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Polarization-induced Valence-band 
Alignments at Cation- and Anion-polar 
InN/GaN Heterojunctions

In this study, InN/GaN heterojunctions as well as 

InN and GaN bulk epilayers were grown along the polar 

on Ga-face GaN/Al2O3(0001) and N-face AlN/ -Si3N4/

Si(111) growth templates by plasma-assisted molecular-

beam epitaxy using a monolayer-abrupt strain relaxation 

technique. Details of the growth technique can be 

found elsewhere. The important point in this technique 

is to control the lattice relaxation kinetics at the growth 

onset of lattice-mismatched epilayer by using substrate 

temperature, metal/N flux ratio, and growth rate. Except the 

use of different substrates, both types of heterojunctions 

were grown under the same growth conditions. The crystal 

polarities of measured samples were confirmed by the wet 

etching technique before and after the InN epilayer growth. 

For the case of pseudomorphic InN growth on a 

relaxed GaN substrate, the in-plane lattice mismatch 

1 = (a0
GaN  a0

InN)/a0
GaN is as large as -10%. On the other 

hand, the measurable spontaneous polarization fields only 

depend on the difference of the spontaneous polariza-

tion across the InN/GaN interface (theoretical value: 

0.007 C/m2), which corresponds to that of the piezoelectric 

polarization at ~0.5% of in-plane strain. Thus, it is crucial 

to determine the exact strain states of the epilayers in 

order to disentangle the spontaneous polarization effects 

from that of piezoelectric polarization. In our study, the 

initial heteroepitaxial growth kinetics of InN on GaN was 

monitored by in situ real-time recording of reflection high-

energy electron diffraction (RHEED), shown in Fig. 1(a). 

Judging from the inset of Fig. 1(a), we can see that the in-

plane lattice parameter changed abruptly and most of 
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characterization of optoelectronic and electronic devices based on III-nitride semiconductors. However, most of 

the reported valence-band offsets (VBOs) for the III-nitride heterojunction system show a wide disparity. Because 

of the existence of large macroscopic polarizations in wurtzite-type III-nitride epitaxial heterostructures, these 

discrepancies might be related to the strong piezoelectric and spontaneous polarization effects. In this work, by using 

the technique of synchrotron-radiation photoelectron spectroscopy (PES) on nearly fully relaxed c-plane wurtzite 
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polarization discontinuity at the polar InN/GaN interfaces can lead to large core level shifts and modification of 

apparent VBOs. Combined with the photoelectron spectroscopic measurements of InN and GaN bulk epilayers, the 

determined valence-band offsets are 1.04 and 0.54 eV for In/Ga- and N-polar heterojunctions, respectively.
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the pseudomorphic strain was released during the first 

monolayer growth of InN. After that, the lattice parameter 

remained nearly constant. A more accurate determination 

of lattice parameters (c and a) and the epilayer strain 

states in heterojunction samples was performed by 

ex situ  synchrotron-radiation X-ray diffraction (XRD) 

measurements, shown in Fig.1(b) and Fig. 1(c). In both 

polarities, the thin InN epilayers are compressively strained, 

and the c-axis strain is about 0.4% and 0.2% for In-polar and 

N-polar InN thin layer, respectively. 

In the III-nitride wurtzite structure, the direction of 

spontaneous polarization is from the metal (cation) atom 

to the nearest neighbor nitrogen (anion) atom along 

the -c-axis (i.e., the [000-1] direction). For the case of 

biaxial compressively strained InN epilayers, the direction 

of piezoelectric polarization is opposite to that of the 

spontaneous polarization. Because of the discontinuity 

of macroscopic polarizations across the heterojunction, 

including both spontaneous and piezoelectric polarizations, 

a positive bound sheet charge int is induced at the In/Ga-

polar interface and would cause accumulation of mobile 

electrons in n+-InN (as-grown InN epilayer is known to 

exhibit a high background n-type carrier density) to form 

an interface dipole. In contrast, a negative polarization-

induced sheet charge - int is induced at the N-polar 

interface and would cause depletion of mobile electrons 

and the formation of an interface dipole in the opposite 

direction. In photoelectron spectroscopy, the existence 

of an interface dipole at polar heterojunction can have a 

substantial influence on the measured binding energies 

of photoelectrons, depending on the origin of the col-

lected photoelectrons being from below or above the 

heterojunction. For our present case of InN/GaN polar 

heterojunctions, the interface dipole would result in 

acceleration or deceleration of the Ga 3d core-level 

emission from the buried GaN layer. As a consequence, the 

measured binding energy of Ga 3d core-level emission 

can be smaller or larger, depending on the orientation 

of interface dipole. In contrast, the interface dipole has a 

negligible effect on the In 4d core-level emission from the 

top InN layer. Thus, the binding-energy differences of Ga 

3d and In 4d core levels are ECL
(In/Ga) = (EB

Ga+eVint) EB
In and 

ECL
(N) = (EB

Ga eV int) EB
In for the In/Ga-polar and N-polar 

heterojunctions, respectively, where eVint and eV int are the 

potential differences across the interface dipoles. 

