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High quality Al0.2Ga0.8N / GaN superlattices 共SLs兲 with various 共GaN兲 well widths 共1.6 to 6.4 nm兲
have been grown on polar c-plane and nonpolar m-plane freestanding GaN substrates by
metal-organic chemical vapor deposition. Atomic force microscopy, high resolution x-ray
diffraction, and photoluminescence 共PL兲 studies of SLs have been carried out to determine and
correlate effects of well width and polarization field on the room-temperature PL characteristics. A
theoretical model was applied to explain PL energy-dependency on well width and crystalline
orientation taking into account internal electric field for polar substrate. Absence of induced-internal
electric field in nonpolar SLs was confirmed by stable PL peak energy and stronger PL intensity as
a function of excitation power density than polar ones. © 2010 American Institute of Physics.
关doi:10.1063/1.3493185兴
The AlGaN/GaN multiquantum-wells 共MQWs兲 and superlattices 共SLs兲 are employed in various device applications
such as active regions in UV emitters,1 cladding layers in
visible optical emitters and detectors, gate layers in high mobility transistors,2 and recently as active layers in intersubband 共ISB兲 devices.3 These structures are commonly grown
along 关0001兴 polar direction. However, due to their noncentrosymmetric and piezoelectric nature, large spontaneous and
piezoelectric electric fields are generated along 关0001兴
growth direction. These internal electric fields lead to a substantial quantum confined Stark effect 共QCSE兲 wherein the
energy band structure of QWs are bent leading to triangular
well potential separating electron and hole wave functions.
The QCSE reduces radiative recombination and quantum efficiency and drastically affects optical properties.4 An efficient approach preventing internal electric fields and consequently QCSE is to employ nonpolar growth directions.
Nonpolar AlGaN/GaN MQWs have been grown on
r-plane sapphire5 and LiAlO2 共Ref. 6兲 substrates. However,
heteroepitaxial growth on foreign substrates causes latticemismatch related strain leading to high density of dislocations and stacking faults at the heterointerfaces. Homoepitaxial growth approach is one of the most effective ways to
improve crystalline quality of epilayers. The recent availability of low dislocation density freestanding 共FS兲 c- and
m-plane GaN substrates enables studying effects of polarization on optical properties of AlGaN/GaN SLs grown on
lattice-matched FS-GaN substrates.7
Our recent studies of AlxGa1−xN / GaN double barrier
resonant tunneling diode demonstrate that low aluminum
content 共x ⱕ 0.2兲 active layers improves reliability and reproducibility of ISB devices.8,9 These are motivating for further
studies on low aluminum content AlGaN/GaN SLs. In this
paper, we demonstrate high quality regrowth of low aluminum content AlGaN/GaN SLs 共employing various wellwidths兲 on polar c-plane and nonpolar m-plane FS-GaN substrates, and correlate the optical properties of these polar and
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nonpolar SLs. The substrate orientational dependence of
photoluminescence 共PL兲 characteristics is verified with theoretical model.
The growths were carried out in an AIXTRON 200/4-HT
horizontal flow low-pressure metal-organic chemical vapor
deposition 共MOCVD兲 reactor. Trimethlyaluminum and trimethylgallium were used as the metal-organic precursors for
Al and Ga, respectively. Ammonia and a mixture of nitrogen
and hydrogen gas were used as the anion source and carrier
gas, respectively. All SLs have been grown at a pressure of
50 mbar and a growth temperature of 1030 ° C. In order to
improve the crystalline quality and surface morphology, prior
to the growth of the SL structures, a 2 m thick homoepitaxial GaN layer was grown on the c- or m-plane FS-GaN
substrates 共Mitsubishi Chemical Co.兲. The 50 period AlGaN/
GaN SL structures, consisting unintentionally doped 4.9 nm
thick Al0.2Ga0.8N barriers and unintentionally doped GaN
wells ranging from 1.6 to 6.4 nm in thickness, were grown
on c- and m-plane FS-GaN substrates under identical growth
conditions.
Structural properties and surface morphologies of the
SLs were investigated using open detector omega/2theta
x-ray diffraction 共XRD兲 scan 关using a Philips high resolution
diffractometer system with a monochromator utilizing four
共002兲 Ge reflections兴 and atomic force microscopy 共AFM兲,
respectively. The average aluminum composition of the barriers 共that was fixed at 20%兲 was determined from the angular difference between AlGaN and GaN XRD peaks of bulk
AlGaN layers grown on FS-GaN substrates. Thicknesses of
SL constituents 共barriers and wells兲 were calibrated as described elsewhere.10
Figures 1共a兲 and 1共b兲 共left兲 show omega/2theta
共0002兲 and 共101̄0兲 XRD scans of Al0.2Ga0.8N共4.9 nm兲 /
GaN共6.4 nm兲 SLs grown on c- and m-plane FS-GaN substrates, respectively. The simulated XRD diffraction pattern
was also appended to Fig. 1. In addition to strong reflections
from the GaN substrates, zeroth and first order SL satellite
peaks appear for both c- and m-plane. The full-width-at-halfmaximum 共FWHM兲 of the zeroth and first order SL peaks for
c-plane are 300 arcsec and 107 arcsec and for m-plane are
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FIG. 1. 共Color online兲 Omega/2theta XRD scan and simulation 共left兲 and
共5 ⫻ 5 m2兲 AFM image 共right兲 of Al0.2Ga0.8N共4.9 nm兲 / GaN共6.4 nm兲 SL
grown on 共a兲 c-plane and 共b兲 m-plane FS-GaN substrates.

