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The authors investigate the in-plane optical polarization properties of �11̄00�-oriented �M-plane�
GaN films on �-LiAlO2�100� substrates by transmittance anisotropy spectroscopy �TAS�. This
technique is sensitive to the difference in the transmittance between light polarized parallel and
perpendicular to the c axis of GaN, which for M-plane GaN lies in the film plane. The TAS spectrum
exhibits a clear resonance in the vicinity of the fundamental bandgap. Simulations demonstrate that
this resonance directly reflects the polarization-dependent shift of the bandgap. The zero crossings
of the differential TAS spectrum are shown to be a measure for the polarization-dependent transition
energies. © 2007 American Institute of Physics. �DOI: 10.1063/1.2824841�

Group-III nitride semiconductor films of nonpolar orien-

tations, such as M-plane �11̄00� and A-plane �112̄0� films, as
indicated in the inset of Fig. 1�a�, are promising candidates
for optoelectronic device applications. The absence of large
piezo- and pyroelectric fields in group-III nitride quantum
wells grown with such orientation1 has opened up the possi-
bility of producing highly efficient2–5 and polarized6 light
emitters, including lasers.7–9 M-plane films have also been
used for realizing novel devices such as polarization-
sensitive photodetectors,10 very narrow-band photodetection
configurations,11 and Bragg-reflector-based polarization
switches.12 M- and A-plane films, typically grown on
LiAlO2, sapphire, and SiC, experience strain values of dif-
ferent magnitudes along directions parallel ��� and perpen-
dicular ��� to the c axis of GaN, which for M- and A-plane
GaN lies in the film plane. This anisotropic strain can dras-
tically modify the polarization selection rules for interband
transitions, resulting in large polarization-dependent shifts of
the corresponding bandgaps. Therefore, the characterization
of these interband transitions in terms of their energies and
polarization selection rules is vitally important for the devel-
opment of polarization-sensitive devices.

For this type of characterization, polarized
transmittance,13 reflectance,14 and photoreflectance15 spec-
troscopy have been utilized, each requiring two measure-
ments with the electric field E�c and E �c. Reflectance an-
isotropy spectroscopy �RAS� is an example of a modulation
technique that gives information on the in-plane polarization
anisotropy and involves only a single measurement. In fact,
RAS has been extensively used to study the in-plane polar-
ization properties of III-V semiconductors.16 However, the
RAS line shapes measured on thin films are strongly influ-
enced by optical interference effects. Therefore, RAS can
only be used at energies much larger than the bandgap,
where strong absorption ensures the absence of thin-film in-
terference fringes. We propose instead the application of
transmittance anisotropy spectroscopy �TAS� to study the op-

tical polarization properties in thin M-plane GaN films in the
vicinity of the fundamental bandgap. We compare the mea-
sured TAS spectral line shapes with results of polarized ab-
sorption measurements and simulations. An empirical
method to extract the excitonic transition energies is
presented.

The M-plane GaN films were grown by rf plasma-
assisted molecular beam epitaxy on �-LiAlO2�100�
substrates.17 We focus on the results obtained on a 0.45 �m
thick sample. High-resolution x-ray diffractometry demon-
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FIG. 1. �a� TAS spectrum of the 0.45 �m thick M-plane GaN film �solid
line� and the LiAlO2 substrate �dashed line� at 297 K. The inset shows the
unit cell of wurtzite GaN. �b� Measured �thick lines� and simulated �thin
lines� absorption spectra for E�c and E �c. The inset shows schematically
the band structure of GaN under overall compressive anisotropic strain in
the M-plane. The arrows mark the transition energies ET1

and ET2
. �c� First

derivative of the TAS spectrum in �a�. The dashed line marks zero magni-
tude, the arrows the zero crossings.
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strates that the film is under in-plane biaxial compressive
strain with an out-of-plane dilation of �yy =0.39%. The trans-
mittance �T� measurements were performed using a Xe lamp
and a grating monochromator �MC�. To ensure unpolarized
light, the output of the MC was sent through a quartz-wedge
depolarizer. The probe beam was obtained by passing this
unpolarized light through a Glan-Taylor polarizer, which was
continuously rotated with a frequency fp=7.5 Hz. Phase sen-
sitive detection was performed using an UV-enhanced Si
photodiode and a lock-in amplifier �LIA� locked to 2fp. To
properly set the initial phase �LIA, the sample is replaced by
a second polarizer with its polarization axis parallel to the
MC slits, and �LIA is adjusted to obtain a maximum in-phase
output signal. If the sample is now placed with the c axis
parallel to the MC slits, the ac signal amplitude is propor-
tional to the TAS signal �T= �TE�c−TE�c� /2. The separately
measured dc signal from the photodiode is proportional to
the average transmittance Tav= �TE�c+TE�c� /2 and used to
normalize the TAS signal. The polarized absorption spectra
were obtained from transmission measurements with the po-
larizer oriented either parallel or perpendicular to the c axis.

