Laser-Assisted Etching of Manganese-Zinc-Ferrite
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ABSTRACT

A focused argon ion laser beam (514.5 nm) has been used to induce etching of manganese-zinc-ferrite ceramics in
agueous KOH solutions. In the absence of the laser beam the etching process did not take place even at the boiling point of
the selected etchant. For KOH concentration above 2N, bubble-free etching took place in the presence of the laser beam.
Within the range of 2-8N for KOH concentration, the depth of the etched grooves increased with increasing laser power,
decreasing scan speed, and increasing KOH concentration. Evidence of decreasing average etch rate due to mass trans-
port limitation was observed under low KOH concentration, high laser power, and low scan speed conditions. The width
of the etched grooves increased with increasing laser power, but was relatively insensitive to the scan speed and the KOH
concentration. The experimental findings of the laser-assisted etching of Mn-Zn-ferrite can be qualitatively interpreted by
a thermally activated reaction mechanism: formation at and above a threshold temperature of an active chemical environ-
ment on the surface for the initiation of the etching process; more concentrated etchant allows more abundant supply of
the reactive species and requires less heat input to reach the active state. Etching of ferrite occurs as a result of the reaction
between the active etchant (possibly fused KOH) and either the solid or the molten ferrite, depending on the laser power.
The etching process generates soluble product species and the profiles of the etched patterns are strongly influenced by
the mass transport characteristics of the etching system. A mathematical model for the surface temperature distribution,

which takes into account heat loss into the liquid, is also presented.

Laser-assisted etching of a wide variety of metals, insula-
tors, semiconductors, and organics have been reported in
recent years (1). The laser radiation initiates and/or en-
hances the etching process by photochemical or
photothermal effect at the surface. Etching takes place ei-
ther due to decomposition and volatilization of the mate-
rial, or due to reaction at the surface with a gaseous or lig-
uid reactant to form volatile or soluble species. Most of the
work on laser etching which has been reported in the liter-
ature involves etching in the gas phase, or direct ablation
of material (1). Wet etching in the presence of a laser has
been used successfully for etching of GaAs in an aqueous
solutions of HF, HNOQOj;, and H,SO,/H,0, mixture, to pro-
duce deep via holes and submicrometer gratings (2). Rapid
etching of Si in KOH and NaOH solutions, in the presence
of a focused visible or infrared laser, has also been re-
ported (3, 4). It has been suggested that the melting of the
Si and the increase in mass transport due to microstirring
result in enhanced etch rates (3). A focused argon ion laser
beam with relatively high intensity (~10° W/cm?) has been
used for etching of Al;O,/TiC ceramics in KOH solution (3).
The etching is enhanced due to melting and vaporization
of the ceramic. Efficient etching of modified PbTiO; ce-
ramics in KOH solution using an argon ion laser has also
been reported (5).

We have investigated the thermal etching characteristics
of a magnetic oxide, manganese-zinc-ferrite, in KOH solu-
tion using a focused argon ion laser beam. The high rela-
tive permeability and saturation magnetization, along with
the high electrical resistivity, of manganese-zinc-ferrites
makes them useful for a wide range of applications, in-
cluding magnetic core memories, inductors, and recording
heads (6). They have the mixed spinel structure,
Mn,;_,Zn,Fe,.;0, (7), where the magnetic moment can be
tailored by changing the relative concentration of Mn*?
and Zn*2. A slight excess of iron (as Fe'?) is present in
order to optimize permeability and magnetic saturation.
The composition of the ferrite material used in the present
study was MnggZng Fe; 30,4 The material was prepared by
standard ceramic processing of ferrite and was subse-
quently polished. The term “ferrite” appearing in the text
refers to this particular manganese-zinc-ferrite material.

There is very little work reported in the open literature
on suitable etchants for Mn-Zn-ferrite. A mixture of 10%
H»S0, and Zn powder has been used for etching certain
compositions of the ferrite material (8). Recently, Uemura
et al. (9) have reported using hot phosphoric acid to etch
Mn-Zn-ferrite crystals with various chemical composition.
We selected aqueous KOH solution for efficient etching of
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Mn-Zn-ferrite when locally heated with a laser. According
to the Pourbaix diagrams (10), soluble complex species of
all three oxide components of the Mn-Zn-ferrite can be
formed in high pH aqueous solutions. Chemical etching of
the Mn-Zn-ferrite, however, does not occur without the
laser even at the boiling point of the aqueous KOH solu-
tions. Experimental verification of the reaction between
molten KOH and Mn-Zn-ferrite was not attempted.

