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A b s t r a c t   

A set of N-polar InN epilayers has been grown at different temperatures by plasma–assisted molecular 
beam epitaxy (PA-MBE) on GaN/AlN/Al2O3(0001) templates. The purpose is to understand how the varia-
tion of crucial factor, such as the temperature, impacts the growth process and the resulting samples’ 
properties. The characterization of these InN samples using atomic force microscopy and scanning electron 
microscopy showed different island distributions and shapes by varying the growth temperature. High 
resolution-X-ray diffraction (HRXRD) enabled to identify a single crystalline phase (hexagonal wurtzite), 
whatever the growth temperature. Actually, the increase of growth temperature up to 560 °C has improved 
the crystalline quality; whereas for high temperature, the crystalline quality degrades. The dislocation 
density of the epilayer grown at this optimum temperature (around 560 °C) is about 1.9 × 1010 cm−2, which 
is determined using HRXRD spectra analysis. High compressive residual stress value of 0.54 GPa was derived 
using Raman spectroscopy. Room temperature photoluminescence (PL) displays a band gap energy around 
0.69 eV. Besides, Burstein-Moss effect, the PL band gap energy measured at 10 K is dictated by the biaxial 
compressive residual stresses. Nanoindentation tests were carried out on InN epilayers. Only, the sample 
grown at 560 °C exhibited a pop-in event, for which the measured hardness and Young’s modulus are of 
4.5  ±  0.5 GPa and of 171  ±  8 GPa, respectively. Accordingly, the growth temperature of InN epilayers 
influences the resulting physical and mechanical performances, thus a good compromise between physical 
and mechanical features permits to manufacture efficient devices. 

1. Introduction 

Successful elaboration methods of III-nitride semiconductors 
GaN, AlN, InN and their alloys contribute to manufacture effective 
new opto- and micro-electronic devices. Efficient physical properties 
of such semiconductors are essential for manufacturing effective 
components, for instance light emitting diodes (LEDs), lasers diodes, 
UV photodetectors, high electron mobility transistors and more re-
cent highly efficient solar cells [1–4]. However, the successful fab-
rication of devices based on InN films requires better understanding 
of mechanical performances along with their physical character-
istics. 

In the past few years, researchers have devoted and even in-
creased efforts to study InN properties. They fortunately discovered 
its effective narrow band gap energy of 0.7 eV for single crystals with 
high electron carrier density (from 2 ×1018 cm−3 to 1021 cm−3) [5–8] 
instead of 1.9 eV for polycrystals with electron carrier density that 
can vary between 1016 cm−3 to 1021 cm−3 [9,10]. The origin of noticed 
InN band gap energy difference was explained by the very high 
electron carrier density in the material and the subsequent band 
filling [11]. Based on first-principle calculations, Liu et al. [8] have 
shown that n-type defects, such as substitutional oxygen on the 
nitrogen site (ON), nitrogen vacancies (VN) and substitutional silicon 
on the indium site (SiIn) are responsible for the blue shift of InN 
absorption edge. These defects contribute to increase the free elec-
tron density, owing to their low formation and ionization energies. 
The Burstein-Moss (BM) shift enlarges the optical band gap [12,13]. 
Later on, it has been found that strains can also contribute to the 
variation of the band gap [14,15]. Both contributions of BM and 
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strains were also observed in GaN films with various thickness and 
different silicone doping [16–18]. 

Among III-V nitrides fabrication processes, the growth of InN is 
the most challenging one. Indeed, the large lattice mismatch be-
tween Al2O3 sapphire substrate and InN (about 25%) is a concrete 
impediment for InN growth process. Despite this fact, InN films are 
commonly grown on Al2O3 sapphire substrates, as they are abun-
dantly available, simple to handle and featured by hexagonal crys-
talline symmetry. Nonetheless, the usage of more appropriate buffer 
layer is necessary to reduce the residual crystal stresses originated 
from lattice mismatch Al2O3 substrate/InN. GaN and AlN buffer 
layers are frequently used to grow InN layers despite the existence of 
a lattice mismatch of 11% and 13%, respectively [19,20]. Currently, 
InN growth layers on c-oriented sapphire substrate is mainly carried 
out using GaN intermediate buffer layer. The low dissociation tem-
perature is regarded as an extra serious problem for effective InN 
growth process. In fact, to obtain high-quality InN films, two para-
meters must be monitored and optimized: (i) the growth tempera-
ture that should be set as higher as possible, but without reaching 
InN dissociation temperature; (ii) the V/III ratio should be accurately 
controlled to grow N-polar InN films [21]. As a result, low tem-
perature in the range of (460–550 °C) was used for successful epi-
taxial growth of InN films [22]. Moreover, for effective InN film 
epitaxy, the maximum growth temperature influences the film po-
larity [23]. It was reported that N polar InN films could be grown at 
about 100 °C higher than In-polar ones [24]. As commonly known, 
high growth temperature of III-nitrides, including InN films, is es-
sential for the fabrication of high crystalline quality device struc-
tures. In fact, Zhang et al. [25] indicated that the temperature growth 
higher than 575 °C is favourable for the epitaxy of high InN hex-
agonal purity. Wang et al. [14] reported that the growth temperature 
ranged between 540 °C and 600 °C was recommended for N-polar 
InN epitaxy. 

