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The luminescence properties of InxAl1�xN/GaN heterostructures are investigated systematically as a

function of the In content (x¼ 0.067� 0.208). The recombination between electrons confined in the

two-dimensional electron gas and free holes in the GaN template is identified and analyzed. We find

a systematic shift of the recombination with increasing In content from about 80 meV to only few

meV below the GaN exciton emission. These results are compared with model calculations and can

be attributed to the changing band profile and originating from the polarization gradient between

InAlN and GaN. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4720087]

InxAl1�xN/GaN heterostructures (HSs), in particular for

the lattice-matched composition x� 0.18, have emerged

recently as promising candidates for next-generation elec-

tronic devices in millimeter- and submillimeter-wave appli-

cations1,2 as well as for the improvement of optoelectronic

devices.3,4 The use of InAlN layers offers several attractive

advantages, such as a strong spontaneous polarization that

induces an extremely high sheet carrier charge density in the

two-dimensional-electron-gas (2DEG) (about

3.5� 1013 cm�2 for 14 nm thick Al0.93In0.07 N barriers),5,6

and a strain-free heterojunction that could reduce structural

defects caused by the lattice mismatch.7,8 Moreover, due to

their relatively high difference in refractive indices and the

possibility of lattice matching, InAlN/GaN multilayer stacks

with quarter-wave layers are a very promising approach for

distributed Bragg mirrors9 and its application in nitride

microcavity light-emitting diodes.10

Regardless of the final application, investigations on

both the electrical and optical properties of the 2DEG are

crucial for understanding the intrinsic properties of the

InAlN/GaN heterostructures, which is the bottleneck to

advance the nitride electronics technology. Up to now,

InAlN/GaN HS have been studied widely by electrical meas-

urements,5,11 however, there is still a lack of systematic stud-

ies concerning optical characterization.

In this work, we present photoluminescence (PL) as a

method to investigate the influence of the In content in

InAlN/GaN HS on the band shape and the energy levels in

the 2DEG. A 2DEG-related luminescence with a strong de-

pendence on the In content was identified. Furthermore,

model calculations were performed correlating the experi-

mental results to the recombination of electrons in the 2DEG

located in an excited state and free holes in the GaN buffer

layer.

A set of nine InxAl1�xN/GaN HS samples with similar

layer thickness but different In content, varying from

x¼ 0.067 to 0.208 as described in Table I, were analyzed sys-

tematically. The HS with metal face (0001) orientation were

grown by metal organic vapour phase epitaxy (MOVPE) in an

AIXTRON 200/4 RF-S reactor on 200 c-plane sapphire sub-

strates with a nominal miscut of 0.25� towards the (1�100)-

plane. Standard precursors (trimethylaluminum [(CH3)3Al:

TMAl], trimethylindium [(CH3)3In: TMIn], trimethyl-gallium

[(CH3)3Ga: TMGa] and ammonia (NH3)) were used. The

growth of the InxAl1�xN layer took place at temperatures in

the range from T¼ 900 �C (for x¼ 0.067) to T¼ 740 �C (for

x¼ 0.208), and the growth rate �0.1 lm/h. The GaN layer

was grown at 1145 �C for each HS, and the growth tempera-

ture of the AlN seed layer on top of the substrate was 685 �C,

except for two samples (with an In content of 18.5% and

19.0%, respectively) that was 950 �C. All layers were grown

without additional doping. Hall studies yielded a residual elec-

tron concentration for the GaN buffer layer of 2� 1015 cm�3.

The formation of the 2DEG did not allow to investigate the

electrical properties of the thin InAlN films.

Both the thicknesses of the InAlN layer and the lattice

parameters c(GaN) corresponding to the out-of-plane lattice

parameter of the GaN buffer layer were measured by high re-

solution x-ray diffraction (HR-XRD). The in-plane lattice

parameters of the surface a(InAlN surface) were measured

by grazing incidence in-plane diffraction (GIID). On the

other hand, HR-XRD was also used to determine the In con-

tent with an accuracy of 60.5%. In Table I, the values of ezz

in GaN were calculated from the c-lattice parameters assum-

ing the relaxed value of c0(GaN)¼ 5.18523 Å given by

Ref. 12. It shows compressive biaxial strain (i.e., ezz(GaN)> 0)

TABLE I. Overview of the samples sorted by the In content. The thickness

of the top layer, the strain of GaN buffer layer (1.5 lm) in the growth direc-

tion [0001] and the a-lattice parameter of the InAlN surface are shown.

[In] (%) InAlN thickness (nm) ezz (GaN)� 10�4 a (InAlN surface) (Å)

6.7 33.2 5.34 3.1775 Partially relaxed

8.5 33.4 4.18 3.1740 Partially relaxed

14.5 35.0 4.57 3.1852 Strained

17.6 33.4 5.34 3.1855 Strained

18.5 44.0 11.51 3.1805 Strained

19.0 45.7 8.42 3.1829 Strained

19.5 33.8 4.18 3.1856 Strained

20.5 30.6 4.18 3.1855 Strained

20.8 29.6 5.34 3.1849 Strained
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of the templates, as expected from the mismatch of the ther-

mal expansion coefficients with the sapphire substrates.13,14

The higher values of ezz(GaN) for samples with [In]¼ 18.5

and 19.0% are explained by the different growth temperature

of the AlN seed layer used for these HS in respect to the rest

of the samples.

