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Monolithic Integration of an ARROW-Type
Demultiplexer and Photodetector in the
Shorter Wavelength Region

TOSHIHIKO BABA, YASUO KOKUBUN, MEMBER, IEEE, AND HIDEHIRO WATANABE

Abstraci—We have proposed and designed a monolithic integration
of a novel antiresonant reflecting optical waveguide (ARROW) type
demultiplexer and photodetector. The isolation was theoretically cal-
culated to be —21.6 dB between the wavelengths of 0.78 and 0.88 pm
with a maximum detecting efficiency of 58 percent in a short demulti-
plexing/photodetecting length of 100 pm. We demonstrated its funda-
mental characteristic experimentally. This type of device can be ap-
plied to a wavelength division multiplexing (WDM) system with
comparatively wide wavelength separation, e.g., 1.3- and 1.55-pm
wavelengths.

I. INTRODUCTION

NE of the key components of the wavelength division

multiplexing (WDM) transmission system is a multi/
demultiplexer, and many kinds of devices including
prisms, thin-film filters, and diffractional gratings have
been studied [1], [2]. Recently, several monolithic inte-
grated structures using optical waveguides and directional
couplers or gratings drawn by electron beam lithography
were reported for the purpose of miniaturization, mass
production, and stabilization of characteristics [3]-[5]. It
is difficult, however, to integrate photodetectors mono-
lithically because a sophisticated technique is necessary
in order to fabricate a tapered cladding or a grating, and
these are required when coupling the light from the wave-
guide to the photodetector that is formed in the substrate.
In addition to this, the device size is as large as one cen-
timeter because of the separate structure of the demulti-
plexing and photodetecting regions.

The antiresonant reflecting optical waveguide (AR-
ROW) [6]-[8] is a novel single-mode optical waveguide
on a semiconductor substrate. An interference cladding is
inserted between the core and the substrate, as shown in
Fig. 1, and it consists of two different films having a large
index difference. We call the high-index layer the first
cladding layer and the low-index layer the second clad-
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Fig. 1. Structure of ARROW.
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Fig. 2. Fundamental structure of ARROW-type demultiplexer and photo-
detector integrated device.

ding layer. This waveguide can maintain a single-mode
propagation by the loss discrimination of higher order
modes. The propagation loss of the fundamental mode has
wavelength dependence resulting from the change of the
resonant condition inside the interference cladding. We
have applied this characteristic to a waveguide-type de-
multiplexer.

In this paper, we propose and investigate the potential
of the monolithic integration of an ARROW-type demul-
tiplexer and photodetector, as shown in Fig. 2. First, we
design the integrated device for short wavelengths of 0.78
and 0.88 pm. We introduce an antireflecting (AR) layer
in order to enhance the coupling efficiency to the photo-
detector. We discuss the optimum length of the photode-
tector and the performance of the device with the AR
layer. Next, we describe the fabrication of a simplified
integrated device and the measured results of the demul-
tiplexing and photodetecting characteristics.

II. STRUCTURE

Let us define the thickness and the refractive index of
each layer as they are shown in Fig. 1.

We adopted a transparent TiO, (n; = 2.0) for the first
cladding layer and p-type silicon (n, = 3.6-3.8) for the
substrate. In the structure shown in Fig. 2, the multi-
plexed light propagates through the SiO, (n, = 1.45-
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1.46) core of the ARROW on low-loss condition and
reaches to the demultiplexing region. In this region. the
thickness of the first cladding layer is adjusted to the res-
onant condition on which a certain wavelength is radiated
out to the photodetector fabricated in the silicon substrate.
On the other hand, light having other wavelengths passes
through the region with low loss. Thus this device acts as
a demultiplexer/photodetector integrated device.

The light coupling from the ARROW to the photode-
tector is equivalent to the large radiation loss of the guided
wave in the core of the ARROW. We calculated the loss
characteristics by using the mode analysis method [8],
which utilizes the interference matrix. Fig. 3 shows the
loss characteristic of the TE fundamental mode of a typ-
ical ARROW against the thickness of the first cladding
layer d;. Here, we assumed that the thicknesses of the
SiO, core and the second cladding layer are 4 and 2 um,
respectively. At both wavelengths (0.78 and 0.88 um),
the loss varies periodically from low loss to extremely
high value as the thickness of the first cladding layer
changes. The ARROW acts as a low-loss waveguide when
the thickness of the first cladding layer satisfies the fol-
lowing antiresonant condition [6]-[8]:

A n\* A 2}_1/2
= — — (£ . M +
4 4n, [1 <”1> * <2"| dc> & 1)

(M=0,1,2,---) (1)

where A is the wavelength. It is seen from Fig. 3 that the
low-loss range of the ARROW is fairly broad and that d,
of 0.16 um is the first low-loss condition satisfied in both
wavelengths simultaneously.