Experimental

The schematics of our experimental system is illustrated
in Fig. 1. The TEMy, output at 514.5 nm from an Ar* laser
(Coherent, Innova 20) was used as the excitation source for
the wet etching process under investigation. The etchant
selected for the experiments was agueous KOH of variable
concentrations. At this wavelength, the absorption of the
laser beam energy by the KOH etchant is minimal. Addi-
tionally, the laser power is expected to be fully absorbed
by the ferrite substrate, especially after initial surface
roughening due to the etching action that has taken place.
The laser beam was focused, using a microscope (Cam-
bridge Instruments) with a 5 times (NA 0.09) objective lens
(Leitz Wetzlar), on the substrate placed in a sample holder
which was mounted onto a scanning X-Y stage (Compu-
motor Corporation). The base of the sample holder was
polished and was kept flat to assure that the ferrite surface
stayed in focus throughout the course of the scanning ex-
periment. A built-in 80-20% (nominal specification) beam-
splitter, located before the objective lens, provided a side
beam whose power was measured (Coherent, Model 212
power meter, or PAR, Model 460-1A power meter with
550-11 attenuator). An attenuator (CVI Laser Corporation
Model AAT75-51L) was placed in the light path for manual
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Fig. 1. Schematic diagram of the experimental setup for etching Mn-
Zn-ferrite.
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adjustment of the laser power entering the optical unit. A
video camera was mounted on top of the optic column,
and the video image was sent to a B/W monitor for focus-
ing check and for real time process monitoring. The mo-
tion of the X-Y stage was controlled by an IBM PC, with an
option for manual control. Both the X- and Y-motors had a
0.1 pm resolution and could achieve a maximum scan
speed of 1 em/s. The entire experimental system, with the
exception of the laser power supply and the control units
for the X-Y stage, was mounted on an optical bench to
minimize effects due to floor vibration.

After the etching experiment the ferrite piece was water
rinsed and dried. The width of the etched grooves was
measured using a calibrated optical microscope. Except
for shallow grooves with depth less than ~2000A, the
boundaries of the etched grooves were usually sharp and
measurement of the width of the etched grooves could eas-
ily be made. Depth measurements were carried out by a
surface profile analyzer (Sloan Dektak 3030) equipped
with a submicron stylus. However, profilometric depth
measurement for deep grooves could be erroneous due to
restricted penetration of the stylus. In a few experiments
where deep grooves were etched, both the SEM micro-
graphs and the Dektak measurements were taken. Com-
parison between the Dektak data and the SEM micro-
graphs indicated that, when the stylus was kept clean, the
depth readings from the profilometer were accurate, up to
~16 pm, for grooves etched with the 5 times objective lens.

Thermal Model

Generally speaking, etching kinetics is strongly tem-
perature dependent. Consequently, it is highly desirable to
either experimentally measure, or to theoretically com-
pute, the surface temperature distribution for the interpre-
tation of the observed etching behavior. At present, there
is no satisfactory experimental technique known to us that
can resolve the temperature distribution in a micron-sized
region under laser illumination. Therefore, a model was
developed to compute the temperature on the ferrite
surface.

The basic assumptions for our model are:

1. The stationary Ar* cw laser beam has a gaussian inten-
sity distribution.

2. The substrate is moving at a constant speed u along
the +x direction.

3. The ferrite material is isotropic and its physical prop-
erties (p, C,, k, A, etc.) are temperature-independent. Al-
though our model is constructed on the basis of tempera-
ture-independent thermal properties, the result can easily
be applied, through the Kirchoff transformation (11), to the
case where the ferrite thermal properties vary in a known
fashion with temperature.

4. Melting of bulk ferrite does not occur under the Ar*
laser illumination and a fused salt layer, if present during
the etching process, is of negligible thickness. This as-
sumption enables us to use the thermal properties of solid
ferrite in our computation. Molten ferrite may have ther-
mal properties vastly different from those of solid ferrite,
and consequently the temperature distribution may devi-
ate from that predicted by this model. Since in most of our
etching experiments the presence of molten ferrite was
not visually detected, this assumption is considered valid.

5. The interaction between the laser beam and the ferrite
substrate is purely thermal.

6. The laser beam energy is completely absorbed by the
ferrite substrate.

7. Power absorption by the bulk ferrite is represented by
Beer-Lambert’s law. )

8. There is no power loss due to absorption of the laser
wavelength light by the KOH etchant.

9. Heat of reaction, as compared to the extremely high
energy density of the laser beam, has negligible effect on
the temperature distribution.

10. The ferrite substrate is treated as a semi-infinite
domain.

11. Heat loss into the liquid is represented by the “radia-
tion” boundary condition, i.e., the heat loss rate is the tem-
perature difference times the heat transfer coefficient, H,
which is assumed to be a constant.

The rectangular coordinates, which are fixed in space as
well as being fixed with respect to the stationary laser
beam, are selected as the basis for formulation of our
model. The origin is on the ferrite surface (x-y plane) and is
directly underneath the beam center. The positive z-axis
points into the bulk substrate. The positive x-axis is in the
direction of the motion of the substrate.

