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InxAl1–xN has been considered to be one of the most 
promising materials for optical devices such as light emit-
ting diodes, laser diodes, and solar cells [1–5] because its 
band gap covers the range from 0.65 for InN to 6.0 eV for 
AlN [6, 7].  Recently, optical devices fabricated with semi-
polar group III-nitrides have attracted considerable atten-
tion for their potential to improve device performance by 
the suppression of the detrimental effects caused by built-
in fields [8]. The epitaxial growth of semipolar InAlN films 
has rarely been reported, mainly due to two major prob-
lems in obtaining films with high crystalline quality. The 
first problem is the phase separation of InAlN. This stems 
from the thermal instability of InAlN alloy crystals [9, 10]. 
To solve this problem, a growth technique that functions 
under highly thermodynamically non-equilibrium condi-
tions is highly desirable. For example, low temperature 
growth meets the requirement. The other problem is the 
lack of appropriate substrates for growth of semipolar 
InAlN films. In order to obtain high-quality InAlN films, 
substrates that give precise alignment of the positions of 
atoms at the hetero-interface are required. ZnO substrates 

for the growth of semipolar InAlN films are attractive from 
this viewpoint, because InAlN and ZnO share the same crys-
talline structure (wurtzite) and their lattice mismatch is small. 
In addition, recent progress in the hydrothermal growth 
technique has made it possible to obtain high-quality ZnO 
single crystals with large diameters at low cost. Despite all 
of these advantages, interfacial reactions between III-nitrides 
and ZnO substrates at high temperature make it difficult to 
take advantage of ZnO substrates [11]. Recently, we have 
found that pulsed laser deposition (PLD) allows us to dra-
matically reduce the growth temperature for group III-ni- 
trides, and also to use ZnO substrates [12–15]. In fact, we 
have demonstrated the epitaxial growth of polar [16] and 
nonpolar [17] InAlN films on ZnO substrates at room tem-
perature (RT), and found that the PLD RT growth technique 
is effective in suppressing phase separation in InAlN films. 

The optical and electrical properties of InAlN are 
strongly influenced by the compositional ratio and strain 
state of the film. However, there have been few reports on 
the structural  characteristics  of  strained semipolar InAlN 
films, probably because the simultaneous determination of  

We have grown semipolar InAlN films on nearly lattice-
matched ZnO (1101)  substrates and investigated their struc-
tural properties. Symmetric and asymmetric reciprocal space-
mapping measurements have revealed that semipolar InAlN
films grow coherently on ZnO (1101)  at room temperature. 
The narrow width of the X-ray rocking curves and the sup-
pression of tilting of semipolar films can be attributed to this

 coherency. This forms a striking contrast with the case of
semipolar AlN films grown on ZnO. We calculated In com-
position and lattice strain in the semipolar InAlN films based
on a model for the lattice distortion of semipolar wurtzite
crystal, and found that In0.26Al0.74N (1101) grows on ZnO
substrates with small lattice strains of less than 1%. 
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Figure 1 (online colour at: www.pss-rapid.com) RHEED pat-
terns, {1101} EBSD pole figures, and AFM imgages for InAlN 
films grown on ZnO (1101)  at (a)–(c) 550 °C, and (d)–(f) RT.  
 
composition and strain in semipolar epitaxial films requires 
considerable effort. In this Letter, we report on the detailed 
structural characteristics of semipolar InAlN (1101)  films 
that have been coherently grown on ZnO (1101)  substrates 
at RT. We determined In composition and strain in semi-
polar InAlN by analysing the data from X-ray reciprocal 
space-mapping (RSM) for various diffractions. 

