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Progress in Fiber Fabrication Techniques
by Vapor-Phase Axial Deposition

KOICHI INADA, MEMBER, lEEE

(lfzvited Paper)

Abstract–Five years have passed since the invention of the VAD tech-
nique. Fabrication techniques for the various kinds of VAD fibers such

asgraded index fibers, single-mode fibers, high NA fibers, and single polar-

ization fibers have been developed. This paper mainly outlines the recent
improvements in the VAD fiber manufacturing techniques such as the
preform fabrication technique, dehydration technique, refractive index
profile formation technique, and the single-mode fiber manufacturing
technique.

I. INTRODUCTION

T HE vapor-phase axial deposition technique (VAD) was

developed at Ibaraki Electrical Communication Labora-

tory, NTT, and reported at the First IOOC Conference held in

Tokyo in 1977 [1]. The transmission loss reported at the con-

ference was 5 dB/km. However, much attention was payed

from the mass production and economical points of view be-

cause the VAD process had the possibility of continuous fabri-

cation of high silica fiber preforms and the deposition speed

was extremely fast compared to that of the MCVD process.

Now, five years have passed since the invention of the VAD

technique. Fabrication techniques for the various kinds of

VAD fibers such as graded index fibers, single-mode fibers,

high NA fibers, and single polarization fibers have been devel-

oped and improved. The fiber preform fabrication technique

by the VAD method has been reported by Izawa and Inagaki in

[2] . After that, VAD fibers have been manufactured on amass

production scale. The graded index VAD fibers have been in-

stalled for the second field trial in Kawasaki in 1980 [3] and

for the commercial test in several places in Japan in 1981.

VAD soot preforms have a high OH content because the soot

is formed in an oxy-hydrogen flame. Several dehydration tech-

niques have been developed, and in 1980, ultimately low OH

content fiber was achieved, whose OH absorption loss at 1.39

~m was only 0.04 dB/km, and the residual OH content was

estimated at less than 1 ppb [4], [5].

This paper mainly outlines the recent improvements in the

VAD fiber manufacturing techniques such as the preform fabri-

cation technique, dehydration technique, refractive index pro-

fde formation technique, and the single-mode fiber manufactur-

ing technique.
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Fig. 1. Schematic diagram of VAD apparatus.

II. PREFORM FABRICATION

The VAD preform fabrication techn~que has been much im-

proved in the last several years. A typical apparatus for the

VAD preform fabrication is shown in Fig. 1 [6]. Fine glass

particles synthesized in the oxy-hydrogen flame are deposited

onto the end surface of the seed rod which is usually made of

silica. A porous preform is then grown along the axial direction.

The end position of the porous preform is constantly regulated

by monitoring it with an ITV camera for a uniform growth of

the preform.

One of the advantages of the VAD technique is the high depo.

sition speed. The speed is mainly determined by the burner

configuration, gas flow conditions, chamber construction, and

the size of the consolidation furnace. It must be increased while

keeping a good graded index profile. The porous preform is

then dehydrated and consolidated intcl a transparent preform

in a graphite furnace at a temperature of about 1500”C.

The typical process parameters are listed in Table I [7] -[17].

The maximum deposition speed of 2.0 g/rein was achieved, al-

though the refractive index profile and the deposition efficiency

are somewhat degraded [7] . The as-grown transparent preform
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TABLE I
TYPICAL PROCESSPARAMETERS AND THE ToP DATA

Deposition speed 2.0 gr/min [7], 0.5-1.7 gr/min [8]

Deposition efficiency 60-80 percent [8]

Diameter (as-grown)
Porous preform 58 mm X 350 mm [9], 60 mm [10] -[12]

70mm [8],52mm X 300mm [13]

Transparent preform 23mm [10], [13],24mm [9]
25 mm [11], [12], [8],30mm [14]

Continuous fiber length 100km[14],21 km[15], [16],30km [17]

is elongated in an oxy-hydrogen flame with a glass lathe and put

into a thick wall silica tube by a rod-in-tube method. Table II

shows the typical VAD process [18] .

The VAD process has a high deposition speed and a large pre-

form size. However, it has several accompanying processes such

as the dehydration process, consolidation process, elongation

process, and the rod-in-tube process. These processes make the

total process time long. In order to reduce the long process time,

a continuous process of soot preform deposition and consolida-

tion into a transparent glass preform was developed [19] and a

large size preform, which corresponds to 100 km in fiber length,

has been fabricated [20]. The apparatus used was essentially

the same as in Fig. 1.

