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A 1.5-m nonreciprocal-loss waveguide optical isolator having improved transverse-magnetic-mode (TM-mode) isolation ratio was
developed. The device consisted of an InGaAlAs/InP semiconductor optical amplifier waveguide covered with a ferromagnetic epitaxial
MnSb layer. Because of the high Curie temperature (Tc ¼ 314  C) and strong magneto-optical effect of MnSb, the nonreciprocal
propagation of 11–12 dB/mm has been obtained at least up to 70  C. # 2008 The Japan Society of Applied Physics
DOI: 10.1143/APEX.1.022002

aveguide optical isolators that can be monolithically integrated with other waveguide devices
such as lasers and ampliﬁers are indispensable for
stable operation of photonic integrated circuits (PICs).1–6)
One promising way of producing waveguide isolators is
by making use of nonreciprocal propagation loss — a
magneto-optical phenomenon where, in an optical waveguide combined with a ferromagnetic layer, the propagation loss of light is larger in backward than in forward
propagation. On the basis of theoretical proposals,7,8) several
experiments have been reported on transverse-electric-mode
(TE-mode) and transverse-magnetic-mode (TM-mode) nonreciprocal-loss isolators at 1.3-m and 1.55-m telecommunication wavelength bands.9–14)
The authors’ group ﬁrst built a TE-mode isolator, consisting of an InGaAsP/InP semiconductor optical-amplifying (SOA) waveguide combined with a ferromagnetic Fe
layer,9) and obtained an isolation ratio of 14.7 dB/m.12)
Encouraged by this result, we then started developing a
TM-mode waveguide isolator. The key to developing the
TM isolator is the selection of an appropriate ferromagnetic
material because, in a device that operates in TM mode, the
ferromagnetic layer is also used as a contact layer for the
current injection into the SOA waveguide. Therefore, the
ferromagnetic layer has to (i) have a strong magneto-optical
eﬀect along with a large saturation magnetization and (ii)
provide a low-barrier contact for III–V semiconductors.
Ordinary ferromagnetic metals such as Fe and Co are not
suited for this purpose because they produce a Schottky
barrier on III–V semiconductors resulting in a high contact
resistance. In addition, they produce undesirable paramagnetic materials such as FeAs and CoAs at the contact
interface and, therefore, degrade the microscopic ﬂatness of
the interface.
We previously proposed using manganese–arsenide
(MnAs) as the material for the ferromagnetic layer.13,14)
MnAs is a ferromagnetic intermetallic compound with a
nickel–arsenide structure that can be grown epitaxially on
GaAs, InP, and related semiconductors.15) We fabricated
a TM-mode device with a MnAs layer and obtained the
isolation ratio of 7.2 dB/mm at a wavelength of 1.54 m.
This device was, however, unable to operate at temperatures
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Fig. 1. Schematic cross section of TM-mode waveguide optical
isolator with epitaxially-grown ferromagnetic MnSb layer.

