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In this Letter, we study the characteristics of a selectively buried glass waveguide that is fabricated by the back-
side masking method. The results show that the surface region appears when the width of the backside mask is
larger than 7 mm. Here, the glass substrate is 1.5 mm thick. It is also found that the buried depth evolution of the
transition region remains almost unchanged and is independent of the width of the backside mask. The loss of the
transition region is only 0.28 dB at the wavelength of 1.55 pm if the surface condition is good enough.
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Glass is one of the essential materials in optics. The fab-
rication processes to realize glass waveguides can be clas-
sified into the ion-exchange process, the plasma-enhanced
chemical vapor deposition process, and the femtosecond
laser writing process"?. The ion-exchange process, which
is simple, economic, and does not require complicated
manufacturing equipment, has been used to realize many
devices, including optical power splitters®, amplifiers,
lasers”, and optical sensors®”. Among the ion-exchange
glass waveguides, the selectively buried waveguides
(SBWs) attract the most attention, since they provide
a new method for the three-dimensional integration of
optical sensors!™.

The electric field has to be partially shielded to simul-
taneously bring about the surface region and the buried
waveguide region of the SBW during the electric-assisted
ion-diffusion procedure process. Two different methods
have been presented to realize this: one uses a mask on
the front side?, while the other uses a mask on the back-
side™ of the glass substrate. However, the front side mask-
ing process requires the accurate control of a very small tilt
angle between the waveguides and the axes of the mask to
reduce the insertion loss. On the other hand, the backside
masking process has a low dependency on the mask align-
ment and can get a low-loss transition region between the
surface and buried waveguides, making it the proper
method to realize the SBW. Bertoldi et al.'” and Grelin
et al.® used the backside masking method to actualize a
Bragg grating filter and an asymmetric Y-junction, re-
spectively. However, the characteristics of the SBWs
have not been studied sufficiently. In this Letter, the
buried depth and the insertion loss IL of the SBWs are
investigated.

The sample is fabricated on a 1.5 mm-thick glass sub-
strate by a process based on the two step ion-exchange
process®'!. On the front side of the sample, the straight

1671-7694,/2015 /021301 (4)

021301-1

surface waveguides are fabricated first by Ag"™/Na™ ther-
mal exchanging. Then, on the backside, a trapezoid dielec-
tric mask is deposited, as shown in Fig. 1. The length of the
waveguide Lgpw is 17 mm, and the backside masked
length Ly, varies from 3 to 12 mm. It is determined by
the trapezoid mask. Therefore, the characteristics of the
SBWs with different L,,, can be investigated using just
a single sample. Finally, the electric-assisted ion-diffusion
procedure is applied to achieve the SBWs.

The fabrication process flow can be divided into five
steps, which are shown in Fig. 2. First, a 200 nm-thick
aluminum film is deposited on the glass substrate. Then,
the mask pattern of straight waveguides is transferred to
the film using standard photolithography processes and
chemical etching. Another 200 nm-thick aluminum film
is deposited onto the backside of the wafer to prevent
the Ag*t diffusing into the backside of the glass substrate
during the ion-exchange procedure. After that, the ther-
mal Agt/Na® ion exchange is carried out at 260°C for
40 min in molten salt consisting of NaNOj, Ca(NOsj),,
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Fig. 1. Schematic of the chip, and the definition of D.
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Fig. 2. Process flow for the realization of SBWs. (a) The mask
deposition, photolithography process, and chemical etching and
backside mask deposition. (b) The thermal Ag*/Na* exchange.
(¢) The chemical etching of both masks. (d) The backside dielec-
tric mask deposition. (e) The electric-assisted ion-diffusion.
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and AgNO;. Both aluminum films are removed using
chemical etching, to prevent them from influencing the
electricity involved in the electric-assisted ion-diffusion
process. A trapezoid dielectric silicone rubber is then de-
posited onto the backside of the wafer to shield the electric
field. Finally, the electric-assisted ion-diffusion process is
performed for 2 h in the molten salt, which consists of
NaNO; and Ca(NO3),.

