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Characterization of borophosphosilicate glass
soot fabricated by flame hydrolysis deposition
for silica-on-silicon device applications
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The use of flame hydrolysis deposition (FHD) to fabricate porous silica glass soot in the
B,03-P,05-SiO, glass system (BPSG) is described for silica-on-silicon device applications.
The deposition conditions with a Si substrate temperature (~200°C) and a flame
temperature (1300-1500°C) are appropriate to synthesize the SiO, and P,05-SiO,
non-crystalline glass soot. However, further investigations for the B,03-P,05-SiO, glass
soot are needed to obtain complete amorphous phases. The densification process of
porous silica glass soot in the three systems of SiO,, P,0O5-SiO, and B,03-P,05-Si0, is also
described to estimate the onset of sintering temperature. The OH absorption
measurements are performed to try to identify incorporation of hydroxyl contaminants in
the systems of P,O5-SiO, and B,03-P>,05-Si0,. © 1999 Kluwer Academic Publishers

1. Introduction boric and phosphorous oxides, boric and phosphoric
Silica glass soot (fine glass particles) are very importanacids, and boron triisopropoxide and triethyl-phosphate
in the fabrication of silica-based planar lightwave cir- as sources for 833 and BOs, respectively. The devel-
cuits on silicon [1]. The material properties of glass sootopment of low temperature processes for fabrication of
are governed by the characteristics of its constituentow-loss, OH-free BPSG silica-on-silicon devices by
materials and the deposition conditions. They possess0l-gel method are described by Syetsal. [18, 19].
the properties of the final silica glass films. The influ- They explained that the viscosity of phosphosilicate
ence of the deposition conditions is direct on the struc{PSG) depends on the,®s concentration and both
tural characteristics of the silica glass soot. Several auB,O3 and BOs increase the thermal expansion coef-
thors [2—9] have investigated the structural propertiedicient of SiQ, reducing the stress caused by thermal
of silica glass soot. mismatch with the Si substrate. FHD, which is first de-
Borophosphosilicate glasses (BPSG) are generallyeloped at NTT [20], allows the fabrication process to
used in the areas such as optical fiber preform, VLSproceed vertically, as a cladding substrate can be fab-
(very large scale integration), and silica-on-silicon de-ricated on which a second layer is deposited, without
vice. BPSG glasses are fabricated by several methodwlversely affecting the underlying structure. The NTT
such as CVD (chemical vapor deposition), sol-gel, ancachievements on high silica content glass technology
FHD (flame hydrolysis deposition). CVD methods for and its application to integrated-optic components are
deposition of BPSG for low temperature core reflowreported by Kawachi [1]. The use 0683 and BOs to
in VLSI fabrications were developed at RCA [10-12]. lower the sintering temperature of glasses deposited by
Methods of this type are now used for silica-on-silicon FHD for silica-on-silicon device applications to allow
device fabrication by AT&T [13]. Beckeet al [14]  waveguided core reflow are first described by Stal.
at Siemans AG were also used CVD method for de{21]. The FHD process has the advantage of being able
position of tetraethylorthosilicate-borophosphosilicateto fabricate thick layers up t&100m at high deposi-
glasses in megabit DRAM device fabrications. Kerntion rates 1 um/min). Moreover, glass deposition is
and Smeltzer [12] reported thap®s reduces the tem- relatively easy except for a wafer bowing, which results
perature of viscous deformation when added to PSGrom one-sided deposition [22].
and in effect allows a desirable lowering of the phos- In the present paper, the use of FHD to fabricate
phorus concentration in the glass to attain fusion aporous silica glass soot in the;83-P,0s-SiO; glass
a given temperature. Different routes to the synthesisystem (BPSG) is described. BPSG glasses were used
of borophosphosilicate glass by sol-gel process havto fabricate buffer and cladding layers for silica-on-
been described by several authors [15-17]. They usesilicon device fabrication. For that purpose, porous
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silicaglass sootinthe three systems of i O5-SiO,  to study the molecular level structure of glass particles
and BOs-P,05-SiO;, are characterized by using a scan-prepared by the FHD. The glass particles were com-
ning electron microscopy (SEM), X-ray diffractometry pressed into a thin pellet with KBr, which is transparent
(XRD), thermogravimetric analysis (TGA), differential in the IR. The composition of transparent BPSG buffer
scanning calorimetry (DSC), fourier transform infrared and cladding layers in the ternary system were analyzed
spectroscopy (FTIR), and electron probe microanalysiby EPMA.

