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Abstract: This paper presents a fabrication method for 2 x 2 twisted fiber-optic directional
couplers based on biconical low-loss tapered optical fibers using a two-step wet-etching
technique with hydrofluoric acid-based droplets and surface tension-driven flows. The
droplet-based wet etching of optical fibers allows us simple and cost-effective fabrication of
tapered fibers and multiports directional couplers. The simulation results agree well with the
experimental observations on the propagation losses, which can be monitored in real-time
by measuring the transmitted optical powers during the chemical etching process. The fab-
ricated 2 x 2 fiber-optic directional coupler shows wavelength-insensitive operation within
the telecommunication C-band with an excess insertion loss of less than 0.5 dB.

Index Terms: Fiber optics systems, waveguides, waveguide devices.

1. Introduction

Optical directional couplers are of considerable interest in view of their versatile applications in
fiber-optic communication systems [1]-[4] and sensor systems [5]-[8]. The fiber-optic couplers
have been considered as one of the most fundamental optical components in the optical fiber-
based devices and systems due to their basic functionality, which is the combination and division of
optical signals. For example, in the optical communication systems, they can be used in a number
of applications, such as power combiner/dividers [1], add-drop wavelength division multiplexers [2],
modulators [3], and switches [4].

Fiber-to-fiber optical coupling is usually achieved through evanescent wave coupling, which re-
quires sufficient exposure and close proximity of the fiber cores for intimate interaction of the
evanescent mode profiles that extend outside the waveguide core regions. For typical standard
single-mode optical fibers (SMFs), however, the guided optical modes cannot closely interact with
the external electromagnetic fields outside the fiber structure because the fiber core region is sur-
rounded by the cladding layer, leaving only a very small fraction of the optical mode profiles outside
the fiber cladding. Thus, the optical fibers with wavelength- or subwavelength-scale core/cladding
dimensions are necessary to spread the evanescent components of the mode profile outside the
fiber and couple the optical energy to the other waveguides. To efficiently transfer the guided optical
energy to the evanescent field region, however, we must avoid abrupt and rapid variation of the fiber
core/cladding diameter profiles, which might result unfavorable impacts, such as back-reflection and

Vol. 9, No. 5, October 2017 7105208



IEEE Photonics Journal Tapered Optical Fiber Couplers Fabricated

scattering, on the propagating light [9], [10]. To address such issues, tapered optical fibers (TOFs)
with adiabatically tapered core transition have been proposed and experimentally demonstrated
[11]{17].

There are three general techniques to fabricate TOF-based fiber-optic directional couplers starting
from the conventional optical fibers. Heating-and-pulling of twisted multiple strands of optical fibers
is the most common way to fabricate the fiber-optic couplers [11], [18], [19]. The couplers made
by the heating-and-pulling method show very low optical losses and also provide broad operation
wavelength ranges [11]. The couplers can also be made by twisting the pulled single-strand fibers
[5], [8]- The heat-based fabrication methods, however, usually require precise mechanical control of
fiber pulling stages as well as high-power heat sources, such as flames [14], micro-ceramic heaters
[15], and CO. lasers [20], to melt the glass materials. This method also produces unnecessarily
long taper regions [15]. The second fabrication method is the mechanical polishing, and has also
been extensively investigated to demonstrate efficient coupling between the optical fibers and/or
waveguides [21], [22]. Unfortunately, this method also requires precise and repeatable control of
the polished fiber cores and precision alignment between them. The physical polishing of the optical
fibers into the D-shaped core cross-section typically results in asymmetric optical mode profiles and
induces birefringence [23], [24].

The TOFs, which are the essential components for the fiber-optic coupler configurations, can also
be obtained by chemically etching the optical fibers until most of the cladding region is removed,
for example, by hydrofluoric (HF) acid-based etchant solutions [1], [10], [25]. Although the power
coupling ratio can be monitored in real-time during the etching process as demonstrated in [1],
this chemical etching-based fabrication method is known to show a relatively non-uniform and
uncontrolled etch rate when the whole fiber tip is dipped into the bulk HF-based solutions, and such
non-uniformity may induce severe optical scattering losses because of abrupt tapering profiles and
random roughness on the etched surface [10], [25]. To minimize such scattering problems and
to obtain the smooth conical taper region, a micro-droplet-based HF acid etching method, taking
advantages of surface tension-driven flows of liquid etchant (Marangoni effects [26]), was introduced
[16]. This approach results in adiabatically decreasing and smooth fiber diameter profiles toward
the fiber waist region without abrupt corrugations over sufficiently long distances on the order of one
millimeter, and can therefore maintain the original guided mode profile along the TOF propagation
similarly with the heating-based fabrication methods.

