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Optical Anisotropy and Photopumped Lasing near 250 nm from Semipolar
(1102) AlxGa1−xN/AlN Quantum Wells with Cleaved Mirrors
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The optical anisotropy of r-plane AlxGa1−xN/AlN quantum wells (QWs) is investigated theoretically
and experimentally. Theoretical calculations predict that as the Al composition is increased from 0 to 1,
the in-plane polarization switches from E ⊥ [112̄0] to E ⊥ [11̄01] at an Al composition of approximately
0.2. The polarization properties are nearly independent of the well width, particularly when the well
width is thicker than approximately 1.5 nm. Photoluminescence spectroscopy of the fabricated r-plane
AlxGa1−xN/AlN QWs experimentally confirms the theoretical prediction. The E ⊥ [11̄01] polarization
enables the emitted light to propagate along the [112̄0] direction. Using this property, photopumped lasing
at approximately 250-nm wavelength at 11 K is demonstrated from an r-plane AlxGa1−xN/AlN QW with
the cleaved (112̄0) a planes as cavity mirrors.
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I. INTRODUCTION

AlxGa1−xN-based laser diodes and light-emitting diodes
are promising alternatives to current gas-based deep
UV (DUV) light sources due to their compactness and
harmlessness. Such devices have been extensively stud-
ied and show steady progress [1–14]. Recently, electri-
cally driven laser diodes emitting in the UV-C [12,14]
or UV-B [13] spectral regions have been demonstrated.
Semipolar or nonpolar planes have the potential to fur-
ther improve device performance because compared with
light emitters on the conventional (0001) plane, they
involve weaker spontaneous and piezoelectric polariza-
tions along the growth direction [15]. It has experimen-
tally been confirmed that due to the reduced polarization
effect, AlxGa1−xN-based quantum wells (QWs) on (11̄02)
semipolar r-plane AlN substrates show enhanced radiative
recombination in the DUV spectral region [16].

A characteristic feature of semipolar and nonpolar
AlxGa1−xN-based QWs is the optical anisotropy caused
by the valence-band structures. In wurtzite semiconductors
such as AlN and GaN, spin-orbit interactions and noncu-
bic crystal fields cause the valence-band maxima to split
near the � point in the Brillouin zone. Typically, there are
three types of valence bands: heavy-hole (HH), light-hole
(LH), and crystal-field split-off-hole (CH) bands. The top-
most valence band in AlN is the CH band, governed by

*kawakami@kuee.kyoto-u.ac.jp
†Present address: Division of Electrical, Electronic and Info-

communications Engineering, Osaka University, Suita, Osaka
565-0871, Japan.

the pz-like state [17–22], whereas that in GaN is the HH
band, governed by px- and py-like states [23–25]. Here,
the z axis corresponds to the c axis in wurtzite structures
and the x and y axes are in the c plane. Consequently,
the emission from AlN is predominantly polarized parallel
to the c axis (E ‖ c), whereas that from GaN is polarized
perpendicular to the c axis (E ⊥ c), where E is the elec-
tric field vector of emitted light. Additionally, strain and
quantum confinement play crucial roles in determining the
valence-band order in QWs due to the quantum confine-
ment Stark effect and the different effective mass of each
valence band [26]. The optical anisotropy in AlxGa1−xN
QWs on the c or nonpolar plane is well studied [26–30]
and the experimental results are reasonably backed by
theoretical considerations.

By contrast, the number of experimental studies
on semipolar AlxGa1−xN films and QWs is limited
[16,31–35]. One reason is related to the substrate. Because
AlN substrates are expensive, most studies use foreign sub-
strates such as sapphire and ZnO [31–33,35]. These sub-
strates induce numerous threading dislocations. In addi-
tion, the growth conditions completely differ from the c-
plane growth. Even in homoepitaxy-based growth, nonpo-
lar AlxGa1−xN QWs tend to be wavy [29,30] and semipolar
AlN shows numerous growth pits [36].

We have recently established the homoepitaxy-based
growth conditions for (11̄02) r-plane AlxGa1−xN QWs
with atomically smooth surfaces [36] and high opti-
cal qualities [16]. This study aims at theoretically
and experimentally revealing the optical anisotropy in
AlxGa1−xN/AlN QWs on r-plane AlN substrates. Theo-
retically, the k · p perturbation theory is adopted, while
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experimentally, the in-plane polarization properties of the
high-quality AlxGa1−xN/AlN QWs grown on the r-plane
AlN substrates are investigated by photoluminescence
(PL) spectroscopy. Both the theory and experiments con-
sistently show the dominant optical polarization along the
[11̄01] direction for Al compositions greater than approxi-
mately 0.2. One potential application of this polarization
property is to form laser cavities via cleavage at the
{112̄0} planes. We demonstrate photopumped lasing at 11
K from AlxGa1−xN/AlN QWs on r-plane AlN substrates
with cleaved mirror cavities.

