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Abstract

We present a nondestructive technique to predict the refractive index profiles of isotropic planar waveguides, on which a thin gold film
is deposited to as the cladding. The negative dielectric constant of the metal results in significant differences of effective indices between
TE and TM modes. The two polarized modes and a surface plasmon resonance (SPR) with abundant information of the surface index
can be used to construct the refractive index profiles of single-mode and two-mode waveguides at a fixed wavelength.
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1. Introduction

Integrated optical waveguides formed by ion-exchange
in glass have attracted considerable interests, due to the
low cost of the materials and simplicity of the process in
comparison with other techniques. Recently, glass wave-
guides have been considered to be prime candidates for
optical signal processing application in optical amplifier,
laser, communication, sensor, power division and other
related areas [1-6]. The modeling and fabrication of inte-
grated optical components with well-defined characteristics
require an accurate knowledge of refractive index profiles
(RIP) of the waveguides. There already exist a number of
techniques for the measurement of the index profiles. The
most popular methods appear to be the inverse Wentzel-
Kramer—Brillouin (IWKB) method [7] and its modified ver-
sions [8-10]. Although these methods can give good results
in multimode waveguides, there are still some difficult prob-
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lems in determining the refractive index near the surface of
the waveguides. The usual strategies to evaluate the surface
index are dependent on the mathematical criteria, rather
than the experimental measurements. To determine experi-
mentally the key value, we have employed a SPR technique
to obtain a near surface refractive index of a graded-index
waveguide, and then improved the IWKB method and the
inverse analytical transfer matrix (IATM) method, respec-
tively [11,12]. Numerical examples and experimental results
show that the new improved methods can give more accu-
rate results for multimode waveguides than before.

As is well known, a RIP is characterized by its shape,
depth, and difference between the peak index and the sub-
strate index, and at least three effective indices are required
to give meaningful results. However, a few-mode waveguide
can only supply one or two effective indices for one polarized
mode at a single wavelength, so one has to resort to other
methods to obtain some additional information in predicting
its RIP. Recently, much of effort has been devoted to it [13—
18]. The outstanding presentations of them are to combine
effective indices measured for both of the polarized modes,
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and at different wavelength. While, since the differences of
effective indices between TE and TM modes are small under
the dielectric-cladding condition [19], it is less useful to deter-
mine the RIP of few-mode planar waveguides. On the other
hand, the technique of combining measurements at different
wavelengths requires the accurate knowledge of the material
dispersion of both substrate and waveguide.

In this paper, we propose to deposit a thin gold film on the
surface of a graded-index isotropic waveguide. As a result,
the metal-cladding optical waveguides can accommodate
not only the TE and TM modes with significant differences
of the effective indices, but also a SPR with abundant infor-
mation of the surface index. With this nondestructive tech-
nique, the index profiles of fewer-mode planar waveguides
can be constructed accurately at a fixed wavelength.

2. Theory

We first consider a planar waveguides with a graded-
index profile of the form,

) = {n2 +(n2 = m))f (x/d), (x> 0),

n? (x<0),

m?’

(1)

where n¢ and ng are refractive indices of the surface and the
substrate, respectively. As shown in Fig. 1, f{x/d) is the pro-
file function and is assumed to be monotonically decreasing
for x > 0.2 is the real part of dielectric constant of the metal
film. Since the absolute value of the ratio of imaginary to real
part of the dielectric constant of metal is small in the visible
and near infrared spectrum, we neglect the imaginary part
without significant error in the later calculation procedures.

For such a profile, the analytic transfer matrix method
gives the following dispersion equations for TE and TM
modes [20,21]:
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Fig. 1. Plot of planar waveguides with graded-index profile.

where

P
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n(x)) = B/ko (4)

is the effective index of the guided mode. f is the corre-
sponding propagation constant, ky = 2n// is wavenumber
with wavelength A in free space, and x; is the turning point.
X 1s the truncation point, which is determined by a pre-
scribed accuracy, and we assume n(x.) = n.. The function
@(s) is the phase contribution of the sub-waves reflected
from every interface between the neighboring section layers.
The detailed explanations are available in [20,21]. Com-
bined Egs. (2) and (3) with (4), the propagation constants
of the TE and TM guided modes can be determined
accurately.

