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We have experimentally studied the birefringence of wurtzite GaN grown on a sapphire substrate.
The measurements were done with single-mode GaN/AlGaN planar optical waveguides on c-plane
grown heterostructure films. The refractive indices were found to be different for signal optical field
perpendicular or parallel to the crystal c axis (n⬜ ⫽n 储 ). More importantly, we found an
approximately 10% change in index difference ⌬n⫽n 储 ⫺n⬜ with variation of the waveguide
orientation in the a – b plane, and a 60° periodicity was clearly observed. This is attributed to the
hexagonal structure of nitride materials. © 2003 American Institute of Physics.
关DOI: 10.1063/1.1606103兴

Wide band gap III-nitride semiconductor material plays
an increasingly important role in the development of light
emitting devices in the blue and ultraviolet wavelength
regions.1–3 In addition, with the rapid advancement of photonic integrated circuits, III-nitride optical waveguide devices have also been suggested for application in long wavelength optical communication windows as switchable optical
phasors.4 In both applications, the refractive index of the
material is a critical parameter in waveguide design and device performance. The birefringence of GaN films grown on
sapphire substrates has been reported5 where a refractive index change of approximately 4% was observed in the long
wavelength region 共around 800 nm兲 when the signal polarization was switched from perpendicular to parallel to the
crystal c axis.6 On the other hand, the crystal lattice of GaN
has a hexagonal configuration on the plane (a – b plane兲 perpendicular to the c axis. It has been shown that the efficiency
of optical emission changed periodically when the optical
propagation direction was varied in the a – b plane.7 Since
this anisotropic emission efficiency is caused by the wurtzite
structure of the crystal lattice, anisotropy of the refractive
index in the a – b plane may also exist. This later effect is
especially important for passive optical waveguide design. In
this work, we investigate the birefringence in single-mode
GaN/AlGaN optical waveguides operating in the 1550 nm
optical communication wavelength region. We demonstrate
that the refractive index not only depends on the signal polarization states 共parallel or perpendicular to the c axis兲, it
also depends on the direction of optical propagation in the
a – b plane.
In order to perform this investigation, single-mode
ridged optical waveguides were designed by a beampropagation method 共BPM兲 simulation tool. Figure 1 shows
schematically the cross section of the optical waveguide designed based on the GaN core, Alx Ga1⫺x N cladding and a
sapphire substrate. According to our BPM simulation, this
waveguide is single mode for ⬎1.1 m. The waveguide
a兲
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structure was grown by metalorganic chemical vapor deposition 共MOCVD兲 on the c plane of sapphire. A 4-m-thick
epitaxial film of Alx Ga1⫺x N (x⫽0.03) was grown first followed by a 3-m-thick GaN film deposited on top of the
Alx Ga1⫺x N layer. Then optical waveguides were fabricated
by photolithographic patterning and inductively coupled
plasma 共ICP兲 dry etching. According to the design, the etching depth is controlled at approximately 2.8 m and the
waveguide width is 3 m. In order to investigate the birefringence effect as a function of the wave propagation direction, a number of waveguide samples were prepared each
with a different orientation angle  with respect to the a axis
in the a – b plane. The lengths of the waveguide samples
ranged from 1.5 to 3 mm. The waveguide end surfaces were
cut so as to be perpendicular to the propagation direction G.
Our experiment was based on measurement of the
Fabry–Pérot 共FP兲 interference caused by Fresnel reflections
from the two end facets of the waveguide. The effective refractive index can be precisely determined by measurement
of the FP transfer function. To characterize these waveguide
samples, a fiberoptic setup operating in the 1550 nm wavelength region was used. An erbium-doped fiber amplifier

FIG. 1. Schematic illustration of the waveguide cross section and wave
propagation direction G with respect to the GaN crystal structure in Cartesian coordinates (c⬜a⬜b). Waveguide orientation angle  is defined as the
angle between G and a the a – b plane.
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FIG. 2. Measured 共closed circles兲 and calculated 共continuous lines兲 optical transfer functions with the input optical field perpendicular 共trace 1兲, parallel 共trace
3兲 and 45° from 共trace 2兲 the crystal c axis.

共EDFA兲 without optical signal input was used in this measurement and it provides wideband amplified spontaneous
emission 共ASE兲. To evaluate the polarization effect, a fiberoptical polarizer was used immediately behind the wideband ASE source and a polarization controller was inserted
behind the polarizer to adjust the signal polarization before it
is injected into the waveguide sample. Optical coupling at
the input and the output of the waveguide was accomplished
by using tapered single-mode fibers with 6 m working distance and a 2.5 m spot size of focus. Each tapered fiber end
was mounted on a five-dimensional precision positioning
stage to optimize the optical coupling efficiency. An optical
spectrum analyzer was used to measure the ASE optical
spectrum after it passed through the optical waveguide
sample. Then the transfer function of the optical waveguide
can be obtained by comparing the output spectrum with that
at the input.
Figure 2 shows an example of the measured optical
transfer functions on a waveguide sample. This particular
waveguide is oriented at an angle of ⫽15° with respect to
the a axis of the crystal. The three traces in Fig. 2 represent
the transfer functions measured at three different optical signal polarization states. Trace 1 has the input optical signal
polarized perpendicular to the c axis while trace 3 has the
signal parallel to the c axis. The average values of the transfer functions shown were intentionally shifted ⫾0.8 dB for
the purpose of better display. Regular FP-like transfer functions are clearly seen in both of these two traces with only a
slight difference in their period. Despite some minor contrast
variations caused by the random noise and mechanical vibrations in the measurement setup, these two measured traces
can be numerically fit by a normalized FP transfer function:

