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the water injection direction normal and the water velocity profile symmetrical along
the nozzle. The water flow in the wet cleaning bath was observed using a blue-
colored ink tracer. When the nozzle developed in this study was placed at the bottom

Copyright © 2016 by authors and of the bath, a fast and symmetrical upward water stream was formed between and
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1. Introduction

Semiconductor electronic devices are fabricated from semiconductor materials by var-
ious thermal, chemical and mechanical processes [1] [2]. In order to maintain the ma-
terial’s surface clean, wet cleaning is one of the most popular techniques. For the semi-
conductor silicon wafer production, the batch-type wafer cleaning bath [3]-[18] is very
often used for economic reasons. In order to further reduce the time and cost of the
wafer cleaning, its physics, chemistry and engineering should be studied and optimized
in detail. It should be noted that the water flow in the cleaning bath [16]-[18] is still one
of the most important engineering issues.

The wafer cleaning process uses various chemicals and ultrapure water, often with
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ultrasonic waves. Water and chemicals are injected from the nozzle located in the bath.
The liquid should sufficiently go through the spaces between the arranged wafers in
order to detach and remove the particles and impurities from the wafer surfaces. How-
ever, cross contamination [18] often occurs due to the recirculation that exists in the
bath. Sato et al [18] thus studied various ways of chemical supply, such as changing the
total chemical supply amount and its interval, through the wafers having various spaces
between them. For achieving an effective and quick cleaning process, by enhancing the
conclusions of notable existing studies, any issues relating to the bath should be care-
fully designed. Because any contaminations should be smoothly removed from the
bath, a one-way water flow without recirculation should be achieved in the bath.

The one-way water flow is expected to be formed by the water injection from the
nozzle into the bath. The water injection direction and its velocity profile initiate and
govern the water flow patterns. If the water direction from the nozzle was even very
slightly slanted in one direction, a huge recirculation can occur in the bath, such as the
flow around the wafer array. Thus, the nozzle should be carefully designed taking into
account the following issues:

1) The water injection direction is normal to the nozzle body [17] [18].

2) The water velocity profile is symmetrical and uniform, as much as possible, along
the nozzle.

3) The nozzle body is as small as possible.

and

4) The fabrication is easy with a reasonable cost.

For items 1) and 2), the water injection direction has been evaluated in our previous
studies [16] [17] for a bath which cleaned 25 pieces of the 300-mm-diameter silicon
wafers. Although the thicker wall of the nozzle was found to better generate a normal
water injection, the water direction depends on the water flow velocity in the nozzle. 3)
is for the frequent use of ultrasonic waves, often irradiated from the bottom of the bath.
The materials present between the ultrasonic resonators and the wafers should be re-
duced or minimized so that the ultrasonic wave sufficiently reaches the wafer surface
[1] [2] [16]. Thus, the shape of the water injection nozzle should be very slim. Addi-
tionally, the design should be simple for easy and low cost fabrication.

In this study, the water injection nozzle was thus designed and verified, based on
theoretical calculations and the water flow visualization. First, the nozzle was improved
by adding small parts, that is, an inner tube. Next, the entire water flow in the bath was

observed for verifying the design concept.

2. Experimental Procedures

The parameters in this study were chosen for reproducing the actually-used industrial
conditions, particularly accounting for those of the wet cleaning after the silicon wafer
surface grinding. Figure 1 shows the batch-type silicon wafer wet cleaning bath con-
taining two water injection nozzles and six 300-mm-diameter silicon wafers. Figure

1(a) and Figure 1(b) are the front view and the right side view, respectively. The six
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Figure 1. Batch-type silicon wafer wet cleaning bath. (a) Front
view and (b) right side view. The bath contains six 300-mm-
diameter wafers and two water injection nozzles (Nozzle). Wa-
ter is injected into the bath from the nozzle. Water finally over-
flows via the top wall of the bath.

wafers were supported by a cassette, not shown in this figure, and were placed at the
center bottom of the bath. The cleaning bath shown in Figure 1 was customized for
only six wafers, because this is mainly used for the wafers, the surface of which had a
significant amount of mud-like waste immediately after the surface grinding. In this
study, 300-mm-diameter transparent glass wafers were used instead of silicon wafers
for observing the motions of the tracer described below.

