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Growth and photoluminescence studies of Al-rich AlN/AlxGa1−xN
quantum wells
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A set of AlN/AlxGa1−xN �x�0.65� quantum wells �QWs� with well width Lw varying from
1 to 3 nm has been grown by metal organic chemical vapor deposition. Low temperature
photoluminescence �PL� spectroscopy has been employed to study the Lw dependence of the PL
spectral peak position, emission efficiency, and linewidth. These results have shown that these
AlN/AlGaN QW structures exhibit polarization fields of �4 MV/cm. Due to effects of quantum
confinement and polarization fields, AlN/AlGaN QWs with Lw between 2 and 2.5 nm exhibit the
highest quantum efficiency. The dependence of the emission linewidth on Lw yielded a linear
relationship. The implications of our results on deep ultraviolet optoelectronic device applications
are also discussed. © 2006 American Institute of Physics. �DOI: 10.1063/1.2358107�
Deep ultraviolet �UV� emitters and detectors operating
in the 200–340 nm wavelength range are important devices
for many applications, including water purification, bio-
chemical agent detection, medical research/health care, and
high-density data storage.1 Al-rich AlGaN alloys have the
capability of emitting at short wavelengths down to 210 nm,
which makes them very useful for these applications. As
demonstrated by light emitting diodes, laser diodes, and elec-
tronic devices, many III-nitride based devices must take ad-
vantage of quantum-well �QW� structures in order to achieve
optimal device performance. To realize deep UV emission
���280 nm�, Al-rich AlGaN based QWs are required. Re-
cently, several groups have been studying Al-rich AlGaN-
based emitters to obtain UV emission wavelength below
300 nm.2–8 However, the quantum efficiency �QE� of these
deep UV emitters is presently very low. Systematic studies of
Al-rich AlxGa1−xN alloys and AlN/AlxGa1−xN QWs are
needed in order to probe the underlying mechanisms and
necessary layer structural designs for providing improved
QE.

In this study, a set of AlN/Al0.65Ga0.35N QWs with well
width �Lw� varying from 1 to 3 nm and a fixed barrier width
of 10 nm has been grown by metal organic chemical vapor
deposition �MOCVD�. Deep UV PL emission spectroscopy
has been employed to probe the Lw dependence of the optical
properties. Our results revealed that the highest QE could be
obtained in QWs with Lw between 2 and 2.5 nm. The esti-
mated value of the polarization fields �piezoelectric and
spontaneous fields� induced in the well regions was found to
be around 4 MV/cm, which agrees reasonably well with the
calculations. A linear relationship between the emission line-
width and Lw has also been observed.

AlN/AlxGa1−xN �x�0.65� QW samples were grown on
sapphire �0001� substrates by MOCVD. The growth tem-
perature and pressure were 1150 °C and 100 Torr, respec-
tively. For each of the five samples, prior to the growth of
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Al0.65Ga0.35N QW, a thin AlN buffer layer and a 1 �m un-
doped AlN epilayer were grown on the sapphire substrate. It
was then followed by the growth of Al0.65Ga0.35N QW and a
10 nm AlN barrier. The targeted Lw of these samples were 1,
1.5, 2, 2.5, and 3 nm. The barrier and well widths were de-
termined by the growth rates of the AlN and AlxGa1−xN
epilayers.

The samples were mounted on a low temperature �10 K�
stage with a cold finger in a closed-cycle helium refrigerator.
The deep UV PL spectroscopy system consists of a fre-
quency quadrupled 100 fs Ti:sapphire laser with an average
power of 3 mW and repetition rate of 76 MHz at 196 nm
and a 1.3 m monochromator with a detection capability rang-
ing from 185 to 800 nm.9

The cw PL spectra of these five samples measured at
10 K are shown in Fig. 1. The dominant PL emission lines
are due to the localized exciton recombination in the AlGaN
QW regions.10,11 With respect to the band edge transition at
4.969 eV in Al0.65Ga0.35N epilayers, the PL peak energy is

FIG. 1. Low temperature �10 K� PL spectra of AlN/Al0.65Ga0.35N QW
samples with well width varying from 1 to 3 nm and a fixed barrier width of
10 nm. The vertical dashed line represents the emission peak position of

Al0.65Ga0.35N epilayers.

© 2006 American Institute of Physics2-1
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2358107
http://dx.doi.org/10.1063/1.2358107
http://dx.doi.org/10.1063/1.2358107


131922-2 Al Tahtamouni et al. Appl. Phys. Lett. 89, 131922 �2006�
redshifted for QWs with Lw=2.5 and 3 nm and blueshifted
for QWs with Lw=1, 1.5, and 2 nm. This indicates that the
PL peak energy is defined by the quantum confinement as
well as by the induced fields �piezoelectric and spontaneous
fields� along the growth direction.12 In order to find out the
polarization fields in the QWs, we calculate emission peak
positions for QWs with different well widths. The calculation
begins with the determination of quantum-well band struc-
ture properties by simultaneously diagonalizing the k · p
Hamiltonian and solving Poisson’s equation.13 The input pa-
rameters are the bulk material parameters, where for AlGaN,
we use the weighted averages of AlN and GaN values. Using
the quantum-well band structure information, we numeri-
cally solve the semiconductor Bloch equations for the steady
state microscopic polarization.14 The many-body effects ap-
pear as carrier density dependences in the transition energy
and Rabi frequency. Carrier-carrier correlations, which lead
to screening and dephasing, are treated at the level of quan-
tum kinetic theory in the Markovian limit. The steady state
polarization at an input laser field and carrier density �assum-
ing quasiequilibrium condition� gives the linear absorption
spectrum. The corresponding spontaneous emission spectrum
is obtained using phenomenological relationship that relates
the spontaneous emission and absorption spectra.15 The
emission peak energies are then extracted from the spectra.

