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ABSTRACT

Silicon oxide formation was studied by a novel liquid phase deposition (LPD) method with H,0 addition only at 35°C.
The deposition rate could be controlled by varying the quantity of H,O added. The LPD-oxide was lightly oxygen-deficient.
FTIR spectra and AES depth profiles indicate that a small amount of fluorine was incorporated into the oxide. The
composition of LPD-oxide can be represented as Si0O,_, F, . The physicochemical properties of LPD oxide were investigated,
as was the behavior of fluorine in the oxide and the chemical reaction. A model for the LPD mechanism is proposed that
satisfactorily explains all of the experimental phenomena observed.

In microelectronics, silicon dioxide (Si0,) is widely used
as an insulator including the gate dielectric, isolation, and
passivation layers. Conventional methods of preparing
Si0, films, such as thermal oxidation or CVD techniques,
are subject to several problems, such as thermal stress, do-
pant redistribution, and material interaction. To solve
these problems, we suggest replacing conventional tech-
niques with a room-temperature method that grows an
SiO, film with similar quality.

Liquid phase deposition (LPD) is a room-temperature
method for SiO, formation. To date, LPD-oxide films have
been obtained by adding either H,BO; ' or Al® to hy-
drofluosilicic acid (H,SiF;) solution saturated with silica.
In this approach, however, owing to the number of addi-
tional parameters, the deposition reaction in LPD is com-~
plicated. Moreover, this method does not consider the con-
tamination from the chemicals, but rather merely assumes
that such contamination is minimal. the LPD method with
H,0 addition was first attempted by Yoshitomi et al.® Ac-
cording to Ref. 5, the chemical reaction for SiO, growth in
the treatment solution can be represented by the following
equilibrium reaction

H,SiF, + 21,0 « 6HF + Si0, AH <0 [1]
In fact, however, this equation represents only the chemical
reaction in the solution and does not explain the growth of
LPD-oxide on the substrate at all. In addition. Yoshitomi
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Fig. 1. Experimental flow diagram of the LPD solution and sample
preparation.
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et al. concentrated mainly on investigating the electrical
properties of the as-deposited and the annealed LPD-ox-
ide, such as current vs. voltage and capacitance-voltage.
Basic phenomena such as the effects on the deposition pro-
cess of adding different quantities of H,O and the physico-
chemical properties of LPD-oxide were not clarified. Fur-
thermore, the behavior of fluorine incorporated in the LPD
oxide and the mechanism of the method are still unknown.
In this study, we investigate these issues.

Experimental

Figure 1 shows the experimental flow diagram for the
LPD process, including the preparation of the chemical
solution and samples. First, 35 g of silica (SiO,;) powder
(99.999%) were added to 1 liter of hydrofluosilicic acid
(H,SiF;, 4 mol/l). The solution became saturated with sili-
cic acid [Si(OH),] after being stirred at 23°C for 17 h. Before
the substrates were immersed, the solution was filtered to
remove the undissolved silica, and deionized water (H,0)
was added to the saturated solution as it was stirred. The
H,0 enabled the solution to become supersaturated with
silicic acid. The titration rate of H,O was about 1 ml/min,
and the quantity of H,0 added was 15 ~ 67 ml per 100 ml
of the immersing solution.

The substrates used in this experiment were n-type (100)
silicon wafers. After initial cleaning, the native oxides
formed on the substrates in the HC1 + H,0, mixed solution
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Fig. 2. Dependence of deposition rate on added H,O volume.
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Results and Discussion
Physicochemical properties—LPD-oxide was success-
fully formed in the solution with H,0 addition only. More-
over, the quantity of H,O added had a significant effect on

0 ! 2 3 4 ) the LPD-oxide deposition rate (D.R.). As shown in Fig. 2,
Sputter Time (min) the plot of the oxide D.R. as a function of the quantity of
Fig. 4. AES depth profile of LPD oxide. H,0 added indicates that the D.R. can be controlled in the

range of 0 ~ 110 nm/h by adding 15 ~ 67 ml of H,0 per
100 ml of the immersing solution. This D.R. range is similar
to that of the LPD method with H;BO, addition.* The figure
clearly shows that the D.R. can be enhanced by increasing
the amount of H,0 added, and in fact the D.R. can be con-
trolled by adding more or less H,0. In the Discussion we
explain this phenomenon after we propose a mechanism for
the LPD process.

Figure 3 shows a typical FTIR spectrum of 1020 A thick
LPD-oxide. It is nearly the same as that of LPD film de-
posited with the addition of H;BO,. ® The absorption bands
around 1090 cm ™" and 810 cm ™! are due to the Si-O-Si vi-
bration. These absorption bands, which are similar to those
(18 found in the spectra of thermal oxide, indicate that LPD
oxide is amorphous in structure. Another main absorption
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Deposition Rate ( A/hr) is explained when we discuss our model of the LPD
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file of an LPD-oxide film reveals that the atomic concen-
tration ratio of Si: O: F is 32.88: 65.20: 1.92. The fluorine is
uniformly distributed in the LPD-oxide. These results im~
ply that the LPD-oxide is a lightly oxygen-deficient film.
On this basis, the composition of LPD-oxide can be repre-
sented as Si0,_.F,

On the other hand, a few absorption bands related to
water are also found in the LPD spectrum. O-H stretching
due to H,0 is exhibited in the absorption bands around
3300 em™ and 1640 cm™!, while O-H stretching due to
Si-OH is exhibited in the band around 3600 ecm™. These
bands reveal that the LPD film may contain a small amount
of water. However, the intensity of these peaks is faint,
indicating that the amount of water contained in the film is
small.

