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Abstract. On the basis of the balance model for convection-diffusion processes that occur
during string chemical cutting (CC) of samples, we derive an analytical expression for the
limiting CC rate at maximal use of etching agent. Comparison between the experimental and
theoretical dependencies of CC rates for InSb, HgCdTe and CdTe samples on the velocity of
string motion and diameter of sample being cut demonstrates good agreement of the experi-
mental results with the model notions. It is shown that diffusion kinetics of the CC process is
retained even at very high velocities of string motion. The experimentally obtained value of
CC rate is approaching 3 mm/min. The dependencies studied point at resources for increase of
CC efficiency. Some technical modification of the equipment, related primarily to increasing
velocity of motion of the etching liquid carrier, will make the CC technique able to meet
competition with the abrasion techniques in technological lines for manufacturing of semi-
conductor devices.
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1. Introduction

Appearance of the chemical cutting (CC) technique was
dictated by the need for production, in an effort to study,
of thin cuts of structurally-sensitive materials (initially
metal single-crystals) without introduction of structural
defects into them [1]. In this technique sample separation
from ingot occurs due to local chemical solution of the
ingot material near the etchant-carrying “cutting” tool,
without mechanical contact between the tool and ingot.
So near-surface layers in the samples prepared using the
CC technique retain structural perfection of the starting
ingot material.

Application of the CC technique rather than the con-
ventional abrasion ones in the semiconductor device
manufacturing technology could save high-cost material
and make products of higher quality than when using the
abrasion processing techniques. At present, however,
operating efficiency of the CC technique is substantially
below that of the abrasion techniques. This is one of the
factors that prevent wide industrial application of the CC
technique. So there exists practical need for revealing
and analysis of the principal factors that determine oper-
ating efficiency of the CC technique, in an effort to find
possibilities and resources for its increase.

2. Model

In conventional CC facilities a chemically active liquid
is usually carried to the sample being cut with a moving
string to which an etchant adheres. When the carried
agent comes into contact with the sample, then chemical
interaction occurs between them. As a result, a void ap-
pears in the sample. The reaction products that are gen-
erated in the cutting area are removed from it by the same
moving carrier. If etchant input into the cutting area,
removal of reaction products out of it and sample feed to
the carrier are coordinated, then a cut surface is formed.

The operating efficiency of the above process depends
on a number of parameters, such as the velocity of carrier
motion, initial etchant concentration, sample size, etc. A
rigorous analysis of their effect on the operating efficiency
makes a rather complicated problem. So it seems reason-
able to start from consideration of a simplified model for
the process. For definiteness sake, let agent carrier be a
string whose diameter is much over a gap between the
string and the sample being cut. This assumption enables
one to take the string surface as being flat.

Let the sample length is /, and the chemical agent
solution fills the whole space between the string and sam-
ple. The string is moving with a constant velocity u and is
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dragging an etchant layer (whose thickness is J). A sta-
tionary agent layer (whose thickness is ) is next to the
sample surface (that is initially flat). The agent molecules
diffuse to the sample surface and come into contact with
its material. The result of the reaction is chemical dis-
solving of the sample. The length of the gap between the
string and sample (that is equal to the sample length) is
much (by several orders of magnitude) over the gap width.
Therefore one can consider diffusion in the gap as being
transverse only.

In the course of cutting solution in the gap is deplet-
ing. So the agent concentration ¢ at the reaction surface
decreases along the direction of string motion. Accord-
ingly, the sample dissolution rate is to decrease along
this direction. Distinction between the dissolution rate
values at different reaction surface points will lead to
changing the gap form. In consequence of this process,
the dissolution rates will level off. As a result, a station-
ary gap form is to be achieved, at which the dissolution
rate values are the same at all the reaction surface points.

The rate of crystal material dissolution is determined
by the stationary agent flux to the sample surface. To
determine the dissolution rate (that is the rate of material
chemical cutting), we developed a physical model for
process of material removal at string CC [2]. The model
is based on the assumption that equilibrium can be estab-
lished between the chemical, diffusion and convection
flows of the active etchant component at its motion from
the tool to the surface of the sample being cut. For the
stationary cutting mode the following dependence of cut-
ting rate V" on the principal technological parameters
was obtained:
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Here / is the cut length; u is the velocity of “cutting”
tool motion; dis the minimal half-width of the gap be-
tween the sample and tool; ais the chemical reaction rate
constant; Cy and D are, respectively, the concentration
and diffusion coefficient of the active etchant component
molecules; pis the density of the material being cut; 3 is
the ratio between the mass of material dissolved during
cutting process and that of the active etchant component
required for its dissolving.