In this work, we propose and demonstrate a simple and low-cost fabrication method for a
TOF-based twisted 2 x 2 fiber-optic directional coupler using a droplet-based two-step chemi-
cal wet-etching process with initial HF acid droplet etching followed by 6:1 buffered HF droplet
etching. The droplet-based etching approach takes advantages of the formation of micro-droplets
along the optical fibers through the Marangoni effect, and ensures smooth and adiabatic tapering
profile [16]. The two-step wet-etching process using both HF and BOE (buffered oxide etch) al-
lows more precise control of the radial etching depth while reducing the roughness of the etched
glass surface [17]. The twisted biconical fiber couplers based on the proposed fabrication method
show relatively low excess insertion losses (~0.34 dB), which is comparable to other fabrication
techniques [1], [11], [18], [21], [27].

2. Fabrication of TOFs and Twisted Fiber Couplers
2.1 Etch-Based TOF Fabrication and Characterization

Fig. 1(a) shows an overall configuration to fabricate a 2 x 2 twisted fiber-optic directional coupler
using the HF acid-based droplet wet etching technique. Since the optical fiber cladding and core are
made of silica materials, they can be easily removed by HF acid-based wet etching. Before making
a 2 x 2 coupler, we first characterized the etch rates of HF and BOE droplets for the silica fibers,
and fabricated single-strand TOFs. A bare single mode optical fiber (SMF-28) with an outer radius
of 62.5 um was fixed onto a custom-made acid-resistant styrene cradle, and a 200-uL droplet of
49% HF solution was then placed on a petri dish using a pipette to form a droplet as shown in
Fig. 1(b). The volume and size of the acid droplet determines the total etch region (L in Fig. 1(b)),
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(a)

Fig. 1. (a) A schematic drawing and (b) a microscope image of the wet-etching-based fabrication process
fora 2 x 2 twisted fiber-optic directional coupler. The immersed length of the optical fiber within the HF
acid dropletis L ~ 9 mm.
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Fig. 2. (a) Etched fiber waist radius as a function of etching time using a 200 uL droplet of HF acid
(black triangles) and BOE (blue circles) solution. (b) Optical transmission measurements of a single-
strand fiber during the droplet-based chemical etching process. The final optical loss of ~0.14 dB
represents the total insertion loss of the fabricated biconical TOF. The insets represent the optical
micrographs of the tapered and waist region of a typical fabricated TOF. (c) Estimated propagation loss
as a function of the etched fiber diameter. The inset shows the normalized absorption profile for the
fiber diameter of ~1.69 um obtained by the FEM simulation. The propagation loss of 11.31 dB/cm was
estimated.

and can be changed to obtain different etch length. The overall droplet etching processes were
performed at 22 + 0.5 °C.

As indicated in Fig. 2(a), the radial etch rate for typical optical fibers (SMF-28) using a 200 uL
droplet of HF is ~0.858 pm/min for the first 30 minutes and then gradually decreases. The etch
rate of a BOE droplet is much slower and about 0.160 xm/min. The etch rates were obtained by
measuring the radii of the etched fibers. Since the silica etch rate depends on the concentrations of
HF and HF, in acid solutions, the etch rate using the HF acid droplet decreases with the etching
time. However, the etch rate by BOE, which contains both HF and buffer agents, such as ammonium
fluoride (NH4F), remains nearly constant for much longer time (up to ~100 minutes) as shown in
Fig. 2(a). The NH4F contents of BOE are expected to improve and maintain the etch rate for the
extended amount of time because the concentration of more reactive HF, ions increases during
the etching process, and the cations NH, ™ also have catalytic effects on the dissolution reaction of
the silica material [28]. As a result, the silica etch rate for a BOE droplet shows a better linearity
when compared to that of an HF acid droplet. The slower etch rate of BOE also improves the
surface roughness of the tapered region and reduces random surface corrugations to mitigate the
optical scattering losses [29]. Furthermore, the final core diameter of the TOF waist region can be
more precisely controlled by the constant and more predictable etch rate from a BOE droplet [17].