The heat equation is
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and T(x, y, z, t) is the temperature rise above room tem-
perature. Equation [1] is valid for
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Fig. 2. Computed temperature profiles for different rates of convec-
tive heat loss.
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In our analysis, the Green’s function method is used.
The Green’s function GX, Y, Z, 1, X', Y', Z’, 7') for the di-
mensionless heat equation is (12)

667

of the heat transfer coefficient applicable to our process.
Considering, as a first estimate, the case of hemispherical
thermal conduction in the agueous phase, and assuming a
value of 1.46 x 1073 cal/cm-s-°C for the thermal conductiv-
ity of water (13), and a value of 10 pm for the radius of the
heated zone, the heat transfer coefficient is estimated to be
1.46 cal/em?s-°C. This value is a lower bound estimate, and
according to Fig. 2, thermal loss for such a H value is not
significant. In a laser-heated system, if the thermal resis-
tance lies entirely in the liguid phase, fluid motion (natural
convection) can be expected as a result of the hydrody-
namic instability caused by the temperature gradient at
the substrate surface. The induced convection would lead
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The selected Green’s function satisfies all boundary condi-
tions, and the dimensionless surface temperature ¥ can be
formulated as
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Subroutine QA05A of the HARWELL mathematical li-
brary was selected for evaluating the single integral, and
subroutine DBLIN of the IMSL library was selected for
evaluating the double integral. Shown in Fig. 2 are steady-
state(r = temperature profiles for various rates of radia-
tion loss (represented by the heat transfer coefficient, H),
including the upper bound obtained for the no-loss case.
As is expected, the surface temperature decreases as the
heat loss to the etchant increases. Significant surface cool-
ing (e.g., temperature drop > ~20% of the peak value) only
occurs for H values greater than 10.0 cal/em?-s-°C. For very
high H value (e.g., H = 100.0 in Fig. 2), the thermal loss at
the beam center is greater than the energy influx from the
absorption of the laser beam. In order to achieve thermal
balance locally at the beam center, diffusive thermat flow
toward the beam center, driven by both the surface tem-
perature gradient between the beam center and the sur-
rounding area and the temperature gradient into the
bulk ferrite, is required. Consequently, the maximum sur-
face temperature is off the beam center and the valley is
seen in the surface temperature profile. It should be
pointed out that the heat transfer coefficient “H” charac-
terizes the overall thermal conductance from the ferrite
surface into the bulk region of the etchant. Mechanisms
for thermal dissipation include convection/conduction in
the liquid phase as well as conduction through substances,
if present, at the ferrite surface.

Assuming that thermal dissipation occurs only in the lig-
uid phase, the heat loss rate is the product of the thermal
diffusivity, D, and the temperature gradient across a thin
liquid layer, called thermal boundary layer. In order to
properly arrive at the thermal boundary layer thickness,
the exact mechanism of the heat transfer process in the lig-
uid medium has to be understood. Such information is
generally lacking, at least for heating (or cooling) over an
area of a focused laser beam. Therefore, it would not be
proper for us to arbitrarily draw conclusions on the value
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to values of H much larger than that derived solely from
thermal conduction alone. An order of magnitude estimate
of H can also be made from information obtained from
processes of a nature similar to the one studied here. In a
study of laser-enhanced electroplating of copper in a 0.05M
CuS04/1.0M H,SO, bath (14), a limiting current density of
18 A/cm? was obtained in the area illuminated by an Ar*
laser. Assuming a value of 1.0 X 10~° em?/s for the diffusion
coefficient of the cupric ion, the 18 A/cm? limiting current
density produces a thickness of 0.053 pm for the mass-
transfer boundary layer (14). For developed laminar and
turbulent flows, thickness of the mass-transfer boundary
layer is equal to the —1/3 power of the Schmidt number,
Sec, defined as the ratio of kinematic viscosity to diffusion
coefficient, times thickness of the hydrodynamic bound-
ary layer. Similarly, thickness of the thermal boundary
layer is equal to the —1/3 power of the Prandtl number, Pr,
defined as the ratio of kinematic viscosity to thermal diffu-
sivity, times thickness of the hydrodynamic boundary
layer. The Sc/Pr ratio for aqueous solutions at room tem-
perature is about 150, and, therefore, under similar hydro-
dynamic conditions the thermal boundary layer is approx-
imately five times as thick as the mass-transfer boundary
layer. Assuming that the hydrodynamics of the copper
plating system is representative of that in our etching sys-
tem, the thermal boundary layer is thus estimated to be
0.27 wm thick for the laser etching system. Such a thermal
boundary layer thickness would produce a value of 55 cal/
cm?-s5-°C for the heat transfer coefficient, H. As seen from
Fig. 2, significant surface cooling will occur for such a
large H value.

So far in our discussion we have attributed only con-
duction and convection in the solution phase to the evalua-
tion of H, and have not taken into account the effects due
to the presence of a film on the ferrite surface. In the case
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of the laser-enhanced plating, a thermally conductive
metal film was generated as the substrate-liquid interface,
and convection in the plating bath determined the heat
dissipation rate. Although there was significant cooling at
the electrode surface, the temperature could still exceed
the boiling point of the bath, and bubbles were generated.
On the other hand, no boiling of the KOH etchant solution
was observed during etching of the ferrite surface al-
though the laser power densities were, in general, higher
than those used in the plating experiments. The absence of
gas bubbles during the etching experiments could be ex-
plained by the presence of a filin of high thermal resistance
between the ferrite surface and the etchant. With the intro-
duction of such a film, the heat transport process is domi-
nated by conduction through this film, and the value of H
is drastically lowered. Although we could not experimen-
tally verify the presence of such a film, the absence of gas
bubbles as well as the good agreement between the width
of the etched grooves and the width of the melted grooves
computed under the no-loss assumption, illustrated in Fig.
12 (see later paragraphs for discussion), indicates that dur-
ing the etching process the ferrite surface behaved close to
an insulating plane. These facts can be considered as indi-
rect evidence for the presence of a fused layer of high ther-
mal resistance on the ferrite surface, when etched by
KOH under the assistance of laser energy. The surface
cooling effect on the temperature is thereby excluded in
the discussion of both the model and experimental results.

