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Thermal annealing of magneto-optical (Cd,Mn)Te waveguides for optical
isolators with wider operational wavelength range
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We obtained significant improvement of magneto-optical performance by thermal annealing of the
graded-index Cd;_Mn,Te waveguide. For a waveguide annealed at 425 °C, complete mode
conversion was achieved in a wavelength range between 710 and 735 nm, which is an expansion of
more than eight times that of a waveguide without annealing. The annealed waveguide also showed
very low optical loss of 0.2 dB/cm and a high magneto-optical figure-of-merit of more than
1000 deg/dB/kG. In addition, an isolation ratio of more than 20 dB was obtained at A
=715-735 nm in magnetic fields, H=1.6—5.1 kG. This result is an important step toward achieving
a practical integrated optical isolator. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.2037196]

The optical waveguide isolator is an important compo-
nent in advanced fiber communication systems. In high-bit-
rate optical networks, isolators are used to stabilize laser di-
odes by protecting them from unwanted light reflections
running back on the line. The operation of the isolator uses
the inherent time-inversion asymmetric dielectric function
exhibited by the magneto-optical materials. In the present
optical networks, oxide crystals of iron garnet such as
Y;FesO,, and (GdBi);Fes0,, are used as magneto-optical
material for optical bulk isolators.' Most of the active op-
tical elements of such isolators, laser diodes, modulators, op-
tical amplifiers, and optical gates are grown on semiconduc-
tor substrates; therefore, integrating all of these
monolithically on the same substrate is desirable. However,
because the growth of the oxide crystals on semiconductor
substrate is impossible,4 alternative magneto-optical materi-
als are highly desired for future semiconductor optoelectron-
ics devices. In this letter, we discuss another promising
magneto-optical material for optical isolators, a diluted mag-
netic semiconductor (DMS) of Cd;_ Mn,Te.

Cd,;_,Mn,Te is an attractive magneto-optical material for
integrating optical isolators and circulators. Cd;_ Mn,Te has
several merits for integration. It can be grown epitaxially on
GaAs or InP substrate; it is transparent, and it exhibits a large
Faraday effect near its absorption edge due to the strong
exchange interaction between the sp-band electrons and the
localized d electrons of Mn ions.’ Furthermore, a
Cd;_,Mn, Te magneto-optical waveguide would be compat-
ible with AlGalnP:GaAs optoelectronic devices operating in
a wavelength range of 600 to 800 nm. For longer
wavelength  (A=800-1600 nm) optoelectronic devices,
Cd,_,_,Mn,Hg,Te can be used.®” A high magneto-optical
mode conversion ratio between transverse electric (TE) and
transverse magnetic (TM) waveguide modes is indispensable
for fabricating a waveguide isolator with high performance.8
Recently, we successfully attained a complete mode conver-
sion ratio in a Cd;_Mn,Te waveguide with a graded-
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refractive-index structure.” However, the operational
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wavelength range was only about 3 nm with a mode conver-
sion ratio larger than 98% and a isolation ratio more than
20 dB. To achieve a waveguide isolator for the practical use,
obtaining a high-mode conversion ratio and high-isolation
ratio in a wider wavelength range more than 20 nm is desir-
able. For this purpose, we have investigated the influences of
the post-growth annealing of the Cd;_,Mn,Te waveguide on
the mode conversion ratio. In this letter, we also report the
low optical propagation loss, high magneto-optical figure-of-
merit, and isolation effect of the annealed Cd,_ Mn, Te wave-
guide.