The measured etch rate from an HF droplet varies significantly over etching time. In the beginning,
the HF and BOE etch rates are about 0.858 pm/min and 0.160 pm/min, respectively, which are
relatively comparable to the previous reports [17]. However, the overall HF etch rate for longer
etching time becomes much slower than the initial rate [17], which may be due to the experimental
details such as temperature and humidity [30].

To further verify the two-step etching approach, a single-strand standard single-mode optical
fiber (SMF-28) was firstly immersed and etched in an HF acid droplet until the cladding region was
mostly removed. When the waist radius of the etched fiber was about 10 um with the corresponding
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HF acid droplet etching time of ~100 minutes (Fig. 2(a)), the HF droplet was replaced with a 200 uL
BOE droplet. In both cases, the length of the optical fiber immersed in the droplet (L in Fig. 1(b))
is approximately 9 mm. During the HF (or BOE) droplet-based chemical etching process, micro-
droplets form near the fiber-droplet interface and flow away from the main droplet meniscus region
along the fiber by the so-called Marangoni flow [26]. As shown in Fig. 1(b), the concentration of HF
in the micro-droplet decreases while it transverses along the fiber, which results in a graded fiber
diameter profile and elongated tapered region. The smooth and adiabatic fiber diameter profiles in
the TOFs significantly reduce unnecessary optical power coupling between the core and the higher-
order cladding modes [31], and eventually provide smaller excess insertion losses preserving the
original mode profile.

The fiber diameter and the overall etching progress can be estimated in real-time by monitoring
the optical transmission through the etched biconical TOF region at a wavelength of 1.55 um.
Fig. 2(b) represents the measured optical transmission as a function of etching time. When the
cladding layer of the optical fiber is not fully etched and therefore the propagating optical mode
does not significantly overlap with the surrounding lossy etchant medium, the optical power is not
attenuated through the fiber propagation. However, as the cladding layer is further etched away and
the fiber core region is exposed to the etchant solution, the propagating optical signal is attenuated
along the tapered and waist regions, and the optical power transmission decreases accordingly.
When the optical power transmission was about —10 dB, the etched fiber was extracted from the
BOE droplet and rinsed by deionized (DI) water to prevent additional chemical etching. The total
final insertion loss of ~0.14 dB was observed after the etched fiber was dried in air. The taper and
waist region of a typical fabricated TOF with smooth surface profiles are shown in the insets of
Fig. 2(b). Our measurement results (~10.2 dB loss over L ~ 9 mm, or 11.33 dB/cm) agree well with
the numerical simulations based on the finite element method (FEM) for the etched fiber diameter of
1.69 um (Fig. 2(c)). The attenuation constant of the fundamental HE{; mode (dominant propagation
mode) for the fiber core diameter of ~1.69 um with a water cladding layer was calculated to be
11.31 dB/cm (without considering the scattering losses from the surface roughness) due to light
absorption into the surrounding water. The propagation loss of the tapered fiber was estimated by
obtaining the effective refractive index of the propagation mode with FEM simulations. The complex
refractive index of water was assumed to be 1.32 +i1.18 x 107 [32].