(EPMA). The structural properties, dopant-dependent

densification processes, dopant contents, and absor

tion characteristics have been studied. gj Results and discussion _
Fig. 1 shows typical SEM micrographs of Si@,0s-

SiO, and BO3-P,0s-SiO; glass particles deposited on

the Si substrates. The glass soot is formed by uniform
2. Experimental spherical particles with a diameter estimated to be 0.01—
2.1. Formation of silica glass soot 0.1 um in the three systems. The appearances of the
Silica glass soot synthesized with a FHD setup is deSiOZ, P,05-Si0, and B,05-P,0s-SiO; glass particles
posited directly on Si wafers (100) placed X-Y mov- gre very similar to each other, and show very porous
able stages, which are kept at about 200A mixture  structures. These particles tend to form large agglom-
of raw gaseous metal chloride materials, such assSiCl erates that result in forming bodies with low bulk densi-
POCE, and BC4, is hydrolyzed into metal oxides inan tjes, and, consequently, follow large shrinkages during
oxy-hydrogen torch flame. The flame torch is placedsintering. The average pore size is several times larger
perpendicular to samples. The chlorides are vaporizeghan the average particle size [3].
in carrier gases, such as @nd He, with the bubbling  Fig. 2 shows the spectra of XRD measurements for
technique, and mass flow controllers (MFC) controlthe three systems of SiOP,0s-Si0, and B,03-P,0s-
flows of the carrier gas thrOUgh the bubblers. TranSSi02 g|ass partides_ Spectrum a) represents thab SiO
ferred submicron metal oxide particles are nucleategharticles prepared from a flame hydrolysis reaction is
by the hydrolysis reaction, cohered by the Browniancompletely amorphous state. SiQarticles prepared
motion, and then synthesized in polydisperse particleSyom SiCl, are always formed in the non- crystalline
These particles are deposited by the thermophoretigtate, irrespective of the reaction conditions [5]. This
mechanism. At the high temperature flame (1300-spectrum is composed of a broad diffraction peak at
1500°C) provided by a mixture of @and H gases, 29 = 21°, which is attributed to the amorphous glass
the input SiC} and dopants react rapidly and com- state of SiQ.
pletely. The process of silica glass soot formation can |n the case of FOs-SiO, particles, these particles
be described by the following oxidation and hydrolysisare deposited on Si wafers whose temperature is kept

reactions: at about 150C. The XRD spectrum shows a broad
diffraction peak whose appearance is exactly similar
2Ha(V) + O2(v) — 2H20(v) to the case of Si@particles. From this result, we can
SiCly(v) 4+ 2H20(v) — SiOy(s)+ 4HCI(V) make an assumption that the® particles are also

formed in the amorphous state and have no effect on the
POCk(v) + 3/2H,0(v) — 1/2P,0Os(s)+ 3HCI(v) XRD pattern. The non-crystalline state of®-SiO,
particles is observed in the Si substrate temperature
BCl3(v) + 3/2H,0(v) — 1/2B,03(s) + 3HCI(v) range up to 500C.

For the ternary BO3-P,Os-SiO; glass particles, the
pattern shown in Fig. 2c shows several sharp diffraction
peaks corresponding to the cubic crystalline states of
B,0O3 and the tetragonal crystalline states of BPThe
2.2. Measurement on glass particles crystalline peaks of the numbers 1, 3, and 4, correspond
The silica glass fine particles were analyzed by usthe (111), (310) and (420) planes of the@ cubic
ing SEM, XRD, TGA-DSC, FTIR, and EPMA. The system, respectively, and the peak of number 2 is esti-
morphology of glass particles was observed by SEMmated to be originated from the (101) plane of BPO
after gold coating. XRD measurements (Curadia- tetragonal system. Woigniet al. [23] also observed
tion) were used to identify crystalline or non-crystalline this borophosphate (BRQcrystalline phase from the
states of glass particles. Powder samples were used tnonolithic mixed aerogels prepared by hydrolysis and
avoid peak interferences between samples and Si wafguolydensation of metalorganic compounds. This phase
The radiation 06 /26 scanning was performed in angle is very stable in the glass containing simultaneously
range between?=10° and 2 = 80° with a scanning P,Os and BO;3 [23], and cannot be eliminated after
speed of 4/min and a power of 40 kV and 45 mA. TGA heat treatment at 110C. In our previous investiga-
and DSC measurements were performed to determinigon [24], however, no BPQcrystalline phases were
changes in sample weight and to study the thermal besbserved even at 95C. It should be ascribed that
havior undergoing physical and chemical changes durthis phenomenon has resulted from different raw ma-
ing the heat treatment. Samples with a weight of abouterials. Edahiraet al. [25] reported that the crystalline
15 mg were charged in Pt crucibles and then heated fgshase of BO3 at 2 = 28 was eliminated at substrate
atemperature range from room temperature to 2800 temperature of above 45C. The crystalline phase of
at a heating rate of 4@/min in air. FTIR was used B,Osinthe B,O3-P,05-SiO, system probably includes