In addition, the a(InAlN surface) parameters were com-

pared with the a-lattice parameter in GaN that were calcu-

lated from the c(GaN) values. The results are summarized in

Table I and show that the InAlN layers with the lowest In

content are partially relaxed, in contrast to the samples with

[In]� 14.5% that are under strain. These results are in good

agreement with previous studies where InAlN/GaN HS with

In content between 13% and 32% were fully strained but

samples with lower In content were partially relaxed.15

As reference sample, a GaN template without InAlN cap

was also analyzed. For optical characterization by PL, a

HeCd laser (k¼ 325 nm) was used as excitation source. The

sample was placed in a liquid helium cryostat allowing vari-

able temperatures between 5 K and room temperature (RT).

Emitted light was dispersed by a grating monochromator

with 1.25 m focal length equipped with a 1200 rules/mm gra-

ting, and PL spectra were recorded by a liquid nitrogen

cooled CCD camera. The chosen spectral resolution was

always better than 0.7 meV at 3.5 eV.

Temperature dependent PL spectra of the InxAl1�xN/

GaN HS in the range from 5 K to RT were measured for all

nine samples. Exemplarily, the evolution of the PL spectra

for the sample with x¼ 0.176 being nearly lattice matched to

GaN is presented in Fig. 1. The expected recombination fea-

tures of the GaN buffer are visible: the donor bound exciton

(D0X) is located at �3.481 eV (at 5 K) dominating the lumi-

nescence at low temperatures. The energy position of the

(D0X) is similar for all the analysed HS samples. Its position

is blue-shifted by approximately 10 meV in respect to that of

unstrained GaN. This is in line with results from HR-XRD in

Table I discussed previously. The free A exciton (FXA),

located 7 meV above the (D0X) becomes dominant and red-

shifts as the temperature increases,16 also the free B exciton

(FXB), located �8 meV above FXA, is observable at elevated

temperatures. The evolution of these two peaks as a function

of temperature is marked by arrows in Fig. 1.

The PL spectrum at T¼ 5 K shows an additional peak

(labelled 2DEG in Fig. 1), slightly lower in energy than the

excitonic features of GaN. Temperature dependent PL meas-

urements reveal that the intensity of this additional 2DEG-

related peak quenches at temperatures at about 60 K. In fact,

similar contributions were observed previously for AlGaN/

GaN HS (Refs. 17 and 18) and in ZnMgO/ZnO HS (Ref. 19)

that were assigned to the recombination of electrons in the

2DEG and free holes in the buffer layer.

The assignment of the additional peak as 2DEG related

luminescence is corroborated by comparing the PL spectra

of samples with different In content as shown in Fig. 2 for

T¼ 5 K. The estimated peak energies of the 2DEG-related

recombination bands are marked by solid triangles. We

observe a systematic shift of this band to higher energies

when the In content of the top layer is increased, while the

positions of the FXA and D0X peaks remain nearly constant

and are only dependent on the strain in the buffer layer.

Moreover, the 2DEG-related transition is not observed in the

reference sample consisting of a GaN template only (see bot-

tom trace in Fig. 2). Lower indium concentration in the cap

layer leads to higher band offsets, a larger polarization gradi-

ent, and thus a stronger confinement of electrons. Therefore,

the assignment of this spectral contribution to the presence

of the 2DEG is straight forward, however, the nature of the

luminescence mechanism remains to be understood.

Model calculations of the band structure and the quan-

tized energy states in our samples were performed by solving

the Schrödinger and Poisson equations self-consistently by

using nextnano software.20 In the calculation, parameters for

GaN and linear interpolations between the InN and AlN pa-

rameters for InAlN were used after Ref. 21, except the

FIG. 1. Temperature dependent PL spectra of In0.176Al0.824 N/GaN HS in

the range of the GaN band gap between 5 and 295 K.The main features are

identified as donor bound exciton (D0X), free excitons of A and B valence

band (FXA and FXB), and related to the 2DEG. The peak at �3.445 eV is

identified as the fourth longitudinal optical phonon Raman line (R4LO) of

the 325 nm He-Cd excitation laser source.

FIG. 2. Evolution of the PL emission of the InAlN/GaN HS in the range of

the GaN bandgap at 5 K, as a function of In content, in comparison with

GaN template used as a reference. The peak at �3.445 eV is identified as the

fourth Raman line (R4LO) due to the 325 nm He-Cd excitation laser source.