On this basis, we elaborated InN epilayers at three temperatures, 
namely: 530 °C, 560 °C and 590 °C. The latter temperature is close to the 
limit temperature of the dissociation of N-polar InN epilayer. In litera-
ture, several physical properties of InN films have been reported [9]; 
however, it is also vital to investigate the effect of growth mechanisms, 
and particularly the growth temperature on the characteristics of InN 
films. The assessment of the mechanical properties of semiconductors, 
such as hardness and Young’s modulus, are likewise of paramount im-
portance as the physical features, for successful fabrication of InN-based 
devices. The contact loading and/or packaging that can experience 
during fabrication could really damage the devices’ performance. Na-
noindentation technique is currently an effective method for probing 
mechanical features of thin films at nanoscale, without any concern 
about the limitation of sample size and shape [26]. However, it is noticed 
a large dispersion of the measured mechanical properties that were 
reported in literature [26–28]. This discrepancy is likely explained by the 
different growth methods used for InN epitaxy, the dissimilar growth 
conditions, the various InN thickness layers studied and the shape and 
indenter tip radius used in nanoindentation tests. For PA-MBE epitaxial 
technique, to procure the optimal growth temperature is crucial for the 
elaboration of high-quality InN thin films, and then to obtain competi-
tive physical and mechanical properties of InN-based devices. 

In this paper, we report the growth temperature effect on mor-
phological, microstructural, electrical, optical properties and me-
chanical characteristics of N-polar InN epilayers. A set of similar- 
thick InN epilayers were grown on GaN/AlN/Al2O3(0001) template 
using plasma assisted molecular beam epitaxy (PA-MBE). The phy-
sical and mechanical properties of N-polar InN epilayers were as-
sessed and analysed. We conclude on the optimum growth 
temperature and providing related results. 

2. Experiment 

InN samples were grown on c-(0001) Al2O3 substrate by PA-MBE. 
AlN nucleation layer 20 nm-thickness was initially deposited on the 
substrate at 800 °C, followed by a 2 µm thick GaN buffer layer at 
700 °C. AlN nitridation of sapphire is very effective for producing 
single crystals. Finally, 300 nm thick InN epilayers were grown at 
three temperatures, namely: 530 °C, 560 °C and 590 °C, denoted by 
sample (A), (B) and (C), respectively. The substrate temperature was 
measured by an SVT associates in situ 4000 process monitor based 
on emissivity-corrected pyrometry. InN epilayers were deposited 
using 2.2 sccm N2 flow rate, which produced a pressure of 10−5 Torr, 
and 740 °C indium effusion-cell temperature. The effective V/III ratio 
was carefully monitored by changing the radio-frequency (RF) 
plasma power between 230 W and 250 W. In these conditions, the 
effective In/N ratio was almost equal to unity and it was slightly N- 
rich. After growth, no metal droplet on sample’s surface was per-
ceived. The N-polar InN growth rate, which dictates the InN thick-
ness layer, increased slightly along with the increase of the growth 
temperature [29]. In order to obtain alike InN sample’s thickness, for 
the different growth temperature, the power was controlled to keep 
InN growth rate around 200 nm.h−1. This growth rate was chosen to 
avoid In-droplets as reported by Gallinat et al. [30]. 

Zeiss Merlin high resolution Field Emission Scanning electron 
microscopy (FE-SEM) equipped with Bruker QUANTAX EDS-Detector 
was used to observe and analyse images of the three sample surfaces 
to reveal the growth temperature effect on the surface morphology 
of InN epilayers. The vacuum chamber pressure was set to about 
2.10−4 Pa and utilizing an acceleration voltage of 2 kV. Image mag-
nification was set between 20 k x and 35 k x and In-lens Energy- 
selective-Backscatter (EsB) detector was used and 750 V for the grid 
voltage. Before SEM image processing, samples were cleaned in 
acetone. In addition, Nanoman AFM (atomic force microscope), 
controlled by a Nanoscope V electronics from Bruker Instruments, 
was used to perform AFM analysis of the surface morphology of InN 
epilayers in tapping mode by carrying out 2 µm x 2 µm scans using a 
cantilever with a nominal tip radius between 2 and 5 nm 
(Nanosensors NCL tip). 

