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Determination of mode-cutoff wavelengths and refractive-index profile
of planar optical waveguides with a photon scanning tunneling microscope
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A method, using the photon scanning tunneling microscope, is proposed to measure the mode cutoff wave-

lengths of a planar optical waveguide with an arbitrary refractive index profile. From the measured values of
the cutoff wavelengths, the characteristic thickness and the maximum refractive index of the guiding film are

determined. Measurements, performed on a planar waveguide with a complementary error function profile, are

in reasonably good agreement with the theoretical calculations.

Planar dielectric waveguides form the basic components
of integrated-optic devices. The refractive index profile and
the cutoff wavelengths of the various guided modes are the
important parameters associated with these guides. A number
of methods, to determine the refractive index profile of such
waveguides, are available in the literature. ' In a recent
review, we discussed some of these basic methods citing a
substantial number of important articles. On the other hand,
the guided mode cutoff wavelengths of planar waveguides
can be determined using, for example, the transmission spec-
trum method. The optical waveguide characterization still
remains a topic of current interest and attempts to develop
new techniques to determine the waveguide parameters are
still under active consideration in various laboratories of the
world. We feel that one such attempt would be to use a
photon scanning tunneling microscope (PSTM) developed
since 1989. This microscope is based on the principle of
frustration of the evanescent field at the air-sample interface
when an optical fiber, tapered to a tip by the chemical etch-
ing process, is brought very close (a few nanometers) to this
interface. Imaging sample surfaces, with a resolution below
the Rayleigh diffraction limit (-X./20 laterally and )i./100
vertically ), has now become a routine work using the
PSTM. Now interest lies in other possible applications of
this microscope. Among the other applications, the study of
the surface plasmons, ' the accurate determination of the
widths of channel optical waveguides, and the study of the
evolution of optical power transfer in an integrated optic
directional coupler are worth mentioning. Using the PSTM,
a method to measure the effective index n, (=P/ko, where

P is the propagation constant, ktt = 2 m/)i. is the wave number
in vacuum) of the guided mode of a channel or a planar
waveguide has been recently reported. Although the accu-
racy of this method is less than that using the other standard
techniques, no doubt this method demonstrates an interesting
application of the PSTM. Motivated by this latter work, we
have developed a method, using the PSTM, to measure the
cutoff wavelengths of the modes of a graded index planar
optical waveguide with an arbitrary refractive index profile.
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FIG. 1. Block diagram of the experimental setup.

From these measured values of the cutoff wavelengths, the
characteristic thickness and the maximum refractive index of
the guiding film (and thus the parameters of the index pro-
file) are then determined using the procedure of Ref. 6.

A detailed account of the construction and the mode of
functioning of the PSTM can be found elsewhere. ' The
schematic diagram of our experimental setup to measure the
mode cutoff wavelengths is shown in Fig. 1. Light from a
500-W xenon lamp is passed through a monochromator, a
polarizer, and a focussing lens and is then end-fire coupled
into the planar waveguide to excite all the TE, modes at a
desired exciting wavelength. Although our method can be
applied to determine the cutoff wavelengths of TE or TM
modes, we have carried out experiments only with the TE
modes (which are sufficient to determine the parameters of
the refractive index profile). It is well known that the part of
the modal field in the air cover above the surface of the
waveguide is an evanescent field. An optical fiber tapered to
a fine point, which forms the sensing part of the PSTM, is
then brought close to the waveguide surface (a few nanom-
eters) with the help of a piezoelectric tube so that it remains
within this evanescent field. The fiber tip is shielded from
extraneous light coming from the source. Due to the pres-
ence of the fiber tip, there is frustration of the evanescent
field resulting in tunneling of photons from the waveguide
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surface to the fiber tip. The light, thus coupled, is guided
through the fiber to the photomultiplier and the feedback
electronics, and an output signal of intensity I, is recorded.
The presence of this output signal confirms that the fiber tip
is within the evanescent field of the guided modes. The fiber
tip is no longer displaced from this position because we do
not take the image of the waveguide surface. The wavelength
of light, X, is then increased with the help of the monochro-
mator. As X approaches the cutoff wavelength X, of the
highest-order excited mode (say, the mth-order mode), the
modal field and hence the evanescent field associated with
this mode extends more into the air cover. Such a behavior of
the modal field, when the cutoff of the mode is approached,
is well known. As a result of this, there is an increase in