The parameters in expression (1) can be easily meas-
ured or estimated with rather high accuracy. The excep-
tion is parameters o and d whose direct measurement is
difficult to make. However, one can easily see that V'asa
function of dhas a peak at =y where
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One can easily estimate &y value. Let the sample
length /be 1 cm, the velocity of tool motion u be 20 cm/s
(this is just the typical value for the conventional equip-
ment) and the diffusion coefficient D be 10> cm?/s. Then,

according to expression (2), & =7 um. This value is rather
small as compared to the tool section diameter (usually
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100-200 pm). Therefore, if the tool carries rather big
amount of etchant, then the cutting rate will be close to
the maximal removal rate. The latter can be found by
inserting expression (2) for dyinto expression (1):

-2 Batd”, 1 3)

As to the o value, for reactions that obey diffusion
kinetics (this is the optimal case for CC) it is very high, so
one can ignore the second term in expression (3).

Let us estimate the limits for increasing operation ef-
ficiency of the CC technique that can be achieved in prac-
tice. From expression (3) it follows that, at rather high
values of the chemical reaction rate, the removal rate is
given by the following expression:

V = ku? )
where

_%f D@“Z
= i 5)

while the inverse removal rate is

1 2
v kol (6)
where
_2p -2
k, =——(uD
2 o (ub) (7

Thus, if the k1 and k, values are known, it is possible
to predict for the CC technique growth of operation effi-
ciency with tool motion velocity, and to determine time
required for ingot cutting when its size is increased.

3. Experimental procedure

We performed experimental studies of the CC operational
efficiency when cutting InSb, CdTe and HgCdTe single-
crystal samples. In all cases we used etchant of the fol-
lowing composition: 20 % bromine solution in hydrobro-
mic acid. During experiment several parallel grooves of
the same depth were made one after another, and time
required for this was measured.

The experiments on determination of the cutting rate
as a function of the sample length (see expressions (6)
and (7)) were performed using a CXP-2 machine for CC
[3]. The cutting tool was a tungsten string (90 mm in di-
ameter); the velocity of its motion was 22 cm/s.

The CXP-2 machine turned out to be of limited suit-
ability for experimental check of expressions (4) and (5)
(cutting rate dependence on the tool motion velocity).
The reason was that the range of string motion velocity
was too narrow. To make this range wider, we made an
experimental plant that made it possible to bring the tool
motion velocity up to 6 m/s (i.e., to increase it by a factor
about 30, as compared to the highest value provided by
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Fig. 1. The inverse CC rate vs cut length curve.

the CXP-2 machine). The tool to carry etchant was a
Lavsan (Soviet equivalent of Dacron) thread that was
being rewound from one spool to another during the ex-
periment. The tool motion velocity was found from the
time required for the thread to be completely rewound
(the same time determined the experiment duration). The
amount of material removed was determined from the
depth of the groove made during the experiment. The
duration of each experiment was several seconds. Dur-
ing that time we had to make such a groove whose depth
could be big enough to provide obtaining of reproduc-
ible results. That is why we used very short (/= 500 pm)
cuts. Use of the samples whose lengths were extremely
small was of interest also for determination of conditions
when diffusion kinetics of CC process changes for chemi-
cal one.

To theoretically calculate the removal rate at CC,
one has to know the numerical 8 values for the etchants
and materials used. We determined these values experi-
mentally for dissolution of InSb, HgCdTe and CdTe in
20% bromine solution in hydrobromic acid. A sample of
material to be dissolved (whose weight was previously
measured) was put into a reservoir that contained a known
amount of etchant. After this the reservoir was sealed,
and the sample in it was exposed to dissolution for sev-
eral hours. Then the sample was taken out of the reser-
voir, dried out and weighed. After this the sample was put
into the reservoir (with the remains of the etchant) anew,
and the total procedure was repeated once more. The
experiment continued until the result of weighing was the
same as at the previous stage. This evidenced that proc-
ess of dissolution has stopped. After this the Svalue was
calculated from the following expression:

s s
_m —my
B=——%—"
m
Here m®' is the initial mass of bromine in solution;
> and my are the results of the first and last weighing,
respectively. The coefficients b that were determined in
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this way for InSb, HgCdTe and CdTe were 0.57, 0.72
and 0.52, respectively.