On the other hand, the resonant condition of d, on which
the loss takes its maximum value is approximately ex-
pressed by [9]

2--1/2
3\
S R
2”1 ny 27 d,; ny — ng
(N=0,1,2,---). (2)

In Fig. 3, these conditions for A = 0.78 and 0.88 um
correspond to d; = 0.30 and 0.36 um, respectively, for
the order of resonance N = 1. Fig. 4 shows the wave-
length dependence of propagation loss for three different
thicknesses of first cladding layer d;. The loss peaks ap-
pear at A = 0.78 and 0.88 um, when d; = 0.30 and 0.36
wm, respectively, according to the characteristic shown in
Fig. 3. It can be seen from Fig. 4 that the slope of the
loss curve in the wavelength shorter than the demultiplex-
ing wavelength is steeper than that in the longer wave-
length. This implies that we can expect high isolation by
demultiplexing the longer wavelength first. When d, is
0.16 pm, no peculiar wavelength appears, and the loss is
lower than 1 dB/cm in the broad wavelength range.

In addition, we introduced an (AR) layer on the surface
of the photodetector, as is shown in Fig. 2, in order to
enhance the coupling efficiency to the photodetector. The
optimum index and thickness of the AR layer (n,z and
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d4g) are approximately given in terms of the propagation
angle of guided light in the ARROW 6 by

nag = [nk cos® § + n, sin 8(n? — n? cos’ 0)1/2]1/2 (3)

A 2 -1/2
dAR~———[1—<&> cosz0i| (2L + 1)

_4nAR B4R
(L=0,1,2-"). (4)

Assuming a large optical confinement of the ARROW, the
propagation angle of the TE fundamental mode of the AR-
ROW 6, is approximately given by

2, d, 2 -1/2
tan 6, = ) " 1 .

In the shorter wavelength region ranging from 0.78 to 0.88
pm, 6, is about 3.8-4.3° when the thickness of the core
is 4 pm, and optimum n,z is calculated to be 1.55-1.59.
In this paper, we adopted NA45 glass' (n = 1.54) for the
material of this layer. Fig. 5 shows the calculated power
reflectivity at the interface between the second cladding
layer and the substrate when the NA45 glass AR layer is
inserted. The reflection almost vanishes for both A = 0.78
and 0.88 pum at dz = 0.41 um. Owing to both the short
detector length resulting from the effect of the AR layers
and the demultiplexer/detector integrated configuration,

(5)

‘Made by HOYA Corp. Composition is almost the same as C7059 glass.
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Fig. 6. Simplified model of light power transition in demultiplexing re-
gion.

the size of the integrated device can be very small (typi-
cally 100-200 pm per each demultiplexing/photodetect-
ing region) compared with the conventional directional
coupler-type and grating-type demultiplexers.

In the demultiplexing region with the AR layer having
the optimum index and thickness, reflection at all inter-
faces under the core vanishes for the demultiplexing
wavelength. Thus we can treat the radiation of light power
from the core to the substrate by a simple ray model, as
shown in Fig. 6. Because of the large core size of the
ARROW compared with the wavelength, the first term in
the parenthesis in (5) is much larger than unity. From the
model shown in Fig. 6, the normalized detector length
L,/ required to obtain a high coupling efficiency is given

approximately by
L, d\’
y = 4n, <)\> . (6)

Equation (6) implies that L, is mainly determined by the
thickness of core d,. and the wavelength X\. Even when the
core is as thick as 4 um, it requires a very short detector
length of about 150 um to achieve an efficient coupling in
this wavelength region. If we form the conventional struc-
ture, i.e., a light coupling from a conventional waveguide
to a photodetector through a tapered cladding, more than
six times the length of the detector ( >1 mm) is required
to achieve a high coupling efficiency for the same thick-
ness of core.