I, which is registered by the electronic system of the micro-
scope. When k just exceeds ), , this mode disappears caus-
ing a fall in I, as the other existing modes [the highest order
being the (m —1)th mode now], which are far from their
cutoffs, remain well confined within the waveguide. Hence
in our experiment, the fiber tip detects this variation of I, due
to the variation of X. The position of the cutoff of a mode
appears as a peak in the curve showing the variation of out-
put signal with X. By varying P in this manner, the cutoff
wavelengths of the various modes are obtained in the form of
such peaks in the I, versus X curve. We would like to men-
tion here that the presence of the fiber tip close to the wave-
guide surface perturbs very little the propagation character-
istics of the various guided modes. ' This case is similar to
that of a prism used as an output coupler to couple light out
from the various modes of the waveguide to produce the
so-called m lines. The prism is placed with its base very
close to the waveguide surface resulting in the coupling of
light from the waveguide to the prism by the process of
tunneling. This coupling being weak, the perturbation of the
basic mode shapes is negligible. Following the same argu-
ments, we assume that the perturbation of the guided modes,
due to the presence of the fiber tip close to the waveguide
surface, is negligible.

For a large number of practical graded index planar opti-
cal waveguides, the refractive index profile is written as

n, + (n/ n, )F(g—), $~0

where n, and n, (which are known) are the refractive in-
dexes of the substrate and cover (usually air), respectively,
n&= n(0) is the maximum refractive index at the waveguide-
cover interface, g=x/d is the normalized coordinate, and d
is the characteristic thickness. F(g) is the normalized profile
function which defines the shape of the profile and satisfies
the conditions F(0)= 1 and F(~)= 0. For example, for ex-
ponential, Gaussian, and complementary error function pro-

2
files, F($)=e ~, e ~, and erfc(g), respectively. ' In the
present geometry, the x axis is perpendicular to the wave-
guide surface and the z axis is parallel to the direction of
propagation of the modes.

To verify the experimental results on the measurement of
, one needs a rigorous method for calculating this pa-

rameter. With this aim, we present here a simple but efficient
numerical method for computing the normalized cutoff fre-
quency V, (and hence k, ) of the TE modes. This param-
eter is defined as

V, =(27r/X, . )d(n/ —n, ) ~, (2)
where ), is the corresponding cutoff wavelength. The de-
tails of the numerical procedure used to compute the cutoff
frequencies of TED and TE& modes for a given index profile
can be found elsewhere. ' However, we present here a brief
account of this method for an arbitrary TE mode. Using the
transformation G=(dE /d()//Ez, where Ez is the electric-
field component associated with the TE mode, the wave
equation at cutoff of this mode can be written as

dG/dg= —G —V, F(g), (~0.
G satisfies the following boundary conditions: '

G((=0)= V, go, G($~ ) =0,

(3)

(4)

where o =(n, n, )/(n& —n, ) i—s the usual asymmetry param-
eter. For a given value of o. corresponding to a given profile
function F(g), the problem of computing V, then reduces
to solving (3) using any standard algorithm so that the
boundary conditions (4) are satisfied. For computational pur-
poses, the point g—+ ~ is chosen as some finite value of
g= g,„which is much greater than unity. Thus, in the actual
computational procedure, G((,„) is evaluated instead of
G(~). (,„is varied to improve the accuracy in V, . How-
ever, it may be noted that for the TE mode with rn ~0, there
are m values of ( in the interval (O,co) where E~ becomes
zero, implying that G(g) =~. Hence, in the neighborhood of
these zeros of E~, one has to switch over to the substitution
H= 1/G =E~/(dE&/dg) which transforms (3) to the follow-
ing form:

dH/d(=1+ V, H F((), (5)
and one continues solving (5) instead of (3) in the neighbor-
hood of the zeros of EY . Each time G (()~~ [i.e.,
H(() =0] region is crossed, one switches over to solving Eq.
(3) and the process is continued until G(( „) is computed:
thus in this way one obtains the desired value of V,