Under the assumption of no heat loss into the liquid me-
dium, the last boundary condition becomes

aT
—=0 atz=90
0z

The temperature rise at the ferrite surface with ® = 0 in Eq.
[6] is represented by
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Equation [7] is nearly identical to a previously published
formulation (15). The upper bound of integration in Eq. [7]
is “7”, while the upper bound of integration in the formula-
tion appearing in Ref. (15) is “«.” The author of Ref. (15) as-
sumes that the laser beam is turned on at + = —, i.e, an
initial position of the laser beam at X = —« as viewed from
our coordinate system, and thus obtained the steady-state
solution which in turn can be considered as the tempera-
ture-time correlation for a ferrite particle infinitely far
away from the initial beam position. Our formulation takes
into account the finite distance between the position of the
ferrite particle of interest and the initial beam location, and
thus has a time-dependence in the formula. We believe
that our formulation is more realistic, and that the inherent
time-dependence of the temperature in Eq. [7] can be im-
portant in considering the temperature at the edges of a
substrate of finite size. Additionally, the spatial coordi-
nates used in Ref. (15) are located on the moving substrate,
and are thus moving with respect to the stationary laser
beam; while our formulation is based on spatial coordi-
nates which are stationary with respect to the laser beam
and are thus moving with respect to the substrate. As a re-
sult, T(x, y, 0, 7) in Ref. (15) represents the temperature
measured at time r for a particle initially located at (x, ¥, 0);
while in our model, T(x, y, 0, 1) represents the tempera-
ture at time v measured at a fixed point (x, y, 0) in space.
Different ferrite particles occupy the spot (x, y, 0) at differ-
ent tirnes. Above a certain t value a pseudo steady-state
temperature distribution develops, and the integration in
Eq. [7] would be independent of r. The following discus-
sion is based on the steady-state temperature.

The computed steady-state temperature distribution
along the Y-axis for a stationary substrate using Eq. [7] is
the same as that given in Fig. 2 for H = 0. The temperature
rise is proportional to the laser power, as is indicated by
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Fig. 3. Effect of scan speed on the melting boundary (computed)

Eq. [7]. The effects of scan speed and laser power are illus-
trated in Fig. 3 and 4, respectively. The selected ordinate is
the width of the melted grooves, which is twice the y value
where the temperature is at the melting point of ferrite. We
feel that this ordinate is more effective in presenting the
key features of our model, although we do not have experi-
mental evidence to directly link the etching and melting
phenomena. A value of 1565°C, which is the melting point
of Fe,0,, is assigned as the melting point of ferrite. For the
substrate moving in the X direction, the temperature dis-
tribution is symmetric with respect to the X axis, but is
asymmetric with respect to the Y axis. The asymmetry is
caused by the term, p 4¥/3X, in Eq. [3]. The dimensionless
group p indicates the contribution of convection as a heat
transport mechanism as compared to that of thermal diffu-
sion. Large p means that more heat is carried along with
the substrate instead of being allowed to dissipate lat-
erally. As a result, the hottest spot shifts toward the lead-
ing edge of the beam as the scan speed increases. Addi-
tionally, the peak temperature decreases as the scan speed
increases, a result expected from residence time consider-
ations. Nonetheless, the magnitude of the thermal diffu-
sivity for ferrite, 6.03 x 1072 em?%s (16) and of the character-
istic length (beam waist, w) renders a significant variation
of temperature distribution as well as a significant de-
crease of the melted groove size only for scan speeds ex-
ceeding ~1 cm/s. This is verified in Fig. 3. In Fig. 4 itis seen
that for laser power levels higher than 300 mW a linear cor-
relation between the melted spot size and the laser power
is observed. For a point heat source, T ~ P/r where r is the
distance from the point source, and the melted spot size
would be proportional to the laser power. The point source
assumption is more valid for larger melted spots, ie.,
higher laser power levels. At lower power levels, the point
source assumption no longer holds true and the linear cor-
relation is not observed. As the power is lowered, the area
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Fig. 4. Effect of laser power on the melting boundary (computed)
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Fig. 5. Experimental data for groove depth-laser power correlation as
a function of KOH concentration (low laser power case).

with temperature exceeding the melting point shrinks
drastically, and a sharp drop-off of the melted spot size is
seen,