The growth of single-crystalline c-(0001) oriented hexagonal InN 
epilayers were confirmed by HRXRD measurements using the Cu- 
Kα1 radiation. (0002), (0004) and (0006) rocking curves were ob-
tained using Williamson-Hall plots to deduce the screw dislocation 
density [31]. Then, (0002), (1013), (1012), (1011) and (3032) re-
flections were used to determine the edge dislocation density [16]. 
Compressive residual stresses are probed using room temperature 
micro-Raman spectroscopy. Hall Effect measurement at room tem-
perature was achieved, in order to evaluate electrical properties. 

Photoluminescence (PL) measurements were performed at 10 K 
and at room temperature using 488 nm argon laser, which pene-
trates around 100 nm of InN film depth, with 40 mW power ex-
citation and an extended range InGaAs detector. 

The mechanical properties of InN epilayers were extracted using 
nanoindentation technique. Indentation tests were carried out using 
nanoindentation instrument (NanoTest NT1, NanoMaterials, Ltd) 
equipped with a diamond pyramid-shaped Berkovich-type indenter 
of 100 nm curvature tip radius. The load rate-control mode up to the 
maximum loads Pmax of 2 mN. Each load-unload duration was kept 
for 30 s 16 indents were performed and each indentation was se-
parated by 30 µm to avoid measurement interferences. From the 
load-displacement results, the hardness (H) and Young’s modulus 
(E) of InN epilayers were determined using Oliver and Pharr method  
[32]. The imprint of 150 mN Nanoindentation maximal load is shown 
in SEM image as pointed by narrows (see, Fig. 1). 
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3. Results and discussion 

Fig. 2 shows AFM images that describe the evolution of the sur-
face morphologies with the growth temperature for the three 
N-polar InN samples (A), (B) and (C) grown at 530 °C, 560 °C and 
590 °C, respectively. It clearly displays the important influence of 
temperature on surface morphology. This is probably due to the 
change of the growth mode [33]. The surface of sample (A) shows 
tiny grains, which is likely owing to low surface migration occurred 
at lower temperature (530 °C) compared to the growth temperature 

of the other samples. The sample (B) presents facets, which are si-
milar to hexagonal shapes and large islands. This may be due to the 
increase of diffusion length, when the growth temperature was 
raised [34]. Zhang et al. [25] reported that the high temperature 
growth (about 575 °C) promotes the formation of high hexagonal purity 
InN film. According to this, it seems that, the sample (B) is experienced 
the stage of lateral coalescence of large island layers and likely pro-
moting for a better crystalline quality. In addition, the large islands are 
featured by wide grain boundaries, which probably would be the origin 
of low-density edge-type dislocations forecasted for the sample (B). 

AFM image for sample (C), shows large clusters of grains (see  
Fig. 2c) that are formed probably due to the decomposition or 
thermal etching of InN epilayer at high temperature. These clusters 
of grains have almost similar dimension as that for sample (B). 
However, they do not present facets and this may be indicative that 
at 590 °C growth temperature, the morphology starts to degrade and 
to suffer a pre-dissociation phenomenon [29]. This presumably could 
lead to a poor crystalline quality, as Zhang et al. [35] reported. Fig. 3 
shows SEM images for the three InN samples, where it shed some 
lights on the surface morphology changes originated from the 
growth temperature. Chiefly, it is interesting to figure out that Fig. 3b 
depicts, for sample (B), the surface morphology of large 2D islands 
layer with approximately hexagonal shape undergoing coalescence 
phase along the InN growth process at 560 °C. Truncated smooth 
surfaces of these large islands are very visible. For such morphology, 
one can expect that, with thicker InN epilayer than sample (B), a 
smoother epilayer would be accomplished with enhanced crystalline 

Fig. 1. SEM image of the imprint of 150 mN Nanoindentation maximal load, pointed 
by narrows, for sample B (560 °C). 

Fig. 2. 2 × 2 µm2 AFM images of InN samples grown at: (A) 530 °C, (B) 560 °C and (C) 590 °C.  
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quality. However, the surface morphology for both InN epilayers (A) 
and (C) are featured by a high surface roughness (see Fig. 3a and c). 
Accordingly, the SEM images are found in accordance with the AFM 
analysis. 