Cd;_,Mn,Te waveguides are grown on epi-ready GaAs
(001) substrates with a molecular beam epitaxy (MBE) sys-
tem using high-purity (6N) elemental sources of Mn, Zn, Cd,
and Te. The optimum growth conditions and the structure of
the waveguide are described elsewhere.'*"! Previously we
showed that graded-refractive-index clad layers are impor-
tant for the Cd,_,Mn, Te waveguide because the smaller step
difference of the refractive index between the core and
graded layers reduces the phase mismatch between TE and
TM modes and increases the mode conversion.”" For the
present study, several Cd;_Mn,Te waveguides with
1 wm-thick core layer (x=0.225) and 5000 A-thick graded-
refractive-index (x=0.225-0.26) layers were grown at the
substrate temperature of 300 °C. After the growth, samples
were annealed in the MBE chamber by increasing the sub-
strate temperature between 400 °C and 450 °C under Cd
flux for 5 minutes, typically. From optical reflection mea-
surements, the band gap of the waveguide core layer was
estimated to be 690 nm for the waveguide without annealing.
On the other hand, the band gap was slightly changed to
685 nm for the annealed waveguide indicating that the Mn
concentration in the core layer increased due to Mn diffusion
in the core-graded layer during annealing.

Figure 1(a) illustrates the experimental set up we used to
evaluate the optical propagation loss and the TE-TM wave-
guide mode conversion ratio. A GaP prism was used to
couple the laser light from a tunable Ti:sapphire laser (A
=680-800 nm) into the Cd,_,Mn,Te waveguide. A CCD TV
camera detected the light scattered from the film surface. A
linear polarizer was placed in front of the TV camera with its
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FIG. 1. (a) Experimental set up used to evaluate optical propagation loss
and the magneto-optical TE-TM mode conversion. Spatially modulated light
streak for TM-mode excitation at A=710 nm (b) and A=725 nm (c) under
magnetic field 5.5 kG of the Cd,_Mn,Te waveguide annealed at 425 °C.
(d) Mode conversion ratio as a function of light propagation length at \
=710 nm (triangles) and N=725 nm (circles).

polarization axis perpendicular to the light propagation direc-
tion. To evaluate the magneto-optical TE-TM waveguide
mode conversion, a magnetic field up to 5.5 kG was applied
parallel to the light propagation direction. We observed a
light streak with a periodically modulated intensity due to the
effect of Faraday rotation on both the TE- and TM-mode
excitations. Figures 1(b) and 1(c) present images of the spa-
tially modulated light streak for two different wavelengths,
A=710 nm (b) and A=725 nm (c) at H=5.5 kG under the
TM-mode excitation of the Cd;_ ,Mn, Te waveguide annealed
at 425 °C. The period of the oscillation was shorter for the
wavelength closer to the band gap of the core layer [Fig.
1(b)] because the Faraday rotation was larger.12 Figure 1(d)
shows the intensity for those two modulated streaks as mea-
sured along the light propagation length. As shown in Fig.
1(d), the mode conversion ratio reached to the maximum
(100%) for both wavelengths, A=710 nm (triangles) and X\
=725 nm (circles). The solid line of Fig. 1(d) was fitted by
an equattion13 that describes the relation of the mode conver-
sion ratio, the Faraday rotation, and the mode phase mis-
match. According to the equation, to increase the mode con-
version ratio, the Faraday rotation should be increased and
the mode phase mismatch should be reduced.

Figure 2 shows the maximum mode conversion ratio as a
function of wavelength at H=5.5 kG for the Cd;_Mn,Te
waveguide annealed at 425 °C (solid circles) and the wave-
guide without annealing (open circles). The complete mode
conversion obtained for only a 3-nm wavelength range
(725 to 728 nm) for the waveguide without annealing. On
the other hand, the complete mode conversion obtained for
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FIG. 2. Maximum mode conversion ratio as a function of wavelength of
Cd,_,Mn,Te waveguide without thermal annealing (open circles) and with
annealing at 425 °C (solid circles).