Experimental Results and Discussion

Preliminary etching experiments were performed in
KOH solutions of concentration ranging from 0 to 8N. The
upper bound of 8N was selected arbitrarily. It was found
that when the KOH concentration was below ~2N, etching
was accompanied by bubble formation, with higher nucle-
ation frequency for less concentrated etchant. Boundaries
of etched patterns were irregular and the process was un-
controllable. As the KOH concentration exceeded 2N, the
etching process became bubble-free, and boundaries of
etched grooves were well defined. Accordingly, our etch-
ing experiments were done only in 2-8N KOH solutions.
Under normal experimental conditions, only dissolution
of the ferrite took place, and we did not detect the forma-
tion of tiny solid particles either during or after the etching
experiment. Only in a few etching experiments performed
under very high laser power, high KOH concentration, and
low scan speed conditions, chipping of the ferrite sub-
strate was observed.

The knife-edge technique (17) was used to measure the
1/e beam radius. The 1/e-beam radius was 8.0 um for the 5
times objective lens. When the substrate was not moving,
the threshold laser power for visually detectable melting
of ferrite in air was found to be 144 + 1 mW. Attempts to
obtain reproducibly the threshold laser power for melting
ferrite in water were unsuccessful because of excessive
bubble formation. Assuming a value of 8.0 x 1073
cal/cm-s-°C for the thermal conductivity of ferrite and a
value of 6.03 x 1073 cm?s for the thermal diffusivity of fer-
rite (16), our model calculates a maximum temperature of
1440°C for a laser power of 144 mW. In KOH solution etch-
ing of ferrite was observed at power levels below this melt-
ing threshold, indicating that melting of ferrite may not be
a necessary condition for etching to take place. Similar be-
havior was observed in etching of PbTiO; (5).

The influence of KOH concentration on the correlation
between the groove depth and the laser power is illus-
trated in Fig. 5 and 6, covering, respectively, the very low
end and the moderately high end of the laser power spec-
trum in our experiments. The groove depth increases with
increasing laser power and, to a lesser extent, with increas-
ing etchant concentration. Less power is required for etch-
ing to proceed in more concentrated etchant; and at a fixed
power, higher etch rate is obtained for more concentrated
etchant. Data in Fig. 5, appear to bear the mark of Arrhen-
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Fig. 6. Experimental data for groove depth-laser power correlation as
a function of KOH concentration (moderately higher laser power case).

ius-type kinetics. Data in Fig. 6 show a linear relation be-
tween the groove depth and the laser power.

SEM micrographs are shown in Fig. 7 to illustrate the
two types of profiles for the etched groove observed in our
experiments. The smooth bell-shaped profile usually asso-
ciated with high etchant concentration, low scan speed
conditions; ridge formation at the bottom of the grooves
usually took place when etching experiments were done
under low etchant concentration, high laser power, high
scan speed conditions. The similarity between the groove
shape and the shape of the temperature profiles in Fig. 2 is
brought to readers’ attention, although no attempt is made
here on quantitative comparison. Energy dispersive analy-
sis of x-rays (EDX) results indicated that the ridge sub-
stance was Mn-Zn-ferrite. At the same scan speed and
laser power, the grooves etched in 2N KOH are shallower
and rougher compared to those etched in 6N KOH.

Shown in Fig. 8 is the u X h (scan speed x groove depth)
vs. u (scan speed) correlation for three different power lev-
els in 2N KOH. The smoothly etched grooves are bell-
shaped and “h” refers to the depth reading at the valley,
where y = 0. For each poirit on the x-axis, the period over
which it is under laser heating is approximately 2w/u.
Therefore, the term uh/2w can be considered as a “time-
averaged etch rate.” It should be pointed out that each
point on the x-axis is experiencing constantly varying tem-
peratures during the period over which it stays within the
heating zone of the laser beam. The calculations based on
our model show that over the range of 0.001-0.5 cm/s for
the scan speed, where we operated our experimental sys-
tem, the temperature was practically independent of the
scan speed. Consequently, the product of the scan speed

‘u,” which is inversely proportional to the residence time,
and the groove depth “h” should be a constant for all
grooves etched under the same power but at different scan
speeds, provided that the etching process is purely kinet-
ics controlled and the area receiving laser power changes
little with the evolution of the groove shape. This constant,
when divided by 2w, refers to a time-averaged or, in es-
sence, a temperature-averaged, etch rate, instead of the
etch rate at the peak temperature. One should not attempt
to extract information on etch kinetics from profiles of
grooves etched by a scanning laser beam. A constant value
for u X h is observed in Fig. 8 for the curve with the lowest
laser power (173 mW); with a value of 4.3 pm/s for the aver-
age etch rate, uh/2w. As the laser power increases, « X h no
longer stays constant, being smaller for smaller scan
speed. Shown in Fig. 9is the u X h vs. u correlation for four
KOH concentrations, at a fixed laser power of 324 mW.
Since the selected power level is moderately high, we do
not obtain a constant for u X h. For the less concentrated
etchants (2N and 4N), u X h increases with increasing scan
speed. Similar behavior is observed for the more concen-
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Fig. 7. SEM micrographs of etched grooves: (a) A smooth bell-shaped groove; laser power = 324 mW, scan speed = 0.02 cm/s, KOH concentra-
tion = 6N. {b) A rough groove with ridge formation; laser power = 405 mW, scan speed = 0.02 cm/s, KOH concentration = 2N.

trated etchants (6N and 8N), except that a drop of u X h
value is seen at high scan speeds.

