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A study of the photoluminescence properties of AlInN/GaN in comparison with the spectrum of the GaN
active layer of the same heterostructure is presented. The strong intensity lines of the observed photoluminescence
spectra are associated with the formation, enhancement and narrowing of the excitonic lines in the flat band
region of the active GaN layer. The phenomena in the presence of electric field near the heterostructure interface
with the two-dimensional electron system are associated with nonlinear behaviour of recombination processes.
PACS: 78.55.−m, 78.66.−w, 71.55.Eq, 71.35.−y

1. Introduction
Nitride heterostructures AlGaN(InAlN)/GaN with
two-dimensional channels are widely used in high performance electronic devices [1], in particular for developing
heterostructure field effect transistors (HFETs) [2]. Investigation of photoluminescence (PL) spectra and other
optical properties are crucial for understanding of intrinsic properties of the heterostructures important for advancing the nitride technology.
It is still unclear what the origin of the optical transitions is vis a vis the recombination processes in nominally
undoped or selectively doped heterostructures based on
compound semiconductors in general. The radiative
recombination of photoexcited carriers is affected by
the strong internal electric field formed at the heterointerface. The field is of special importance for the photoluminescence of bimolecular excitons formed by electrons
and holes excited by incident photons. For example,
the ensuing recombination induces superlinearities in the
transient PL spectra of Alx Ga1−x As/GaAs heterostructures recorded during the pump-probe experiment [3]:
an enhancement of the PL intensity was also observed
[3, 4]. So far, only a few similar optical studies have
been reported for GaN heterostructures [5–9], and therefore, the topic requires more investigations. In this vein,
our investigations show both enhancement and narrowing of the excitonic lines in an AlInN/GaN heterostructure that confines a two-dimensional electron system near
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the heterointerface. In the present work, the PL spectra
of the AlInN/GaN heterostructures have been compared
with the spectra of the active GaN layers of the same
structure. A possible model of the exciton photoluminescence enhancement in AlInN/GaN heterostructures is
discussed. The influences of the built-in electric field and
several recombination mechanisms are also considered.
2. Samples and measurement technique
The AlInN/GaN structures were grown on (0001) sapphire substrates in a vertical low-pressure metal-organic
chemical vapor deposition system [10]. The growth was
initiated with a 250–300 nm AlN buffer layer followed
by an approximately dactive = 4 µm GaN active layer.
After depositing an AlN spacer layer (dsp thickness), a
layer of Al1−x Inx N (thickness d) was grown, and finally
capped with GaN layer (dcap ). The AlInN/GaN structure contains a two-dimensional electron gas (2DEG) in
the active layer of GaN near the interface. The parameters and the measured characteristics of the samples are
shown in Table.
The samples were excited with a HeCd laser (15 mW)
operating in a continuous wave mode with photon energy
of 3.81 eV (λ = 325 nm). The photoluminescence signal
was dispersed by a monochromator and detected by a
thermoelectrically cooled GaAs photomultiplier operating in the photon counting regime. A closed cycle helium optical cryostat enabled sample temperatures from
ambient 300 K down to 3.6 K.
The conventional measurements of PL spectra were
made for polarizations of α (k k c, E ⊥ c), where k and
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E are the wave vector and electric field of the emitted
light, and c is the principal crystallographic axis. The
heterostructures were illuminated with the laser through
the cap layers. For further investigation the GaN active

layers, the GaN layer was also illuminated through the
sapphire substrate from the backside of the heterostructure.

Sample parameters and summary of measured characteristics:
µHall is 2DEG Hall mobility and Ns is 2DEG sheet density in GaN active layer, respectively.
Sample

GaN
dcap
[nm]

Al1−x Inx N
d
[nm]

x

CVD2081
CVD2100
CVD2383
CVD2424

1
1
1–2
2

17–20
17–20
≈ 25
21.5–25

0.18
0.15
0.14
0.17–0.18

AlN
dsp
[nm]

GaN
dactive
[µm]

0.3
1
0.8–1
0.8–1

4
4
4
4

TABLE

2DEG, 300 K
µHall
Ns × 1013
2
[cm /(V s)]
[cm−2 ]
400
1600
≈ 1200
≈ 1060

1.4
1
≈1
≈ 2.7

3. Experimental results and discussion
The PL spectra of the AlInN/GaN heterostructure
(#CVD2100) and its GaN active layer at 3.6 K are
presented in Fig. 1. The spectrum of the active GaN
layer has only one broad band near the forbidden energy gap with a full width at half maximum (FWHM)
that equals 16 meV. The spectrum of the AlInN/GaN
heterostructure contains well resolved three GaN-related
XA , XB and XC excitonic transitions and also a weak
peak XA (n = 2), which we attribute to an excited state
of the XA exciton. The FWHM of the excitonic line XA
is 5 meV, XB is 3.7 meV and XC is 3.4 meV, respectively. We also established that the exciton line XA of
the heterostructure is about 15 times more intense than
the PL maximum of the GaN active layer. From Fig. 1
we can summarize that the PL spectrum of the GaN layer
is broadband in nature, while the spectrum of the heterostructure splits into narrow individual excitonic lines.
The investigated heterostructures demonstrated two effects: the enhancement of the excitonic photoluminescence and the narrowing of the excitonic lines in comparison to the PL spectrum of the GaN active layer of the
same structure.
The residual strain influences the spectrum of excitonic transitions [11–15], and, in our case, the spectrum
is shifted by approximately 10 meV towards the higher
energy region compared to the spectrum of a fully relaxed
GaN layer [1, 16, 17]. The emission band at 3.55 eV is attributed to the emission from AlInN layer possibly associated with very large Stokes shifts of 0.4–0.8 eV observed
near a composition range of 0.18 [18, 19]. The origin of
this effect is not clear. It has been proposed that such
a large energy difference between the band edge and the
luminescence could be ascribed to the composition fluctuations of In or the presence of deep defects or impurities
acting as preferential recombination centers [18].

