JOURNAL OF MATERIALS SCIENCE 27 (1992) 4189-4194

Preparation of B,0O3-P,05-Si0, coating films
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The xB,0;- (20-x) P,0,-80Si0O, (in mol %) glass films with x = 0, 10 and 20 have been
prepared from metal alkoxides by carrying out the coating in a dry atmosphere. These coating
films have shown a larger value of load at scratch and a smaller shrinkage during heat-
treatment by replacing P,04 in the films with B,0;. It has been found that B,0; more
effectively reduces the glass transition temperature of SiO, glass than P,05. The
concentrations of sodium ions, which migrated from soda-lime-silica glass substrates during
the film formation, were higher in phosphosilicate and borophosphosilicate films than in
borosilicate and pure silica films. This finding should be ascribed to the gettering effects of

phosphorus for sodium ions.

1. Introduction

Glass films in the binary systems B,0;-SiO, and
P,05-SiO, and the ternary system B,0;-P,05-510,
are very important in silicon semiconductor devices as
an intermetallic dielectric layer and a surface passiv-
ation layer [1, 2]. The glass films in these systems have
several advantages over pure SiO, glass films: the
reflow temperature of glasses can be greatly reduced
by the incorporation of B,O5 and P,Oy into SiO, and
thus densified glass films are obtainable at much lower
temperatures than in pure SiO,. Furthermore, phos-
phorus provides trapping sites for alkali ions and
suppresses the migration of the alkali impurities in the
silicon semiconductor devices [1, 2].

The intermetallic dielectric layers and the surface
passivation layers are usually prepared by the melting
of glass powders [3, 4] and chemical vapour deposi-
tion (CVD) [5-8]. The sol-gel method is also a promis-
ing technique for the preparation of these glass layers
since metal alkoxides which are starting materials in
this method can be easily purified by distillation and
thus they are converted into homogeneous glasses
with high purity at relatively low temperatures. More-
over sol-gel coatings smooth out the surface rough-
ness in the silicon semiconductor devices and relieve
problems of step coverage on deposition of metal
electrodes.

As far as the ternary system B,0;-P,05-Si0, is
concerned, several papers have been reported on the
preparation of monoliths by the sol-gel method
[9, 10]. On the other hand, there are few reports on
the sol-gel derived films containing B,0O; and/or
P,0; more than 20 mol %. It is probably due to the
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fact that these films are easily attacked by water
vapour in the coating atmosphere, and readily lose
their homogeneity. In our previous papers, it was
shown that alkali-free borosilicate glass films in the
binary, B,0,-SiO, [11, 12], and the ternary,
MO-B,0,-8i0, (M = Zn, Mg) [13, 14], systems
were prepared by the sol-gel method when the coating
was carried out in a dry atmosphere. In the present
work, sol-gel derived xB,0; - (20—x) P,O; - 80SiO, (in
mol %) glass films with x = 0, 10 and 20 have been
prepared by carrying out the coating in a dry atmos-
phere. The structure, hardness, thermal and optical
properties and alkali passivation behaviour of the
films have been studied as a function of both heat-
treatment temperature and composition of the films.

2. Experimental procedure

2.1. Preparation of coating films

Silicon tetraethoxide, Si(OEt),, tri-ethyl-phosphate,
PO(OEt);, and boron tri-iso-propoxide, B(O-iPr);,
were used as starting materials for SiO,, P,0;
and B,O,, respectively. The chemical compositions
of the coating films examined in this work
were 20P,0; - 80SiO,, 10B,05-10P,05-80SiO; and
20B,0;-80Si0, (in mol %), which were hereafter
designated as 20P80S, 10B10P80S and 20B80S,
respectively.

Fig. 1 shows the preparation procedure of
B,0,-P,05-Si0, coating films in the present work.
In the preparation of all the coating solutions,
Si(OEt), was mixed with ethanol, EtOH, adjusting
the molar ratio of EtOH/Si(OEt), to 5, then 6 wt %
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Figure I Preparation  procedure  of  the
P,05-808i0, (x = 0, 10.and 20 mol %) glass films.

xB,0;-(20—x)

HNO; was added to the solution, so that the molar
ratio of H,0O/Si(OEt), became 6. In the case of the
preparation of 20P80S coating solution, the above
mixed solution was refluxed at 70 °C for 3 h for the
partial hydrolysis of Si(OEt), and then PO(OEt), was
added to the solution, followed by reflux at the same
temperature for an additional 3 h. In the case of
10B10P80S, the first reflux for the partial hydrolysis of
Si(OEt), was carried out for 2 h, the second reflux was
continued for 2 h after the addition of PO(OEt); and
the final reflux was continued for 2 h after the addition
of B(O-iPr),. In the case of 20B80S, the first reflux was
carried out for 4 h and the second reflux was continu-
ed for 4 h after the addition of B(O—iPr); in the same
way as reported in previous papers [11, 12]. All the
solutions obtained in these ways were further diluted
with EtOH to control the film thickness.