We grew InAlN films on mechano-chemically polished 
ZnO (1101)  substrates. The ZnO (1101)  substrates were 
introduced into an ultra-high vacuum PLD chamber after 
surface cleaning with ethanol. A KrF excimer laser (wave-
length 248 nm, pulse duration 20 ns) was used to alter-
nately ablate an indium metal target and an AlN ceramic 
target during growth. The energy density of the excimer la-
ser was 3.0 J/cm2 and the pulse repetition rate was set to 
20 Hz. For the nitrogen source, a radio-frequency plasma 
radical generator operating at 400 W with an N2 pressure 
of 5.0 × 10‒6 Torr was used. During the growth, the InAlN 
surfaces were monitored by reflection high-energy electron 
diffraction (RHEED). The structural characteristics of the 
semipolar InAlN films were investigated by electron back-
scattering diffraction (EBSD), atomic force microscopy 
(AFM) and high-resolution X-ray diffraction. The thick-
nesses of the InAlN films were measured with grazing-
incidence X-ray reflection. 

Two types of InAlN films were prepared on ZnO 
(1101)  substrates and compared. One is the 65 nm thick 
film grown at 550 °C, and the other is the 70 nm thick film 
grown at RT. The InAlN film grown at 550 °C exhibited a 
circular RHEED pattern during the initial stage of the 
growth. It eventually changed to the spotty pattern shown 
in Fig. 1(a). This is similar to that of RHEED patterns for 
c-plane InAlN films. The 70 nm thick InAlN film grown  
at RT exhibited the streaky RHEED pattern shown in 
Fig. 1(d) throughout the entire growth process. The pattern 
was similar to that for the ZnO (1101)  substrate. This indi-
cates that a single-crystal InAlN (1101)  film with a flat 
surface has grown. We performed EBSD measurements in 
order to determine the crystallographic orientation of the 
InAlN surface. A {1101} pole figure for the sample grown 
at 550 °C indicates the growth of a c-plane InAlN film 
with a small misorientation angle, as shown in Fig. 1(b). 
This misorientation phenomenon is probably caused by the 

interfacial reactions that occur between InAlN films and 
ZnO substrates at high growth temperature [16]. Fig- 
ure 1(e) shows the {1101} pole figure for the InAlN film 
grown at RT. The EBSD pole figure suggests that an 
InAlN (1101)  film has grown epitaxially on a ZnO (1101)  
substrate, which is in good agreement with the RHEED 
observations. Figures 1(c) and 1(f) show AFM images of 
InAlN films grown on ZnO substrates at temperatures of 
550 °C and RT, respectively. The surface of the film 
grown at 550 °C was rough and showed a root mean square 
(rms) value of 1.7 nm. We speculated that the degradation 
of the surface morphology of this sample was caused by an 
interfacial reaction that occurs during the growth of InAlN 
films on ZnO substrates. The film grown at RT exhibited a 
smooth surface with rms roughness of 0.27 nm. This is 
consistent with the streaky RHEED pattern shown in 
Fig. 1(d). We evaluated mosaicity of the InAlN films by 
measuring 1101 X-ray rocking curves (XRC). The full-
width at half-maximum values for the InAlN 1101 XRC 
were 100 arcsec and 87 arcsec with the incident X-ray 
azimuths parallel to the a-axis and perpendicular to the  
a-axis, respectively. 

We performed symmetric RSM measurements to in-
vestigate the crystallographic orientation relationship be-
tween semipolar InAlN and ZnO in detail. Figure 2 shows 
symmetric RSMs around the 1101 diffraction with qx par-
allel to [1102] (a) and to [1120] (b) for the sample pre-
pared at RT. In both Figs. 2(a) and 2(b), the reciprocal 
points for ZnO and InAlN were located at the same posi-
tion in qx, indicating that the (1101)  plane of the InAlN 
film was parallel to that of the ZnO substrate [18]. This 
confirmed that the film had grown coherently on the sub-
strate [19]. This phenomenon is in striking contrast with the 
growth of a semipolar AlN film on a ZnO substrate [20].  

