to the
role of the laser beam in these two steps, the etching
reaction can mainly be classified into two types: thermo-
chemical and photochemical processes.

In the case of halogenated methanes, the photon
energy necessary for the dissociation of the carbon-
halogen bond depends on halogen elements: for the
fluoride and chloride methane, the binding energy of
carbon-halogen bond is higher than that of others. The
mean binding energies for C-F bond and C-Cl bond are
117.0 Kcal/mol (5.08 ¢V) and 78.1 Kcal/mol (3.39 eV),
respectively [11], corresponding to a photon wavelength
of 244.7 and 366.7 nm. Therefore, most fluoride and
chloride methanes have no absorption in the visible
wavelength. For example, the mechanism of the laser-
induced etching of ferrite in CCl, gas during laser
irradiation is mainly thermochemical reaction at the
sample surface [5-8, 12, 13]. From this fact, it is derived
that CCL,F, cannot be photochemically dissociated by

“the 514.5 nm line of Ar*-ion laser.

Etching reaction does not occur on the ferrite surface
in a low laser power region. The threshold laser power for
laser-induced etching of ferrite in a CCl,F, atmosphere
in this study is found to be 0.06 W, corresponding to a
local temperature rise of about 600° C [6]. This value is
almost the same as the melting point of the chlorides of Fe,
Mn, and Zn. Therefore, the laser-induced etching of the
ferrite in CCL,F, is a thermochemical process: CCLF, is
thermally decomposed during laser irradiation.

Figure 2 shows the SEM cross-sectional views of the
etched groove obtained with a laser power of 0.28 W, scan
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Fig. 2a,b. SEM cross-sectional views of the etched groove obtained
under a condition of laser power 0.28 W, scan speed 9 pm/s and
CCl,F, pressure 150 Torr: (a) before rinse (as irradiated) and (b) after
rinse in acetone
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Fig. 3. AES spectra for the etched groove shown in Fig. 2: a) AES
spectrum of the reaction products; b) AES spectrum of the etched
surface; and c) AES spectrum of bulk ferrite for reference (after Ar™*
ion sputtering)

speed of 9 pm/s and a CCL,F, pressure of 150 Torr before
and after the cleaning process. The reaction products
filled in the groove can be observed in Fig. 2a. These
products can be easily removed by supersonic cleaning in
acetone as in Fig. 2b. It has a Gaussian-shaped cross-
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section and a smooth etched surface with a depth of 14 pm
and a width of 18 um.

Figure 3 shows AES spectra for ferrite samples after
thermochemical etching by laser irradiation in CCl,F,
with the same condition as Fig. 2. In Fig. 3, (a) is the
spectrum for the reaction products resided on the
irradiated area, (b) is the spectrum for the surface of the
etched groove after rinse in acetone, and (c) is the bulk
spectrum of ferrite for a reference. The spectrum (a) of the
reaction products shows Mn, Fe, Zn, and Cl peaks. No
detectable peaks for C, O or F were observed in this study.
The reaction products include mainly the chlorides of Mn,
Fe, and Zn. Since the binding energy of C-Cl bond is
much lower than that of C-F bond [11], Cl radicals are
more easily decomposed thermally from CCL,F, etchant
gas than F radicals during laser irradiation. Therefore, the
etching reaction seems mainly caused by the Cl radicals.
Furthermore, the absence of oxygen signals in the prod-
ucts implies that etching is mainly a chemical reaction
(i.e., chlorination and the vaporization of the chlorides).
The spectrum (b) for the etched surface shows C peak
besides the constituent elements of ferrite Mn, Zn, Fe, and
0. No Cl1 peak was detected because all of the metal
chlorides are solved in acetone and can be removed
during supersonic cleaning. Sputter cleaning for 20 s by
Ar ions, corresponding to a removal of 10 nm, resulted
in stoichiometric ferrite without any other contamina-
tion (c).