The water was introduced from the two water injection nozzle set at the right and left
bottom of the bath. The water flow direction through the inner water injection nozzle
was from right to left in Figure 1(b).

The water injection nozzle had eleven pinholes per one array. The diameter of each
pinhole was 1.5 mm. The distance between the pinholes was 10 mm. The nozzle had six
pinhole arrays, as indicated by the arrows in Figure 1(b). The water oriented to the
wall was expected to prevent formation of a stagnant region, easily formed at the bot-
tom side edge of the bath. The total water flow rate was 17 L-min~'; each nozzle sup-
plied water at 8.5 L-min~". The water supplied from the nozzle flowed to the water sur-
face via the spaces between the wafers and the spaces around the wafer array. Finally,
the water overflowed from the top wall of the bath. This bath had the function of ultra-
sonic wave irradiation from the entire bottom of the bath without any disturbance, be-
cause the nozzle satisfied item 3) in Introduction. For effectively utilizing the ultrasonic
wave, this type of bath is considered to be better than the baffle type bath [19].

Figure 2 shows the ordinary water injection nozzle, labeled Type-A. The outside and
inside diameters were 19 and 15 mm, respectively. The right side was open, while the
left side was closed. The pinholes were linearly arranged along the nozzle wall. The di-
ameter of the pinholes was 1.5 mm. One pinhole array had eleven pinholes, from #1 to
#11. There were six pinhole arrays, a, b, ¢, d, e and f, as shown in Figure 2(a).

Figure 3 is a schematic of the Type-B nozzle, which has both outer and inner tubes.
The outer tube was exactly the same as that indicated as the “Nozzle” shown in Figure

2. The right and left ends of the outer tube were open and closed, respectively. The eleven

KD
+%%, Scientific Research Publishing

347



S. Okuyama et al.

Pin-hole 1.5 mm B 10 mm A

I — !

11 10N\9 8 7 3 1 ¢
) N TNV RNV S, b sy d

Nozzle

(a) A-A (b) B-B

Figure 2. Schematic of Type-A nozzle, consisting of a 19-mm-
diameter tube, the left end of which is closed. Each of the six ar-
rays, a, b, ¢, d, e, and f, has eleven straight holes. (a) A-A cross
section of (b), and (b) B-B cross section of (a).
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Figure 3. Schematic of Type-B nozzle, consisting of a 19-mm-
diameter outer tube, and 10 and 12-mm-diameter inner tube.
Each of the six lines, a, b, ¢, d, e, and f, has eleven straight holes.
(a) A-A cross section of (b), and (b) B-B cross section of (a).

pinholes having 1.5-mm-diameters were linearly arranged per one array; there were six
arrays, indicted as a, b, ¢, d, e, and f. The inner tube was a simple tube, both ends of
which were open. The clearance at the left end, C, was adjusted between 1.5 and 3.5
mm.

The directions of the water injected using the Type-A and B nozzles in the bath were
visualized using a tracer, such as the blue-colored ink, and were captured by a VIR

camera.

3. Numerical Calculations

The water motions produced by the Type-A and B nozzles were analyzed using numer-
ical calculations taking into account the conservation of mass and momentum. The
schematic of the Type-A and B nozzles was discretized using Fluent software (ANSYS
Inc., USA) for calculating the water flow from the entrance of the nozzle to the pinholes
as the outlet. The water flow rate was 8.5 L-min' for one nozzle. At the pinhole, the
water was assumed to go out from the nozzle to the open air. In the calculation, the di-

rection and the velocity of the injected water at the pinholes were the focus. Addition-
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ally, the water motions of the inside and outside of the inner tube were optimized by

adjusting the C and D values shown in Figure 3.