The coating process was performed in a
dipping-withdrawing manner in a humidity-control-
led glovebox; the withdrawing speed was kept at
3.6 mms ™1,

Soda-lime-silica glass plates and Corning 7059¢
glass plates were mainly used as substrates for coating.
Stainless steel plates and optically flat BK-7® glass
discs (Schott Glaswerke) were also used for the meas-
urements of infrared spectra and film thickness,
respectively. The substrates coated with films were
kept for a while in the glovebox to let the solvents
evaporate and then heat-treated in air using an electric
furnace. The temperature of the heat-treatment was
raised stepwise at intervals of 100 °C for 10 min.
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2.2. Measurements of film properties

The i.r. spectra for the coating films on stainless steel
plates were obtained using an infrared spectro-
photometer (26050, Hitachi, Japan) in a reflection
mode. For the evaluation of hardness of the coating
films, the load at scratch, L, of the films on Corning
70599 glass plates was measured using a hand-made
apparatus in the same way as described in a previous
paper [117]. Thicknesses of the films on optically flat
BK-7® glass discs were measured using a surface
profilometer (SE-30C, Kosaka Laboratory, Japan).
Thermal analyses for bulk gels in the
B,0,-P,0:-Si0, system were performed on differ-
ential thermal analysis (DTA) and thermogravimetry
(TG) (Thermoflex, Rigaku, Japan). Optical transmis-
sion spectra of the soda-lime-silica glass plates coated
with the films were measured using a spectrophoto-
meter (UV-240, Shimadzu, Japan). Depth profiles of
sodium ions in the coating films on soda-lime-silica
glass plates were obtained using electron spectroscopy
for chemical analysis (ESCA-750, Shimadzu, Japan).

3. Results and discussion

3.1. Changes in structure and hardness of
films during heat-treatment

Fig. 2 shows the infrared absorption spectra of the

20P80S coating films as a function of heat-treatment

temperature. The films were kept at a given temper-
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Figure 2 Infrared absorption spectra of 20P,0;-80SiO, coating
films as a function of heat-treatment temperature.



ature for 10 min. The strongest absorption peak is
seen at around 1100 em ™!, which is assigned to the
stretching mode of Si-O bonds [15]. This peak was
found to shift to Jower wave numbers with increasing
heat-treatment temperature up to 700 °C. The absorp-
tion peak at 950 cm ™, which is assigned to Si-OH
groups [16], decreases in intensity with increasing
heat-treatment temperature .and almost disappears
over 600°C. The peak associated with the bending
mode of Si~O-Si bonds is also observed at 430 cm ~*
[15]. The intensity of this peak at 430 cm ™! increases
with increasing heat-treatment temperature. The weak
absorption peak at 550 cm ™1 is assigned to the four-
membered Si—O ring structure [17]. There exist some
sharp absorption peaks at around 1400 cm ™!, These
peaks originate from organic groups in PO(OEt)s,
which is the starting material for P,O. These organic
groups in PO(OEt); remain in the gel films up to
200 °C. Weak absorption peaks appear at 1310 cm ™!
over 700°C and at 650 cm ™! over 400 °C, which can,
respectively, be assigned to a stretching mode and
bending mode of P=0O bonds [18]. The absorption
peak at around 800 cm ' is considered to be a result
of the overlapping of the bands due to Si-O-Si bonds
and P-O-P bonds [15, 18].

Fig. 3 shows the infrared absorption spectra of the
10P10B80S coating films as a function of heat-treat-
ment temperature. As the heat-treatment temperature
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Figure 3 Infrared absorption spectra of 10B,0,-10P,0;-80Si0O,
coating films as a function of heat-treatment temperature.

Is increased, the absorption peak at around
1100 cm ™! due to Si~O bonds shifts to lower wave
numbers and the peak at 950 cm ™! due to Si-OH
bonds decreases and almost disappears over 600 °C.
These changes during heat-treatment are similar to
those observed in the 20P80S coating films (Fig. 2). An
additional peak related to B,O, component is seen at
around 1400 cm ™!, which is assigned to B-O bonds
[19]. The absorption peak at around 650 cm™! in
10B10PS80S films is considered to be a result of the
overlapping of the bands due to P=0 bonds [18] and
Si—-0O-B bonds [19].

Fig. 4 shows the infrared absorption spectra of
20B80S coating films as a function of heat-treatment
temperature. A shift of the absorption peak at
1100 cm ™! to lower wave numbers and a decrease in
intensity of the absorption peak at 950 cm ™! during
the heat-treatment are observable as in the 20P80S
(Fig. 2) and 10P10B80S (Fig. 3) coating films. Another
peak related to Si-O-B bonds becomes appreciable at
920 cm ™! [19] over 600°C accompanied by a de-
crease in the intensity of the absorption peak at
950 cm ! due to the Si-OH group.