the waveguide annealed at 425 °C was between 710 and
735 nm. Annealing expanded the operation wavelength
range by more than eight times. To the best of our knowl-
edge, this is the best result to date for the complete mode
conversion of a DMS waveguide. We also observed an im-
provement in the complete mode conversion ratio for the
annealing temperatures between 400 °C and 450 °C. Figure
3(a) shows the operation wavelength range for the complete
mode conversion at five different annealing temperatures
400 °C, 415 °C, 425 °C, 440 °C, and 450 °C, in addition to
an as-grown temperature of 300 °C. The operation wave-
length range depended on the annealing temperature. The
best annealing temperature was 425 °C where the operation
wavelength range was enhanced up to 25 nm. Analyses
showed that the annealing reduced the absolute value of the
phase mismatch between TE and TM modes, and this in-
creased the mode conversion ratio. On the other hand, the
annealing did not change the Faraday coefficient. Figure 3(b)
shows the phase mismatch as a function of wavelength for
the Cd,_,Mn,Te waveguide with annealing (circles) and
without annealing (squares). The value of the phase mis-
match was reduced to less than 100 deg/cm for the annealed
waveguide, and this value is five times smaller than that of
the waveguide without annealing. This result indicates that
the annealing redistributed Mn atoms along the waveguide
thickness to give it a smoother refractive index distribution.
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FIG. 3. (a) Operational wavelength range for the complete mode conversion
at five different annealing temperatures from 400 °C to 450 °C including
the as-grown temperature of 300 °C. (b) Phase mismatch of the Cd,_Mn,Te
waveguide with annealing at 425 °C (circles) and without annealing
(squares).
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FIG. 4. (a) Isolation ratio as a function of magnetic field at N=715 nm
(triangles) and A=730 nm (circles). (b) Maximum isolation as a function of
wavelength.

During annealing, Mn atoms diffuse out of the core layer to
the graded-index layer. A similar phenomenon was reported
in CdTe/CdMnTe quantum well systems where thermal an-
nealing induced interdiffusion between the well and the bar-
rier material."* In Cd;_Mn,Te waveguides, the refractive in-
dex distribution is homogeneous within the graded-index
layer as a result of annealing. Thus, annealing plays a sig-
nificant role in reducing the mode phase mismatch and en-
hances the mode conversion ratio for a wider wavelength
range. These annealed waveguides also showed a very low
optical loss of 0.2 dB/cm. Because the Cd,_Mn,Te wave-
guide exhibited a high Faraday effect of 2000 deg/cm at
5 kG, we obtained the high magneto-optical ﬁgure-of—merit6
of more than 1000 deg/dB/kG at A=715-750 nm.

Figure 4 shows the isolation ratio as a function of mag-
netic field and wavelength of Cd;_,Mn,Te waveguide an-
nealed at 425 °C. A high isolation effect can be achieved for
a waveguide with high magneto-optical mode conversion
ratio.'”> We define isolation ratio as the difference between
forward and backward transmission of the two-prism
coupling.® Figure 4(a) shows the isolation data at A\
=715 nm (triangles) and A=730 nm (circles) for the light
propagation length, /=3 mm. The isolation peaks at the 45°
Faraday rotation shifted to a higher magnetic field for a
shorter wavelength as indicated by the up arrows. At A\
=715 nm, the maximum isolation ratio of 23 dB was ob-
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tained at a 45° Faraday rotation in 5.1 kG. On the other hand,
at A=730 nm, the isolation ratio showed the maximum of
23 dB at 1.66 kG and the minimum, —3 dB, at 4.8 kG. This
corresponds to the 45° and 45° +90° of the Faraday rotation,
respectively. Because Cd;_Mn,Te is a paramagnetic mate-
rial and its Faraday rotation coefficient is linearly propor-
tional to the applied magnetic field, different peak of the
isolation ratio appeared in different magnetic fields. Figure
4(b) shows the maximum isolation as a function of wave-
length. The maximum isolation was extracted from the 45°
Faraday rotation and appeared in the magnetic fields
1.6-5.1 kG. The value of the isolation ratio varies between
20 to 23 dB for the wavelength, A\=715-735 nm. These re-
sults indicate that a Cd,_,Mn,Te waveguide isolator can de-
liver a high isolation ratio.

In conclusion, thermal annealing of a graded-index
Cd,_Mn, Te waveguide was found to be very effective for
attaining the complete mode conversion in a wider wave-
length range. The annealing enhanced the operational wave-
length range up to 25 nm, and an isolation ratio more than
20 dB was achieved at A=715-735 nm. This highly efficient
annealed Cd,_Mn,Te waveguide demonstrates the feasibil-
ity of monolithically integrating of an optical isolator with
other semiconductor optoelectronic devices.
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