To measure the buried depth of each waveguide, the
chip is cut along the dashed line, as shown in Fig. 1. It is
cut at three different places, where L, = 5, 7, and 8.5 mm.
Here, L, is the length from the cut end to the original end
of the sample. Figure 3 shows the buried depth and some
cross-section views of the waveguides at various distances,
D. Specifically, D is the minimum distance from the cut
end of the measured waveguide to the corresponding edge
of the backside mask. D is positive when the cut end is
outside of the backside mask region; inside this region,
D is negative. Figure 3(a) indicates that the buried depth
increases when D increases. This is because the bigger the
value of D is, the greater the distance between the cut end
and the edge of the backside mask region. As a result, the
backside mask influences the electric field less, and the
waveguide is buried deeper by the stronger electric field.
Conversely, the waveguide is buried closer to the surface
when the value of D is smaller, because the electric field is
influenced more by the backside mask. The data are from
the three cut ends of the samples, C1, C2, and C3, which
correspond to L, =5, 7, and 8.5 mm, respectively, as in-
dicated by the three insets in Fig. 3(a). It can be found
that the SBW is realized successfully, and that the buried
depth of the deepest waveguide in the mask region is
nearly 14 pm, while that of the most superficial waveguide
in the mask region is only about 2 pm.
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Fig. 3. (a) Buried depth. (b) The output cross-section view of the
waveguides.
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Figure 3(a) also shows that all of the measured data
form a buried depth evolution curve, and that the buried
depths are almost the same under a certain value of D,
despite the fact that the data are from three different
cut ends. It means that the evolution curve of the SBW
is independent of L. Certainly, a minimum value is re-
quired. From Fig. 3(a), we can find that the transition re-
gion ranges from 1 mm outside of the backside mask region
to 3.5 mm inside of the backside mask region, forming a
4.5 mm-long transition region between the surface wave-
guide and the buried waveguide. Based on the analysis
above, it can be concluded that a minimum I, of
7 mm is needed to form a complete SBW, which means
that the surface waveguide region does not exist until
Ly, is greater than 7 mm.

Based on the above conclusion, the waveguides in the
sample can be classified into incomplete and complete
SBWs. The incomplete SBWs contain the buried region
and the incomplete transition region. The IL of the incom-
plete SBWs can be written as the following equation:

IL = Li,a+ 20 + 2e, (1)

where L, represents the length of the buried waveguide, a
represents its propagation loss per unit length, and 0 and &
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represent the propagation loss of the transition region and
the coupling loss between the buried waveguide and the
standard single-mode fiber, respectively.

The complete SBWs can be classified into three regions:
the buried region, the transition region, and the surface
region, as shown in Fig. 4. Therefore, the IL of the wave-
guide can be written as the following equation:

IL = waa + stﬁ + 29 + 287 (2)

where L, represents the length of the surface waveguide,
and f represents its propagation loss per unit length.

From the analysis of the transition region, Ly, and L,
have the following expressions:

wa = LSBVV - me —2x1= LSB\V — me — 2, (3)
st = me —2x35= me —T. (4)
Then, the IL can be obtained using the following equation:

3 < me < 7,

11 [ @D+ (152420 + 2)
\(B—a)Lyy, + (150 — T + 20 + 2¢)

()

In order to evaluate the performance of the transition
region, the IL is measured and analyzed at a wavelength
of 1.55 pm. Figure 5 shows the measured IL of the naked
and the glue-coated waveguides, as well as two typical
near-field images. The glue is UV-3100, the main compo-
nent of which is UV-curable, modified acrylate. The re-
fractive index of the glue is about 1.47 at 300 K, which is
lower than the index of the glass substrate. An about
10 pm-thick glue film is spin-coated onto the sample.

It can be found that the IL can be approximately fitted
by two linear curves for each case. From the difference be-
tween the IL curves of the naked and the glue-coated
SBWs, we can see that the latter part can play a major
role. The glue-coating layer effectively protects the surface
of the waveguide and so minimizes the loss introduced by
the surface.

When Ly, is less than 7 mm, the IL slowly increases. In
this case, the transition region is gradually formed with
Ly,,. 0 changes as Ly, changes. Considering that a is ap-
proximately 0.04 dB/mm, and ¢ is approximately 0.4 dB
in our experiments, it can be derived with Eq. (5) that 6 =
0.165 Ly, — 0.415 for the naked SBWs and 6 = 0.041,,,
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Fig. 4. The schematic of the different regions of the SBW.

7< Ly, < 12.

14

= Naked waveguides
® Glue-coated waveguides

124

10

IL (dB)

Fig. 5. The measured /L of the SBWs, with the different lengths
of the backside mask.

for the glue-coated SBWs. The increased € comes from
two places: the transition region and the interaction with
the surface.

After L, is greater than 7 mm, the IL is seen to increase
quickly. Using Eq. (5), it can be derived that f is 2.88 dB/
mm and 6 is 0.74 dB for the naked SBWs, and that g is
0.53 dB/mm and 0 is 0.28 dB for the glue-coated SBWs.
The value of g for the naked SBWs is quite large, due to
the scattering and the absorption loss caused by the non-
uniformity of the surface of the sample. After the glue film
is spin-coated onto the sample, the losses of the surface
conditions are reduced to a lower value. However, the glue
film will introduce an absorption loss to the values of f and
6. If the influence of the surface and the glue is completely
removed, the propagation loss of the transition region will
be further reduced.

In conclusion, the SBWs are fabricated using a backside
dielectric mask during the electric-assisted ion-diffusion
procedure. Then, the buried depth and the insertion loss
of the SBWs are measured and analyzed. The experimen-
tal results demonstrate that the surface waveguide
appears when Ly, is greater than 7 mm for a 1.5 mm-thick
glass substrate. The shape of the transition region between
the buried waveguide and the surface waveguide remains
almost unchanged. It only has a loss of about 0.28 dB,
which can be further reduced by improving the condition
of the surface.
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