Fig. 4 displays typical ω/2θ X-ray diffraction spectra of the three 
N-polar InN heteroepitaxial layers grown at different temperatures. 
InN (0002), GaN (0002), AlN (0002) and Al2O3 (0006) diffraction 
peaks are observed at 31.4°, 34.5°, 36° and 41.7°, respectively. The 
peaks at 2θ = 65.38° and 72.75° correspond to the InN (0004) and 
GaN (0004) reflections, respectively. This is indicative of [0001] or-
iented hexagonal single crystal InN epilayers. The comparison of the 
spectra clearly shows that the peak intensities are maximum for InN 
sample (B). The sample (C) shows lower intense InN (0002) peak and 
its (0004) peak is absent, indicating a low crystalline quality of this 
film grown at 590 °C. One can notice that there is no indication of 
metal-indium in all InN samples; otherwise, this results in the ob-
servation of In (101) diffraction peak around 33°. Such results, shows 
indirectly that the dissociation temperature of N-polar InN epilayer 
was not yet reached. Actually, as it has been reported, the InN de-
composition could occur for a growth temperature higher than 
600 °C [35,36]. Wang et al. [37] reported that the dissociation tem-
perature of InN is lower than the desorption temperature of In metal. 

In order to assess the structural quality of InN epilayers, we 
proceed by the comparison of the intensity and the full width at 
half-maximum (FWHM) of the X-ray rocking curves of the (0002) 
InN reflections, as presented in Fig. 5. The growth temperature has a 
significant impact on the peak intensity and FWHM. Sample (B) 
rocking curve displays the highest and narrowest InN (0002) peak, 
which indicates that, in these epitaxial conditions, the growth 
temperature 560 °C is the optimum temperature. On the other hand, 
the c-lattice constant of the three samples can be extracted using X- 
ray rocking curves of the (0002) InN reflections. The c-lattice para-
meter rises along with the increase of growth temperature until 
5.718 Å for sample (B), then decreases. It is found that this parameter 
evolves between 5.705 Å and 5.718 Å, when the growth temperature 
drops from 590 °C to 560 °C, respectively, as reported in Ref. [14]. 
Given that N-polar InN unstrained lattice constant is c0 = 5.7033 Å, 

thus, the three InN epilayers (A, B and C) incur compressive residual 
stresses. 

To further get insight into the microstructure temperature-de-
pendent evolution, it is possible to estimate from HRXRD the screw 

Fig. 3. SEM images of three InN samples grown at: (A) 530 °C, (B) 560 °C and (C) 590 °C.  

Fig. 4. X-ray ω/2θ scans of InN epilayers deposited on GaN/AlN/sapphire templates 
with different growth temperatures. 
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and edge dislocation densities of single crystalline layers that pre-
sent a certain degree of mosaicity. InN growth is characterized by the 
nucleation of disoriented islands that can proliferate the dislocation 
merging from underlying threading dislocations within the template  
[38,39] and new threading dislocation density is generated at the 
coalescence joints. Therefore, it is expected that larger threading 
dislocation density within InN film is higher than that within GaN 
template. Some examples of dimension and angular distribution of 
mosaic domains in InN epilayers were for instance reported in [40]. 
The size of InN domains can be described by lateral (L//) and vertical 
(L⊥) coherence lengths. The screw and edge components of the 
dislocation Burger vector are associated to the tilt (αtilt) and to the 
twist (αtwist) angles, respectively. The average values of the tilt and 
twist are related to the FWHM of the symmetric and asymmetric 
rocking curve, respectively [41]. It is worth to note that the calcu-
lated screw or edge dislocation densities, obtained from diffraction 
measurements, correspond to the sum of two densities: pure screw 
and mixed dislocations or pure edge and mixed dislocations. Es-
sentially, only a direct analysis by Transmission Electron Microscopy 
(TEM) would accredit the real distribution of screw, edge and mixed 
dislocations. 

The broadening of the rocking curve (ω scan) of the (0002), 
(0004) and (0006) reflections is affected by the tilt and lateral co-
herence lengths, as measured by triple axis X-ray diffraction. Fig. 6 
depicts Williamson-Hall plots [31] that show the evolution of 
FWHM*(sinθ)/λ versus (sinθ)/λ for samples (A) and (B); where θ is 
the Bragg angle and λ is the X-ray wavelength. For sample (C), it was 
impossible to detect the (0004) and (0006) reflections because of its 
low crystalline quality. The y-intersection of each linear fit gives the 
lateral coherence length: L// = 79 nm and 110 nm, respectively for 
samples (A) and (B). The larger lateral coherence length found for 
sample (B) is consistent with our AFM observation of larger grains. 
From the slope of the same plots, αtilt was determined to be 0.8° and 
0.4° for samples (A) and (B), respectively. This confirms that sample 
(B) is less defective than sample (A). 

