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A B S T R A C T

Cubic (Al)GaN/AlN multiple quantum wells were grown by plasma assisted molecular beam epitaxy with three
different configurations at interfaces. We employ temperature-dependent photoluminescence to characterize
interface imperfections. Our results show shallow localization states responsible to photocarrier localization at
low temperatures. The potential fluctuation model estimates localization energies in the order of few meV. We
investigated a single GaN/AlN, double GaN/AlN quantum wells, and a double quantum well with an additional
AlGaN spacer layer as a step between the wells. The introduction of AlN and AlGaN interlayer reduces the effect
of localization and indicates better interfaces for the QW structures based on cubic GaN.

1. Introduction

Wide band gap semiconductors have been studied in the last years
due the possibilities to operate at higher temperatures thereby ex-
panding their applications in optoelectronics [1] such as the first suc-
cessful operation of the blue LED [2]. Among many alternatives, group
III-Nitrides (Al, In,Ga - N) have excellent applications for solid state
lighting, high electron mobility transistors with high saturation velocity
and breakdown fields [3]. In this context, (Al)GaN/AlN quantum wells
(QW) are attractive as a tunable light emitter in UV optical range. The
growth of these materials was intensively investigated in past years and
under special conditions, the molecular beam epitaxy allows the growth
of high quality thin films of cubic III-nitrides as c-GaN, c-AlN and c-InN
as well as their alloys [4–6]. Their crystal symmetry is advantageous
due to the absence of internal polarization fields and can be more
convenient for some applications as compared to conventional wurtzite
structures [7,8] mainly in heterostructures as quantum wells (QW).

In a practical point of view, while spatial confinement allows en-
gineering of electron/hole as well as phonons quantization energies [9],
the manner as the interfaces between well and barriers are grown, plays
a significant role as a source of localization of carriers. For many ap-
plications of GaN-based optoelectronic devices the interface quality
affects directly the performance [10]. Photoluminescence measure-
ments (PL) are a standard technique that provides a good way to point
out carrier localization due the structural defects or thickness/alloy
fluctuations. The optical transitions are very sensitive to interface

effects which act as carriers traps and modify the expected optical be-
havior.

This work shows the investigation of three kinds of interfaces in
(Al)GaN/AlN QW structures and compare to reference bulk sample.
Interface defects are explored by means of single QW, double QW with
AlN interlayer and step QW with the introduction of AlGaN thin layer.
Temperature dependent photoluminescence (PL) shows deviation for
the expected behavior at low temperatures which are attributed to a
consequence of interface defects. Our analysis provides a simple way to
estimate the depth of localization as few meV and the advantage of
introducing Al(Ga)N interlayers.

2. Experimental

The samples in cubic phase were grown by plasma assisted mole-
cular beam epitaxy (PAMBE) on a substrate consisting of a 10 µm 3C-
SiC (001) layer on top of a 500 µm thick Si (001) following the process
described in Ref. [11–13]. The cubic GaN is a metastable phase and can
only be grown in a narrow window of temperatures in such conditions
which can be optimized by in situ monitoring through the reflection
high energy electron diffraction (RHEED) [11]. We use a radio fre-
quency plasma source to provide activated nitrogen flux of 2.2× 1014

cm−2 s−1 and the gallium was evaporated from Knudsen cells in a flux
around 4× 1014 cm−2s−1. The investigated systems were designed for
intraband transition devices [14] (not shown in this paper). The
structure consists of 100 nm buffer layer of Si-doped c-GaN (n=2.1018
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cm−3) and 30 nm undoped spacing layer to avoid the natural electron
diffusion. On top, 20 periods of quantum wells (QW) are grown with
5 nm c-AlN barriers separating each period. The growth was interrupted
to evaporate excess metal from the surface (~ 2min) and during the
temperature verification (~ 6min) after each period. Then the structure
is capped with a 30 nm spacing layer and 100 nm of c-GaN Si-doped
(n= 2.1018 cm−3) for top contacts. During the growth of all structure,
the temperature of substrate was kept at the optimum condition around
720 °C as reported in [11].