II. THEORETICAL PREDICTIONS OF THE
OPTICAL ANISOTROPY

We perform theoretical calculations based on the k · p
perturbation theory [15]. The material parameters are from
Ref. [37] except for the deformation potentials, which are
from our recent proposals [22,25]. The evaluated band-
gap difference between the unstrained AlN barrier and
strained AlxGa1−xN well is divided into the band off-
sets at the conduction and valence bands with a ratio of
7:3, respectively. Although the deformation potentials for
the conduction bands are not given in Refs. [22,25], this
assumption for the band-offset ratio (7:3) allows the band
structures to be calculated only using the exciton deforma-
tion potentials. (The excitonic effect is not included in the
transition-energy calculations.)

Figure 1 schematically illustrates the wurtzite crystal
structure and the (11̄02) r plane. There are two important
in-plane directions: [11̄01] and [112̄0]. The [11̄01] direc-
tion is parallel to the projection of the c axis on the r plane
(c∗), while the [112̄0] direction is perpendicular to the c
axis. The in-plane polarization degree ρin is defined as

ρin = IE⊥c∗ − IE||c∗

IE⊥c∗ + IE||c∗
. (1)

Figure 2 shows the calculated in-plane polarization
degree of r-plane AlxGa1−xN/AlN QWs as functions of
the well width and the Al composition. The polarization
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FIG. 1. A schematic of the wurtzite structure with the r plane
and two important crystal directions.
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FIG. 2. The calculated in-plane polarization degree of r-plane
AlxGa1−xN/AlN QWs as functions of the well width and the Al
composition.

switches from E ⊥ c (ρin > 0) to E ‖ c∗ (ρin < 0) at an
Al composition of approximately 0.2. The switching is
nearly independent of the well width when the well width
is thicker than approximately 1.5 nm.

III. EXPERIMENTAL DETERMINATION OF THE
OPTICAL ANISOTROPY

A. Experimental procedures

AlxGa1−xN/AlN QWs with various well widths and Al
compositions are fabricated on semipolar r-plane AlN sub-
strates by metalorganic vapor phase epitaxy (MOVPE)
at 500 Torr, which is the optimized reactor pressure for
semipolar-plane growth [36]. The 400-nm-thick AlN epi-
taxial layers are initially grown on the substrates and
AlxGa1−xN/AlN QWs are subsequently fabricated. The
well width varies but the barrier (including the cap layer)
width is 16 nm. The well widths and Al compositions are
estimated by x-ray diffraction measurements and transmis-
sion electron microscopy.

Two series of QWs are fabricated. One consists of r-
plane Al0.8Ga0.2N/AlN QWs with various well widths (Lw)
from 0.5 to 7.0 nm, and the other consists of r-plane
approximately 1.5-nm-thick AlxGa1−xN/AlN QWs with
various Al compositions. The variation of the in-plane
polarization properties of the former and latter series of
QWs correspond to those along the vertical and horizontal
axes of Fig. 2.

The fabricated QWs are characterized by polarization
PL measurements at 9.5 K using an ArF excimer laser (193
nm) as an excitation source. The typical excitation power
density is a few MW/cm2. The samples are excited at an
angle of 60◦ from the surface normal and the PL signals are
detected at the surface normal. A 50-cm monochromator
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equipped with a liquid-N2-cooled CCD camera (resolu-
tion 0.1 nm) is used for the detection. To investigate the
in-plane polarization degree, a linear polarizer is placed
within the optical path of the collimated PL. Because the
PL signal after the polarizer is weak, the samples are
excited by a relatively strong ArF laser.