4. Experimental result and discussion

The experimental and theoretical curves giving the in-
verse cutting rate 1/V as a function of /'’ are presented in
Fig. 1. One can see from this figure that functional agree-
ment exists between the theoretical and experimental
curves: in the coordinates used they are straight lines.
This fact confirms the validity of assumptions (on which
our model is based) on character of the physico-chemical
processes proceeding at CC. Some difference in line
slopes may be due to the fact that our theoretical consid-
erations served for estimation only, because we did not
know the exact values of diffusion coefficient for bro-
mine molecules in the etching solution used. Besides, bro-
mine concentration in grooves seems to be below the set
bromine concentration in the reservoir from which the
etchant is coming to the tool. The reason is that some
portion of bromine evaporates from the tool while com-
ing to the sample.

Special attention should be given to the fact that the
dependencies obtained at CC of different materials are
close to each other. This is true for both (experimental as
well as theoretical) dependencies. The reason for this may
be that numerical values of the non-dimensional param-
eter p/fcy are practically the same for different materi-
als: 16, 17 and 18 for InSb, HgCdTe and CdTe, respec-
tively.

Shown in Fig. 2 are the experimental and theoretical
dependencies of the cutting rate ¥ on the square root of
the string motion velocity u: V = f (U™~ “) . One can see
that these dependencies remain linear up to the maximal
velocity of tool motion (u = 6 m/s), i.e., even at this u
value the process still is not restricted by chemical kinet-
ics. This fact evidences that diffusion kinetics of the CC
process can be retained; in other words, the dependence
V=f (ull 2) will remain valid at higher u values.
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Fig. 2. The CC rate vs velocity of thread motion.

According to the experimental results obtained, the
cutting rate magnitude approaches the value V'~ 3 mm/
min. In this case the CC rate becomes comparable to the
rates that are typical for the most popular and efficient
abrasion cutting technique, namely, cutting by a diamond
disc saw with inner cutting edge. The numerical discrep-
ancy between the V = f (ull ) dependencies obtained
theoretically and found from experiment lies approxi-
mately in the same range and is of the same sign as that
for the 1/V on I'? dependencies. So one can assume that
both the above discrepancies are of the same origin.

A correlation made between the theory and experi-
ment has confirmed, by and large, the validity of theory
and possibility to use it for prediction of CC technique
operation efficiency when changing the process param-
eters. The dependencies obtained by us revealed big po-
tential resources for increase of CC rate. To illustrate, at
u =20 cm/s an InSb, HgCdTe or CdTe ingot (10 mm in
diameter) can be cut with a CXP-2 machine for about one
hour. Our calculations show that, if the thread motion
velocity is increased up to 20 m/s, then cutting operation
takes about as little as 1.5 h, even if diameter of the ingot
being cut is ~ 60 mm. Thus the appropriate modification
of equipment (involving, mainly, increasing velocity of
the etching liquid carrier motion) could make the CC tech-
nique able to meet competition with the abrasion tech-
niques in the technological lines for single crystals
processing.

5. Conclusions

1. On the basis of the balance model for convection-
diffusion processes that are proceeding at string CC we
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obtained an analytical expression for dependence of the
CC limiting rate on process parameters at maximal etch-
ing agent use. A comparison between the obtained ex-
perimental and theoretical dependencies of CC rates for
InSb, HgCdTe and CdTe samples on the string motion
velocity and diameter of the sample being cut demon-
strated good agreement of experimental results with model
concepts.

2. The experimental dependence V = f(u™ <) re-
mains linear over the whole range measured, up to the
maximal (6 m/s) velocity of tool motion. This fact evi-
dences that diffusion kinetics of the CC process is retained
even at very high values of tool motion velocity.

3. Themaximal CC rate obtained in our experiments
was approaching the value V'~ 3 mm/min, i.e., it was
comparable to the rates that are typical for the most dis-
tributed and efficient cutting technique, namely, that us-
ing a diamond disc saw with inner cutting edge.

4. The results obtained reveal big potential resources
for CC rate increase. Technical modification of the equip-
ment (related primarily to increasing velocity of motion
of the etching liquid carrier) will make the CC technique
able to meet competition with the abrasion techniques in
technological lines for manufacturing of semiconductor
devices.
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