By using the following equation, the screw-like dislocation den-
sity is derived [42]: 

=N
b4.35

screw
tilt

c

2

2 (1) 

where bc is the Burgers vector of c-type threading dislocations (bc= 
c = 0.5705 nm for InN [43]), we can deduce the screw-like dislocation 
density (Nscrew): (1.9  ±  0.1)x1010 cm−2 and (5.1  ±  0.2)x109 cm−2 for 
samples (A) and (B) InN epilayers, respectively. The screw disloca-
tion density of sample (A) is clearly higher than that of sample (B); 
as it has been anticipated. This confirms the higher crystalline 
quality of sample (B) compared to other samples. 

For the estimation of the mosaic twist, the FWHM of (0002), 
(1013), (1012), (1011), and (3032), reflections were measured with 
increasing lattice plane inclination Ψ. Only the spectra of sample (B) 
could be analysed suitably (see Fig. 7). But, because of the poor 
crystalline quality of sample (A), it was very arduous to accurately 
measure the FWHM from rocking curves for some asymmetric peaks 
that were somehow flattened. Thus, it was impossible to completely 
plot FWHM as function of Ψ angle and therefore to determine the 
twist angle for sample (A). Furthermore, the low crystalline quality 
of sample (C) was likely the main impediment cause to measure any 
of its asymmetric signal. The measurements related to sample (B) 
could be fitted using the Srikant et al. model [41]. The extrapolation 
of the fitting curve (open squares) to the inclination angle of 90° 

Fig. 5. (0002) ω scan of InN epilayers for samples A, B and C.  

Fig. 6. Williamson-Hall plot for triple-axis ω scans of (0002), (0004) and (0006) InN 
symmetric reflections. 

Fig. 7. Variation of the FWHM of peaks corresponding to asymmetric planes h hl( 0 ) as 
a function of inclination angle for sample B. The open square line is the experimental 
point fit using Srikant model [42]. 
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corresponds to the mosaic twist angle. The obtained twist angle 
(αtwist) is about 0.7° for sample (B). The Fewster model permits to 
deduce the density of edge-type dislocations [44]: 

=N
b L2.1edge
twist

a // (2) 

whereba is the Burgers vector of a-type threading dislocations ( ba = 
a = 0.3525 nm for InN [43]). Thus, the calculated edge-like disloca-
tion density is (1.41  ±  0.05)x1010 cm−2 in sample (B). It is almost 4 
times higher than the screw dislocation density for the same layer. It 
is known that mixed dislocation density consisting of both screw 
and edge character, and if we assume that c-plane GaN layers, the 
pure-screw dislocation density is very low compared to the edge and 
mixed dislocation densities, thus we can infer the values for mixed 
dislocation density and pure-edge dislocation density of about 
5.1 × 109 cm−2 and 1.4 × 1010 cm−2, respectively. These dislocation 
density values are in accordance with the state-of-the-art findings 
published. The pure-edge dislocation density is lower than in MBE 
grown InN layers of Darakchieva et al. [45] (1.9 × 1010 cm−2 

- 3.4 × 1010 cm−2). Dimakis et al. [46] have observed by TEM a very 
thick InN MBE grown layer (10 µm) and has found a comparable 
value of the pure edge dislocation density (1.5 × 1010 cm−2) in the 
InN/GaN interface region, whereas, the dislocation density value is 
decreased around (4.3 × 109 cm−2) vicinity of the InN free surface. 
Moreover, Liu et al. [40] used the similar models and formulas as 
those used in the present work and they found that the edge dis-
location density was round 4.0 × 109 cm−2 within 10 µm MBE InN 
film thickness and 2.1 × 1010 cm−2 within 600 nm MOCVD InN film 
thickness. Therefore, the growth process (method and growth con-
ditions), along with the thickness of InN films could be considered as 
one of the most influential factors on the dislocation density gen-
erated in samples. Hence, the discrepancy between dislocation 
densities reported in Ref. [40] and those presented in this work is 
mainly attributed to the dissimilarity in film thicknesses, (i.e. the 
thickness of sample (B) is by far thinner than the one reported in Ref.  
[40]). As referred by Gallinat et al. in Ref. [30], the threading dis-
location density increases sharply for InN thickness lower than 1 µm. 
Therefore, the screw and edge dislocation densities obtained for the 
sample (B) of 300 nm thickness reflect its crystalline quality. 