4. Results and Discussion
4.1. Type-A Nozzle

First, the water injection from the Type-A nozzle was observed as shown in Figure 4.
The water coming from the right-side entrance approached the left end, accompanying
the water injection from each pinhole, as indicated by the arrows. The blue-colored
lines in this figure show the direction of the injected water from the pinholes. Although
the water flow direction from right to left in the nozzle was switched to the upper direc-
tion, the momentum in the horizontal direction slightly remained. As indicated in Fig-

ure 4, the water was injected upward, but slanted 10 degrees to the left.

4.2. Type-B Nozzle

Figure 5 and Figure 6 show the tracer motion observed using the Type-B nozzle versus
the time. Figure 5(c) and Figure 6(c) show the tracer motion after beginning of the
tracer injection. Overall, the tracer directions shown in these figures are concluded to
be normal. The first conclusion was that the normal water injection was successfully
obtained by the Type-B nozzle.

Next, the effect of the C value and the mechanism to achieve the normal water injec-
tion were evaluated. Figure 5 shows the water injection from the Type-B nozzle ob-
served using the blue-colored ink tracer. The C value was 2.5 mm. Figure 5(e) is a
schematic of the water path in the Type-B nozzle. The water coming from the right side
entrance is divided into two paths, such as Paths I and II. The water following Path II
goes through the space between the inner tube and the outside tube. The water follow-
ing Path I reaches the left end of the nozzle and turns back to enter the space between
the inner tube and the outside tube. Thus, the water following Path I approaches the
center pinholes of #4-8 earlier than that following path II to the same pinholes.

Injected tracer

1110 9 8 S —
Type-A Nozzle (Right side)

R EEREEE TR Py CrEr
Nozzle

Figure 4. Water injection from Type-A nozzle observed using blue-co-

lored ink tracer.
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Figure 5. Water injection from Type-B nozzle observed using
blue-colored ink tracer. The C value was 2.5 mm. (a), (b), (c) and
(d) are sequential changes in tracer position. (e) Schematic of

water path.
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Figure 6. Water injection from Type-B nozzle observed using
blue-colored ink tracer. The C value was 3.5 mm. (a), (b), (c) and
(d) are sequential changes in tracer position. (e) Schematic of
water path.

Figure 5(a) shows the tracer motion during the early stage. A dense image of the
blue-colored ink existed at the pinholes of #1-3. A very slight blue color could be ob-
served at #5, #6 and #7, while no tracer existed at #8-11. Figure 5(b) shows the tracer
position after the time at Figure 5(a). The blue contrast at the positions between #1 and
#7 is denser than that in Figure 5(a). Additionally, the blue color at positions #8-11
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slightly appeared. Next, in Figure 5(c), the blue color contrast was much denser than
that in Figure 5(b). The further dense contrast was totally observed in Figure 5(d).
Based on the tracer motion, the water motions following Paths I and II are assumed to
be distinguished using the dotted line. The high contrast of the blue color came from
the right end to the dotted line. Afterwards, the high contrast of the blue color came
from the left end to the dotted line. The meeting point coming from Paths I and II is
the position indicated using the dotted line, because the blue color contrast was signifi-
cantly different between positions #7 and #8 in Figure 5(c).

In Figure 6, the water motion can be evaluated following the method similar to that
in Figure 5. The blue color contrast sequentially intensified, pinhole by pinhole, from
both sides of the Type-B nozzle, from Figure 6(a) to Figure 6(d). The water flow fol-
lowing Path I meets with that following Path II at the position between #6 and #7. The
meeting point in Figure 6 slightly shifted to the center of the Type-B nozzle, rather
than that in Figure 5. Thus, the C value of 3.5 mm is considered to be better than that
of 2.5 mm from the viewpoint of symmetry.