In the visible and near infrared spectrum, we have n2, < 0
and |n2 | > n?, and the significant differences of the effective
indices between TE and TM modes are thus exhibited [19].
In addition, a SPR can be excited in the metal-cladding
waveguides. The analysis and calculations in [11,12] show
that the special feature of the SPR can be used to evaluate
an equivalent refractive index n.q, which is much closer to
the surface index than that of the first guided mode. The
equivalent refractive index neq is described by the following
well known dispersion equation [22],

N
Bspr I . (5)
k() nrzn —+ }’lgq

In experimental measurements, the propagation constant
Pspr can be determined in the Kretschmann configuration
at the largest resonance angle. As a result, if 72 is known,
the equivalent index with respect to SPR, n.q can then be
calculated from Eq. (5).

In our previous work [23], the refractive index distribu-
tions n(x) can be constructed by IATM method with the
one polarized mode. Here, we extend it to reconstruct the
RIP of graded-index isotropic waveguide with both TE
and TM guided modes, and the SPR.

During above the reconstruction, it relates to eight
equations presented in [11]. For integrity of this paper,
we give them out in detail. According to the ATM method
[20], the SPR mode dispersion equation is as follows:

} HM] [—lf’—;] =0 (6)
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Table 1
Numerical results of equivalent and effective indices, n.q and N, for three typical distributions
Profile Teq N{E NM NTE NM
Exponential 1.5546 1.5222 1.5159 1.5067 1.5048
Slow Fermi 1.5600 1.5325 1.5241 1.5084 1.5048
Gaussian 1.5606 1.5275 1.5163 None None
where a 1568
COSh(OCih) _ ﬁ Sil’lh(o(fh) ) 1.560 ---- Origipal Index Profile
M; = o % , (l =0,1,2,... [) . Obatined from the extended IATM method
— % sinh(a;h) cosh(o;h) X 1552 & Equivalent index
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Obviously, Eq. (6) can be reduced to
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Subsequently, the practical calculations for predicting the
RIP of graded-index isotropic waveguides can be com- 0 1 2 3 4 5 6 7
pleted with the following four steps. Depth(1)
1. With the metal-cladding waveguides and the conven- ¢ 1.568
t?ona.l prism coupling technique [24], measure the effec- 1,560
tive index of the SPR mode Bspr/ko, and two sets of =
effective indices for TE and TM guided modes, {N "} 7z 1992
and {NIM}, and then calculate the equivalent index 8 151
Nneq by substituting fispr/ko to Eq. (5). £
. N o 1.536
2. Choose an initial surface refractive index ng (19 > neq) 2
and combine the measured effective indices of both of © 1528
the polarized modes to construct the index profile n(x) E, 1520
by the conventional IATM method [23].
3. With the obtained index profile n(x) from step (2), using 1512
Egs. (5) and (10)—(13), we can calculate a new equiva- 1.504
lent index n/eq, and reset a new surface index as ng+

(neq — 1),

4. Use the Iqlewly obtained surface index g to reconstruct a
new RIP from step (2). Subsequently, repeat step (3) till
the value of ny converges. Then the final RIP of the
waveguide is determined.

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Depth(})

Fig. 2. Numerical results of the profiles for few-mode waveguides in the
extended IATM method: (a) exponential profile, (b) slow Fermi profile, (c)
Gaussian profile.
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Fig. 3. Numerical results of the profiles for multimode waveguides in the
extended JATM method: (a) exponential profile, (b) Gaussian profile.

From the method presented above, using Egs. (5) and
(10)~(13) and the conventional IATM method, the RIP
near and far from the surface of isotropic waveguides can
be constructed accurately. Therefore, under the metal-clad-
ding condition, we make full use of the TE and TM modes
with significant differences of the effective indices and the
SPR with abundant information of the surface index to
construct the RIP of the few-mode planar waveguides at
a fixed wavelength. It is obviously found that the newly
presented inverse method named extended IATM method
is especially suitable for a few-mode isotropic waveguides.

3. Numerical results

To test the reliability of the extended IATM method, we
carry out numerical simulations for three typical profiles

Table 2

with exponential, slow Fermi, and Gaussian distributions,
respectively. Their expressions are presented as follows,
where x is in micrometer and x > 0:

(a) Exponential index profile:
n(x) = 1.5036 + 0.06 exp(—x/2), (14)
(b) Slow Fermi index profile:
0.06

= 1.5036 15
n) 1o exp(—2) +exp(x —2)’ (15)

(c) Gaussian index profile:
n(x) = 1.5036 + 0.06 exp(—x*/4). (16)

The parameters are n2, = —68 at 2 = 1.31 pm, the width of
the sublayer # = 0.5 nm, and x. = 5 um in the calculation
procedures. With the same surface index ny=1.5636, we
first calculate the effective indices of above profiles with
Egs. (2)-(4), and the equivalent indices with Eq. (5). The
calculated results are listed in Table 1 and the effective indi-
ces of the SPR mode Bspr/kq are 1.5845, 1.5898 and 1.5904,
respectively. The extended IATM method is then used to
construct the three index profiles. The predicted RIP and
their original ones are shown in Fig. 2. It is found that
the results obtained from the extended IATM method are
consistent with the original profiles.