In the continuous consolidation process, the pulling speed of

the consolidated preform must be matched with the relation

among the soot preform growing speed, shrinkage rate of the

soot preform in the axial direction, and the elongation rate of

the transparent preform at the necking down position, which

is the function of the weight of soot preform, bulk density of

soot preform, dopant content, and sintering temperature.

‘Materials used in the VAD method are basically the same as

those used in the MCVD method. Ge02 is doped for the re-

fractive index profde formation. A small amount of P205 is

doped so as to reduce the Rayleigh scattering loss.

Germanium is one of the rare materials and the cost for Ge02

is estimated to share a large part for the material cost of high

silica fibers. However, other oxide materials like PbO, CaO,

and BaO, which are common on the earth, have been difficult

to dope into silica glass by the MCVD method or the VAD

method. It is possible to dope these materials by earring the

dopant material in a liquid phase with a small modification of

the VAD process. PbO was doped by using a Pb(N03)z water
solution [21 ]. The refractive index increase by doping PbO
was about 0.8 percent. The losses at 0.85 and 1.06 pm were

3.3 and 2.3 dB/km, respectively.

III. DEHYDRATION

VAD fibers fabricated without dehydration treatment usually

contain high OH concentrations of about 5-30 ppm. This is

because of the OH-ion contamination directly from the oxy -

hydrogen flame.

In 1978, the OH content in the VAD fiber was reduced to

about O.4 ppm utilizing the chemical reaction of the SOC12

with OH ions and H20 molecules in the porous glass rod [22] .

TABLE H
TYPICAL VAD PROCESSES

Soot preform deposltmn of fme glass particles by flame

hydrolyses reaction

Deh ydrat Ion Dehydratmn by C12 or SOC12 at about

treatment and 1200 “C then smtered at about 1500 ‘C. The

S,nterlng rod d,ameter after the smtermg lS about

25 mm.

Preform elongation In an oxy-hydrcxpn flame, elongated rod

diameter IS about 10 mm.

Jacket,ng Thick wall Slllca tube w,th rod–m-tube

method

In 1979, further progress in the dehydration of VAD fiber was

achieved by increasing the SOC12 treatment temperature [23] .

The OH content in these fibers was around 0.05 ppm with a

lowest value of 0.03 ppm. This is comparable to the level

attained with the MCVD method.

From the viewpoint of optical fiber mass fabrication, it is

desirable to dehydrate the soot preforms simultaneously with

the consolidation process. This technique has been developed

using a specially designed muffle-type resistance furnace [24]

as shown in Fig. 2.

In 1980, ultimately low OH content optical fibers were devel-

oped by optimizing the dehydration process [4] , [5] . The

OH absorption loss increase at 1.39pm was only 0.04 dB/km,

and the residual OH content was estimated at less than 1 ppb.

Fig. 3 shows the progress of loss spectrum in each stage of the

development of the above dehydration techniques [25].

SOC12 vapor in oxygen gas [22] - [24], [26] or chlorine gas

[4] is used for the dehydration process. Active Cl ions pro-

duced by the thermal decomposition of SOC12 react with OH

ions and Hz O molecules in the following manner [22] :

H20 + SOC12 -+ S02 + 2HCI

Si-OH + SOC12 + Si-Cl + S02 + HC1,

In the reaction, there are two critical temperatures of 700 and

1200°C as shown in Fig, 4 [23], This is limited by the chemical

reaction between OH ions and SOC12 on the particle surfaces

rather than OH diffusion because the OH diffusion length in

silica glass during the dehydration time is about 5.5 ~m at

600”C, which is larger than the particle size [26]. The residual

OH concentration is also a function of the SOCIZ flow rate.

The larger the flow rate, the smaller the residual OH content

[26]. As a result, a dehydration temperature above 1200°C is

necessary to reduce the OH content to below 0.1 ppm.

OH contamination in the fiber core is derived from two main

origins, namely insufficient dehydration of the porous preform

and diffusion from both the preform outer surface during the

elongation process and from the jacketing silica tube. A thin

part of the elongated preform outer layer and silica jacketing
tube contains OH ions at a concentration as high as 200 ppm,

much higher than in the dehydrated and consolidated preform.