Raman scattering from the samples showed useful information 
about the InN phonon modes could be extracted. Fig. 8a shows 
Raman spectra of the three samples (A, B and C) which are grown on 
GaN templates. Many distinct peaks were obtained around the po-
sitions of 143 cm−1, 418 cm−1 and 569 cm−1 which correspond to the 
E2(low), A1(TO) and E2(high) GaN phonon modes, respectively. In 
addition, two distinct peaks were detected about 492 cm−1 and 
592 cm−1 which agree with E2(high) and A1(LO) InN phonon modes, 
respectively. Two-star marks are localized at 380 cm−1 and 415 cm−1 

positions associated to Raman modes of sapphire substrate. 
Due to its non-polar nature, the E2 (high) phonon mode is not 

affected by the electron carrier density and it is regarded as the best 
method to assess the residual stresses and crystalline quality of the 
deposited films. Moreover, native defects influence the FWHM 
broadening of the E2(high) mode [47]. Relatively to the InN E2 stress- 
free frequency (491.1 cm−1), a blue shift in the E2(high) mode fre-
quency is a result of compressive residual stresses within InN epi-
layers. The inset of Fig. 8a reveals that the three samples (A, B and C) 
have compressive residual stresses. Particularly, the sample (C) 
shows the less compressive residual stress, owing to the experienced 
plastic relaxation. Such conclusion is confirmed by AFM image 
analysis and HRXRD measurements, where the increase of threading 
dislocation density and the drops of its c-lattice parameter were 
noticed. In addition, sample (B) has the narrowest FWHM confirming 
its best crystalline quality, which is correlated with HRXRD results. 
Quantitatively, the residual biaxial stress of InN thin films is 

related to the frequency of E2(high) mode by the following equa-
tion [48]: 

= ×GPa cm( ) 0.18 ( 491.1)( )1 (3)  

Fig. 8b shows the frequency of E2(high) mode and residual stress 
for the different growth temperature. One can see that the residual 
stress increases from 0.33 GPa to 0.54 GPa for arise of the growth 
temperature from 530 °C to 560 °C, respectively. Then the stress 
decreases to 0.17 GPa for 590 °C growth temperature. These results 
are in accordance with the obtained dislocation density. In fact, the 
higher dislocation density, the lower residual stress is (sample C). 

Fig. 9 depicts, for (A), (B) and (C) samples, the obtained electrical 
properties using Hall Effect measurements at room temperature. All 
films show n-type conductivity. The origin of the electrons is at-
tributed to nitrogen vacancies (VN) generated by the low cracking 
efficiency of ammonia [49] or by the high growth temperature [47]. 
The electron carrier density is around 3 × 1018 cm−3 for the three N- 
polar InN samples. In the range from 530 °C to 590 °C of growth 
temperature, n-type carrier density varies slightly. Meanwhile, the 
electron carrier mobility increases from 24 to 240 cm2/V.s. It was 
agreed that the dislocations have strong effect on the electron carrier 
mobility. Thus, in this context, the increase of the growth tem-
perature achieves the enhancement of electron carrier mobility by a 
factor of 10. This is owing to the improvement of the crystalline 

Fig. 8. (a) Raman spectra of N-polar InN epilayers grown at different temperatures. 
The inset depicts the shift of E2(high) peak versus the growth temperature; (b) The 
dependence of E2(high) mode frequency (black solid rectangular) and the compres-
sive residual stresses (blue solid circle) versus the growth temperature. 
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quality and to the diminution of threading dislocation density as 
proved above. It was reported by several research groups that the 
decrease of edge type dislocations leads to the increase of the 
electron carrier mobility [50]. The thickness also influences the 
electrical properties of N-polar InN thin layer. In fact, Liu et al. [51] 
reported the effect of thickness on electrical properties of InN layer 
of about 200 nm thick. They found mobility value (235 cm2/V.s) 
comparable to that was obtained for the sample (B). The improve-
ment of electron carrier mobility for sample (B) is accredited to its 
high crystalline quality. In addition, the morphology of sample (B) 
with large islands is suitable for the increase of its electron carrier 
mobility. This same behaviour was observed by Lai et al. [52] in the 
range of temperature of 500–560 °C, the electron carrier density 
remains almost constant, whereas the carrier mobility increases 
vastly (10 times). Likewise, Lu et al. [53] obtained a low evolution of 
electron carrier density around 7 × 1018 cm−3 in the range of growth 
temperature of 500–600 °C, contrary to carrier mobility, which 
varies between 150 cm2/V.s to 350 cm2/V.s. 

It is noticed a significant decrease of the carrier mobility (42 cm2/V.s) 
at growth temperature of 590 °C (sample C). This drop of electrical 
properties might be assigned to the poor crystalline quality. It is worth to 
note that the carrier mobility of sample (C) (42 cm2/V.s) is higher than 
that of sample (A) (24 cm2/V.s). This is probably owing to the high 
growth temperature, which causes large clusters of grains observed on 
the surface of sample (C). 