Our study employs three different structures for the 20 QW as de-
picted in Fig. 1: i) c-GaN single quantum well (SQW) with 1.8 nm
thickness; ii) asymmetric double quantum well (DQW) composed of
1.8 nm c-GaN QW followed by a 1.0 nm of c-AlN barrier and a thin
0.45 nm c-GaN QW; and iii) a step double quantum well (SDQW) which
consists of a 0.45 nm step of c-Al.1Ga.9N followed by a 0.45 nm c-GaN in
the first well, a 1.0 nm c-AlN barrier and a 1.35 nm c-GaN well followed
by AlN barrier.

The RHEED intensities at (0,0) streak monitored during the growth
of 20 QW are shown in Fig. 2. After a temperature adjustment, the Ga
shutter is open to grow the GaN well and the RHEED intensity de-
creases. After the desired thickness, Ga shutter is closed and the in-
tensity restores. When the Al shutter is open for the barrier growth, the
RHEED intensity keeps increasing up to the end of such layer growth
when the signal is stabilized in the previous maximum before the next
period start to be grown. It is notable that the shape is the same for all
structures and for the sequence of QW. These results indicate that there
are no changing parameters during the growth processes and no

Fig. 1. (a) Standard structure of samples grown by PAMBE. (b) SQW sample: 20 periods
of a single quantum well (c) DQW sample: 20 periods of asymmetric quantum wells. (d)
SDQW sample: 20 periods of double quantum well, one with a AlGaN step. Under each
design there is the conduction band potential profile.

Fig. 2. RHEED intensity during the growth of the QW for the three kinds of samples (SQW, DQW and SDQW) for the first, fifth, tenth and twentieth period of grown process.
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detectable influence to interfaces defects.
The optical properties were investigated by photoluminescence

spectroscopy in the temperature range of 13–300 K using a mono-
chromator SPEX 270M with a photomultiplier Hamamatsu Typ 943-02
and a 266 nm CW laser (CryLas FQCW 266) as excitation source.

3. Results and discussion

Fig. 3 shows the PL spectra at 13 K for all structures. The peak
around 3.27 eV corresponds to the excitonic emission of c-GaN [6] and
the slight difference in the PL peaks between samples can be associated
due to the fluctuations in Si-doping [15]. The peaks around 3.70 eV are
the QWs emissions. The broad bands for QWs are attributed to mono-
layers fluctuations during the growth process which are associated to
interfaces defects.

Table 1 presents the value of the full width at half maximum
(FWHM) for the QWs emissions. For a typical sample of undoped c-GaN
at room temperature the exciton emission has a FWHM of about
117meV [6]. For the QW emission we can note a decrease of the
linewidth from SQW to the SDQW. The decrease in the FWHM can be
related to the increase of the material quality [16,17]. In the QW
structures, it can be attributed to the presence of intermediary AlN layer
and mainly by the presence of the step structure.

The PL peak positions as function of temperature for the QWs and
for a reference c-GaN bulk sample are shown in Fig. 4. The experi-
mental data were fitted by Varshni equation [18]:
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where E (0)g is the energy band gap at 0 K, α and β are empirical
coefficients. The α parameter is related to the

→∞

lim dE
dTT

and β parameter

has a value similar to the Debye temperature that is approximately
600 K for c-GaN [19]. Table 2 shows the fitting results whose values
present a good correlation to the literature [19].

We notice that for temperatures above> 180 K the fitting has a
good correlation with the experimental data. However, the position of
emission peak fluctuates in low temperatures. This behavior is related
to the localization effects at the interfaces of the quantum wells
[20,21]. In our case, these fluctuations are related to the interface
quality by the quantity ΔE defined by the deviation from the average
value expected by Varshni fitting curve in Fig. 4. The values for these
fluctuations are presented in Table 3. We note a decrease of ΔE from
SQW as far an intermediate AlN layer is introduced between sequencing
quantum well. The introduction of AlGaN step layer also decreases the
fluctuation associated to these interface-related localized states ob-
served at low temperatures.

To complement this analysis, PL integrated intensities were plotted
as a function of the reciprocal thermal energy in Fig. 5. Usually, this
behavior is well modeled by the Arrhenius-like equation [6,22].
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Fig. 3. PL spectra at 13 K under 266 nm excitation (a) SQW, (b) DQW and (c) SDQW.