Deviation from a constant u x h value can be partially
explained from geometric considerations. As the etching
process progresses, the groove surface deviates further
from the initial planar geometry and the surface area for
receiving the beam energy increases. As a result, the
energy density decreases and so dées the etch rate. This
geometric factor, if it plays a significant role, leads to a
smaller u X h value for a smaller scan speed. Additionally,
as the groove grows deeper with increasing laser power at
lower scan speeds, the reaction gradually becomes mass
transport controlled and consequently uh/2w no longer
represents the etch kinetics.

We have mentioned earlier that even at the boiling point
of the agqueous KOH etchant, chemical etching did not
take place. At low laser power levels where etching is not
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Fig. 8. Experimental u X h vs. u correlation at different laser power
levels.

experimentally observed, the computed surface tempera-
ture is already much higher than the boiling point of the
aqueous etchant. Consequently it is reasonable to assume
that under laser illumination conditions the chemical envi-
ronment at the ferrite surface must be different from
simply the boiling etchant. This argument and the fact that
no boiling was observed in concentrated etchant lead us to
believe that an intermediate layer of substance exists be-
tween the aqueous etchant and the solid ferrite. A logical
picture would be the presence of a thin layer of molten (de-
hydrated) KOH on the ferrite surface. Either the molten
KOH film or the film resulting from the KOH-ferrite inter-
action may be a high resistance for dissipating heat into
the aqueous etchant, and the ferrite surface would behave
as an insulating plane. The ferrite-molten KOH interface
can thus be at a high temperature, as was calculated from
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Fig. 9. Experimental u X h vs. u correlation in KOH solutions of dif-
ferent concentrations.
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the model, for etching to proceed; while the aqueous etch-
ant has contact with the cooler side of the film so that
boiling does not occur. Only when there is not enough
KOH to form such a film over the entire etched area, which
occurs in dilute etchants, water comes in contact with hot
ferrite surface and boiling ensues.

We propose the following physical phenomena for quali-
tative interpretation of the experimentally observed etch-
ing behavior: during the etching process KOH in the bulk
etchant needs to be transported, mainly through diffusion,
to the ferrite surface. Under laser illumination the ferrite
surface temperature rises and this induces a change in the
local chemical environment, the exact nature of which is
unknown to us. One possibility is the localized water re-
moval to generate a surface layer of molten (or extremely
concentrated) KOH. When a threshold temperature (i.e.,
laser power) is reached, the chemical environment on the
ferrite surface becomes reactive with the solid ferrite sub-
strate and etching takes place. The melting point of KOH
is 360°C, which is much lower than the melting point of the
ferrite. Consequently this chemical route might very well
not require that the substrate temperature reach its own
melting point, and should be the controlling mechanism
under low power conditions. Since the water content is
lower for the more concentrated etchant, less power is re-
quired to initiate etching in the more concentrated etch-
ant, as we have observed in the experiment. On the other
hand, under high laser power conditions, reaction between
molten ferrite and the etchant is also a very likely reaction
path. Due to differences in their nature, the individual rate
of these two reaction mechanisms may be quite different.
Both reaction mechanisms, if in effect, would contribute
to the experimentally observed etching behavior, but the
individual. contribution cannot be resolved from the ex-
perimental data. The fact that no solid particles were ob-
served in the etching experiments indicates that the etch-
ing reaction generates product species (probably through
complex formation) that are soluble, even at room tem-
perature, in the etchant. These soluble species need to be
transported out of the grooves and into the bulk solution.
Buildup of the reaction product inside the groove may be
expected to eventually stop the etching.

As stated in earlier paragraphs, a ferrite particle being
etched experiences a time-varying temperature during the
etching process. Under scanning conditions, a significant
variation in surface temperature and etch rate takes place
over a period of ~2w/u. It can be expected that the solubil-
ity of the nongaseous reaction product increases with in-
creasing temperature. Therefore, an extremely high in-
stantaneous surface concentration for the reaction product
can be sustained when the particle moves under the beam
center. This surface concentration is determined by the
balance of the etch rate and the mass transport rate out of
the groove. Once the particle passes the beam center, the
temperature starts to drop and the surface becomes super-
saturated with the reaction product. As a result, recrystalli-
zation takes place. Since the center of the groove is the hot-
test spot and has the highest degree of supersaturation, the
recrystallized substances cluster around the center of the
groove, as is demonstrated in Fig. 7Tb. Additionally, higher
laser power facilitates the surface concentration rise, while
faster scan allows less time for the reaction product to dif-
fuse into the bulk solution. Therefore, formation of ridges
at the groove bottom occurs under such conditions. The
drop-off of u X h value at high scan speed as seen in Fig. 9
can be attributed to the short residence time, resulting in a
significant amount of recrystallized substances, as is'indi-
cated by the large range for the error bars. The fact that it is
easier to observe the ridge formation in more diluted etch-
ant, for which the etch kinetics is slower, can only be ex-
plained by the assumption that the reaction product is
more soluble (stable) in the more concentrated KOH so-
lution.