391 arcsec and 73 arcsec, respectively, which confirm high
crystalline quality as well as high interface quality for both
polar and nonpolar SLs. XRD simulations fit well to the
observed SL diffraction indicating precise control of barrier
Al mole fraction and barrier/well thicknesses. The right part
of Figs. 1共a兲 and 1共b兲 show 5 ⫻ 5 m2 AFM images of cand m-plane SL. Atomically smooth surfaces with very wellaligned atomic steps without any dislocation termination on
the surface were achieved for c- and m-plane SL with root
mean square 共rms兲 roughnesses of 1.5 Å and 1.3 Å, respectively. These narrow XRD FWHM and low AFM rms roughness values indicate high quality of the SL material growth.
PL measurements for c- and m-plane SLs were performed at room temperature 共RT兲 using frequency double
argon-ion laser at 244 nm. Figures 2共a兲 and 2共b兲 show PL
intensity as a function of energy for c- and m-plane SLs with
fixed barrier width 共4.9 nm兲 and different well widths varying from 1.6 to 6.4 nm. The laser excitation power density
was fixed at 11 W cm−2. Independent of growth direction, as
well width increases, a redshift in PL emission energy is
observed. This redshift is attributed to reduction in quantum
confinement where quantum well width increases and elec-

tron and hole states move toward the bottom of the wells.
When well width of c-plane SLs increases over 3.2 nm,
emission energy redshifts below the GaN band edge of 3.4
eV 共solid line兲; however, for m-plane SLs, emission energy
of SLs approach to GaN band edge energy but never decreases below it. As both c- and m-plane SLs have identical
structure 共the same barrier Al composition and well and barrier thicknesses兲, the redshift below the GaN band gap observed in polar SLs is attributed to QCSE due to the internal
polarization-induced electric fields leading to triangular well
potentials. The quality of polar and nonpolar SLs are also
verified by the absence of yellow band emission, which is
generally attributed to nitrogen vacancies or impurities.11
The peak PL spectra of m-plane SLs possess higher intensities and narrower FWHM compared to c-plane SLs indicating higher quality. There is an optimal intensity for each of
orientations depending on the well thickness. This optimal
intensity can be affected by material quality, interface roughness, excitonic Bohr radius and QCSE, which requires further optical characterization.5 These results show elimination
of internal electric fields by nonpolar substrates leads to
more stable and narrower PL emission.
In order to interpret experimental PL results, we performed a simulation that calculates the fundamental transition energy in SLs by solving the Schrödinger equation using
the energy-dependent effective mass approximation with a
transfer matrix method. The SL is a periodic structure, thus
the internal electric fields applied to the GaN wells and AlGaN barriers depends on the polarization discontinuity, and
the well and barrier thicknesses. Therefore, the electric field
in the well and the barrier due to spontaneous and piezoelectric polarization along 关0001兴 direction was calculated for
polar AlGaN/GaN SLs according to12
Fw = b