We present some experimental results on the measure-
ment of cutoff wavelengths to show the effectiveness of our
method. The three planar waveguides, denoted A, B, and C,
used in our experiment were fabricated at Centre Suisse
d'Electronique et de Microtechnique SA, Neuchatel, Swit-
zerland. The refractive index variation was produced on the
glass (BK7) substrate of n, = 1.515 through the exchange of
K+ ions using the ion-exchange process. For each wave-
guide, F(g)=erfc(g) and n&=1.592 so that o.=5.414. The
values of d for waveguides A, B, and C are, respectively,
3.354, 4.06, and 6.71 p, m. The number of modes, supported
by each waveguide at a chosen wavelength, was determined
in a separate experiment by exciting the various modes using
the prism-coupling technique. Waveguide A supports five TE
modes at X = 633 nm, the TE4 mode being the highest-order
mode, and waveguides B and C support six and nine modes,
respectively. The experimental procedure, as described in the
second paragraph, was followed to measure the mode cutoff
wavelengths. The wavelength of the incident light was varied
from 520 to 750 nm with the help of the monochromator.
This range was chosen because the power spectrum of the
source has almost a uniform linear variation in this range.
The normalized intensity I, as a function of P, obtained for
waveguides A, B, and C, is presented in Fig. 2. For wave-



.Q ~ I[+j II&j I I II' ~~

DETERMINATION OF MODE-CUTOFF WAVELENGTHS AND 11 227

Guide A
38-

Guide 8 650 nm

M

Q)

C

20—

15—

28—
0)

~ — 16—

0
U
L.
U

10—

I I I I I I I I [ I I I I I I I I I l I I I I I I t I I I I I I I I I I I I l I I I I I I

520 570 620 670 720

Wavelength (nm)

O

U

U
8 I I I I I I I I I l I I I I I I I I I l I I I I I I I I I

i
I I I I I I I I I l I I I I I I

628 578 628 678 728

Wavelength (nm)

35—
CG

30-

25=

Guide C

650 nm

20—

0
U

U

5:

0 I I I I I I I I I l I I I I I I I I I [ I I I I I I I I I [ 11111111~l I I I I I ~

FIG. 2. (a) Variation of intensity transmitted by the fiber as a
function of wavelength for the planar waveguide A. The index pro-
file is a complementary error function with n, =1.515, n~= 1.592,
and d=3.354 p, m. The peaks at 661 and 541 nm correspond, re-

spectively, to the cutoffs of the TE4 and TE5 modes. (b) Variation of
intensity transmitted by the fiber as a function of wavelength for the
planar waveguide B. The index profile is a complementary error
function with n, =1.515, n~=1.592, and d=4.06 p, m. The peaks at
650 and 550 nm correspond, respectively, to the cutoffs of the

TE5 and TE6 modes. (c) Variation of intensity transmitted by the

fiber as a function of wavelength for the planar waveguide C. The
index profile is a complementary error function with n, =1.515,
n&=1.592, and d=6.71 p, m. The peaks at 700, 650, 590, and 530
nm correspond, respectively, to the cutoffs of the TE8, TE9,
TEyp and TE, &

modes.
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guide A, , two peaks are observed at 541 and 661 nm. For this
waveguide, as the TE4 mode is the highest-order mode at
X = 633 nm, the peak at 661 nm corresponds obviously to the
cutoff of the TE4 mode. Thus, the peak around 541 nm cor-
responds to the cutoff of the TE5 mode because the cutoff
wavelength of this mode is less than that of the TE4 mode.
The experimental values of the mode cutoff wavelengths of
waveguides 8 and C are obtained in a similar manner from
Figs. 2(b) and 2(c). The experimental as well as the caicu-
lated values (obtained by using our numerical procedure) of
the cutoff wavelengths are summarized in Table I. From the
table we observe that, using the PSTM method presented
here, the mode cutoff wavelengths are measured with a very
good accuracy (with respect to the calculated values) for
waveguides supporting less number of modes. We have
found that the mode cutoff wavelengths can be measured by
this method even for waveguides of the type C supporting up
to 12 or 13 modes in which the separation between the mode
cutoff wavelengths is of the order of 50 nm. We would like
to point out here that the other existing methods discuss
neither the measurement accuracy of the cutoff wavelengths
nor the separation between two successive cutoff wave-
lengths.