Peak energies of the 2DEG-related recombination bands are marked by solid

triangles.
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bandgap energy of InAlN which was estimated by applying

the empirical expression (13) from Ref. 22

EAlInN
A ¼ EInN

A � xþ EAlN
A � ð1� xÞ � b2ðxÞ � ð1� xÞ � x; (1)

where b2ðxÞ¼A/(1þC�x2) is the bowing parameter with

A¼ 6.43 6 0.12 eV and C¼ 1.21 6 0.14 eV and EInN
A

¼ 0.675 eV (Ref. 23) and EAlN
A ¼ 6.015 eV (Refs. 24 and 25)

at RT. Note that the input data are given at RT and the cor-

rections due to the temperature change are taking into

account in the calculations. Moreover, the use of the bandgap

values is supported by complementary experimental results

in some of the samples by using ellipsometry (not shown).

The valence band order of the InAlN in our range of In com-

position is known to be C7 -C9-C7.26

The surface potential for each HS was assumed to be

given by

e/b ¼ ½0:5 � xþ 2:1 � ð1� xÞ	eV; (2)

where x is the In content. The dependence was originally

suggested for Ni Schottky contacts.21 It can be also applied

here because the values for ub are almost consistent to

results of angle resolved x-ray photoelectron spectroscopy

(XPS) at the free surfaces.27 In addition, XPS measure-

ments28 for thin films with x¼ 0.17 and 0.25 yielded 1.9 and

1.5 eV while Eq. (2) corresponds to 1.83 and 1.7 eV, respec-

tively. It is worth mentioning that these small differences in

the barrier height lead due to the large barrier thickness (low

barrier field strength) only to minor changes in the band

profile.

As a first approximation, pseudomorphic HS are

assumed and the values of the strain of the GaN buffer, cal-

culated from the experimental values of the lattice constants,

were used in the simulation. Under these assumptions, three

energy levels are occupied in the 2DEG, i.e., lower in energy

than the Fermi level EF. The evolution of the calculated

energy levels as a function of the In content for our samples

is shown in Fig. 3. A schematic drawing of the band diagram

of the heterostructure and the probability density function

jwj2 for the corresponding energy levels (En¼ 1, En¼ 2)

respect to EF (located close to the band edge) is presented in

the inset of Fig. 3. The third occupied level (En¼ 3) is nearly

at EF and it is not taken into account further in the current

analysis.

As shown in Fig. 3 (inset), the electrons in the ground

state are strongly localized in the quasi triangular quantum

well, hence, far from the free holes in the GaN buffer, that

are relaxing towards the highest energy position of the va-

lence band (flatband region) due to band bending. In con-

trast, the location of electrons from the first excited state

penetrates further into the GaN template leading to a higher

recombination probability with the excited holes. In fact, a

good agreement between the experimental 2DEG-related

transition energy (E2DEG) and the calculated first excited

quantized state (En¼ 2) respect to the flatband energy posi-

tion of the valence band in GaN (EVB,max) is observed, espe-

cially for the HS with 0.145
 x
 0.208 (Fig. 4). It is worth

mentioning that the HS with In content between 14.5% and

20.8% are fully strained as discussed previously and our sim-

ulation agrees with the experimental data within a deviation

lower than 0.4%. On the other hand, the InxAl1�xN layers

with x¼ 0.067 and x¼ 0.085 are partially relaxed,15 hence

supporting the idea that the experimental luminescence ener-

gies are located between the calculated energy positions for

strained and fully relaxed HS, as shown in Fig.4.

Therefore, these results highlight that the recombination

of electrons from the 2DEG at the first excited level with

photoexcited holes in the GaN is the most likely mechanism

behind the 2DEG related PL emission, which is in good

qualitative agreement with the results from J. P. Bergman

et al. in AlGaN/GaN HS.18 For higher indium concentration

in the cap layer, the probability density of electrons reaches

further into the GaN buffer which is mirrored by a more

intense recombination signal in our spectra.

In conclusion, InAlN/GaN HS with different In contents

have been systematically analysed by PL measurements for

temperatures between 5 K and RT. We found a luminescence

peak associated to the recombination between electrons in

the 2DEG at the second level (En¼ 2) and photoexcited holes

in the GaN buffer. Our findings are supported by the good

correlation between the experimental transition energies and

FIG. 3. Evolution of the occupied energy states in the 2DEG respect to the

Fermi level (EF), as a function of the In content. Inset: schematic band dia-

gram of the InAlN/GaN showing the probability function jwj2 for En¼ 1 and

En¼ 2.

FIG. 4. Evolution of 2DEG-related transition energy, experimental (stars)

and simulated (solid dots) for fully relaxed and strained InAlN layer, as a

function of the In content. Inset: schematic band diagram of the InAlN/GaN

showing the probability function jwj2 for En¼ 2 and the likely electron (e�)-

hole (hþ) interaction.
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model calculations. The dependence of the 2DEG-related

emission on the In content can be understood with the chang-

ing band profile attributed to the different polarization gradi-

ent between InAlN and GaN.
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