Table 1
Full Width at Half Maximum of QWs emissions.

Samples FWHM

SQW ~ 0.41 eV
DQW ~ 0.39 eV
SDQW ~ 0.30 eV

Fig. 4. The PL peak positions of QWs and reference sample (c-GaN bulk). The dashed
lines correspond to the Varshni fitting.

Table 2
Parameter from Varshni fitting.

Sample α (10−4 eV/K) β (K)

SQW 5.21 595
DQW 1.82 602
SDQW 2.45 615
Reference 5.54 605

Table 3
Estimated values of localized states energies in low
temperature.

Sample Energy (meV)

SQW ≈ ±19 3
DQW ≈ ±13 3
SDQW ≈ ±10 3
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where I0 is the PL intensity at 0 K, C is the ratio between radiative and
non-radiative lifetimes, Ea is the ionization energy for the exciton inside
the QW and kB is the Boltzmann constant.

In Fig. 5 the deviation from the expected tendency is notable that
the intensities increase in a range of ascending temperatures between
30 and 80 K. This anomalous behavior was previously reported for traps
localization in ZnO using a qualitative model based on potential fluc-
tuations [23]. In our case, interface defects can be interpreted as po-
tential fluctuations which trap the photocarriers at low temperature.
Trapped carriers are released/thermally activated from local minima as
temperature increases and recombine in the conventional way. The
deepest fluctuation depth is defined by a critical temperature TC, i.e. its
energetic depth is kBTC. Above TC the localization potentials due to
interfacial defects are screened and the PL emission follows the ex-
pected decreasing as temperature increases. Considering kBTC as the
thermal energy for photocarriers avoiding this localization region, we
define Eloc as the localization energy range and Ea as the exciton ioni-
zation energy obtained by Eq. (2). The results are depicted in Table 4.

Additionally, we analyzed the integrated PL intensity as a function
of the reciprocal thermal energy for the c-GaN (bulk) in Fig. 6. For this
case we introduce an Arrhenius expression with two non-radiative
processes [21]: C1 relative to the localized and C2 relative to delocalized
excitons, where the parameter (1) is related to the process predominant

Fig. 5. The integrated PL intensities in (a), (c) and (e) show the influence of carrier localization related to interfaces. The PL spectra shown in (b), (d) and (f) confirm the anomalous
increasing of intensities.

Table 4
Estimated energy of the localized states and the ionization energy of the exciton into the
QW.

Sample Eloc (meV) Ea (meV)

SQW ±4.3 0.4 36
DQW ±6.5 0.4 31
SDQW ±6.0 0.4 37

Fig. 6. Integrated PL Intensity as a function of 1000/kbT for the c-GaN bulk sample.
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at low temperatures and (2) at high temperatures:
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We can notice that the activation energy is about 22meV which is
close to the exciton energy for the c-GaN [6] while a carrier localization
in a shallow localized state is about 3meV and could be due to native
defects of c-GaN. We notice that the nature of QW localized states is
different from the reference, which is bulk and has no interfaces. Their
large values are comparable to the average ΔE/2 of the fluctuation
energies found in Table 3 and they are screened and contribute to PL up
to the critical temperature. Additionally the larger excitonic ionization
energies (Ea) are credited to the quantum confinement nature of QW
structure.

These results indicate a better interface for the SDQW as compared
to SQW and DQW which can be associated to the introduction of a AlN
barrier (interlayer) in the QW. The AlN interlayer tends to decrease the
superficial tension in the interfaces [24]. Besides that, the AlGaN has a
surfactant behavior [25,26] that contribute to the loss of interface
roughness and the decreasing of localized states energy.

4. Conclusions

In conclusion, cubic GaN/(Al)GaN multiple quantum wells were
grown by plasma assisted molecular beam epitaxy with three different
configurations at interfaces. The investigation was based on tempera-
ture dependent photoluminescence which shows anomalous behavior at
low temperatures. This behavior was attributed to carrier localization
effects due to interface defects. Peak position and integrated intensity
were analyzed and the obtained localization energies are correlated to
the interfaces which shows smaller values when AlN is employed as
intermediate layer. The interpretation method contributes to a fast di-
agnostic of interfacial defects as carrier localization centers.
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