B. In-plane polarization properties of r-plane
Al0.8Ga0.2N/AlN QWs with different well widths

Figure 3(a) shows PL spectra of r-plane Al0.8Ga0.2N/
AlN QWs with Lw of 1.4 and 7.0 nm at 9.5 K, where the
polarization direction is either E ‖ c∗ or E ⊥ c∗. (The PL
intensity is either maximum or minimum when E ‖ c∗ or
E ⊥ c∗.) Both samples show strong polarization along the
E ‖ c∗. Furthermore, we examine five QWs with different
well widths between 0.5 nm and 7.0 nm (but with nearly
the same Al composition). Figure 3(b) shows the estimated
polarization degrees. Although the experimental data show
some scattering, the values are always negative (E ‖ c∗)
and nearly independent of the well widths. These trends are
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FIG. 3. (a) Polarization PL spectra of r-plane Al0.8Ga0.2N/AlN
QWs at 9.5 K. Spectra for E ‖ c∗ or E ⊥ c∗ are shown. (b) In-
plane polarization degrees estimated for Al0.8Ga0.2N/AlN QWs
with various well widths. Lw denotes the well width.

consistent with the theoretical calculation in Fig. 2, which
is also shown as a blue curve in Fig. 3(b). (The inferior
linear polarizability in the experiments compared to that
in the theoretical calculations is likely due to experimental
issues such as light scattering within the samples.)

C. In-plane polarization properties of r-plane
approximately 1.5-nm-thick AlxGa1−xN/AlN QWs

with various Al compositions

Figure 4(a) shows the estimated in-plane polar-
ization degree of r-plane approximately 1.5-nm-thick
AlxGa1−xN/AlN QWs as a function of the Al composi-
tion. The in-plane polarization degree is negative for Al
compositions greater than approximately 0.2 (i.e., E ‖ c∗).
Although the thickness differs, the result for an r-plane
GaN/AlN (approximately 0.4 nm = 2 molecular layers) is
also plotted. (For this QW, the thickness is reduced to avoid
lattice relaxation.) The GaN/AlN QW exhibits a positive
in-plane polarization degree. The observed experimental
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FIG. 4. (a) The Al composition dependence of the in-plane
polarization degree of the r-plane AlxGa1−xN/AlN QWs with
approximately 1.5-nm-thick well layers. To avoid lattice relax-
ation, the well width of the GaN/AlN QW is approximately
0.4 nm. (b) The emission-wavelength dependence of the in-plane
polarization degree of the r-plane AlxGa1−xN/AlN QWs.
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results, including the finding for the GaN/AlN QW, agree
well with the calculation results shown in Fig. 2.

Figure 4(b) replots the results in Fig. 4(a) as a function
of the emission wavelength at room temperature. The r-
plane AlxGa1−xN/AlN QWs realize ρin < 0 over a wide
DUV spectral range spanning from 220 nm to 280 nm.

Our theoretical calculation and experimental results
consistently demonstrate that the in-plane polarization
degrees of r-plane AlxGa1−xN/AlN QWs are negative for
Al compositions greater than approximately 0.2 and nearly
independent of the QW width. In particular, the nega-
tive in-plane polarization degree means polarization along
the [11̄01] direction (E ‖ c∗) and enables us to fabricate the
laser cavity by cleavage. The feasibility of this potential
application is discussed in Sec. IV.

IV. PHOTOPUMPED LASING

For lasers, an optical cavity composed of a pair of
cleaved mirrors is desirable because the atomically flat
mirrors are aligned in parallel automatically and suppress
the cavity loss. Thus, the optical polarization should be
parallel to a cleaved plane. For r-plane QWs, because there
are no cleavable planes perpendicular to the [11̄01] direc-
tion, the optical polarization perpendicular to that direction
(E ⊥ c∗) is not preferable. On the other hand, when the
optical polarization is parallel to the [11̄01] direction (E ‖
c∗, i.e., ρin < 0), the (112̄0) a plane can be used as a
cleaved mirror.

The theoretical and experimental investigations in the
previous sections show that the optical polarization of r-
plane AlxGa1−xN/AlN QWs is along the [11̄01] direction
(E ‖ c∗) in wide ranges of the well width and Al compo-
sition. This is a preferential direction for laser cavities to
form by cleavage. In this section, we first discuss an appro-
priate design of QW structures for highly efficient emitters
and then demonstrate photopumped lasing from an r-plane
AlxGa1−xN/AlN QW with a cleaved mirror cavity.

A. Structure design for higher emission efficiency

There are two common approaches to control the emis-
sion wavelength. One is to adjust the Al composition in the
well layers. The other is to adjust the well width. However,
their impacts on the optical properties differ completely. To
show this, the squares of the overlap integrals of the elec-
tron and hole wavefunctions in r-plane AlxGa1−xN/AlN
QWs are calculated. (It is noteworthy that our overlap
calculations well reproduce the experimental results of
time-resolved PL [16].) The calculated results (Fig. 5) indi-
cate that controlling the wavelength using a constant well
width (1.5 nm) with a variable Al composition results in an
insignificant reduction in the overlap.