2.2 CCL,F, Gas Pressure Dependence

Figure 4 shows the SEM cross-sectional views of the
etched grooves in a CCL,F, atmosphere with different
pressures. The laser power and scan speed were 0.28 W
and 9 pum/s, respectively. Figure4a shows the cross-
section of the groove etched in a vacuum, indicating
cracks around the groove. In this case, the etching process
is due to the vaporization by the high local temperature
rise induced by laser irradiation. Since the thermal
conductivity and thermal diffusivity of the ferrite are
much lower than those of semicondcutors, and the
thermal expansion coefficient of ferrite (1.2 x 1073/°C) is
an order of magnitude higher than that of semiconductors
[6], the thermal stress due to the local temperature rise is
very high and cracks are easily induced during the etching
process in vacuum [5,6]. When a CCLF, gas was
introduced, a deep Gaussian-shaped groove can be
obtained without cracks (Fig. 4b). The existence of the
etchant gas induces thermochemical reaction at a temper-
ature near the melting point of the metal chlorides before
the local temperature reaches the melting point of the
ferrite material which is much higher. Therefore, the
etchant gas has two main contributions in the etching
process, one is to increase the etching rate, and another is
to reduce the local temperature rise. As the CCLF,
pressure increases, the etching rate increases and a deep
groove can be obtained with a smooth etched surface
(Fig. 4c).

Figure 5 shows the etched depth and width as a
function of gas pressure from 5 to 710 Torr. The laser
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Fig. 4a—c. SEM cross-sectional views of the etched grooves obtained
in different CCl,F, gas pressures: (a) in a vacuum, (b) 40 Torr, and (¢)
300 Torr with a laser power of 0.28 W and a scan speed of 9 pm/s

power and scan speed were 0.28 W and 9 um/s, respec-
tively. The etched depth increased logarithmically with
the gas pressure without saturation from 4 to 20 um
though the etched width remained almost the same. The
etching rate increased by about five times as the gas
pressure ranged from 5 to 710 Torr.

Figure 6 shows the AES spectra for the reaction
products at etchant gas pressures from 5 to 710 Torr. The
spectra change with the pressures especially in the low
pressure region. At 5 and 20 Torr, Cl, C, and O peaks can
be observed besides the metal peaks of Mn, Fe, and Zn.
Under these conditions, the O peak was very strong. The
O peak became weaker and C peak disappeared as the
CCl,F, pressure was increased to 40 and 60 Torr. When
the CCl,F, pressure was above 80 Torr, neither O peak
nor C peak can be detected. In the low pressure CCL,F,
ambient, the etching rate by laser irradiation is very low
and only a very thin deposit layer exists on the ferrite
surface, thus the peaks in AES spectra arise from the O of
bulk ferrite and C of surface contamination as well as the
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Fig. 5. CCI,F, gas pressure dependence of the depth (@) and the Fig. 6. AES spectra of the residual reaction products in etched
width (0) of the etched grooves with a laser power of 0.28 W and a grooves obtained in different CCL,F, gas pressures
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Fig.7. Distribution of the residual products on sample surfaces in different etchant gas pressures, with a laser power of 0.28 W and a scan
speed of 9 pm/s
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peaks of metal chlorides for the reaction products. As the
gas pressure increases, the etching rate becomes higher
and then a thicker deposit layer can be formed. Therefore,
the C and O peaks become weak as the gas pressure
increases. When the gas pressure reaches 80 Torr and
above, the deposit layer becomes thick enough so that
only peaks for metal chlorides can be detected.

The distribution of the residual products (ie., the
deposits) is also an important parameter to affect the
process quality in the microfabrication application: the
residual deposits sometimes affect the process precision in
other part on the same substrate. Figure 7 shows the
distribution of the deposits obtained in CCl,F, gas with a
pressure ranging from vacuum to 710 Torr. The top view
of the groove etched in a vacuum is shown in Fig. 7a.
Cracks at and nearby the groove due to the high thermal
stress induced by laser irradiation can be observed.
Introduction of 10 Torr CCLF, into the vacuum cham-
ber induced the chemical reaction in the irradiated area
and avoided the formation of the cracks (Fig. 7b). When
the pressure of the CCL,F, gas increased to 60 Torr, a
layer of deposit was formed around the irradiated area
with a wide range (Fig. 7c). Although they can be removed
easily by supersonic cleaning in acetone, the deposits
would affect the processing of the other part of the same
substrate. However, when the gas pressure became higher,
the products started to concentrate in the center of the
irradiated area (Fig. 7d—f). This phenomenon is consid-
ered to be due to the drastic change in mean free path of
the product diffusion during the etching process with
pressure change of about three orders of magnitude.