higher than room temperature (RT) because the Currie
temperature of MnAs is only 40  C. Moreover, the isolation
ratio obtained was not large enough for certain applications.
To overcome these problems, in this paper, we have for
the ﬁrst time adopted manganese antimonide MnSb — a
ferromagnetic compound with a crystal structure identical
to that of MnAs.16,17) The Currie temperature of MnSb is
314  C, which is far higher than that of MnAs. In addition,
MnSb has a larger value of the oﬀ-diagonal element of the
dielectric tensor and a larger saturation magnetization than
those of MnAs; therefore the eﬀect of the nonreciprocal loss
phenomenon was expected to be greater.
Figure 1 schematically shows a cross section, perpendicular to the direction of light propagation, of our TM-mode
waveguide isolator at 1.55-m operation wavelength. The
device consists of a TM-mode SOA waveguide covered with
a ferromagnetic MnSb layer. The SOA waveguide consists
of an InGaAs/InGaAlAs multiple quantum well (MQW)
sandwiched between InGaAlAs guiding layers. A ferromagnetic MnSb layer covers the SOA surface, and two interface
layers (an InGaAs contact layer and an InGaAsP/InP double
cladding layer, colored in light blue in the ﬁgure) are
inserted between the two. An Au/Ti double metal layer
covers the MnSb layer, forming an electrode for current
injection into the SOA. Light passes through the SOA
waveguide in a direction perpendicular to the ﬁgure (z
direction).
To operate the device, an external magnetic ﬁeld is
applied as indicated by the arrow in the ﬁgure (x direction).
The distribution of light in the SOA waveguide extends into
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the MnSb layer to a certain penetration depth and interacts
with the magnetized MnSb layer. This produces a diﬀerence
in complex eﬀective refractive index of TM-polarized light
between the forward (þz) and backward (z) propagation;
the propagation loss is larger for backward than forward
propagation. This nonreciprocal loss is caused by the
magneto-optic transverse Kerr eﬀect. The SOA is operated
to compensate for forward propagation loss.
The SOA waveguide structure was grown on a nþ InP(100) wafer by the metal–organic vapor phase epitaxy
(MOVPE). It was composed of a bottom undoped In0:53 Ga0:23 Al0:24 As (100-nm thick) guiding layer, a MQW
active structure, an upper undoped In0:53 Ga0:23 Al0:24 As
guiding layer (100 nm), a two-layer cladding structure,
and a pþ -In0:53 Ga0:47 As contact layer (10 nm). The MQW
consisted of ﬁve undoped In0:48 Ga0:52 As wells (each 13nm thick, under 0.4% tensile-strained) and six undoped
In0:62 Ga0:1 Al0:28 As barriers (each 8-nm thick, under 0.6%
compressive-strained). Photoluminescence from the MQW
showed an emission peak wavelength of 1.54 m at RT. The
cladding layer consisted of a p-InP layer (0.25-m thick)
and a p-In0:66 Ga0:34 As0:27 P0:73 layer (0.15-m thick, absorption edge = 1.4 m). This two-layer structure gives a good
balance between optical conﬁnement in the SOA waveguide
and the extension of light into the MnSb layer.
After the formation of the SOA waveguide, a 160-nm
MnSb layer was grown on the surface of the InGaAs contact
layer using molecular beam epitaxy (MBE). The wafer was
ﬁrst heated up to 480  C under an As beam ﬂux in a MBE
chamber to remove the native oxide layer on the contact
layer. A 20-nm-thick In0:53 Ga0:47 As:Be buﬀer layer was then
grown at 450  C. The temperature was then lowered to
250  C, but the supply of the As ﬂux was continued. After
that, Mn and Sb ﬂuxes were supplied on the surface to
grow a 160-nm MnSb layer at a growth rate of 80 nm/h.
The Mn/Sb beam ﬂux ratio was 3.2. The deposition of
MnSb was ﬁnished with a ﬂat surface, as conﬁrmed by the
streaky feature of reﬂection high-energy electron diﬀraction
(RHEED) patterns. An X-ray diﬀraction pattern showed
 and [2022]
 directions and a
strong MnSb peaks in [1011]
weak Mn2 Sb peak in the [0004] direction (see Fig. 2). This
data showed that hexagonal MnSb(101) was primarily
deposited on a InGaAs(100) surface with a small amount
of Mn2 Sb coexisting with MnSb as a second phase. Details
of the growth process and characterizations of MnSb layers
on InGaAs will be reported by Ogawa and others in a
diﬀerent paper.18)
After the growth of the MnSb layer, an SiO2 layer was
deposited on the MnSb layer using magnetron sputtering,
and a 2.5-m-wide stripe window was opened using wet
chemical etching. We then used electron-beam evaporation
to deposit a 100-nm Ti layer and a 200-nm Au layer on the
surface to form an electrode. Figure 3 is a cross section of
the device observed with a scanning electron microscope.
The MnSb layer showed strong in-plane magneto-crystalline

anisotropy and was easily magnetized along the [011]
direction of the InP substrate with a saturation magnetization
of 850 emu/cm3 , which was larger than that of MnAs,
600 emu/cm3 . Therefore, we formed the waveguide stripe
parallel to the [011] direction and applied an external
 direction (x-direction in Fig. 1).
magnetic ﬁeld in the [011]
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Fig. 3. Cross sectional scanning electron micrograph of the MnSb
waveguide optical isolator.