Fig. 10 shows PL spectra of the three N-polar InN epilayers (A, B 
and C) recorded at 10 K. One can see that the luminescence of 
sample (A) and sample (B) is solely noticeable. This approves the 
degradation of crystalline quality of sample (C) grown at high tem-
perature (590 °C). In addition, the sample (B) (grown at 560 °C) 
shows the highest intensity with the smallest FWHM. This result 
confirms the best optical quality of this sample, which is attributed 
to its high crystalline quality along with its low threading dislocation 
density. 

The inset of Fig. 10 shows room temperature PL spectra of the 
three N-polar InN epilayers. It is worth to notice that low lumines-
cence is observed for the samples (A) and (C) which is due to the 
vanished optical quality of these samples at room temperature. This 
could be explained by the high defect density, where the obtained 
threading dislocation density for sample (A) was found at least 3 
times higher than that within sample B. Zhang et al. [25] reported 
that for MOVPE InN samples grown at low temperatures, there was 
cubic phase inclusion into the hexagonal phase. The luminescence 
quenching can be related to the cubic InN domains as well as to the 
extended defects, such as threading dislocations. For sample (C) 

grown at 590 °C, the desorption of N combined with the extended 
defects are the main causes for its low luminescence. 

For sample (B) high PL intensity is observed, which can be at-
tributed chiefly to its high crystalline quality and thus to its low 
defect density. It is worth to note that room temperature PL spec-
trum for sample (B) exhibits single emission energy near 0.69 eV 
associated to the near-band-edge emission [54]. The comparison 
between the PL spectra of sample (B) recorded at room temperature 
and at low temperature, reveals that the band edge emission un-
dergoes a redshift and broadens by increasing temperature from 
10 K to 300 K. The lattice expansion and electron-phonon interaction 
are the origin of such behaviour. 

On the other hand, the shift of the band gap energy shows the 
same evolution observed in Raman spectra. In fact, sample (B) re-
veals a blue shift both for the band gap energy and the E2(high) 
Raman peak indicating the increase of compressive residual stresses. 
In addition, the blue shift of the band gap energy can be caused by 
the Burstein–Moss (BM) effect, which plays a crucial role on the 
optical properties of InN films owing to the presence of high electron 
carrier density [47]. Song et al. [55] reported that band filling and 
band gap renormalization contribute to the evolution of PL band gap 
energy with changing electron carrier density. But, the electron 
carrier density is almost the same for all studied samples (A, B and 
C). Therefore, besides to BM effect, the observed PL band gap energy 
shift is governed by compressive residual stresses. This is confirmed 
by the shape of PL band gap peak. Contrary to our case, Wang et al.  
[14] reported that the tails at the lower energy side are related to 
band filling effect. Wen et al. [56] studied the growth temperature 
effect on optical response of GaN thin films grown by MBE and they 
obtained a blue shift at the beginning, then the PL peak of band edge 
regresses along with the increase of the growth temperature. 
Moreover, the growth temperature affects the FWHM of PL band gap 
peak at 10 K. This FWHM evolution is related to the threading dis-
location density. The lowest FWHM (17 meV) is obtained for the 
sample (B), which has the highest carrier mobility (240 cm2/V.s) and 
the lowest threading dislocation density. 

In order to assess mechanical properties of N-polar InN epilayers 
grown at different temperature, nanoindentation tests were per-
formed at room temperature with 2 mN as maximum load. Fig. 11, 
shows the effect of growth temperature on the load-displacement 
curves of N-polar InN epilayers (A, B and C). Each load-displacement 
curve represents an average of 16 nanoindentation tests. The max-
imum penetration depth into (A), (B) and (C) InN epilayers is about 

Fig. 9. Room temperature InN Hall mobility (black solid rectangular) and electron 
carrier density (blue solid circle) as function of InN growth temperature. Errors cor-
respond to the red bar size. 