Small differences in structural development of the
coating films during the heat-treatment are observed
among the 20P80S, 10P10B80S and 20B80S films. The
intensity of the peak at 430 cm™* due to Si-O-Si
bonds in the 20P80S films (Fig. 2) and the 20B80S
films (Fig. 4) increases with increasing heat-treatment
temperature, whereas in the 10B10P80S films only
slight changes are observed (Fig. 3). In addition, the
weak absorption peak at 550 cm ™!, which is assigned
to the four-membered Si—O ring structure [17], is seen
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Figure 4 Infrared absorption spectra of 20B,0,;80Si0O, coating
films as a function of heat-treatment temperature.
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to decrease with an increase in the heat-treatment
temperature in the 20P80S (Fig. 2) and the 20B80S
films (Fig. 4), while such a change in infrared spectra is
not clearly observed in the 10B10P80S films (Fig. 3).
From these results, it is considered that the structural
evolution in the 10B10P80S films during heat-treat-
ment is somewhat different from those in the 20B80S
and the 20P80S films.

The structural development of the coating films
with increasing heat-treatment temperature is further
discussed on the basis of the load at scratch, L., and
shrinkage of the films. L, of a film was defined as the
minimum weight loaded on a stylus to make detect-
able scratches under an optical microscope [11]. Fig.
5 shows changes in L, of the coating films as a
function of heat-treatment temperature. All the coat-
ing films were heat-treated for 10 min at a given
temperature. As the temperature is increased, L, of all
the coating films increases. The incorporation of P,O5
component lowers L. The 20B80S films show the
highest value of L, at a given temperature and almost
a constant value over 600 °C. On the other hand, L, of
the 20P80S films is very low even after the heat-
treatment at 600°C. Organic groups in PO(OEt);
tend to remain in the gel films at relatively high
temperatures as shown in Figs 2 and 3; it is thus
considered that the organic groups prevent the devel-
opment of a glass network structure below 200 °C and
their decomposition increases the porosity in the films
and thereby decreases L, of the films.

The shrinkage of the film thickness during the heat-
treatment is shown in Fig. 6 for the 20P80S,
10B10P80S and 20B80S films coated on BK-7® glass
discs. After the heat-treatment at 500 °C, the shrinkage
of the films decreases by replacing P,O5 with B,O,
and the shrinkage of the 20B80S films in the range
400-500°C is small, compared with those of the
10B10P80S films and the 20P80S films. These findings
correspond to the changes in L, of the films with
increasing heat-treatment temperature, i.e. organic
groups originated from PO(OEt), in the as-prepared
films cause a large shrinkage of the films during the
heat-treatment.
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Figure 5 Changes in load at scratch of the xB,0;-(20—x)
P,0,-808i10, (x=0, 10 and 20mol%) coating films with
increasing heat-treatment temperature: Q) 20B80S;
(®) 10B10P80S and (@) 20P80S.
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Figure 7 Differential
xB;,0;(20-x) P,0;-808i0, (x = 0, 10 and 20 mol %) bulk gels;
heating rate = 10°C min ™.

3.2. Thermal analysis

Fig. 7 shows DTA curves for the powders of 20P80S,
10B10P80S and 20B80S bulk gels; the bulk gels were
obtained by keeping the coating solution before the
dilution at 50 °C and dried for about 2 months at the
same temperature. The endothermic peaks below
200 °C are ascribed to the removal of residual solvents
and water in the bulk gels. Two such endothermic
peaks are observed in 20P80S and in 10B10P80S gels,
whereas only one endothermic peak is seen in 20B80S
gels, suggesting that there exist two different sites for
adsorption of the solvents and/or water in the gels
containing P,0Os. Several exothermic peaks due to
burning of organic groups are observed in the range
250-500°C. It can be seen that the gels containing
P,0; show a large exothermic peak in the range

(% ~N -
o (o] [=)
T T T

Shrinkage (9%a)

B
(=

50 1 i t 1 . "
0 100 200 300 400 500
Heat-treatment temperature (°C)

Figure 6 Shrinkage of the xB,0;(20-x)P,0,-80Si0, (x =0, 10
and 20 mol %) coating films with increasing heat-treatment temper-
ature: (O) 20B80S; (@) 10B10P80S and (@) 20P80S.
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400-450°C. This fact is in good agreement with the
results that the larger amounts of organic groups
remain in the films containing P,O5 as shown in the
infrared absorption spectra, the lower L, and the
larger shrinkages for these films.