To illustrate further the universality of our method for
multimode isotropic waveguides, other two typical index
profiles with exponential and Gaussian distributions, which
can accommodate four and three guided modes respectively,
are considered in the same method. The equations are

(a) Exponential index profile:

n(x) = 1.5036 + 0.2 exp(—x/2), (17)
(b) Gaussian index profile:
n(x) = 1.5036 + 0.22 exp(—x*/4). (18)

As illustrated in Fig. 3, the reconstructed RIP with the
extended JATM method agree with their original. From
Figs. 2 and 3, we easily discover our presented inverse
method can predict not only the RIP of few-mode isotropic
waveguides but also multimode ones. However, in order to
reduce calculations, we prefer to do it with the one polar-
ized mode for multimode waveguides.

4. Experimental results

To verify the present method experimentally, we prepare
three pieces of Ag'—Na™ ion-exchanged isotropic wave-

Measured equivalent and effective indices, n.q and N, for three ion-exchanged BK7 glass waveguides before and after deposition gold film

Sample Before deposition After deposition

NEE N NTE N g N N N
A 1.5177 1.5175 None None 1.5297 1.5170 1.5136 None None
B 1.5350 1.5348 1.5145 1.5142 1.5664 1.5347 1.5284 1.5140 1.5080
C 1.5289 1.5286 1.5115 1.5113 1.5425 1.5287 1.5232 1.5109 1.5076
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guides in BK7 glass. The bulk refractive index of the glass
substrates is 1.5036 at 1= 1.31 um. Purely thermal ion
exchange is carried out at 7' = 345 °C with the melt concen-
tration 9.1 wt% AgNO; and 90.9 wt% NaNOj;. Three sam-
ples are fabricated with different exchange time: sample A,
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Fig. 4. Experimental results of the three ion-exchanged waveguides
obtained from the extended IATM method: (a) 60 min, (b) 90 min, (c)
120 min.

60 min; sample B, 90 min; and sample C, 120 min. With the
conventional m-line technique [24], we preform the mea-
surements before and after a gold film deposition on the
surface of the samples, respectively. The obtained results
are listed in Table 2. It is found that, for the waveguides
after the gold film deposition, the differences of the effective
indices between the two polarized modes are much larger
than those of the case with air cladding, and the equivalent
indices with respect to the SPR are much closer to the sur-
face indices than those of the first guided mode. Therefore,
we obtain more valuable information to predict the index
distributions of the waveguides than before.

The gold film (d = 32 nm, n%, = —66.49) is deposited on
the surface of the samples by vacuum sputtering at room
temperature, whose thickness and the dielectric constant
of the thin metal film are determined by Chen’s method
[25]. Similar to the previous work [11,12], to enhance the
coupling, a matching liquid of the refractive index just
equal to that of the prism is used to fill the gap between
the prism and the gold film. As a test, after removing the
thin gold film on the samples with an aqua-regia solution,
we check the bare waveguides again and do not find
changes of the effective indices within the experimental
errors.

Finally, with the measured values and the extended
IATM method, index profiles of the three samples are suc-
cessfully constructed. The results are shown in Fig. 4. It can
be seen that the constructed profiles are in good agreement
with the physical prediction using ion-exchanged technique
[26]. However, we also found the longer exchange time did
not result in index change inside deeper substrate for the
three samples. The main reasons for the unusual phenom-
enon are no enough convection and inhomogeneous con-
centration in the melts. In the later research, we should
improve our experimental techniques to avoid it.

5. Discussion and conclusion

A nondestructive and simple technique has been devel-
oped to determine the RIP of graded-index isotropic wave-
guides. With the presented technique, more valuable and
additional information of the RIP, which is based on the
characteristics of the metal-cladding optical waveguides,
can be obtained than before. Numerical and experimental
results have shown that the extended IATM method is
accurate and more suitable for predicting the RIP of few-
mode isotropic waveguides than before. However, some
waveguides are birefringent or do not support both TE
and TM modes. For such waveguides, we have to resort
to other techniques to solve it.
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