For the LPD-oxide film prepared by this method, the
refractive index is about 1.40 ~ 1.435. As was reported,’
the refractive index of LPD-oxide film is lower than the
value of 1.462 for thermal silicon dioxide.'’ In general, the
lower refractive index is due to the fluorine contained in
the oxide.!® In fact, the AES measurement shows that the
LPD-oxide film indeed contains fluorine. This conclusion
is consistent with the properties of the P-etch rate. The
P-etch rate of LPD-oxide in this study was about 18 ~
27 A/s, which is greater than that of thermal oxide (2 ~
8 A/s).” Moreover, our experiments also indicated that both
the refractive index and the P-etch rate are highly depend-
ent on oxide D.R. As shown in Fig. 5, the refractive index
decreases as the D.R. increases, while the P-etch rate in-
creases with the D.R. This result indicates that to control
the film quality deposition conditions with a relatively low
D.R. should be used. Although both the refractive index
and the P-etch rate are dependent on the D.R., the electri-
cal properties of the LPD-oxide do not vary with the D.R.

Since the AES resuilts reveal that LPD-oxide contains
fluorine, it is essential to investigate the behavior of fluo-
rine in the annealed LPD-oxide. Figure 6 shows the typical
changes in FTIR spectra in the region of 700 ~ 1400 cm -
for the annealed 1020 A thick LPD-oxide films under dif-
ferent annealing temperatures in N, ambient. The spectrum
of thermal oxide with a thickness of 1010 A is also shown
(curve E) for comparison. The Si-F band around 930 cm™
gradually decreases with annealing temperature. This phe-
nomenon indicates that reduction in the Si-F bonds oc-
curred during annealing at temperatures above 400°C. At
temperatures above 800°C, the spectrum of the LPD film
(curve D) is nearly indistinguishable from that of thermal
oxide (curve E), and the Si-F bonds seem to have com-
pletely disappeared. After N, annealing, the absorption

band near 1090 cm™! due to Si-O-Si vibration of LPD
shifted toward lower wave numbers, and the width of the
bands became broader. In addition, after N, annealing the
water-related absorption bands, such as 3300 em™ (OH)
and 3600 cm™ (Si-OH), also disappeared at temperatures
above 250°C. This implies that the composition and struc-
ture of LPD oxide became similar to that of thermal oxide
after 800°C annealing. It also implies that the wave number
of Si-O-Si bonds in as-deposited LPD-oxide is slightly
higher than that in thermal oxide because of the high elec-
tronegativity of fluorine incorporated in LPD oxide.

The effect of annealing temperature on refractive index
was also investigated. As shown in Fig. 7, after N, anneal-
ing the refractive index decreases slightly as the tempera-
ture increases until 600°C. This decrease can be ascribed to
the release of water out of the LPD-oxide.” On the other
hand, after annealing at higher temperature (>800°C} the
refractive index increases dramatically. The increased re-
fractive index is nearly the same as that of thermal oxide
(1.46). The lower index found in LLPD oxide may be due to
the fluorine in the film. When the film is annealed at higher
temperature (>600°C), the Si-F bonds can be broken and
may be changed into Si-O-Si bonds. This is the reason the
refractive index increases after annealing at higher tem-
perature. The dependence of the P-etch rate on annealing
temperature is also shown in Fig. 7, which indicates that
the P-etch rate of LPD-oxide decreases dramatically with
higher temperature. For the LPD film annealed at 800°C,
both the refractive index (~1.457) and the P-etch rate
(~2.5 A/s) are nearly the same as those for thermal oxide.
This means that few large changes such as changes in bond-
ing and the disappearance of fluorine from the LPD-oxide
occur when the annealing temperature is as high as 800°C.

LPD mechanism.—To investigate the LPD mechanism, it
is indispensable to clarify the chemical composition of the
immersing solution and the details of the chemical reac-
tion. In this section, we explain the composition and the
chemical reaction and then propose a mechanism for the
LPD process.

The immersing solution was prepared by dissolving silica
in H,SiF, solution. In relatively concentrated H,SiF, solu-
tion, silica can be dissolved to an amount well beyond its
solubility™ with the formation of species such as fluosilicic
complex [SiFg - SiF,]%".  This has been confirmed by anal-
ysis of UV absorption spectrum in which the peak density
was found to be dependent on the H,SiF, concentration and
the quantity of SiO, in solution.'”*® The formation of the
fluosilicic complex can be represented'* by
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5H,SiF, + Si0, — 3[SiF, - SiF, 1> + 2H,0 + 6H*  [2]

As illustrated in Fig. 8, the fluosilicic complex [SiFg -
SiF,]*" is a bridged intermediate, usually an anion. Because
of high electronegativity of fluorine, the bonded Si is elec-
tron-deficient. However, the Si-F-Si bond is rather weak,
so we propose that the Si-F-Si bond brings on an attack
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Si-OH
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Fig. 10. Typical changes in FTIR spectra for the immersing solution
after deposition for 1, 3, and 5 h.