Fig. 10. PL spectra performed at 10 K of N-polar InN epilayers elaborated at different 
temperatures. The inset represents room temperature PL spectra. 
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80 nm, 90 nm and 70 nm, respectively. These depths respect the 
nanoindentation criterion proposed by Li et al. [57] to avoid the ef-
fect of the substrate mechanical properties on the indented samples. 
This means that, the nanoindentation depth should never exceed 
30% of the film thickness. Our results are comparable to that ob-
tained by Jian et al. [24], where almost similar penetration depths 
with 1 mN maximum load for 300 nm InN thin layer were found. 
Kataria et al. [58] reported that the growth orientation of sapphire 
has an effect on mechanical properties of 700 nm InN film. In fact, c- 
(0001) sapphire orientation nanoindentation curve shows the ap-
pearance of pop-in event around 0.6 mN as critical load and 50 nm as 
penetration depth. The maximum penetration depth into InN epi-
layer is about 100 mN for 2 mN as maximum load and its hardness is 
about 8 GPa. The pop-in event is related to the mechanism of 
homogenous dislocation nucleation of loops during nanoindenta-
tion. It is observed only for sample (B) at 0.5 mN as critical load and 
28 nm as penetration depth. The origin of discrepancy between in-
dented InN samples is not clear at present. However, one can assume 
that the plastic-induced deformation mechanism is not similar for 
these samples. Such behaviour could be likely related to difference of 
the residual dislocation density found in the grown samples. 
Therefore, the interactions of these dislocations with the indenter tip 
are unalike. Fig. 12 displays the hardness and Young’s modulus for 
the different samples grown at the aforementioned temperatures. It 
is worth to notice that the hardness varies between 4.5  ±  0.5 GPa 
and 7.1  ±  0.4 GPa depending on the growth temperature; however, 
the Young’s modulus is just about a constant value of 171  ±  8 GPa. 
These mechanical properties are close to that obtained by Ohkubo 
et al. [59] who investigated InN thin films of 0.5–4 µm thickness 
grown by MBE method. The hardness and Young’s modulus were 
determined to be 8.2 GPa and 178 GPa, respectively. They reported 
that mechanical properties were strongly affected by the InN crys-
tallinity. 

For our samples, the minimum value of hardness was found for 
sample (B), which has less residual dislocation density with more 
compressive residual stresses. In fact, during the nanoindentation 
load, the tip indenter interacts with pre-existing dislocations and 
defects at the sample surface. Thus, residual dislocations resist to the 
indenter penetration in a collective way then the hardness increases. 
But, since the InN material is featured by ductile behaviour (as 
sample (B)), the indenter easily penetrates into the layer containing 
small amount of residual dislocations and then the obtained hard-
ness value is the smallest. There may be generate additional 

dislocations which propagate in the form of loops underneath the 
indenter tip creating pop-in events due to homogenous nucleation 
and propagation of dislocations and announcing the elastoplastic 
transition behaviour of the stressed volume underneath the tip in-
denter. 

In addition, sample (A) and (C) don’t show pop-in events and 
they are harder than sample (B). For sample (C) grown at 590 °C, 
which has poor morphology and low crystalline quality result of pre- 
dissociation phenomenon, the hardness is the highest. In fact, (0002) 
X ray rocking curves exhibit the highest residual dislocation density 
and less compressive residual stresses as shown by Raman results 
for sample (C). Subsequently, we can conclude that the reduction of 
compressive residual stresses induced by the plastic relaxation at 
the same time of the increase of pre-existing dislocation density are 
responsible for the revealed hardness increase and the absence of 
the pop-in events in InN samples grown at 530 °C and 590 °C. 

4. Conclusion 

N-polar InN epilayers were grown at 530–590 °C temperature 
range (i.e., below the dissociation temperature) using MBE tech-
nique. The elaborated structures have been characterized by AFM, 
SEM, HRXRD, Van der Pauw Hall Effect, Raman, PL techniques and 
nanoindentation method to probe mechanical features. Our aim is to 
understand the effect of growth temperature on the physical and 
mechanical properties. A strong temperature dependence of the 
mosaic structure in single crystalline phase (hexagonal wurtzite) InN 
epilayer is shown. Morphology, FWHM of X-ray rocking curves, 
electron carrier mobility, compressive residual stresses, PL intensity 
at 10 K and room temperature vary along with the growth tem-
perature. These analyses clearly indicate that the improvement of 
InN physical quality can be achieved using an optimal growth tem-
perature 560 °C, for which the threading dislocation density is the 
lowest (1.9 × 1010 cm−2) with highest compressive residual stresses 
value (0.54 GPa). In this growth condition, the band edge emission of 
the epitaxial InN epilayer is 0.69 eV at room temperature. 

The various growth temperature revealed an important impact 
on the mechanical properties, in particularly, the hardness which 
varies between 4.5  ±  0.5 GPa to 7.1  ±  0.4 GPa; whereas Young’s 
modulus fairly remains around 171  ±  8 GPa. Pop-in event with 
0.5 mN as critical load was observed only in InN epilayer grown at 
560 °C. Subsequently, we obtain the practical hardness value, which 
apprehends a good compromise between enhanced mechanical 
features and effective physical performances. Accomplishments for 

Fig. 11. Average of 16 load-displacement curves of InN epilayers grown at different 
temperature. During loading, pop-in event is only depicted for sample B (560 °C). 

Fig. 12. Variation of nanoindentation hardness (black solid rectangular) and Young’s 
modulus (blue solid circle) as function of InN growth temperature. Errors correspond 
to the red bar size. 
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such materials promote them as good candidates that are devoted to 
manufacture efficient devices, for instance, solar cells, among other 
applications. 
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