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A Low-Cost Edge-Illuminated Refracting-Facet
Photodiode Module with Large Bandwidth

and High Responsivity
Hideki Fukano, Member, IEEE,and Yutaka Matsuoka, Member, IEEE

Abstract—We have demonstrated a low-cost, high-speed and
high-responsivity photodiode module utilizing an edge-illumi-
nated refracting-facet photodiode (RFPD), in which the incident
light parallel to the up-side surface is refracted at an angled
facet and absorbed in a thin absorption layer. Since the incident
light refracted at an angled facet penetrates at a definite angle to
the absorption layer, the absorption length is effectively longer,
resulting in high responsivity. In addition, since the RFPD chip
has a large tolerance to optical-axis misalignment, the module can
be produced with a simple single-lens alignment configuration,
which enables low-cost fabrication. The fabricated RFPD module
has a large-bandwidth (38 GHz) and high-responsivity (1 A/W).
The measured polarization dependence of responsivity is less than
0.2 dB at a wavelength of 1.55 m.

Index Terms—InGaAs, InP, optical receiver, photodetectors,
photodiodes.

I. INTRODUCTION

BOTH ultrahigh-speed time-division multiplexing (TDM)
and wavelength-division multiplexing (WDM) have been

extensively investigated for ultrahigh-capacity optical commu-
nications and total capacities exceeding 1 Tb/s have been re-
ported [1]–[10]. Low-cost and high-speed optical modules are
especially important for WDM systems, which need many chan-
nels (ranging from several tens to over 100 channels) as well as
a very high channel bit rate (ranging from 2.5 to 10 Gb/s in the
commercial field and from 10 to 200 Gb/s in the research field).
The cost of optical modules could be reduced by simplifying
the alignment configuration of the optical axis and reducing the
number of optical components such as lenses [11]. A photodiode
(PD) with a large optical axis misalignment tolerance would be
the most effective way to keep costs low. High-speed opera-
tion is possible by reducing the carrier transit time by using a
thinner absorption layer. A multimode waveguide structure pho-
todiode (WGPD) has been developed, with reportedly excellent
characteristics [12], that has a thin absorption layer and high re-
sponsivity. Because its optical axis misalignment tolerance for
vertical direction is principally determined by the thickness of
the core layers, the tolerance is not so large, resulting in a high
module packaging cost. An edge-illuminated refracting-facet
photodiode (RFPD) (in which the incident light that is parallel
to the top surface is refracted at an inwardly angled facet and
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Fig. 1. Schematic cross-sectional view of the fabricated RFPD.

then absorbed in an absorption layer) is very attractive because
it provides a large optical axis misalignment tolerance [13]. In
addition, since the refracted light pass through the absorption
layer at a set angle, the absorption length effectively increases.
This makes it possible to decrease the absorption layer thickness
while keeping responsivity high, resulting in a high operating
speed.

In this paper, we describe a successfully fabricated low-cost
RFPD module. In Section II, we outline the structure and fabri-
cation of the device. The characteristics of the fabricated RFPD
chips are shown in Section III. The modules were produced
using a single-lens alignment configuration made possible by
their large tolerance to optical misalignment. The module char-
acteristics are described in Section IV. The fabricated RFPD
module has a large 3-dB bandwidth of 38 GHz and high respon-
sivity of 1 A/W. The polarization dependence of responsivity
for a 1.55- m-light wavelength was estimated to be less than
0.2 dB.

II. RFPD STRUCTURE AND FABRICATION

A schematic cross-sectional view of the fabricated RFPD
is shown in Fig. 1. The light that is parallel to the up-side
surface of the RFPD is refracted at an inwardly angled facet
with a mesa angle of . According to Snell’s law, the re-
fracted light passes through the absorption layer at a certain
angle and is absorbed simultaneously. Therefore, the ab-
sorption length effectively increases by an extension factor
of . This results in an increase in internal quantum
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efficiency. In other words, high responsivity is possible even
though the absorption layer thickness is decreased to gain
high operating speed from a reduced carrier transit time.
Fig. 2 shows calculations for the relationship between the
responsivity at a 1.55-m light wavelength and the mesa
angle of the RFPD with a 1-m InGaAs absorption layer.
For the calculations, it was assumed that the absorption of
1.55- m light can be expressed in an exponential formula
with an absorption coefficient of 0.68m in InGaAs [14].
It was also assumed that all the photogenerated carriers be-
came photocurrents and the facet had an antireflection coat.
In addition, only the light refraction at the interface of each
layer was taken into account using the refractive index of
3.17 for InP, 3.31 for InGaAsP, and 3.59 for InGaAs. Also
shown in Fig. 2 are the calculated results based on the as-
sumption that the p-metal electrode reflects light in a given
reflection ratio and the light is reflected symmetrically off
the metal surface. Even with no light reflection at the p-metal
electrode, a responsivity of 0.85 A/W was estimated at a
of 55 . This is about 1.4 times larger than the value from
the top surface illuminated PD (0.62 A/W) and a further
increase in responsivity would be expected when light re-
flection at the p-metal electrode occurs.