On the contrary, controlling the wavelength using a con-
stant Al composition (80%) with a variable well width
drastically decreases the overlap at longer wavelengths
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FIG. 5. The calculated squares of the overlap integrals of
the electron and hole wavefunctions in r-plane AlxGa1−xN/AlN
QWs as a function of the transition energy (wavelength). The
wavelength is controlled through a constant well width (1.5 nm)
with variable Al compositions or a constant Al composition
(80%) with variable well widths.

(i.e., in wider wells). This is due to the polarization-
induced internal electric fields. (Although the internal elec-
tric fields in r-plane QWs are much weaker than those
in c-plane QWs, they are not zero unlike nonpolar-plane
QWs [16].) Because the radiative recombination probabil-
ity is proportional to the square of the overlap integral, the
emission wavelengths of semipolar AlxGa1−xN/AlN QWs
should be controlled by the Al compositions while main-
taining a narrow well width (approximately 1.5 nm) for a
high internal quantum efficiency (IQE).

We experimentally examine the predicted wavelength
dependence of the radiative recombination probability
(i.e., the emission intensity) of r-plane AlxGa1−xN/AlN
QWs (Fig. 5). The standard QW is a 1.4-nm-thick
Al0.8Ga0.2N/AlN QW and two other QWs with a different
Lw or a different Al composition are compared.

These QWs are characterized by PL measurements
using a Ti:Al2O3 fourth-harmonic-generation laser
(approximately 210 nm) to selectively excite the well
layers. This experimental setup realizes weak excitation
conditions, avoiding the many-body effects and the screen-
ing effects of the internal electric fields. The detection of
PL is ensured by a monochromator with a CCD camera.

Figure 6(a) shows the PL spectra of the r-plane
Al0.8Ga0.2N/AlN (Lw = 1.4 or 4.2 nm) and Al0.5Ga0.5N/
AlN (Lw = 1.7 nm) QWs at 6.5 K. Reduction of the
Al compositions from 0.8 to 0.5 with a nearly constant
well width of approximately 1.5 nm shifts the emission
wavelengths from 224 nm to 250 nm. Moreover, widen-
ing of the well widths from 1.4 nm to 4.2 nm shifts
the emission wavelengths of the Al0.8Ga0.2N/AlN QWs
from 224 nm to 232 nm. Figure 6(b) shows the tem-
perature dependencies of the integrated PL intensities of
these QWs. The thermal quenching of the 1.7-nm-thick
Al0.5Ga0.5N/AlN QW is almost the same as that of the
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FIG. 6. (a) The PL spectra of the r-plane Al0.8Ga0.2N/AlN
(Lw = 1.4 nm or 4.2 nm) and Al0.5Ga0.5N/AlN (Lw = 1.7 nm)
QWs at 6.5 K. (b) The temperature dependencies of the inte-
grated PL intensities for these QWs.

1.4-nm-thick Al0.8Ga0.2N/AlN QW despite the large differ-
ence in the emission wavelengths. On the other hand, the
thermal quenching of the 4.2-nm-thick Al0.8Ga0.2N/AlN
QW is much stronger than those of the other QWs with nar-
rower well layers even though the emission wavelengths
differ only slightly from the 1.4-nm-thick Al0.8Ga0.2N/AlN
QW. This is because variations in the Al compositions
have a negligible impact on the radiative recombination
probability, whereas widening the well width drastically
degrades the radiative recombination probability (Fig. 5).
Thus, we experimentally confirm that wavelength con-
trol by varying Al compositions with a constant well
width can effectively maintain a high IQE of semipolar
AlxGa1−xN/AlN QWs with various emission wavelengths.

Figures 4–6 predict that r-plane AlxGa1−xN/AlN QWs
with various Al compositions and a narrow well width
(approximately 1.5 nm) can realize highly efficient lasers
with cleaved mirrors in a spectral range of 220–280 nm.

B. Experimental results of photopumped lasing

Photopumping experiments are performed for an r-plane
Al0.5Ga0.5N/AlN six-period QW structure (6QW) with 1.7-
nm-thick well layers. The QW is designed for a 250-nm
emission. The in-plane polarization degree of the QW is
−0.63, indicating a strong polarization along E ‖ c∗. This
is similar to other AlxGa1−xN/AlN QWs examined in this
study.

Figure 7 shows the experimental setup. The excitation
source is an ArF excimer laser (193 nm) at a 25-Hz repeti-
tion rate with a pulse width of 4 ns. A Fabry-Perot cavity
with a length of 2 mm forms along the [112̄0] direction by
cleavage. The fabricated sample is optically pumped from
the surface by the ArF excimer laser at 11 K and the emis-
sions from the a-plane facet are detected by a CCD camera
through a monochromator. A high-reflection coating is not
applied on the cleaved a planes.