TABLE I. Cutoff wavelengths of TE~ modes of the planar waveguides

with F(()=erfc((), n, =1.515, and n& 1. 925. =

Waveguide

Effective thickness

d (pm)

Cutoff wavelengths

Mode Experimental (p,m) Calculated

(p,m)

3.354

4.060

6.710

TE4

TE5

TE5

TE6

TE8

TE9

TEso

TED)

0.661~ 0.001
0.541~ 0.001
0.650~ 0.001
0.550~ 0.001
0.700~ 0.001
0.650~ 0.001
0.590~ 0.001
0.530 ~ 0.001

0.6605
0.5419
0.6560
0.5562
0.7048
0.6313
0.5716
0.5222

Having thus established a PSTM-based method for ex-
perimentally measuring the mode cutoff wavelengths, we
next determine n& and d from these measured values of the
cutoff wavelengths using a recent method" proposed theoreti-
cally. For the convenience of the reader, we briefly describe
this method here. As in most of the characterization
procedures, this method also assumes a specific form for
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FIG. 3. R,2 (=V,z/V„) as a function of o. (asymmetry param-

eter) for three different index profiles of a planar waveguide.

F(g) which is judiciously chosen keeping in view the wave-
guide fabrication process. Neglecting the variation of
(n/ n, )U —with wavelength, one can write V, /V,

/k, . V, depends on o. and F(g) and thus, for a
given F(g), the ratio R =k, /k, is a function of o.
alone. This functional dependence R (o.) can easily be
determined using our numerical procedure. As an illustration,
in Fig. 3 we have plotted R,2(o.) (corresponding to the

TEi and TE2 modes) as a function of o. for an exponential, a
Gaussian, and a complementary error function profile. It is
important to note that this functional dependence exhibits an

asymptotic behavior for values of o. below or above a certain
value. Such an asymptotic behavior is intrinsic to all kinds of
profiles and to all orders of mode. The first step of the
characterization procedure is then to form the ratio
k, /)i. , of the experimentally measured cutoff wave-
lengths. Assuming a profile and fitting this measured ratio to
the functional dependence R (o.) obtained by the numeri-
cal method, the value of o. for the waveguide is computed.
As n, and n, are known, the value of nf is calculated using
the defining equation for o.. The values of V, for different
modes, corresponding to this value of o., are then numeri-
cally computed. Substituting in Eq. (2) the measured values
of k, 's and the value of nf already determined, an average
value of d is calculated.

To demonstrate the effectiveness of this method, we now
assume that the parameters of waveguide A are unknown.
We then use the method to determine these parameters using
the experimentally measured values of the TE4 and TE5
mode cutoff wavelengths presented in Table I. We assume
the profile function to be a complementary error function, as
such a profile is associated with a waveguide fabricated by
the ion-exchange process. Following the various steps of
the method discussed in the preceding paragraph, we obtain

n& = (1.6 05 ~ 0. 011) and d = (3.087~ 0.195) p m. These val-
ues are in good agreement with the actual values nf = 1.592
and d =3.354 p, m presented in Table I. As discussed in Ref.
6, an important limitation of this method is that o. must not
be very large or very small. If o. is too small or too large to
lie in the asymptotic regions of the R versus o curve (see
Fig. 3), then a slight deviation in the cutoff wavelength from
its actual value introduces an appreciably large error in the
computed values of nf and d. This rise in the error is not due
to a bad assumption of F(g), but it is intrinsic to all profiles
due to the asymptotic behavior of R with o.. The value of
o. should be preferably more than 5 and less than 35 for all
the profiles. Fortunately, the value of cr lies in this range for
most of the practical waveguides and we think that this limi-
tation on o. is not very important.

In conclusion, the PSTM has been shown to be a useful
tool in the measurement of mode cutoff wavelengths of
graded index planar optical waveguides with excellent accu-
racy. To our knowledge, it is the first time that the evanescent
field associated with the mode is used to determine the mode
cutoff wavelengths. The parameters nf and d of the refrac-
tive index profile predicted from these measurements are
also in good agreement with their actual values.
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