Another important feature is that the misalignment tolerance
of the optical axis in the vertical direction is not determined
by the thickness of the absorption layer, as in the waveguide
photodiodes, but by its length. Therefore, a large misalignment
tolerance can be achieved by designing a long absorption region
according to the level of tolerance required.

The epitaxial layer shown in Fig. 1 is a so-called pin structure,
which consists of an undoped 1-m InGaAs absorption layer
sandwiched between p-semiconductor layers [p-InGaAs cap/p-
InP/p-InGaAsP (bandgap wavelength m)] and an
n-semiconductor layer [n-InGaAsP (bandgap wavelength

m)]. The mesa of the absorption region was defined by
dry etching. The size of the absorption region was 14m wide
and 20 m long. After forming the p- and n-electrodes, mesa
formation of the angled facet was carried out. To fabricate the
angled facet, we utilized the feature that a (111)A plane is pro-
duced with an angle of 5444′ in the (001) surface of InP by
anisotropic chemical etching. Finally, the incident facet was an-
tireflection coated with SiN film.

III. RFPD CHIP CHARACTERISTICS

It is expected that thin absorption layer, with which a high re-
sponsivity can be achieved at the RFPD, leads low-bias-voltage
operation. The responsivity of the fabricated RFPD coupled
with a 1.7- m spot-size ( m) light was measured at
a wavelength of 1.55m as shown in Fig. 3. The responsivity
reached as high as 1 A/W with almost no bias dependence.
From Fig. 2, light reflection was thought to have occurred
at the p-metal electrode and was estimated to be about 50%.
As expected, this RFPD provided high responsivity due to in-
creased effective absorption length. The measured responsivity
curves for the fabricated RFPD is shown for the horizontal

direction in Fig. 4(a) and for the vertical direction in
Fig. 4(b). The horizontal and vertical misalignment tolerances

Fig. 2. Dependence of calculated responsivity on the mesa angle.

Fig. 3. Measured responsivity dependence on the bias voltage.

for 1 dB down are as large as 13.4 and 3.3m, respectively.
Fig. 4(c) shows the measured misalignment tolerance curve
for the longitudinal direction. The 1-dB-down tolerance
was as large as 17.5m. Although the tolerance curve for the

direction has symmetric characteristics, those forand
directions have asymmetric characteristics. By simulating the
beam propagation, we concluded that the dominant reason for
the asymmetry was due to the finite area of the angled facet.
When the position of the light position is moved, a part of the
light beam falls outside the angled facet area, resulting in the
asymmetric decrease in responsivity. Therefore, increasing
the area of the angled facet should produce nearly symmetric
characteristics and increase the tolerance to misalignment.

The small signal frequency responses of the fabricated
RFPD’s were measured using a lightwave component analyzer
(HP-83 467C) up to 50 GHz. Fig. 5 shows the frequency
response at different bias voltages. The 3-dB-down frequency
( ) dependence on the bias voltage is shown in
Fig. 6. The increased with increase in bias voltage and
tended to saturate at a over 3 V. An of 32 GHz was
obtained at a of 5 V. Although the dc responsivity was
not bias dependent, was bias dependent in the low
region. To clarify the reasons of this, capacitance dependence
on was measured using an LCR meter ( Fig. 7). Since
the capacitance was almost constant at a above 0.5 V,
the absorption layer was depleted at a of 0.5 V. This
means that the CR time constant was almost unchanged at a
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(a)

(b)

(c)

Fig. 4. Misalignment tolerance curves of the fabricated RFPD for: (a)
horizontal(X), (b) vertical(Y ), and (c) longitudinal(Z) directions.

over 0.5 V. Nevertheless, increased with increase
in from 0.5 to 3 V. This fact suggests that this change of

was determined by the carrier transit time. Therefore, this
RFPD chip had to be biased above 3 V to ensure a high-speed
operation.