where v is vapor and s is solid.
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Figure 1 SEM micrographs of (a) Si§) (b) P.Os-SiO, and (¢) BOs-
P,05-SiO; glass particles.
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Figure 2 XRD patterns obtained from (a) SiQ(b) P,Os-SiO;, and (c)
B,03-P,05-Si0O; glass particles; in the #3-P,05-SiO, XRD pattern
(c), 1. B;0O3 (111), 2. BPQ (101), 3. BOs (310), 4. BOs (420).
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TABLE | Molecular diffusion coefficients in silica glass

105 ———

a
Diffusion coefficient (crd s~1)

TGA
00—

DSC
95+

100°C
907

1224°C

Molecule Diameter;(‘) 25°C 1000°C

Helium 2.0 2.4x 1078 55x 10°°
Neon 2.4 5x 1012 25x 1076
Hydrogen 2.5 2.2 10711 7.3x 107
Argon 3.2 — 1.4x 10°°
Oxygen 3.2 — 6.6< 1079
Water 3.3 — ~3x 1077

Wt %
Exotherm —

change (usually endothermic reaction) occurs below

85

Wt %
Exotherm —

T T T T T T

Wt %
Exotherm —

0 2004006008001000 12001400 100°C. It is based on differences in the heat capacity
o of the sample and reference. A broad endothermic peak
Temperature, © is seen in the temperature range from 270 to 1224
——— The DSC curve turns abruptly upward at 1224 and
The chemical durability of glasses is related to the
rate of attack of water and aqueous solutions on glass.
This rate is directly related to the solubility of the sil-
ica. As the molecules become larger, the molecular sol-
ubility becomes smaller, and the diffusion coefficients
106°C silica glass are compared in Table | [26]. For water
molecules, water reacts with the silica lattice a©OH-
60 r Si—O—Si = SIOH-HOSI, and the reacted OH groups
S have a higher concentration in the glass than dissolved
0 200 400600 8001000 12001400 molecular water, so this reaction has a strong influence
100t c in a small OH absorption in the transparent glass layer
because the water molecules have already reacted with
TGA glass layer before consolidation.
80r For the BOs-SiO, glass particles, the TGA curve
1 exhibits a very little weight loss. It is known that the
953°C moisture-sensitive dopants, such g and BOs3,
60r DSC in the as-deposited glass particles absorb water, but the
glass particles existing in the non-crystalline state seem
40+ . notto be sensitive to water molecules. Inthe DSC curve,
a significant baseline change similar to that of the,SiO
. particlesis also observed below 1WD. A broad peak is
oo 128C also seen in the temperature range from 400 to 2051
L The curve turns upward at 115, and finally recovers
the DSC curve of Fig. 3b, the beginning temperature
Figure 3 TGA-DSC curves obtained from (a) SiQ(b) P,0s-Si0, and  (1151°C) of densification process for the®s-doped
(c) B203-P,05-SiO, glass particles. glass particles is low in comparison with that (1229
for SiO, glass particles.
For the BO3-P,0O5-Si0O, glass particles, in the DSC
Typical TGA-DSC curves obtained from the SiO  phenomenon seems to result from the water molecule
P,05-SiO, and B0O3-P,0s5-SiO, glass particles are release, and is accelerated in the case of the particles
represented in Fig. 3. For the Si@lass particles, inthe containing the crystalline phases. A broad endother-
TGA curve, no weight loss is observed as a function ofmic peak is observed in the temperature range from
temperature change. This phenomenonindicates that b0 to 950°C, without any weight loss. This peak fi-