Figure 2 shows the Ga 3d  and In 4d  core-level 

photoelectron spectra from In/Ga- and N-polar InN/GaN 

heterojunctions. In the best fit, the deconvoluted In 4d

core-level spectra indicate a combination of a main 

peak from the bulk derived feature (B) and an additional 

component from the surface state (S), which is a signature 

of InN epilayers with clean surfaces. The binding energy 

shown here has been scaled with respect to the positions 

of valence-band maximum (VBM) (EV), which are obtained 

by linear extrapolation of the valence-band spectra (in 

comparison with the spectral lineshapes of bulk epilayers 

shown in Fig. 3, the valence-band spectral features 

of heterojunctions are mainly from the InN layer). By 

aligning the VBM positions of both types of InN/GaN 

Fig. 1: (a) RHEED intensity profiles in the 
initial growth stage of InN on 
relaxed GaN. The electron beam 
azimuth is along the <-1-120>InN/GaN

direction. (b) The strain state of 
InN epilayer determined by XRD 
measurements using synchrotron 
radiation. (c) Reciprocal space 
mapping of InN epilayer around 
the asymmetric (10-11) Bragg 
reflection.

Fig. 2: Ga 3d and In 4d core-level spectra of In/Ga-polar and N-polar 
InN/GaN heterojunctions. The inset shows the valence-band 
spectra. Schematic illustration shows layered structures, 
directions of spontaneous and piezoelectric polarizations, 
polarization-induced interface sheet charges, and interface-
dipole-induced changes in the binding energy separations 
between Ga 3d and In 4d core levels.
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heterojunctions, it can be clearly seen that there exists a 

large binding energy difference of 0.51 eV between Ga 3d

and In 4d (In/Ga) (N) core-level emissions ( ECL
(In/Ga) =2.20 eV 

and ECL
(N) =1.69 eV). As expected, the relative change in 

the Ga 3d-In 4d core-level separation can be attributed to 

the shift of the Ga 3d core level, whereas the In 4d core level 

remains at the same energy. 

One of  the most  impor tant  consequences  of 

spontaneous polarization effects at the InN/GaN polar 

heterojunction is the modification of heterojunction 

band alignment. To determine the VBO values of InN/GaN 

heterojunctions, it is necessary to measure the binding 

energy differences of In 4d and Ga 3d core levels with 

respect to the corresponding VBM positions in InN and GaN 

bulk epilayers. Figure 3 shows the photoelectron spectra 

of InN and GaN epilayers with both crystal polarities, 

where the energy zero is taken at the positions of VBM. The 

measured binding energy differences between cation core 

level and valence-band maximum (ECL EV) are summarized 

in Table 1. The uncertainty in the determination of ECL

EV, which is mainly limited by the linear extrapolation 

procedure of valence-band edges, is reproducible to better 

than the instrumental resolution of 0.06 eV. In principle, the 

ECL EV values in bulk samples should be independent of 

the crystal polarity. Indeed, in our PES results, the measured 

values of ECL EV show no apparent difference between 

In/Ga- and N-polarity bulk epilayers. The VBO values can be 

determined by the relation of EV = (EIn4d EV)InN (EGa3d

EV)GaN + ( ECL)InN/GaN , resulting in type-I VBOs of 1.04 eV and 

0.54 eV for the In/Ga-polar and N-polar heterojunction, 

respectively. 

In summary, we have confirmed that the polarization 

discontinuities across the polar III-nitride heterojunctions 

can be exploited to control their valence band alignments. 

Large Ga core level shifts, resulting from the interface 

dipoles, have been measured on In/Ga- and N-polar 

InN/GaN heterojunctions with monolayer abrupt, nearly 

fully relaxed lattices. This discovery may lead to, besides 

the conventional band gap engineering, a new degree of 

freedom in the design of group-III nitride heterostructure 

devices.   
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Polarity Sample EV – ECL (eV) Sample ECL (eV) EV (eV)

In/Ga

(0001)

InN 16.77 (In 4d)
InN/GaN 2.20 1.04

GaN 17.93 (Ga 3d)

N

(0001)

InN 16.82 (In 4d)
InN/GaN 1.69 0.54

GaN 17.97 (Ga 3d)

Table 1: Photoelectron spectroscopy measured binding energy 
differences for measuring valence-band offsets 
( ECL) of InN/GaN heterojunctions with different crystal 
polarities.

Fig. 3: Photoelectron spectra of (a) InN and (b) GaN bulk epilayers 
with In/Ga- and N-polarities for InN/GaN heterojunction 
valence-band offset measurements.