III. WAVELENGTH SELECTIVITY

When assuming NA4S5 glass for the AR layer with the
optimum thickness of 0.41 um, the coupling efficiency
from the ARROW to the photodetector against the wave-
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Fig. 7. Coupling efficiency from ARROW to photodetector covered with
the AR layer: (a) First-order interference (N = 1); (b) third-order inter-
ference (N = 3). :

length is shown in Fig. 7. This was obtained by the wave
analysis, in which the light power transition in the de-
multiplexing region was calculated by expanding the in-
cident light into a continuous spectrum of radiation modes
[91-[11]. Here, we define the isolation I between the ob-
jective wavelength A, and the obstructive wavelength A,
in a single demultiplexing region as follows:

I = 10logy [7(N)/n(X;)] (dB) (7)

where 7(N;) (i = 1, 2) is the coupling efficiency from
the waveguide to the photodetector. The physical mean-
ing of this definition is that isolation of a demultiplexer is
measured as a ratio of output powers of two wavelengths
when the input powers of these wavelengths are the same.

Fig. 7(a) shows the coupling efficiency against the
wavelength when the first cladding layer satisfies the first-
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order resonance condition N = 1, as shown in Fig. 3. The
isolation I between two wavelengths (0.78 and 0.88 pm)
takes a larger value for d; = 0.36 pm than for d; = 0.30
pm. This coincides with the discussion in the paragraph
following (2). When L; = 100 um and d; = 0.36 um, the
value of I is evaluated to —17 dB, and the coupling effi-
ciency reaches to about 58 percent.

This isolation can be improved by adopting higher or-
der resonance of the first cladding layer. In Fig. 3, the
thickness d; of 1.05 um (N = 3) satisfies the demulti-
plexing condition for A = 0.88 um and the minimum loss
condition for A = 0.78 pum simultaneously. Therefore,
the sharpness of the demultiplexing characteristic is im-
proved, as is seen in Fig. 7(b). The isolation increases to
—21.6 dB under the same condition as in Fig. 7(a). In
general, the optimum order of resonance N is given as an
integer number closest to

N

~ — | = 2
TAN (i=1lor2)

(8)

where A\ is the difference between A, and A,. If all the
optimum conditions for the order of resonance N and the
detector length L, given (6) are achieved, the isolation /
between two wavelengths can be evaluated by

I = 10 log,o [1 — 10710217/¢=m)ya/do?}0a/N0] - (gB).
(9)

Here, we assumed the absolute transparent condition of
the AR layer for both A and N\, because the antireflecting
condition is not as sensitive to the wavelength, as is seen
in Fig. 5. It is seen from (9) that a larger index difference
between the first cladding and core and the larger core size
can achieve larger isolation. Therefore, semiconductor
materials such as Si, which have a very high index (n =
3.5) and small absorption, are more suitable for the first
cladding layer in the 1.3-1.6 um wavelength region. For
example, the isolation is calculated from (9) to —29.6 dB
between the obstructive wavelength of 1.3 um and the
objective wavelength of 1.55 pm for N = 3, assuming Si
as the first cladding and d, = 8 um, which is the typical
core size of single-mode optical fibers.

IV. FABRICATION AND MEASUREMENT

In order to measure the fundamental demultiplexing
characteristic of the integrated device clearly, we fabri-
cated a simplified structure, as illustrated in Fig. 8, which
includes several separate devices in one substrate. Each
device has a single demultiplexing and photodetecting re-
gion with a straight-channel waveguide. If we measure
the characteristics of the tandem device as shown in Fig.
2, the measured characteristics of the rear device will be
affected by the front device. Thus we cannot precisely
measure the isolation defined by (7).

The fabrication process is as follows. First, phosphorus
was diffused into the p-type silicon substrate through a
thermally oxidized mask (0.8-pum thick) to turn a p-n
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Fig. 8. Fabricated structure of integrated device.

junction into photodetectors. In this diffusion process, we
spincoated a solvent containing phosphorus® and heated it
to 1000° C for 1 h in a nitrogen atmosphere. Next, an
NA45 glass AR layer (dz = 0.41 pm) was sputtered in
a gas mixture of argon and oxygen and was removed (ex-
cept for the surface of the photodetector) by a chemical
etching. Then, an SiO, second cladding (d, = 2 pm) was
sputtered under the same conditions as was the NA45
glass. Aluminum was evaporated onto this layer, and
electrode patterns were formed to be n-side electrodes
contacting with photodetectors through contact hales. A
TiO, first cladding layer was formed by an electron-beam
evaporation in a 1 X 10”*-torr oxygen atmosphere. The
thickness of this layer was changed by using a lift-off
technique for two regions: one for the waveguide region
and the other for the demultiplexer region. The thickness
at the waveguide region was 0.16 pum. In the demulti-
plexing region, we designed two thicknesses: d; = 0.30
pum for A = 0.78 um and d; = 0.36 um for A = 0.88 um,
respectively. The length of the demultiplexing region was
100 pm. Last, a 4-um thick SiO, core was sputtered, and
ridge waveguides 20-pm wide and 1.5 um of step height
were formed by chemical etching. The waveguide length
was 1.0 cm. A cross-sectional view of the waveguide and
a top view of fabricated device are shown in Fig. 9.