Therefore, a thick cladding layer of about 7-10 pm in fiber is
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Fig. 3. Progress of transmission loss of graded index VAD fiber in each
stage of the development.

needed to avoid the OH contamination from silica tube and

preform surface [4], [5]. The estimated diffusion length of
the OH ions into the synthesized silica glass is about 5-10 pm

under actual drawing conditions [27] .

The dehydration process in the VAD method is an extra pro-

cess compared with the MCVD method. However, if the dehy-

dration treatment is completely done and if the cladding layer

is sufficiently thick, the loss increase due to the OH ions is

extremely small.

In the MCVD method, fibers have usually been fabricated

from 99.9999 percent pure raw materials in order to avoid the

loss increase due to OH ions which mainly come from SiHCls.

On the other hand, the VAD method can use low-grade SiClo
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Fig. 5. Relationship between the amount of SiHC13 in raw materials
and fiber absorption loss at 1.39 ~m.

so far as the dehydration treatment is performed [28]. Fig. 5

shows the relation between the loss peaks at 1.39 #m in the

VAD fibers and the amount of impurity SiHC13 in SiC14, to-

gether with the data on MCVD fibers [28]. In the case of
MCVD fibers, the loss peaks increase linearly. On the other

hand, the OH contamination levels in VAD fibers are constant

even for 40 percent by weight added SiHC13 in SiC14.

IV. FORMATION MECHANISM OF REFRACTIVE

INDEX PROFILE

In the early stage of development, it was considered difficult

to make a good graded index fiber by the VAD method. How-

ever, many techniques of controlling the refractive index pro-

file have been developed by studying the refractive index profde

formation mechanism [10], [16], [17], [29] - [31].

The profile formation mechanism in the VAD method is not

simple. Much data have been accumulated about the refractive

index profiles and many factors that control the fiber profile

such as burner configuration, position of burner, flow rates

of several raw materials, shape of soot preform, and the tem-

perature of the surface of soot have been studied. Very small

changes of these conditions change the profile substantially.
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However, after getting the best conditions, if the repeatability

is good, the VAD method can make constantly wide bandwidth

fibers. It was fortunate that there existed some conditions

that could make a wide band graded index fiber.

Basically, the dopant concentration profile in a porous pre-

form is different from the refractive index profile in a consoli-

dated preform because the soot density is not constant for the

radius. The density is normally higher in the center than in the

surroundings [32]. Moreover, crystalline phase Ge02, which

is formed in a lower temperature than 400°C, sublimated during

the consolidation process [33], [34].

The glassy Ge02 whose concentration linearly increases when

the surface temperature increases from 500 -700”C, asshown in

Fig. 6 [34], determines the refractive index profile. Therefore,

the surface temperature of the porous preform is one of the

most important factors to control the refractive index profiie.

Fig. 7 shows the refractive index profile obtained when the

porous soot preform was made by changing the H2 flow rate,

that is, the flame temperature of the oxy-hydrogen burner was

changed. When the H2 flow rate is increased, the flame tem-

perature rose and the coefficient of refractive index proffle a is

increased. The amount of doped Ge02 is a function of both

surface temperature and H2 flow rate, Fig, 8 shows the experi-

mentally obtained deposition properties of Ge02 [31]. As

the surface temperature increases under the constant H2 flow

rate, the noncrystalline Ge02 increases.

The surface temperature of the porous preform is the function

of 1) the flame temperature of the oxygen-hydrogen burner,

2) the location of burner to the soot preform, 3) the shape of

soot preform, and so on. Moreover, soot density and deposition

efficiency are also the functions of the above factors.

In addition to the above temperature effect, if the burner

has multilayers and the flow rates of GeC14 to SiC14 between

the center layer and second layer are changed, the refractive

index profiie will be changed due to the dispersion effect of

the dopant [35]. For example, Fig. 9 shows the change of the

refractive index profdes when the flow ratio (1?) of SiC14 which

spouts from the second layer to the mixed gas of SiC14, GeC14,

and POC13, which spouts from the center layer, is changed. In

this experiment, the maximum surface temperature of the soot

rod is kept constant at 650°C.

The value of a can be also changed by controlling the amount

of Hz and Clz gases spout out of the burner [30]. Fig. 10

shows the changes of refractive index profiles against the four

different partial pressures of H2 and C12 gases. In this case,

when the amount of H2 and C12 increase, the value of An be-

comes smaller and the value of a becomes closer to 2.

As mentioned above, reproducibility is especially important

in the VAD method. The reproducibility can be monitored by

measuring the surface temperature distribution of the porous

soot preform.