In order to evaluate the water velocity profile in detail, Figure 7 shows the calcula-
tion for the Type-B nozzle. The water velocity was normalized using those in the center
region. In Figure 7(a) and Figure 7(b), the C value is 3.5 mm and 2.5 mm, respectively.
The D value of 12 mm and 10 mm is indicated using the circle and triangle, respective-
ly.

In Figure 7(a) and Figure 7(b), the water velocities shown using the circles and tri-
angles are overlapped. Thus, the D value, that is, the inner tube diameter does not cause
a significant difference. However, in Figure 7(b), the pinhole giving the maximum ve-
locity by the D value has a position nearer the center than that by the 10 mm. Thus, the
D value of 12 mm is expected to produce a symmetrical velocity profile along the
Type-B nozzle, even when the C value significantly changes.

Next, the C value, that is, the left end clearance between the inner tube and the out-
side tube was evaluated. Figure 7(b) shows that the water velocity at the pinhole posi-

tion #11 is significantly lower than those at the other positions. In contrast, the water

(a) Type-B (b) Type-B

C: 3.5mm C: 2.5mm
D 12mm(0), 10mm(A) _ D 12mm(0), 10 mm(A)
e = IF , AAGRR
A= FaVaYo) h=) 28
g éoéé Bogs| Z | 60 8y,
() o
> >
= et
S S
s = <0.6F
50.5 g $
IS [T T LN O T | s N T T TR T T T
Z 10 1 Z 10 1

Pin-hole Number Pin-hole Number

Figure 7. Calculation of normalized water velocity injected from Type-B
nozzle. The C value is (a) 3.5 mm and (b) 2.5 mm. The D value of 12 mm
and 10 mm is indicated by circle and triangle, respectively.
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velocity profile in Figure 7(a) is flatter than that in Figure 7(b). Thus, the C value of

3.5 mm was employed in this study.

4.3. Water Flow Using Type-B Nozzle

In addition to the water velocity evaluation at the pinhole, the entire water flow gener-
ated by the Type-B nozzle was observed and evaluated in the bath, as shown in Figure
8. In order to evaluate the water velocity profile generated by the nozzle, specifically,
concerning the tracer motion between the wafers, the tracer motion observed from the
right side was the focus. Because the T-region indicated using the dotted line is the po-
sition outside of the bath, used to add the tracer, the blue color in this region was not
related to the water flow in the bath. Figures 8(a)-(c) show the time sequence of the
tracer; while Figure 8(d) shows a schematic of the water motion. Immediately after the
tracer injection, as shown in Figure 8(a), the highest tracer position was the center re-
gion where the six wafers were arranged, as shown in Figure 8(d). In Figure 8(b) and
Figure 8(c), the tracer went up faster in the center region than in the other region. Ad-
ditionally, the tracer distribution was symmetrical to the center of the bath. Based on
the tracer motion shown in Figure 8, the symmetrical water injection profile in the
normal direction was recognized to be successfully achieved by the Type-B nozzle.
Because all the entire dimensions of the Type-B nozzle are exactly the same as those
of the Type-A, the Type-B nozzle produces no deterioration in the other condition for

removing small particles and contaminations including the grinding waste.

5. Conclusion

For a silicon wafer wet cleaning bath, a dual-tube-type water injection nozzle was stu-
died, based on theoretical calculations and experiments. A thin inner tube was simply
installed and its position was optimized in order to generate a counter flow. Such a
simple design could make the water injection direction normal and the water velocity
profile symmetrical along the nozzle. The water flow in the wet cleaning bath, observed

using blue-colored ink as the tracer, showed the fast upward water stream through the

Water surface

Bath

Water

Tracer

(a) ®»  ©

Figure 8. Observed tracer motion sequentially shown versus time, (a),
(b) and (c). (d) is a schematic of the tracer motion. The T-region in-
dicated by the dotted line is where to add the tracer.
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array of six wafers when the nozzle developed in this study was placed at the bottom of

the bath. Because the outside dimension of the nozzle caused no change, the water flow

was simply improved with no trade-off by this study.
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