We also performed asymmetric RSM measurements 
around the 2200 and 3122 diffractions in order to deter-
mine In composition taking into account the stresses in 
semipolar InAlN films grown coherently on ZnO (1101)  
substrates. The results are shown in Figs. 3(a) and 3(b), re-
spectively. Although alloy composition in coherently-
grown semipolar AlGaN and InGaN can be determined 
with only symmetric RSM measurements [21], here we 
performed additional  asymmetric  RSM measurements  on  
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Figure 2 (online colour at: www.pss-rapid.com) Symmetric 
RSMs around 1101 diffraction with X-ray incidence on (a) the 
plane containing the [1101] and the [1102] directions, and (b) the 
plane containing the [1101] and the [1120] directions. 
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Figure 3 (online colour at: www.pss-rapid.com) Asymmetric 
RSMs for (a) 2200  and (b) 31 22  diffractions for In0.26Al0.74N 
(1101). (c) Definition of plane intervals and angles. 
 
semipolar InAlN to investigate their stress comprehen-
sively. The intervals between the crystallographic planes 
obtained from the 0022  RSM, d (1100)  and dinterface, are 
2.783 Å and 5.925 Å, respectively. The angle between the 
(1100) and (1101)  planes, φm, is 61.9°. The plane intervals 
and angles are defined as shown in Fig. 3(c). The lattice 
parameter of the c-axis [d(0001)] can be calculated to be 
5.228 Å by using these values and the law of cosines. The 
3122 RSM measurement has revealed that the lattice pa-
rameter a is 3.256 Å, and the spacing of the (1101)  planes 
d(1100) is 2.438 Å. Here, we assumed that the lattice con-
stants of InxAl1–xN follow Vegard’s law and that the elastic 
constants can be determined by linear interpolation be-
tween the values for InN and AlN. We employed the  
model for the lattice deformation of semipolar nitride 
semiconductors as proposed by Funato et al. [18]. The  
model is consistent with the present phenomenon that the 
reciprocal points for the coherent InAlN and ZnO aligned 
vertically in asymmetric RSM. The lattice parameters and 
elastic constants for InN and AlN were cited from Refs. 
[22–25]. According to the rule of tensor component trans-
formation, the relationship between the lattice strains can 
be represented by the following equation: 

2 2sin cos sin 2z z yy zz yze e q e q e q¢ ¢ = + + ,          (1) 

where εyy, εzz, and εz′z′ are the strains along [1101], [0001], 
and the direction normal to the surface, respectively. εyz is 
the shear strain in the plane made by the c- and m-axes.  θ 
represents the angle between the c-plane and the semipolar 
plane [62° for (1101)].  Because we assumed that the vari-
ables in Eq. (1) are dependent on In composition in InAlN, 
we can find the only set of values that satisfies the equation. 
Using this relationship, we found the values of In composi-
tion x = 0.26, εxx = 0.98% along the a-axis, εyy = –0.40% 

along the m-axis, εzz = 0.69% along the c-axis, and shear 
strain εyz = –0.75%.  The critical thickness for the onset of 
stress relaxation was calculated according to Refs. [26, 27]. 
The value for InAlN (1101)  on ZnO was found to be about 
16 nm. The thickness of the coherent InAlN in this study is 
greater than the theoretical value. The boost of critical 
thickness for stress relaxation may be attributed to a non-
equilibrium growth condition with PLD.  

In summary, we have succeeded in the epitaxial growth 
of high-quality semipolar InAlN (1101)  films on ZnO 
(1101)  substrates with the PLD RT growth technique.  
RSM measurements revealed that semipolar InAlN films 
grow on ZnO substrates without tilting of the surface nor-
mal direction due to suppression of the introduction of 
strain relaxation. We also calculated In composition and 
lattice strain in the semipolar InAlN films based on a  
model for the lattice distortion of semipolar wurtzite crys-
tals, and we found that In0.26Al0.74N (1101)  films grow  
on ZnO substrates with low lattice strains of less than 1%, 
which allows the possibility of coherent growth. These re-
sults indicate that ZnO substrates in combination with the 
PLD RT-growth technique were promising for the fabrica-
tion of semipolar InAlN-based optoelectronic devices. 
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