IV. RFPD MODULE CHARACTERISTICS

High-speed waveguide photodiode modules require a
double-lens alignment configuration due to their small mis-
alignment tolerance, but this RFPD module can be produced
with a single-lens alignment configuration because its mis-
alignment tolerance is large. This enables low-cost module

Fig. 5. Frequency response of the fabricated RFPD chip at different bias
voltages.

Fig. 6. 3-dB-down bandwidth (f ) dependence on the bias voltage (V ).

Fig. 7. Measured capacitance dependence on the bias voltage (V ).

fabrication. A photograph of the module is shown in Fig. 8. It
has a small body, 22 mm wide15 mm long 14 mm high,
and a single mode fiber with an SC optical connector. The
optical parts were spot-welded to the module block using a
YAG laser to give high reliability. An electrical signal from the
chip travels through the bonding wire to a ceramic waveguide
and is outputted through a K-connector.

Fig. 9 shows the module responsivity distribution of 17 fab-
ricated modules. Most of modules have a responsivity ranging
from 0.8 to 1 A/W. This clearly demonstrates that the misalign-
ment tolerance of the fabricated RFPD’s is large enough to con-
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Fig. 8. The fabricated RFPD module.

struct modules with a single-lens alignment configuration. Fig.
10 shows the small signal frequency response of an fabricated
RFPD module at a of 5 V. An of 38 GHz was ob-
tained. The was slightly larger than that in the RFPD chip
shown in Fig. 5 and the response sharply decreased at a fre-
quency above 42 GHz, probably because of the weak peaking
characteristics caused by inductance at the bonding wire.

A low polarization dependence of responsivity is usually
required for photodetectors used in optical communication
systems. The polarization dependence of the fabricated RFPD
module was measured. Light from the wavelength variable
source was fed into the RFPD module through an HP8169A
polarization controller composed of a polarizer, a quarter-wave
plate, and a half-wave plate. The polarization dependence of
responsivity (PDR) was calculated using the maximum and
minimum responsivity measured by changing the polarization
state. The measured PDR versus the illuminated light wave-
length , which ranged from 1.53 to 1.565m, is shown in
Fig. 11. Although the PDR slightly increased with increase in
wavelength, the absolute value was low; the measured PDR
was less than 0.2 dB at aof 1.55 m. It should be noted that
the measurement system had an ambiguity of about 0.2 dB be-
cause of the polarization dependence of the inserted attenuator
and isolator. An intensity fluctuation in both the polarization
controller during quarter- and half-wave plate rotation and the
wavelength variable source also contributed to the ambiguity.
Therefore, the actual PDR of the RFPD module may be lower
than the above results. The results indicate, however, that the
measured PDR is sufficiently low for using this RFPD module
in optical communication systems.

V. SUMMARY

We have developed a low-cost, high-speed, and high-re-
sponsivity photodiode module utilizing an edge-illuminated
refracting-facet photodiode (RFPD). Since the incident light
refracted at an angled facet penetrates at a definite angle to the
absorption layer, the absorption length is effectively longer,
resulting in a higher internal quantum efficiency. Therefore,
high responsivity can be ensured even when the absorption
layer is made thinner to gain a high operating speed from a
reduced carrier transit time. Another advantage of the RFPD is
that the misalignment tolerance of the optical axis in the vertical

Fig. 9. Module responsivity distribution of 17 fabricated modules.

Fig. 10. Frequency response of a fabricated RFPD module at a bias voltage of
5 V.

Fig. 11. Measured polarization dependence of responsivity (PDR) versus
illuminated-light-wavelength ranging from 1.53 to 1.565�m.

direction is determined not by the thickness of the absorption
layer, as in waveguide photodiodes, but by its length. There-
fore, a large misalignment can be tolerated. This enables the
RFPD module to be constructed with a single-lens alignment
configuration, which reduces the number of optical alignment
processes and the number of optical components, resulting in a
low-cost module. The RFPD module has a responsivity as high
as 1 A/W for 1.55- m-wavelength light and a 3-dB bandwidth
as large as 38 GHz. The measured polarization dependence
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of responsivity is less than 0.2 dB at a 1.55-m wavelength.
The low cost RFPD module with these excellent characteristics
should play an important role in developing large-capacity
photonic networks.
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