(f)

from an external nucleophile H,0, yielding the product (I).
Furthermore, the reaction of the Lewis base F~ with the
proton yields the product (II) and HF. For the same reason,
the product (II) can further react with H,0O to yield
SiF,(OH):™, SiF,, and HF. Because the immersing solution is
acidic, the reaction of SiF,(OH);” and H' will occur as
follows

SiF,(OH):™ + 2H* — SiF, + 2H,0 [3]

However, the hydrolysis of SiF, in aqueous solution will
yield SiFy~, H*, and silicic monomer Si{OH),, as follows

3SiF, +4H,0 — 2SiF? + Si(OH), + 4H" [4]

Thus, from the chemical reaction and the chemical com-
position discussed above, we hypothesize that the mechan-
ism for the deposition of LPD-oxide can be described by
the five steps shown in Fig. 9. (i) First, the intermediate
polysilicic acid is formed by the polymerization of the sili-
cic monomer Si(OH),. " (ii) Since the concentration of
polysilicic acid in the system is very low, the polysilicic acid
cannot form a spatial network throughout the volume, but
is instead absorbed onto the substrate surface (the deposi-
tion phenomenon), as illustrated in Fig. 9a. (é¢) Acid-cata-
lytic dehydration occurs between the absorbed polysilicic
acid and Si-OH present on the substrate surface, followed
by Si-O-Si bond formation (Fig. 9b). (iv) Because some HF
is present in the system, the surface of the as-deposited film
will be subject to HF attack (Fig. 9c and d) according to the
reaction

=5i-OH + HF — =Si-F + H,0 {5]
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Hence etching also occurs simultaneously with deposition.
{(v) In summary, deposition of LPD-oxide film on the sub-
strate surface is the predominant result, because of the con-
tinual absorption of polysilicic acid as described in step (ii)
(Fig. 9e and f).

Discussion

To confirm the correctness of the model proposed above,
we investigated the changes in the chemical composition of
the immersing solution with FTIR after performing deposi-
tion for 1, 3, and 5 h. As shown in Fig. 10, FTIR spectra
indicate that the peaks around 3600, 1202.5, 1090, and
732 cm*‘ are due to the S5i-OH bonds, HF, functions, Si-O-
Si bonds, and SiF%™, respectively. This chemical composi-
tion is consistent with the reaction products entailed by the
model presented above. Because the polysilicic acid in so-
lution was absorbed onto the substrate surface, the Si-O-Si
peak intensity, which is proportional to residual concentra-
tion, obviously decreased with deposition time. Although
Si-F bonds were detected in the LPD-oxide (Fig. 3), they
were not detected in the immersing solution. However, the
results concerning the chemical reaction and composition
support the LPD mechanism proposed above.

The proposed LPD-mechanism also explains all the phe-
nomena observed in the experiment. First, the D.R. of the
oxide can be determined by the quantity of H,0 added be-
cause a larger amount of H,O increases the nucleophilic
attack from H,O in the solution. This increases the concen-
tration of polysilicic acid and thus enhances the D.R. Next,
the fluorine incorporation can be understood as a result of
Si-F bond formation. The formation of Si-F bonds can be
attributed to the fact that the as-deposited oxide is always
attacked by HE. To explain the dependence of the refractive
index and P-etch rate on the D.R. of the LPD-oxide, the
relationship between the D.R. and the chemical reaction
rate has to be taken intc account. The increase in the D.R.
is due to the increase in the chemical reaction rate of the
system. When H,0 addition increases the reaction rate, the
concentration of HF also increases. Because the as-de-
posited LPD-oxide is subjected to HF attack, the amount of
Si-F bonds will also increase. Thus the higher the concen-
tration of Si-F bonds, the lower the refractive index is, and
the higher the P-etch rate will become.

Conclusions

This research investigated the formation of oxide by us-
ing liquid phase deposition in silica-saturated H,SiF, solu~
tion with H,0O addition only. The LPD-oxide D.R. varied
from 0 ~ 110 nm/h depending on the quantity of H,O
added. A larger amount of H,0 addition enhances the nu-
cleophilic attack from H,;0 in the solution, which increases

3181

the concentration of polysilicic acid and in turn raises the
D.R. The concentration ratio of Si: O: F is 32.88: 65.20: 1.92.
The oxide can be represented as SiO, . F,. Both the refrac-
tive index and the P-etch rate depend heavily on the oxide
D.R. The higher the concentration of Si-F bonds, the lower
the refractive index is, and the higher the P-etch rate will
be. However, high temperature annealing in N, ambient
results in a higher refractive index and lower P-etch rate.
The model of the deposition mechanism proposed on the
basis of chemical reaction and composition explains how
H,0 addition enhances oxide deposition and how fluorine
is incorporated into the oxide.
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