The glass transition temperature, 7,, is observed
in each gel. The 20B80S gel shows the lowest
T, (=720°C) among the gels examined. In other
words, B,0; reduces T, more effectively than P,0Os.
These results are consistent with the fact that 20B80S
coating films are densified at the lowest temperature
among the coating films examined. The 10B10P80S
gel shows two T at 750 and 938 °C, indicating that
phase-separation might occur in a glass of this com-
position. The buik gels containing larger amounts of
P,O, showed the larger weight loss in the TG curves
due to the removal of solvents and/or water and due
to burning of organic groups.

All the bulk gels were amorphous in their X-ray
diffraction patterns after heating up to 1000°C.
Woignier et al. reported that the crystallization of
BPO, was observed in B,0;-P,0,-Si0O, bulk gels
-prepared by the sol-gel process [9]. In our investiga-
tion, however, no BPO, crystallite was observed even
after the heat-treatment at 1000 °C. It should be ascri-
bed to the lower reactivity of tri-ethyl-phosphate,
PO(OEt);, rather than that of tri-methyl-phosphite,
P(OMe),, which was used in Reference 9 as a starting
material for P,O5.

3.3. Optical transmission

Transparent coating films containing B,O; were
obtained only by carrying out the coating in a dry
atmosphere. Fig. 8 shows the optical transmission
spectra in the visible range for the soda-lime-silica
glass plates coated with 10B10P80S films; sample (a)
was coated in a dry atmosphere (18 °C and 20% R.H.)
and sample (b) in an ambient atmosphere (18 °C and
60% R.H.). Both samples were heat-treated at 500 °C
for 10 min, the film thicknesses of which were about
100 nm. The transmittance of sample (a) is higher than
90% in the visible range, indicating that the trans-
parent 10B10P80S coating films with the lower refrac-
tive index than that (1.51) of the substrates are formed.
On the other hand the transmittance of sample (b) is
much lower than those of sample (a) and the glass
plate itself. Such a low transmittance of sample (b) was
found to result from the deposition of crystalline
H,BO, and small cracks by the attack of water
vapour in the atmosphere during the coating process.

3.4. Alkali passivation effects

Fig. 9 shows the depth profiles of sodium ions which
migrated from the soda-lime-silica glass plates into
the 20P80S, 10B10P80S and 20B80S films; the profile
in sol-gel derived pure SiO, film is also shown for
comparison. These profiles were obtained by electron
spectroscopy for chemical analyses (ESCA). All the
films were heat-treated at 500 °C for 20 min in air. The
concentration of sodium ions in the glass plates was
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Figure 8 Optical transmission spectra of soda-lime-silica glass
substrates coated with the 10B,0;- 10P,0, - 80SiO, films; coated
in: (a) dry atmosphere and (b) ambient atmosphere.
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Figure 9 Concentration profiles of sodium ions which diffused
from soda-lime-silica glass substrates into the
xB,0;-(20-x)P,0,-80Si0, (x =0, 10 and 20 mol %) coating
films. All the films were heat-treated at 500 °C for 20 min: (A) SiO,;
(O) 20B,0,-80Si0,; (@) 10B,0; 10P,0,-80Si0, and (@)
20P,0; - 80SiO,.

taken to be 100% as reference. It is worth noting that
the sodium concentrations in the 20P80S and
10B10P80S films are higher than those in the 20B80S
and pure SiO, films. Among the coating films exam-
ined, the concentration of sodium ions is the lowest in
the 20B80S film. These results indicate that phospho-
rus effectively acts as a getter for alkali ions.

4. Conclusion

Sol-gel derived xB,0;-(20-x)P,0,-80Si0, (in
mol %) glass films with x = 0, 10 and 20 have been
prepared by carrying out the coating in a dry atmos-
phere. The organic groups in PO(OEt); used as a
starting material for P,O5 tended to remain up to
relatively high temperatures. Coating films containing
larger amounts of P,0O5 showed a lower value of load
at scratch and a larger shrinkage during the heat
treatment than the coating films containing smaller
amounts of P,O5. The 20B80S coating films showed
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the highest value of load at scratch at a given temper-
ature and almost a constant value over 600 °C. Glass
transition temperatures, T,, were observed in all the
bulk gels. It was found that B,O; effectively reduced
T, more than P,05. The 10B10P80S bulk gel showed
two T,, indicating that the phase-separation might
occur in a glass of this composition. All the bulk gels
were amorphous after the heating up to 1000°C. The
low humidity in the atmosphere during coating was
very important to form transparent B,O,;-P,05-SiO,
glass films which have neither crystalline H;BO, nor
small cracks. The concentrations of sodium ions,
which migrated from soda-lime-silica glass substrates
during the film formation, were higher in 20P80S and
10B10P80S films than in 20B80S and pure SiO, films.
It should result from the gettering effects of phospho-
rus. Among the coating films examined, the concentra-
tion of sodium ions was the lowest in the 20B80S film.
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