100L b finally recovers its baseline. At this turning point of
GA reaction, the Si@particles begin to be densified.
80 | DSC ]
1151 decrease. Small molecules diffuse rapidly through the
silica lattice. The molecular diffusion coefficients in
Temperature, C on the apparent diffusion of water in silica [27]. How-
ever, no water diffuse during consolidation, resulting
0 200400 600800100012001400 its baseline. This peak temperature seems to correspond
Temperature, C to the beginning of densification process. As shown in
a certain quantity of amorphous particles and the degreeurve, a sharp endothermic peak is observed at €28
of crystallinity depends on the soot density [3]. with a weight loss of about 6% in the TGA curve. This
chemical reactions, such as dehydration, occur duringally begins to recover its baseline at 9&3 This point
heating [2]. In the DSC curve, a significant baselineis equal to the temperature at which the densification
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SJf T T T T a " absorption peaks at 1450 and 3200 ¢rn the ROs-

SiO, system. They suggested that the appearance of the
1450 cnt! can be attributed to the existence afBO;

and that of the 3200 cmi can be caused by the exis-
tence of water impurity combined with,B3 in such a
manner as kBO3 and HBQ. The impurity absorption
loss due to hydroxyl (OH) groups mainly affects the
optical losses in high-silica glasses.

Absorbance units
Absorbance units

1000 2000 3000 4000 5000 1060 2060 3060 4060 5000

Wave number (cm™) Wave number (cm™)

Figure 4 Infrared absorption spectra of (a)®-SiO; and (b) BOs- 4. Conclusion
P20s-SiO; glass particles. The present results and the main conclusions can be
summarized as follows:

begins. The dopants,B; decrease again the beginning 1) our deposition conditions with a Si substrate tem-
temperature of densification process. perature {£200°C) and a flame temperature (1300—
The_ same BPSG glass soot was useq_as buffer a%OOOC) are appropriate to synthesize the Siahd
cladding layers. After deposition, the Silicon wafers P,0s-SiO, non-crystalline glass soot, but the@s-
with BPSG glass soot were introduced into an eIectriq:205_Sio2 glass soot contains the crystalline phases
tube furnace for consolidation. The BPSG buffer glassyf B,O3 and BPQ. More investigations for the ;-
soot was co_mpletely densifiedrf@ h at1300°C and P,0s-Si0, glass soot are needed to obtain complete
BPSG cladding glass sootfdh at1180°C. The dopant amorphous phases.
contents of BO; and BOs were found to be 2.5 and ) TGA-DSC measurements are useful to estimate
2.5 wt% for transparent buffer glass layer and 5.0 andne densification temperature and the effect of dopants.
3.5 wt% for transparent cladding glass layer, respecp fyrther reduction in the sintering temperature was
ti\_/ely. The dopant contents of cladding layer must begchieved by using 8Os in addition to BOs. The den-
higher than those of buffer layer in order to reduce thesjfication process has relation to its time, so it is im-
sintering temperature. The refractive indexes for bUﬂerportant to find the compromise between a densification
and cladding layers were calculated from prism coutemperature and time for the economical densification
pling measurements and were found to be 1.4480 a”Hrocess.
1.4476 ah = 1.55um,respectively._The calculated er- 3) The data on the IR band wavelengths of OH
ror is of the order of 10%, a value within the accuracy groups are important because they allow for fabricating
of the measurement setup. . low loss optical devices. Forsz-P,0s-SiO,, two dif-
The infrared absorption spectra of the(B-SiO,  ferent absorption peaks in comparison witfO-SiO,
and B03-P,05-SIO; glass particles were measured, spectrum were observed at 1420 and 3200%iihese
and typical results are shown in Fig. 4. F(B-Si0;  apsorption peaks are due to the® band and BOH

(spectrum a), three absorption peaks are observed gioups, A very small quantity of the hydroxyl ions can

480, 810 and 1110 cnt for the Si-O—Si bonds. The  contribute optical losses in the wavelength regions of

peak at 480 cm* is due to bending motions of oxygen ~ommercial interest.

atoms perpendicular to the-8D—Si plane, the peak at

810 cn1 ! attributed to symmetric stretching motions of

oxygen atoms along the bisector of the-6Si bridg-

ing angle, and the peak at 1120 chdlue to asymmetric References
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