is the effective roundtrip power loss of the waveguide including mirror loss at the waveguide end surface due to
Fresnel reflection and facet tilt caused by the cutting error. In
practice, the facet tilt reduces the effective reflectivity and
thus reduces the contrast in FP fringes in the experiments.  0
is an initial phase and n eff is the effective refractive index of
the waveguide, which can be determined by best fitting between the measured and the calculated FP fringe period.
Strictly speaking, the effective index obtained by this measurement is the group index because the dispersion effect is
automatically included. However, since the measurement
was performed in the 1550 nm wavelength region, which is
far from the material band gap, the dependence of the refractive index on the wavelength is very weak. In fact, within a
10 nm measurement wavelength region in the vicinity of
1550 nm, the index change is less than 10⫺4 共Ref. 4兲 so the
dispersion effect is neglected in this letter.
If we consider the effect of birefringence, the effective
refractive index is n eff⫽n⬜ if the optical field is perpendicular to the material’s c axis and n eff⫽n储 when the field is
parallel to the c axis, where generally n⬜ ⫽n 储 . The solid
lines in Fig. 2 are numerical fits using Eq. 共1兲. To obtain the
best fit to the transfer functions measured 共closed circles兲 of
traces 1 and 3, refractive indices of n 储 ⫽2.357 and n⬜ ⫽2.315
were used and thus the value of the birefringence is ⌬n
⫽(n 储 ⫺n⬜ )⫽0.042 in this particular case. In order to exclude
birefringence which may be caused by the waveguide structure, a separate vectorial BPM simulation was performed by
solving the Maxwell equations and computing both ⬜ and 储
and G field components. The calculated results indicated that
with the waveguide design shown in Fig. 1, the index difference between ⬜ and 储 polarization components induced by
⫺1
4  L 共 n eff⫾⌬n/2兲
2
the
waveguide structure, is less than 10⫺5 , which is three
⫹0
,
T 共  兲 ⫽ 1⫹R ⫺2R cos

orders of magnitude lower than the measured birefringence.
共1兲
Therefore, this ⌬n value of 0.042 obtained in the measurement
is predominantly caused by material birefringence.
where L⫽2.31 mm is the waveguide length, which is meaTrace
2
in Fig. 2 was obtained by splitting the input optical
sured by moving the waveguide under a microscope using a
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FIG. 3. Measured birefringence ⌬n⫽(n 储 ⫺n⬜ ) vs waveguide orientation
angle  in the a – b plane 共closed squares兲. The continuous line is a sinusoid
fit using ⌬n⫽0.042 75⫺0.005 45 cos共6兲 where  is in deg.

the ripple amplitude of the FP transfer function has a null at
1551.2 nm. This was because  phase walkoff between the
transverse electric 共TE兲 and the transverse magnetic 共TM兲
polarization components happened at that wavelength, and it
can be verified by a careful comparison between trace 1 and
trace 3 in Fig. 2. We were also able to find multiple nulls in
each FP transfer function by enlarging the measurement
wavelength coverage. The birefringence can then be easily
determined by
⌬n⫽ 20 / 共 2L⌬ 兲 ,

共2兲

where  0 is the average wavelength used in the measurement
and ⌬ is the difference in wavelength between the adjacent
nulls in the transfer function.
A more systematic measurement was then performed by
measuring a number of waveguide samples which are oriented at angles of ⫽0°, 15°, 30°, 60°, and 90°, with respect
to the a axis. Figure 3 shows the measured birefringence
versus the waveguide orientation angle . The birefringence
value ⌬n changed more than 10% by varying the waveguide

orientation angle and, in addition, 60° periodicity was clearly
observed. The continuous curve in Fig. 3 is a sinusoid fit
using ⌬n⫽0.042 75⫺0.005 45 cos共6兲. This anisotropy is
most likely caused by the hexagonal crystal structure of
GaN. Although the periodic variation of ⌬n in the a – b
plane is measured in infrared wavelengths, we believe this
60° periodicity in ⌬n variation also exists in wavelength
regions near the band edge, where the periodic emissionefficiency variation versus angle  in the a – b plane has already been reported.7
In summary, we have studied the birefringence of GaN/
AlGaN planar optical waveguides grown on a sapphire substrate. We have demonstrated that the refractive index not
only depends on the signal polarization states parallel or perpendicular to the c axis, it also depends on the direction of
optical propagation in the a – b plane. Periodicity of 60° was
found for the birefringence change versus the waveguide orientation. This is attributed to the wurtzite structure of GaN
crystals.
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