2.3 Laser Power and Scan Speed Dependences

Figure 8 shows the SEM cross-sectional views of the
etched grooves obtained with laser powers of 0.19, 0.47,
and 0.75 W. The scan speed and CCIl,F, gas pressure were
9 pm/s and 700 Torr, respectively. When the laser power
is low, a typical Gaussian shaped groove can be obtained
(Fig. 8a). As the laser power increased, the groove became
deeper though the width did not increase much (Fig. 8b).
As the laser power reached 0.75 W, a very deep groove
with a high aspect-ratio was obtained (Fig. 8c). The depth,
width and aspect-ratio are 172, 25, and 6.9 pm, respec-
tively. The measured focus depth of the lens is about
30 pm, much smaller than the groove depth. The incom-
ing beam would, therefore, be confined inside the wall,
which prevents the beam from diverging, and the beam
propagates to the reacting layer by light guiding, which is
caused by the high surface reflectivity on the side walls due
to the large incident angle of the laser beam [7].

Figure 9 shows the etched depth and width as a
function of laser power from 0.2 to 0.8 W, with a scan
speed of 9 pm/s and a gas pressure of 700 Torr. The etched
depth increased exponentially with laser power without
saturation, and the etched width remained almost un-
changed though the laser power changed from 0.2 to
0.8 W. These results are considered to be due to the low
thermal conductivity of ferrite which confines heat in the
region at and nearby the irradiated area.
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Fig. 8a—. SEM cross-sectional views of the etched grooves with
different laser powers: (a) 0.19 W, (b} 0.47 W and (c) 0.75 W, with a
scan speed of 9 pm/s and a CCl,F, gas pressure of 700 Torr
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Fig. 11a,b. SEM cross-sectional views of the etched grooves with
different scan speeds: (a) 6 um/s and (b) 180 pm/s, with a laser power
of 0.65 W and a CCl,F, gas pressure of 300 Torr

Figure 10 shows the etched depth and width as a
function of scan speed from 3 to 600 um/s with a gas
pressure of 300 Torr and a laser power of 0.65 W. Though
the etched depth decreased from 135 to 25 um, the etched
width remained unchanged. This is because that the
groove width is defined by the temperature profile which
depends little on the scan speed within the range used in
this study [6]. When the scan speed became higher than
180 um/s, the etched groove became very rough because
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of the drastic change in the temperature [6]. The max-
imum scan speed to obtain a groove with a smooth surface
is 120 um/s. The etched depth obtained in this scan speed
is 40 pm with a laser power of 0.65W and a CCL,F,
pressure of 300 Torr. This etched depth corresponds to an
etching rate of 360 um/s. This value is about one order of
magnitude higher than that obtained in laser-induced
etching in CCl, gas [6] and about six orders of magnitude
higher than that achieved by conventional wet-chemical
etching with H; PO, at room temperature (0.33 nm/s [7]).
It is even higher than that obtained in laser-induced wet-
chemical etching in H;PO, solution [7].

Figure 11 shows the SEM cross-sectional views of
two etched grooves obtained with a scan speed of 6
and 180 pm/s. The shape of the etched surface quite
different because of the different scan speed. The etched
groove is very deep and the etched surface is relatively
smooth (Fig. 11a) at low scan speed, while the etched
depth decreased and the etched surface was very rough at
high scan speed. High scan speed causes high thermal
stress because of the fast change in the temperature.

3. Conclusions

Laser-induced dry-chemical etching of single crystalline
Mn—Zn ferrite in CCL,F, was investigated. High etching
rates of up to 360 pm/s and high aspect-ratios of up to 6.9
can be achieved. This etching rate is about one order of
magnitude higher than that obtained in laser-induced
etching in a CCl, gas atmosphere, and slightly higher than
that obtained in laser-induced etching in a H,PO,
solution. The etching process is found to be thermochem-
ical and considered to be caused by the Cl radicals
thermally decomposed from the CCl,F, gas. The reaction
products are mainly metal chlorides and the deposits of
the reaction products around the etched groove can be
controlled by high etchant gas pressure and be removed
by cleaning procedures after etching.
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