Pb − Pw
,
wb + bw

Fb = − w

Pb − Pw
,
wb + bw

共1兲

共2兲

where b, w, b, and w are the barrier and well width, and the
barrier and well dielectric constant, respectively. Pb and Pw
are the total polarization in the barrier and in the well, respectively: the values of Pb and Pw have been taken from
Ref. 13. The insets of Figs. 2共a兲 and 2共b兲 display the experimental and theoretical PL energy of polar c-plane and nonpolar m-plane SLs as a function of well width, respectively.
Large separation of electron and hole wave functions induced by internal electric field in c-plane SLs, decreases the
FIG. 2. 共Color online兲 RT PL spectra
of the Al0.2Ga0.8N共4.9 nm兲 / GaN SLs
with well widths ranging from 1.6 to
6.4 nm grown on 共a兲 polar c-plane FSGaN substrates. Inset shows the experimental and simulated PL energy as
a function of well width without exciton binding energy effect. 共b兲 Nonpolar m-plane FS-GaN substrate. Inset
shows the experimental and simulated
PL energy as a function of well width
with and without exciton binding energy effect. Solid vertical lines indicate GaN band gap location.
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FIG. 3. 共Color online兲 Dependence of 共a兲 the PL peak position and 共b兲
the PL peak intensity on laser excitation power density for
Al0.2Ga0.8N共4.9 nm兲 / GaN共4.8 nm兲 SL grown on polar c- and nonpolar
m-plane FS-GaN substrates.

exciton binding energy strength. Thus, PL energy was simulated for polar c-plane SLs without taking into account the
exciton binding energy effect, which is in good agreement
with experiment results. However, for nonpolar m-plane SLs
where the internal electric fields are absent, simulations including exciton binding energy effect are in a better agreement with experiential results. The exciton binding energies
of GaN/AlGaN SLs have been taken from Ref. 14. The
agreement between theory and experiment confirms that the
internal polarization-induced electric fields do not influence
the PL emission of nonpolar m-plane SLs, in addition, in the
light of simulation, the effect of exciton binding energy in
m-plane SLs is observed to be more pronounced than that of
c-plane SLs.
Figure 3共a兲 plots peak PL energy of polar and nonpolar
Al0.2Ga0.8N共4.9 nm兲 / GaN共4.8 nm兲 SLs as a function of excitation power density at RT. For the polar c-plane SLs,
peaks blueshift by increasing power density 共up to
8 W / cm2兲 whereas for nonpolar ones the peak positions are
stable. The blueshift of PL peak position in polar SL can be
attributed to the polarization-induced electric field whose
strength reduces by increasing excitation power due to field
screening by carriers15 and remain unchanged for higher
power density 共8 W / cm2⬍兲 where carrier screening becomes predominant. Further investigations have been realized via PL excitation power density studies.
Figure 3共b兲 plots PL intensity as a function of excitation power density for both polar and nonpolar
Al0.2Ga0.8N共4.9 nm兲 / GaN共4.8 nm兲 SLs. The PL peak intensity of nonpolar SL is higher than that of polar SL for all
excitation power densities. This suggests higher recombination characteristics in nonpolar structures which promise
higher quantum efficiency in emitter devices than in polar
ones. The intensity 共I兲 of PL peaks for a polar SL increases
with a 2.1 power index of excitation power density
共Ipolar ⬃ P2.1兲, whereas for nonpolar ones it is with a power
index of 1.6 共Inonpolar ⬃ P1.6兲–in harmony with previous
observations.5,15 This difference in PL intensity power indexes can be explained by strong polarization-induced elec-

tric fields in polar SLs in contrast with nonpolar SLs which
decreases electron-hole radiative recombination due to
QCSE and reduction in electrons and holes wave functions
overlap in triangular wells. Thus, the polar ones have a stronger dependence on the excitation power density than nonpolar ones. Therefore, nonpolar substrates emerge as an attractive substrate for optoelectronic devices with superior
performance.
In summary, high quality MOCVD-grown AlGaN/GaN
SLs with various well widths were grown on polar c-plane
and nonpolar m-plane FS-GaN substrates and their structural
and optical characteristics have been compared. Effects of
well width and substrate orientation on structural and optical
properties of SLs have been studied using AFM and XRD,
and PL studies, respectively. SLs on polar substrate showed
strong PL redshift with increasing well width with respect to
nonpolar ones. PL power dependent studies showed stable
PL peak energy and stronger PL intensity for nonpolar
m-plane SLs than polar ones indicating absence of induced
electric fields and consequent QCSE in m-plane SLs. A theoretical model was applied to explain the PL energy dependencies on SLs design and substrate orientation. Our results
demonstrate that m-plane FS-GaN substrates are promising
candidates for optoelectronic devices thanks to the improved
recombination characteristics and stability of wavelength
emission.
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