Fig. 1. The PL spectra of the AlInN/GaN heterostructure (bottom curve) and its GaN active layer (top curve)
at 3.6 K. For the sake of clarity, the top curve is shifted
vertically and multiplied with 15.

The 2DEG is induced by “spontaneous and piezoelectric polarization” in the investigated AlInN/GaN heterostructures, but the source of free electrons is of different origin. The positive polarization charge at the
interface is responsible for the tendency to collect the
free electrons from other sources [20]. The sources of free
electrons can be either surface states [20–23] and/or the
AlInN layer [18]. For example, a typical AlInN layer contains a free electron concentration of (1–5) × 1018 cm−3 ,
possibly due to nitrogen vacancies acting as shallow
donors or residual oxygen impurities [18]. The emission
at 3.41 eV can be related to the 2DEG system, whose
emission spectral peak position varies in the region of
3.38–3.44 eV [8].
The PL spectra of various AlInN/GaN heterostructures and its GaN active layers at 3.6 K are shown in
Fig. 2. While the spectra of GaN active layer spectra
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Fig. 2. The PL spectra of various AlInN/GaN heterostructures (a) and its GaN active layers (b) at 3.6 K.
For the sake of clarity, the curves are shifted vertically.

Fig. 3. The PL spectra of the AlInN/GaN heterostructure (a) and its GaN active layer (b) at different temperatures.

are broad (the FWHM varies from 12.8 eV to 22 meV
for different samples, Fig. 2b), the spectra of the AlInN/
GaN heterostructures for all samples show narrowed and
similar structure (Fig. 2a). Thus, the heterostructure
spectra demonstrate features absent for the GaN active
layer. In particular, the free exciton transitions XA , XB ,
and XC , observed in all the PL spectra, are the same as
those recorded for good quality GaN layers [24–26]. In
other words, the spectrum of a heterostructure reflects
fundamental optical properties of GaN.
In GaN of hexagonal symmetry, the A and B transitions dominate for the light polarization E being perpendicular to the c axis. However, the C exciton is
mostly active for the parallel polarization (E parallel to
the c axis), but small contributions come from perpendicular components [27–30]. This non-zero contribution
adds up and gives finite transition for C exciton in PL for
α-polarization. Moreover, the relative intensities depend
on the electric fields and residual stresses [12, 15].
The PL spectra of the AlInN/GaN heterostructure
(#CVD2100) and its GaN active layer at different tem-
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peratures are shown in Fig. 3. It is clear that the excitonic structure of the heterostructure (Fig. 3a) survives
in the entire investigated temperature range of 3.6–160 K.
The origin of the excitonic PL in the heterostructures
with the 2DEG is not as evident, as it may seem at a first
glance. The proposed effect of the built-in electric field
may explain the origin of the excitonic photoluminescence in Alx Ga1−x As/GaAs heterostructures with quasi-triangular quantum wells at the heterointerface [4, 31].
Similar conditions can be found in the investigated nitride heterostructure, and the excitonic luminescence can
be discussed from the same point of view.
The incident laser beam excites electrons within a certain light penetration depth. These photoexcited carriers
can form excitons in the GaN active layer and may then
radiatively recombine which results in photon emission.
However, the presence of a strong built-in electric field
excludes exciton formation in the close proximity of the
heterointerface region.
At the interface, the 2DEG occupies the triangular potential well and induces an electric field at the order of 1
MV/cm. However, an electric field above 100 kV/cm
can destroy excitons by tunneling [32]. Therefore, the
electron–hole pairs near the interface are dissolved by the
electric field and will either move towards (electrons) or
away (holes) from the interface. During this process the
dissolved electron and hole cannot meet each other, but
may have the possibility to catch holes and electrons originating from other pairs through bimolecular formation
of exciton. The resulting process can lead to an accumulation of free carriers that increases the number of excitons in the GaN layer at the edge of the 2DEG channel
where the “flat band” condition is satisfied. Theoretical
analysis [33] shows essential nonlinearity of the excitonic
PL intensity when impurities take part in the recombination process. The nonlinear dependence of excitonic PL
intensity on carrier density may explain the enhancement
of excitonic lines. Recently, similar changes of the excitonic PL spectra have been reported for AlGaAs/GaAs
heterostructures [34].
The origin of the PL excitonic line-narrowing phenomenon is not yet clear. It is known that the excited electrons and holes in epitaxial layers remain mainly
near residual donors, acceptors or other inhomogeneities
that are randomly distributed in space. This interaction causes inhomogeneous broadening of the excitonic
linewidth. The FWHM of the excitonic lines at low temperatures in AlInN/GaN heterostructures are similar to
the linewidths of a high quality GaN crystal, thus suggesting that the interaction of excitons with crystal imperfections is affected by the heterostructure. The light-induced narrowing of excitonic absorption lines in GaN
was observed in Ref. [35]. The effect is most likely due to
the reduction of the strength of the electric field around
the negatively charged dislocations after the sample has
been illuminated. Changes in PL spectra were not observed when the illumination intensity was changed.
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4. Summary

We have investigated the PL spectra for AlInN/
GaN heterostructures containing 2DEG near the interface. Strong photoluminescence intensities were associated with the formation of free excitons in a flat band
region of the GaN active layer. We also observed an
enhancement of the exitonic PL intensity and a narrowing of the excitonic lines. This phenomenon may be related to the nonlinear behavior of the excitonic PL in the
AlInN/GaN heterostructures.
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