Figure 8(a) shows the PL spectra of the r-plane
Al0.5Ga0.5N/AlN 6QW with various excitation power den-
sities. The peak wavelength is approximately 250 nm.
Stimulated emission appears under strong excitation con-
ditions. Figure 8(b) plots the excitation power dependen-
cies of the PL intensity and line width. The emission
intensity increases suddenly and the spectrum narrows
above a threshold excitation power density of approxi-
mately 500 kW/cm2. Hence, the stimulated emission is
experimentally demonstrated from the semipolar-plane
AlxGa1−xN QW with cleaved mirrors.

We compare the obtained threshold power density with
the reported values obtained at room temperature. A stimu-
lated emission from an AlxGa1−xN multiple QW fabricated
on SiC at a wavelength in the sub-250-nm region has been
reported [38]. It showed a threshold power density as high
as 1.2 MW/cm2. More recently, AlxGa1−xN-based photop-
umped lasers fabricated on sapphire [39–45] and c-plane
AlN [46–54] substrates have been reported. Figure 9 sum-
marizes the lasing-wavelength dependence of the reported
threshold power densities. The reported threshold power
densities are nearly independent of the substrate type

ArF laser

2 
m

m

(193 nm)
a plane

Cylindrical lens

Detector

r plane (surface)

FIG. 7. A schematic of the photopumping measurement setup
using an ArF excimer laser (193 nm) as an excitation source.
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width at half maximum.

despite the vastly different threading dislocation densi-
ties in the epilayers on sapphire and AlN, suggesting the
presence of recombination channels other than threading
dislocations.

Figure 9 plots the experimental result of the fabricated
semipolar r-plane Al0.5Ga0.5N/AlN 6QW. Although this
study realizes photopumped lasing at a cryogenic tempera-
ture, where the threshold power density can be lowered,
the obtained value is not necessarily lower than previ-
ous reports, indicating that our sample can be improved.
For example, our r-plane Al0.5Ga0.5N/AlN QW does not
have optical-confinement structures. Hence, waveguiding
using AlyGa1-yN (y > x) should effectively reduce the
threshold power density. Furthermore, the cleavability of
the a plane should be considered. In AlxGa1−xN-based
lasers fabricated on the c plane, the m planes are used as
cleaved cavity mirrors. Because the a plane generally has
a poorer cleavability than the m plane, our r-plane QW
may have a larger mirror loss than a c-plane QW. High-
reflection coatings such as dielectric multilayers on the
a-plane facets may compensate for the mirror loss. More-
over, semipolar QWs with the off angles toward the

〈
1120

〉

directions such as (112̄2) QWs are also attractive to sup-
press mirror loss because the m plane can be used as cavity
mirrors.

230 240 250 260 270 280 290 300
0

500

1000

1500

2000

Wavelength (nm)

T
hr

es
ho

ld
 p

ow
er

 d
en

si
ty

 (
kW

/c
m

2 )

 on c-AlN bulk
 on sapphire
 on SiC
 This work

(at low temperature)

FIG. 9. The lasing-wavelength dependence of the reported
threshold power densities for AlxGa1−xN MQWs fabricated on
SiC, [38] sapphire, [39–45] and c-plane AlN [46–54] substrates.
Also plotted is the experimental result of the semipolar r-plane
Al0.5Ga0.5N/AlN 6QW fabricated in this study. Our data are
acquired at a low temperature (LT) of 11 K. Other data are
obtained at room temperature.

V. SUMMARY

We investigate the optical anisotropy and photop-
umped lasing properties of AlxGa1−xN/AlN QWs grown
on semipolar r-plane AlN substrates. Theoretical calcula-
tions predict that as the Al composition is increased from 0
to 1, the polarization switches from E ⊥ c (ρin > 0) to E ‖
c∗ (ρin < 0) at an Al composition of approximately 0.2.
In addition, the polarization is nearly independent of the
well width. This prediction is experimentally confirmed for
two series of r-plane AlxGa1−xN/AlN QWs with different
well widths or different Al compositions. With the E ‖ c∗
polarization, the emitted UV light can propagate along the
[112̄0] direction, enabling the formation of cavity mirrors
with the nonpolar {112̄0} cleaved facets. Photopumping by
an ArF laser (193 nm) realizes lasing at an approximately
250 nm wavelength at 11 K with a threshold power density
of 500 kW/cm2 from an r-plane AlxGa1−xN/AlN QW with
a cleaved mirror cavity.
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