2.2 Fabrication and Characterization of TOF-Based Optical Couplers

To fabricate a TOF-based 2 x 2 twisted fiber-optic directional coupler, we propose simultaneous
wet-etching of two twisted optical fibers as schematically described in Fig. 1(a). Two fibers (fiber A
and B) are shown in different colors for illustration purposes. The overall device fabrication process
is similar to the single-strand TOF fabrication discussed in the previous section. Two single-mode
optical fibers (SMF-28) were first twisted with each other for three turns (total rotation angle of
1080°), and then these twisted optical fibers were subsequently immersed together in a 200 ©L HF
droplet. Before the etching process, the applied optical power at one fiber input was not transferred
to the other fiber due to the cladding layer. By simultaneously measuring the optical powers at
the output port A (black curve) and B (red curve) in real-time as shown in Fig. 3(a), the optical
coupling ratio between the two twisted fibers can be monitored during the droplet-based chemical
etching process. The optical power at the input port A (1 mW in our experiments) starts to get
gradually transferred to the other fiber (output port B) after about 95 minutes of etching time due
to the optical mode overlap between the etched fibers. The optical coupling length continuously
decreases because the distance between the two fiber cores decreases with the etching time. We
were able to observe the continuous variation of the power splitting ratios with the etching time until
the fibers were cut at ~110 minutes.

As demonstrated by the optical power transfer results shown in Fig. 3(a), the power splitting ratio
of the twisted fiber-optic directional coupler can be adjusted by carefully controlling the etching
time. To obtain a 50:50 power split ratio in the acid droplet, after approximately 100 minutes,
the HF acid droplet was replaced with the low etch rate solution, BOE. The twisted fibers were
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Fig. 3. (a) An example of optical power measurements from the two twisted fibers during the wet-etching
process until the fibers are cut. (b) Optical power measurements until the coupling ratio reaches 50:50

in the droplet.
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Fig. 4. (a) Typical SEM images of the uniform waist region as well as the smooth tapered surface.
(b) An optical micrograph and measured fiber diameter profile for the fabricated coupler. The diameter
of the uniform waist region is ~11 um. The lengths of the twisted and waist region are ~3 mm and
~9 mm, respectively.

extracted from the BOE droplet when the optical powers at the output A and B were almost same
(about 0.44 mW at the total etching time of ~180 minutes as indicated in Fig. 3(b)). The etched
fibers were rinsed by DI water to completely remove any remaining acid on the fiber surface, and
then dried. The optical coupling ratio was changed to 85:15 after the droplet was dried in air (The
optical powers at the output A and B were 0.78 mW and 0.14 mW, respectively.) because of the
differences in the refractive index contrast [33]. The optical coupling length between the two TOFs
can be modified by the amount of mode overlap, which is influenced by the effective refractive
index of the surrounding environments. The excess insertion loss in air was ~0.34 dB. Fig. 4(a)
shows scanning electron microscope (SEM) images of the typical twisted and tapered transition
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Fig. 5. (a) Coupling lengths of horizontally- (Ex) and vertically-polarized (Ey) inputs according to the
different surrounding medium (air: wine and green curves, water: navy and orange curves). The inset
shows a schematic cross-section of the two etched fibers. (b) Transmission spectra of the fabricated
2 x 2 coupler. The optical power split ratio varies less than 2% within the telecommunication C-band.

regions. The SEM images also confirm that the two fibers are tightly attached to each other after
the wet-etching process because of van der Waals force and capillary attraction. Fig. 4(b) shows
an optical micrograph example of a fabricated fiber coupler and the measured fiber diameter profile
for the fabricated coupler. We found that the waist region of the biconical TOF had a uniform fiber
diameter of ~11 um over a total length of ~9 mm, which roughly corresponds to the fiber length
immersed in the droplet (L). The total length of the twisted region is ~3 mm, and smaller than the
droplet size. Because the center of the acid droplet does not exactly coincide with the center of
the twisted optical fibers, the diameter profiles exhibit some asymmetry as indicated in Fig. 4(b).
However, this asymmetry does not play an important role in the splitting ratio because the whole
twisted region remains inside the droplet and the two fibers are sufficiently separated except the
twisted region.