Fig. 11 shows the computer aided on-line monitoring device

on refractive index distribution [31]. The refractive index pro-

fde cannot be directly measured even if the relation between

surface temperature and noncrystalline Ge02 concentration is
known because the radial density of the porous preform is not

constant. However, much experimentally obtained data on the
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noncrystalline Ge02 concentration Ge (Ti) and soot density

u (Ti) are previously stored as a function of the surface tem-

perature Ti on the porous preform, the refractive index profile

(RIP) can be calculated by measuring surface temperature of

the porous preform Ti (Xi, Yi). The accuracy reported was

t2°C in the temperature measurement from 400 to 800°C

with the IR pyrometer, which corresponds to *0.05 mol%

in Ge02 concentration.

V. BANDWIDTH CHARACTERISTIC

As far as the refractive index profiles of the VAD fiber are the

same as those manufactured by other methods, the bandwidth

characteristic will be the same. However, the VAD fiber has a

more smooth refractive index profde compared with MCVD

and OVPO fibers because the sinusoidal index distortion is

small and there is no center dip. Therefore, the VAD method

will have a high potentiality to have a wide bandwidth.

Earlier in the development of the VAD method, the band-

width of the VAD fiber was narrow. As the profde formation

mechanisms were made clear, the bandwidth increased year by

year. Fig. 12 shows the progress of bandwidth improvement

of the VAD fiber [36].

In January 1980, the VAD fiber cable was installed in a field

trial of medium/small capacity optical fiber transmission sys-

tems in Kawasaki, Japan [3] . Fig. 13 shows the histogram of

losses and bandwidths of VAD fibers with the total length of

285 km of fiber [37].

VAD fiber can be sufficiently used for the medium/small

capacity optical fiber transmission systems. The large differ-

ence between the MCVD fiber and the VAD fiber found in the

field trial was the length dependence coefficient T of bandwidth,

where y is defined by

(BW ;otal)~ ‘x 1(BW individual)~”

Fig. 14 shows the ~ of spliced MCVD and VAD fibers [38].

The ~ was distributed from 0.2 to 0.8 in about 2 km. However,

the spliced length became 4-5 km; -y approached about 0.5.

This large deviation of ~ from 0.5 is assumed due to the varia-

tion of profile from the optimum a [38] .

Recently, bandwidth characteristics of VAD fibers have been

much improved [39], [40] and the maximum bandwidth of

6.7 GHz “ km was achieved at 1.3 pm, although the length of

fiber measured was 4.2 km and the length dependence coeffi-

cient ~ of 1.0 was used for the calculation [39] .

IV. SINGLE-MODE FIBERS

Single-mode fibers are attractive for a low-loss and wide band-

width transmission system. The high bit rate, long repeater

spacing transmission system requires high reliability fibers, that

is, high strength, long length fibers, especially for submarine

fiber systems. The VAD technique is quite attractive for the

above requirements because of the large size preforms. Con-

tinuous 50-100 km single-mode fibers can be drawn from one

preform [41 ]. Moreover, the VAD technique has a high poten-

tiality for the high strength fiber because a VAD preform can

be made, if necessary, from all synthesized silica.

The refractive index profile in the VAD fiber has no center

dip. Absolute widths of the center dips ‘in MCVD graded index

fibers and in MCVD single-mode fibers are almost the same.

Therefore, the effect of center dips becomes more important

in single-mode fibers because of the small core diameter. The

center dip affects the spot size of the fundamental mode. If



INADA: FIBER FABRICATION TECHNIQUES 1417

BANDWIDTH (MHz. km)

0° 200 400 600 800 1000 1200

2

4
m)

=
=

6
%
~

18

10

12

Fig. 12. Improvement of bandwidth of VAD fiber at 0,85 pm.

I

~ 70 -

Total length 285km 60 -

Id Ilr ‘- --

Average 2.54dB/km
g 50
0
& 40
ZWQm31J
‘+s~u
gfzl)
—m
2:10~ .-

<0
2.4 2.8 3.2 3.6 0 400 800

L
1200 1600

Optical loss (d8/km) Transmission bandwidth (MHz. km) ,

Fig. 13. Histograms of loss and bandwidth of VAD fibers in the second field trail.

1.0 1.0

VAD Fibers MCVD Fibers

‘ -1-, y 4 #1
s

0.5 0.5

L L ● A mu,,
x B ss,::::.