The experimental setup for measurement is shown in
Fig. 10. The demultiplexing characteristic was measured
by using several semiconductor lasers with different
wavelengths ranging from 0.78 to 0.89 um. The laser
beam (P = 2 mW ) with TE polarization was focused onto
the cleaved-end facet of the device. (We also tried to mea-
sure the characteristic for TM polarization. However, the
incident light could hardly be guided through the wave-
guide due to large polarization dependence of the propa-
gation loss of the ARROW [6], [8].) The demultiplexed
light radiated out to the substrate was detected by the p-n
junction on which the inverse bias voltage of 5 V was
applied. The observed light intensity was converted to the
total quantum efficiency, which is defined as the ratio of
the number of produced carriers and the number of inci-
dent photons.

20CD-P, which is made by Tokyo Ohka Kogyo Co., Ltd.
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Fig. 10. Experimental setup for measurement.

Fig. 11 shows the measured results of two devices, i.e.,
for the wavelengths of 0.78 and 0.88 um, which were
fabricated simultaneously on the same substrate. In Fig.
11(a), the peak point of the output signal appeared clearly
at A = 0.82 um for the 0.78-pum demultiplexer. In con-
trast to this, the output signal from the 0.88-upm demul-
tiplexer increased monotonously against the wavelength,
and the peak wavelength seems to have shifted to longer
than 0.9 um, as is shown in Fig. 11(b). The sensitivity of
the photodetector was measured independently by illu-
minating the photodetector surface directly. The mea-
sured quantum efficiency decreased gradually against the
wavelength, as is shown in Fig. 12. The decline of the
efficiency at A = 0.86 um seems to have been caused by
the interference of multilayer films on the surface. These
results imply that the first cladding layers in both samples
were thicker than the designed values. From the peak
wavelength, the thickness of the 0.78-um demultiplexer
was evaluated to be 0.32 um (7-percent thicker than the
designed value). Anyway, it was confirmed from these
characteristics that this device has a fundamental demul-
tiplexing function. The isolation is evaluated to be —5.4
dB when the wavelength separation is 40 nm.
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Fig. 11. Measured demultiplexing characteristics against wavelength: (a)
Designed for A = 0.78 pm; (b) designed for A = 0.88 pum.
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Fig. 12. Measured quantum efficiency of fabricated photodetector against
wavelength.

The maximum total quantum efficiency was about 1.1
percent. This small value seems to be attributed to large
coupling loss at the input end and large propagation loss
through the waveguide. The former was due to the mis-
match of field profiles between the waveguide ( cross sec-
tion was 4 X 20 um), and the focused circular spot and
was calculated to be 4.5 dB. The latter was caused by
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scattering resulting from many pinholes on the surface of
the core and some irregularities of the ridge waveguide
pattern. From the attenuation of scattered light along the
propagation axis, the waveguide loss was evaluated from
7 to 10 dB. The reduction of these losses will be possible
by introducing a novel three-dimensional ARROW using
stripe lateral confinement [12]. Low-loss single-mode
propagation, circular-spot profile, and easy fabrication
will be achieved by this waveguide structure. Taking into
account these losses and the quantum efficiency of the
photodetector shown in Fig. 12, the coupling efficiency
of the selected wavelength to the photodetector is evalu-
ated to be about 20-40 percent.

Besides these losses, the output level that is far from
the peak wavelength is higher than the theoretical value,
particularly in the wavelength region that is longer than
the peak wavelength. This seems to be caused by light
scattering from a step of the core surface, which exists at
the boundary between the waveguide region and the de-
multiplexing region. The improvement of the total quan-
tum efficiency and the isolation seems to be possible by
smoothing the surface roughness of the fabricated wave-
guide and by burying the AR layer into the substrate.

V. SUMMARY

The monolithic integration of a novel ARROW-type
demultiplexer and photodetector has been proposed and
demonstrated. The isolation between the wavelengths of
0.78 and 0.88 um was calculated to be —21.6 dB at the
optimum resonance condition. The fundamental demulti-
plexing function was observed in the 0.78-0.89-um
wavelength range, and the isolation was evaluated to be
—5.4 dB when the wavelength separation was 40 nm. This
type of device can be applied to a WDM system with
comparatively wide wavelength separatlon e.g., 1.3-and
1.55-um wavelengths.
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