Figure 2�a� plots the PL spectral peak position, Ep, as a
function of Lw. The curve in Fig. 2�b� is the theoretical curve
of Ep as a function of Lw from which we deduce the value of
the polarization fields to be around 4 MV/cm. The value of
the polarization field �F� in the well region can also be cal-
culated using the equation12

F =
Lb�Ptot

b − Ptot
w �

��0�Lw�b + Lb�w��
, �1�

where �b,w being the relative dielectric constant of barrier
and well materials,Ptot

b,w is the total polarization �piezoelectric
plus spontaneous� in barrier and well, and Lb is the barrier
width. The piezoelectric polarization can be calculated as
Ppiezo=−�2e31−2�c13e33/c33���xx, where eij are the piezoelec-
tric constants, Cij are the elastic constants, and �xx is the in
plane strain. To calculate the value of the polarization fields
in the AlxGa1−xN well, we used the parameters given in Ref.

FIG. 2. �a� PL emission energy peak position �Ep� vs well width �Lw� for
AlN/Al0.65Ga0.35N QWs measured at 10 K. �b� The calculated curve of Ep

vs Lw by taking the spontaneous polarization and piezoelectric fields into
account.
16 assuming a linear relationship between the GaN and AlN
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values to extract the values for AlxGa1−xN alloys. The calcu-
lated value of the polarization fields from Eq. �1� ranges
between 3.96 and 3.37 MV/cm depending on the well width,
which is in reasonable agreement with the deduced value.

The integrated PL emission intensity versus Lw measured
at 10 K for these AlN/Al0.65Ga0.35N QWs is plotted in Fig.
3, which shows that the highest QE is achieved when Lw is
between 2 and 2.5 nm. The PL intensity depends strongly on
the Lw. The reason for the rapid reduction of the emission
intensity with the increase of Lw can be attributed to the
reduction of the radiative recombination rate17 �or QE� due
to the polarization fields in the well, which increases the
spatial separation of electron and hole wave functions with
increasing Lw.18,19 On the other hand, the decreased emission
intensity with Lw �for small well width Lw�2 nm� is due to
the enhanced carrier leakage to the barrier region.17 From
Fig. 1, the emission linewidths of these AlN/AlxGa1−xN
QWs are fairly large. A similar trend was observed for
GaN/InGaN QWs. The broad linewidth of GaN/InGaN has
been explained in terms of In compositional fluctuation.20,21

For AlN/AlxGa1−xN QWs in addition to compositional fluc-
tuation, polarization fields have to be taken into account to
analyze the emission linewidth of the QWs. The effective
transition energy in QWs under the influence of a piezoelec-
tric field is given by22

E = Eg + Econ − eFLw, �2�

where Eg is the band gap of the well material, Econ is the
confinement energy, and eFLw is due to the polarization field
effect. In the first order approximation, the variation of the
emitted photon energy �i.e., the linewidth� is given by the
sum of fluctuations in the band gap of the well material, the
confinement energy, the polarization fields, and the Lw.

�E = �Eg + �Econ + eLw�F + eF�Lw. �3�

Neglecting the variation of the confinement energy �Econ in
cases of QWs with well width larger than the Bohr radius of
excitons �i.e., about 1.3 nm�, Eq. �3� can be written in terms

FIG. 3. Integrated PL emission intensity vs well width of AlN/Al0.65Ga0.35N
QWs measured at 10 K.
of the dependence on Lw as follows:
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�E = ��Eg + eF�Lw� + �e�F�Lw. �4�

This equation reveals a linear relation between the linewidth
and Lw with assumption that the well width fluctuation ��Lw�
is fixed for all QWs and is about 1 ML ��0.5 nm�. Figure 4
shows the variation of the full width at half maximum
�FWHM� of the emission spectra of AlN/Al0.65Ga0.35N QWs
with Lw measured at 10 K. FWHM increases linearly with
increasing Lw. The solid line is a linear fit of the experimen-
tal data with Eq. �4�. A localization energy around 100 meV
is extracted which is consistent with the previously reported
values in AlxGa1−xN epilayers.23 Assuming that the well
width fluctuation is 1 ML ��0.5 nm�, another 35 meV is
extracted. Thus the large emission linewidth of the
AlN/AlxGa1−xN QWs can be well explained by the effects of
alloy fluctuation and polarization fields.

In summary, a set of AlN/Al0.65Ga0.35N QWs with Lw
varying from 1 to 3 nm has been grown by MOCVD. A sys-
tematic dependence of the PL emission peak position on Lw
was observed, from which a value of �4 MV/cm for the
polarization fields in AlN/Al0.65Ga0.35N QWs was deduced.
The PL emission linewidth was found to increase linearly
with L . Furthermore, our results have shown that highest

FIG. 4. Variation of the full width at half maximum �FWHM� of the PL
emission spectra with well width for AlN/Al0.65Ga0.35N QWs measured at
10 K. The solid line is the linear fit of the experimental data.
w
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QE was obtained in AlN/Al0.65Ga0.35N QWs with well width
between 2 and 2.5 nm, which will serve as a guideline for
designing optimal deep UV light emitter structures.
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