To inspect the optical mode guidance for the fabricated fiber-optic coupler with an etched diameter
of ~11.0 um as depicted in the inset of Fig. 5(a), we numerically calculate the coupling length
between the two non-twisted fibers with different surrounding materials (air and water) using the
FEM simulations (Fig. 5(a)). According to our simulations, when the fiber diameter is ~11.0 um
and it is surrounded by water, the optical confinement factor within the fiber region is ~99.86%.
When the etched fiber is surrouned by air, the confinement factor increases to ~99.96%. Fig. 5(b)
shows the measured optical transmission spectra as a function of the input wavelength. We note that
the coupling lengths in air for two orthogonal polarizations (E, and E,) do not vary significantly over
the wide wavelength range covering the whole telecommunication C-band as shown in Fig. 5(a). The
variations of the coupling lengths are calculated to be less than 5.6%. The measured transmission
spectra over the wavelength range of 1525 ~ 1555 nm with an input power of 1 mW to the port A is
shown in Fig. 5(b). The small power variation over the wide wavelength range agrees qualitatively
with the simulated results in Fig. 5(a). As the wavelength increases, the coupling length becomes
shorter (stronger interaction between fibers). The measured output power at the output A also
gradually decreases with the wavelength as shown in Fig. 5(b). The variation of the power splitting
ratio with respect to the input wavelength was about 1.63% within the C-band.

Although rigorous analysis of the twisted coupling region and its birefringence is necessary to
fully understand the exact coupling mechanism for the fabricated coupler [34], [35], it is possible
to qualitatively estimate its power splitting ratio by simply obtaining the coupling length of the non-
twisted coupler with the same fiber diameters. For example, when the etched fibers are in the droplet,
the coupling lengths for two orthogonal input polarizations (ExandE,) at an input wavelength of
1550 nm are roughly same, and estimated to be ~6.4 mm according to our simulations (Fig. 5(a)).
This indicates that the 50:50 power splitting ratio can be achieved at the etched fiber interacction
length of ~3.2 mm in the droplet (half of the coupling length), which is reasonably consistent with
the experimental observation from the fabricated sample shown in Fig. 4(b). The power spitting
ratio in air can also be explained in this way. The coupling lengths for two input polarizations are
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Fig. 6. Estimated output power ratios of two attached micro fibers as a function of the fiber diameters
with different surrounding materials. The interaction interval is assumed to be 3.2 mm.

given by L.y =16.2mmandL., = 11.7mm, respectively. The corresponding coupling constants
for two orthogonal polarizations are C, = n/2L ; x = 0.097 mm~" and Cy=m/2L;, =0.134 mm~’,
respectively. Using the optical interaction length of ~3.2 mm, the power splitting ratio for the x-
polarized input is given by cos?(C, -3.2 mm) : sin®(C, -3.2 mm) = 90.7 : 9.3. For the y-polarized
input, it is 82.7:17.3. As described in Fig. 5(b), the actual power splitting ratio is measured to be
between these two ratios.

Although the optical power splitting ratio changes with the outer cladding materials (e.g., water
or air), it is possible to theoretically predict the power splitting ratios for different cladding materials.
As indicated in Fig. 4(b), the overall dimension of the twisted region (main coupling region) can
be determined by the droplet size and the number of turns. The optical power splitting ratios with
respect to the fiber diameters for different cladding materials can be estimated as exemplified in
Fig. 6. For example, to obtain a splitting ratio of ~50:50 in air, the spitting ratio in water needs to be
~1:99 (output A:B).

Finally, since the tapered fiber core is directly exposed, it can be vulnerable to the contamination
issues. Such surface contamination problems can be resolved by exposing the micro-fibers to, for
example, hexamethyldisilazane after the rinse process as introduced in [16], or applying additional
cladding layers to protect the fiber core.

3. Conclusion

In summary, we have demonstrated a simple and cost-effective fabrication scheme for TOF-based
twisted 2 x 2 fiber-optic directional couplers using the droplet-based wet-etching process to obtain
smooth surface roughness and adiabatic tapering. The proposed fabrication technique with droplet
replacement allows fast etching of the fiber cladding region using the higher etch rate of HF as well
as a precise and controlled fiber waist region from a lower and consistent etch rate of BOE. Our
fabrication results achieve lower excess insertion losses with a relatively short taper length, and
the overall excess loss is comparable to other conventional fabrication techniques such as fusion-
[11], [18], lapping- [21], [22], and etch-based [1] methods. We believe that the proposed droplet-
based fabrication approach can be a promising candidate for simple and low-cost fabrication of
various fiber-optic components based on the fiber-optic directional couplers.
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