● A mu,,
x B ,1 ~e~T!N AD- ,,

mc ,’
AD ,,

0, ( 1 1 1 1 ,

5 10 20 % 5 10 20
Route Length , km Route Length, km

Fig. 14. Distribution of y of MCVD and VAD fibers in the second field
trial.

the center dip is large, the refractive index difference between

core and cladding must be large in order to have an effective in-

dex difference, that is, the same spot size. This large refractive

index difference causes a large Rayleigh scattering loss. This ef-

fect becomes especially large for 1.55 #m zero dispersion single-

mode fiber because it requires a smaller core and larger NA. ‘

In typical graded index fibers, small content phosphorous is

doped in the core in order to reduce the Rayleigh scattering.
On the other hand, the merit of usage of phosphorous is small

in single-mode fibers because germanium content is initially

small in single-mode fibers. Moreover, phosphorous oxide

causes loss increase around 1.6 Urn due to the absorption of
P-OH. The ultra-low loss single-mode fiber was achieved with

a Si02 -Ge02 core and a Si02 cladding [14]. A 100 km single-

mode fiber with a loss of 0.3 dB/km at 1.55 ~m was also made

with a Si02 -Ge02 core and a Si02 cladding [41]. There is no

report of fluorine dope yet, which is conventionally used in the

MCVD method so as to reduce the refractive index of the clad-

ding because the doping of fluorine is considerably difficult in

the VAD method.

The most important keys in the production of low-loss single

mode fibers are the elimination of core-cladding interface im-

perfection [45] and the reduction of OH content in the fiber.

In order to avoid the core-cladding interface imperfection,

core soot and cladding soot must be formed simultaneously by

several multiple burners [42].

The consolidation technique and ‘the dehydration technique

are almost the same as those for the graded index preform.

However, sufficiently thick cladding is required in single-

mode fiber in order to prevent the OH contamination from

jacketing silica tube.

Fig. 15 shows the relation between OH absorption at 1.24

urn and synthetic cladding diameter/core diameter ratios, which

is measured on VAD single-mode fibers [42]. The loss increase

at 1.3 urn Aa (1.3) has the following experimentally obtained

relation with the loss increase due to the OH absorption at

1.24 pm, Aa (1 .24)

Au(l.3) = ~ X Aa(l.24).

By this equation, the thickness ratio of the synthetic cladding

to core must be more than seven in order to get the loss increase
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Fig. 16. Loss spectrum of ultra-low loss VAD single-mode fiber.

at 1.3 ~m less than 0.1 dB/km. One of the solutions to have a

thick cladding is the usage of two burners for the cladding [14] .

In this case, oxy-hydrogen gas flow rates between the core and

the cladding torches must be carefully balanced in order to have

a sufficient cladding thickness.

Fig. 16 shows the measured loss spectrum of a 5 km VAD

single-mode fiber characterized by a 125 #m outer diameter,

8.9 Mm core diameter, 0.25 percent relative refractive index
difference between core and cladding, and a deposited cladding/

core diameter ratio of about 7 [14] . The cutoff wavelength of

this fiber was about 1.2 Urn, the hump around 1.1 urn was at-

tributed to the excess losses of the first higher modes. The

losses were 0.35 dB/km at 1.3 pm and 0.2 dB/km at 1.55 pm,

respectively.

1.55 pm region zero dispersion single-mode fiber has been
made by the VAD method [43] . Fig. 17 shows the refractive

index profile of the fiber. The dopant used in the core was

germanium only and the cladding was pure silica. The core

diameter was 4.2 Urn and the refractive index difference was

0.7 percent. The minimum loss obtained at 1.55 ym was

0.32 dB/km, although the loss was somewhat larger than that

of the standard single-mode fiber.

VII. CONCLUSION

In the last two or three years, the fabrication technique by

the VAD method has greatly progressed. Ultimately, low OH

content graded index fiber and ultra-low loss single-mode fiber
have been achieved by the VAD method. The refractive index
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‘II
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0.4

0,2

Radius, arb unit

Fig. 17. Refractive index profiie of 1.55 ~m region zero dispersion VAD
single-mode fiber.

profile formation mechanism has been clarified, leading to

further improvement. The VAD fiber is now under the mass

production stage for the medium/small capacity optical fiber

transmission systems. The VAD method is suited for the single-

mode fiber because of low OH content and large preform size.

In the near future, the VAD single-mode fiber will be used for

the high capacity optical fiber transmission systems in both

land and under-sea areas.
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