The influence of laser power, scan speed, and KOH con-
centration on the width of the etched grooves is illustrated
in Fig. 10-12. Generally speaking, KOH concentration has
little effect on the groove width, except at very low power
levels (< 200 mW) where the difference in etch rate is more
pronounced. The variation of the groove width with scan
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Fig. 10. Experimental data of the effect of KOH concentration on the
groove width-laser power correlation.

speed becomes detectable when the scan speed is larger
than 0.01 cm/s (Fig. 11). Faster scans result in narrower
grooves. However, the influence of etchant concentration
and scan speed on the magnitude of the width variation is
relatively small as compared to the effects of laser power.
As is shown in Fig. 12, the groove width varies in a linear
fashion with the laser power, except at low power levels
(< 200 mW) where a significant drop-off is seen. Further-
more, the width “W” vs. power “P” curve in Fig. 12 follows
closely the corresponding curve for ferrite melting, al-
though these experimental data cannot be fitted success-
fully by a unique “threshold etching temperature” over
the entire power range. The trend observed in Fig. 12 can
be qualitatively explained by the proposed etching mecha-
nism, namely, the superimposition of etchant (most proba-
bly molten KOH)-solid ferrite interaction and etchant-mol-
ten ferrite interaction. The etchant-solid ferrite reaction is
expected to dominate at low power levels, and this is dem-
onstrated by the large positive deviation observed in Fig.
12 for power levels less than 240 mW, particularly below
160 mW where melting of ferrite is not expected. As the

40 T A E— T
2
30}~ o///*— -

w I i

x
°/¢' MnZn FERRITE ETCHING
i ETCHANT: 2N KOH
{ O u=002cm/s ]
A u=0.05cm/s
O u=0.10cm/s
% u=0.20 cm/s

GROOVE WIDTH, W (zm)

o (R N NV NN B
B0 160 240 320 400 480 560 640

LASER POWER, P (mW)

Fig. 11. Experimental data of the effect of scan speed on the groove
width-laser power correlation.
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Fig. 12. Comparison of experimental groove width-laser power corre-
lation with computed melting boundary.

power is increased and melting of ferrite occurs, the etch-
ant-molten ferrite reaction dominates and the experimen-
tal curve merges into the computed melting boundary
curve.

Summary

We have carried out experiments for understanding of
the laser-assisted etching of Mn-Zn-ferrite in KOH solu-
tions. In the absence of the laser beam the etching process
did not take place even at the boiling point of the selected
etchant. A minimum KOH concentration of ~2N is re-
quired for a controllable bubble-free etching process. The
threshold laser power for etching was found to be smaller
than that required for visually detectable melting of ferrite
to occur in air, and decreased with increasing etchant con-
centration. Within the range of 2-8N for KOH concentra-
tion, the depth of the etched grooves increased with in-
creasing laser power, decreasing scan speed, and
increasing KOH concentration. Except for very high
power levels where chipping occurred, no solid particles
were observed during the etching process. This leads us to
believe that soluble species are generated from the etching
process, and transport of the etchant and of the reaction
product(s) can influence the etch profiles. Evidence of
mass transport limitation on the average etch rate was ob-
served under low KOH concentration, high power, and
low scan speed conditions. Under high scan speed, high
laser power, and low etchant concentration conditions,
ridge formation at the valley of the etched grooves was de-
tected. It is postulated that the short residence time under
high scan speed conditions results in supersaturation of
reaction product as well as crystallization inside the
etched grooves. Extracting information on the etching ki-
netics based on the measured groove depth was inappro-
priate because the etching process was not fully kinetics
controlled under the chosen experimental conditions and
each spot on the substrate was subject to time-varying
temperatures during the period of etching. The width of
the etched grooves increased with increasing laser power,
but was relatively insensitive to the scan speed and the
KOH concentration. Good agreement between the width
of the etched grooves and the width of the melted grooves
computed under the no-loss assumption points to the pos-

sible presence of a thin layer of fused material with high
thermal resistance between the ferrite and the liquid me-
dium. Findings from experiments on laser-assisted etch-
ing of ferrite can be qualitatively explained by the follow-
ing events: formation, at and above a threshold
temperature, of an active chemical environment on the
Mn-Zn-ferrite surface for the initiation of the etching pro-
cess; more concentrated etchant allows more abundant
supply of the reactive species and requires less heat input
to reach the active state. Etching of ferrite occurs as a re-
sult of the reaction between the active etchant (possibly
fused KOH) and either solid ferrite or molten ferrite, de-
pending on the power input. The etching process gener-
ates soluble product species and the profiles of the etched
patterns are strongly influenced by the mass transport
characteristics of the etching system.
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LIST OF SYMBOLS

heat capacity, cal/g-°C

thermal diffusivity, cm?¥s

Green’s function shown in Eq. (4)

heat transfer coefficient, cal/cm?s-°C

depth of the etched grooves, pm

laser beam intensity at (x, ¥, 2), W/em?