Figure 1�a� shows the room-temperature TAS spectrum
of the M-plane GaN film �solid line�, which exhibits a reso-
nance around 3.45 eV. The TAS spectrum of the bare sub-
strate, indicated by the dashed line in Fig. 1�a�, is featureless
and sets the baseline. In order to understand the origin of the
TAS spectrum of the M-plane GaN film, we separately de-
termined the absorption spectrum � for E�c and E �c
marked by the thick lines in Fig. 1�b�. For E �c, the absorp-
tion edge clearly shifts to higher energies. Therefore, the
predominantly positively peaked TAS resonance arises from
this polarization-dependent bandgap shift, which results in a
large relative change of the transmittance in the energy range
where the absorption is high for E�c and low for E �c.
These two bandgaps originate from transitions between the
two uppermost valence bands �VBs� and the conduction
band as indicated by T1 and T2 in the inset of Fig. 1�b�. For
a sufficiently large anisotropic strain in M-plane GaN films,
the symmetry of the two uppermost VBs becomes predomi-

nantly �X�- and �Z�-like. Therefore, the T1 and the T2 transi-
tions are mainly x and z polarized, respectively. The two
excitonic transition energies ET1

=3.45 eV and ET2
=3.507 eV for E�c and E �c, respectively, are obtained
from fitting the experimental spectra to simulated absorption
spectra indicated by the thin lines in Fig. 1�b�. The simula-
tions included the Sommerfield enhancement factor and a
Gaussian-broadened excitonic resonance with full width at
half maximum �FWHM� of 53 meV. Figure 1�c� shows the
first derivative of the TAS spectrum, where the zero cross-
ings at 3.455 and 3.518 eV of the dominant negative lobe are
located slightly above �within 11 meV� of the energies ET1
and ET2

.
In order to quantitatively analyze the line shape of the

TAS spectrum, we have performed simulations using the
transfer matrix approach. Figure 2�a� shows the real �n� and
imaginary �k� part of the refractive index of the GaN film for
E �c and E�c, which are used for the simulations of the
room temperature spectra. k was derived from the measured
absorption spectra, while n was obtained using the data in
Ref. 18. The Kramers-Kronig compatibility of these two data
sets was checked. For LiAlO2, which is transparent in this
energy range, n was taken to be 1.601 and 1.620 for E�c
and E �c, respectively �note that cLiAlO2

�cGaN�. Figure 2�b�
shows the simulated TAS spectra for three different GaN film
thicknesses. The simulation for the 0.45 �m thick film
matches the measured spectrum in Fig. 1�a� quite well. Fig-
ure 2�c� displays the first derivative of the simulated TAS
spectra. Note that the zero crossings of the dominant nega-
tive lobe at 3.455 and 3.520 eV are independent of the film
thickness. By measuring a second sample with a thickness of
1.2 �m, we have verified the close correlation between the
zero crossings and the actual transition energies ET1

and ET2
.

Figure 3�a� shows the TAS spectrum of the 0.45 �m thick

FIG. 2. �a� Real �n� and imaginary �k� part of the refractive index of GaN
for E�c and E �c as used in the simulation of the 297 K spectra. �b� Simu-
lated TAS spectra of M-plane GaN films for three different thicknesses. �c�
First derivative of the three TAS spectra in �b�. The arrows indicate the zero
crossings. FIG. 3. �a� Measured and �d� simulated TAS spectrum of the 0.45 �m thick

M-plane GaN film at 8 K. First derivative of the �b� measured and �e�
simulated TAS spectrum in �a� and �d�, respectively. The dashed lines mark
zero magnitude, the arrows the zero crossings. �c� Measured and �f� simu-
lated absorption spectra at 8 K for E �c and E�c. The arrows mark the
transition energies ET1

and ET2
.
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film recorded at 8 K. The zero crossings of the dominant
negative lobe of the first derivative of the TAS spectrum
shown in Fig. 3�b� are at 3.512 and 3.572 eV, which are
identical within experimental accuracy to the transition ener-
gies ET1

and ET2
obtained from the absorption spectra in Fig.

3�c�. Note that the exciton resonance is considerably sharper
�FWHM=38 meV� than at room temperature. Thus, for suf-
ficiently narrow resonances, the zero crossings can be used
as an accurate measure of the transition energies. The simu-
lated line shapes in Figs. 3�d�–3�f� also agree very well with
the measured spectra. We have used the Bir-Pikus
Hamiltonian15 to calculate the effect of anisotropic strain on
the transition energies using the parameters listed in Refs. 19
and 20. The measured transition energies at low temperatures
correspond to strain values of �xx�−1.1% and �zz�−0.4%.

In conclusion, we have shown how transmission aniso-
tropy spectroscopy can be used to obtain important informa-
tion on the transition energies and polarization properties of
M-plane GaN films. A single TAS measurement can be used
for a rapid, postgrowth, room-temperature characterization of
group-III nitride films of nonpolar orientations. From the de-
vice point of view, ET1

gives the emission energy for a po-
larized light source based on an M-plane GaN film. A posi-
tive �negative� sign of the main TAS resonance indicates that
the emission polarization direction would be E�c �E �c�. By
comparison with fabricated devices, we find that the working
range for polarization-sensitive photodetectors and narrow-
band photodetection configurations can be directly obtained
from the width of the dominant TAS resonance with the peak
response being centered close to ET1

.
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