We measured the nonreciprocal transmission of light in
the device and demonstrated that the device functioned
eﬃciently as a TM-mode optical isolator at temperatures
higher than RT. Our measurement setup consisted of a
wavelength-tunable laser with a polarization controller,
optical circulators and switches, and an optical spectrum
analyzer. The polarization-controlled light from the laser
was transferred into and out of the device by lensed ﬁbers.
The intensity of incident light and the SOA driving current
were set to 5 dBm and 80 mA. The voltage drop across the
0.6 mm-long device was 1.6 V (SOA diode drop 0.9 V plus
contact drop 0.7 V), whereas the drop across a reference
device with Fe–Ni layers instead of MnSb was 3.0 V (SOA
diode drop 0.9 V plus contact drop 2.1 V).19) This showed the
superiority of MnSb over ordinary ferromagnetic metals.
While the measurements were being done, the device was
magnetized by an external magnetic ﬁeld of 0.1 T, and
temperature was changed between 20 and 70  C using a
thermoelectric cooler.
Figure 4 shows the TM-mode transmission spectra of
the device. The wavelength of incident light was ﬁxed at
1.54 m, the gain peak wavelength of the SOA. The intensity
of the output light from the device is plotted as a function of
wavelength for forward (blue line) and backward (red line)
propagation at temperatures of (a) 20  C and (b) 70  C. The
nonreciprocity, or isolation ratio, at 70  C was 11.2 dB/mm,
which is larger than that of our previous device using MnAs,
7.2 dB/mm at 20  C. The large isolation ratio and high
temperature capability are due to the large oﬀ-diagonal
element and saturation magnetization, as well as the high
Currie temperature, of MnSb.
Figure 5 shows the temperature dependence of the
isolation ratio and the transmission intensity at 1.54 m
wavelength measured for (a) TM-polarized and (b) TEpolarized light. The device showed nonreciprocity only for
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Fig. 4. Typical transmission spectra of the fabricated device for
forward (blue line) and backward (red line) propagating 1.54-m TMlight at temperatures of (a) 20  C and (b) 70  C with 80 mA driving
current and with 0.1 T external magnetic field. The device length and
the intensity of incident light were 0.6 mm and 5 dBm, respectively.

shown in Fig. 5(a), because the TM-mode SOA waveguide
gain became smaller and its peak shifted towards the longer
wavelength side with temperature.
The forward propagation loss observed in this sample
device was rather large, as can be seen in Figs. 4 and 5.
This was so because the intrinsic propagation loss of the
device was still as large as approximately 16 dB at RT after
subtracting the loss due to lensed-ﬁber coupling in the
measurement system (12.5 dB/facet  2), and the output
coupler loss (3 dB). The TM-mode optical gain in the SOA
waveguide, approximately 15 dB/mm, was insuﬃcient to
compensate the intrinsic propagation loss. We are currently
working on two ways to reduce the intrinsic loss of devices.
One is to improve the gain in the SOA waveguide by
increasing the number of wells in the MQW region. The
other is to reduce the propagation loss due to diﬀraction by
incorporating a strong index guiding of a ridge waveguide
structure.
In summary, we fabricated a MnSb/InGaAlAs/InP
waveguide optical isolator for the ﬁrst time. The high
Curie temperature and strong magneto-optical eﬀect of
MnSb produced a large optical isolation of 12 dB/mm at
20  C and 10 dB/mm or greater at 70  C.

-20
70

Device temperature [°C]

(b)

Fig. 5. Transmission intensities at 1.54-m wavelength as functions
of device temperature measured for (a) TM and (b) TE modes, under
driving current of 80 mA and external magnetic field of 0.1 T. Derived
Isolation ratios are also plotted.

the TM mode. The isolation ratio for the TM mode was
11–12 dB/mm over the temperature range between 20
and 70  C, whereas it was less than 1 dB/mm for the TE
mode. The transmission intensity for the TM-polarized light
gradually decreased with an increase in temperature, as
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