laser power, W

distance from a point heat source, cm
temperature rise above room temperature, °C
time, s

scan speed, cm/s

width of the etched grooves, pm

l/e beam radius, pm

dimensionless coordinate

dimensional coordinate corresponding to X, pm
dimensionless coordinate

dimensional coordinate corresponding to Y, pm
dimensionless coordinate

dimensional coordinate corresponding to Z, pm

Greek characters

a dimensionless group defined as w/\

AT  maximum temperature rise under surface absorp-
tion condition, °C

thermal conductivity, cal/cm-s-°C

absorption depth, pm

dimensionless group defined as uw/D

density, g/cm?®

dimensionless time defined as tD/w?
dimensionless group defined as wH/x
integration variable in Eq. [5] and [6]
dimensionless temperature rise defined as T/AT
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Production of Fluorine by the Electrolysis of Calcium
Fluoride-Containing Tetrafluoroborate Melts

Gleb Mamantov* and T. M. Laher

Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996-1600

ABSTRACT

Tetrafluoroborate melts have been shown to be viable electrolytes for the electrochemical production of fluorine from
dissolved CaF,. The anode reaction at pyrolytic graphite electrodes apparently involves the oxidation of BF,™ and/or F~ to
yield BF; and F,. LiF may be used to trap BF;; the resulting LiBF, may be reused in the bath. Observed anode current ef-
ficiencies are generally on the order of 50-60% at an optimum anode current density of 40 mA/em?. The cathode reaction at
tin and/or zinc cathodes involves the reduction of Ca?* to the metal along with the reduction of alkali metal ions to the re-
spective metals. The presence of zinc in the cathode pool appears to favor the deposition of calcium over that of alkali

metals.

Fluorine is currently produced by the electrolysis of
KF-HF (50/50 mole percent [m/o]) melts at temperatures of
ca. 150°C (1). These materials are produced from naturally
occurring minerals containing CaF,, most notably fiuor-
spar (CaF5). It would be more desirable to produce fluorine
directly from CaF,. Due to the reactivity of fluorine, espe-
cially at elevated temperatures, it is necessary to carry out
the electrolysis for the production of fluorine using rela-
tively low liquidus temperature electrolytes in which CaF,
is at least partially soluble. This requirement narrows the
field of prospective electrolytes to relatively low melting
alkali fluoride mixtures such as the LiF-NaF-KF eutectic
and various melts containing tetrafluoroborate, all of
which have liquidus temperatures below 500°C (2, 3). No
reports could be found in the literature for the electrolytic
production of fluorine from melts containing CaFs. In the
mid-1960s, Mastrangelo reported an electrolytic method
for the production of fluorine from molten NaBF, (4). In
this method, carbon or gold anodes were used to produce
F; by the oxidation of BF,~, and Na* was reduced at a lead
cathode pool to give a Na-Pb alloy which could be used in
the production of tetraethyl lead. Some problems were en-
countered with the tetrafluoroborate melts, especially with
melts containing LiBF,, in that BF; is evolved during elec-
trolysis and it is necessary to trap BF;, preferentially by a
method which recycles BF; back into the electrolyte (4).
LiBF, is known to undergo spontaneous decomposition to
LiF and BF; at 325°C (5). In this paper we discuss a method
for the electrolytic production of fluorine from tetrafluo-
roborate melts containing CaF,; at temperatures of 315°-
375°C.

Experimental Section

Electrochemical cell—The electrochemical cell (Fig. 1)
consisted of a nickel cell body containing an alumina cru-
cible (Coors AD 998, 36 mm id). The crucible which con-
tained the electrolyte was separated from the cell body by
means of a larger alumina crucible of slightly smaller di-
ameter than the inside of the nickel cell body. The purpose
of the second crucible was to protect the heated portion of

* lectrochemical Society Active Member.

the cell body from attack by hot fluorine gas. The top
flange of the cell body was fitted with a center port
equipped with a Swagelok fitting for introduction of the
anode or an addition tube through which the cathode
metal pool was added, and with four ports equipped with
Cajon ultra-torr fittings for introduction of the gas en-
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Fig. 1. Electrochemical cell used for electrolysis of tetrafluoroborate
melts containing CaF,. The parts of the cell are listed: (A) anode sub-
strate, (B) Ni cell body, (C) cathode metal pool, (D) Ni cathode contact
lead, (E) Ni anode contact lead, (F) tetrafluoroborate melt, (G) ther-
mocouple well (alumina tube), (H) alumina insert, (1) alumina crucible
containing melt, (J) Viton O-ring, (K) cooling coils, (L} Ni top flange,
(M) bolt, (N) Cajon fitting, (O) specially adapted Swagelok fitting, and
(P) Ni support ring. Dimensions are not to scale.
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