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Recent developments on RF-MBE growth of InN and InGaN and their structural and property characteri-

zations are reviewed. For successful growth of high quality InN, (1) nitridation of the sapphire substrates, 

(2) two-step growth, (3) precise control of V/III ratio and (4) selection of optimum growth temperature are 

found to be essential. Characterization using XRD, TEM, EXAFS and Raman scattering have clearly 

demonstrated that InN films have ideal hexagonal wurtzite structure. It is also found that the film has N-

polarity. Studies on optimum growth condition dependence on substrate polarity using C and Si face SiC 

substrates and Ga and N face free-standing GaN substrates are also demonstrated. The result explains why 

high-quality InN grown by RF-MBE has N-polarity. PL and CL studies on these well-characterized high-

quality InN have shown luminescence peaks at approximately 0.75 eV at 77K. These values, however, 

change slightly depending on measurement temperatures and probably on the residual carrier concentra-

tions. InGaN with full compositional range are also successfully grown on sapphire substrates and band 

gap energies of these alloys are also studied using PL and CL. Based on these results, true band gap ener-

gies of InN are discussed. This paper also includes latest study on single crystalline InN growth on Si 

(111) substrates. 

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction InN is considered to be a very attractive material for future photonic and electronic 

devices owing to its outstanding material properties like smallest effective mass, largest mobility, highest 

peak and saturation velocities, and smallest direct band gap in nitride semiconductors. However, until 

now, InN has been the least studied of nitride semiconductors. This is mainly because of its difficulty in 

obtaining high quality InN crystals, which is due to the low dissociation temperature and high equilib-

rium vapor pressure of nitrogen. First successful single crystalline InN growth was reported by Matsuoka 

et al. in 1989 [1] using metalorganic vapor phase epitaxy (MOVPE). Properties of InN grown by this 

method have been much improved very recently [2]. MOVPE, however, has an inherent disadvantage 

because it must satisfy the conditions for NH3 pyrolysis and prevention of InN dissociation, which im-

pose conflicting temperature requirements. 

 In contrast, RF-plasma excited molecular beam epitaxy (RF-MBE) has an essential advantage over 

MOVPE for obtaining high-quality InN. In this growth method, excited nitrogen radicals can be gener-

ated separately in a plasma source, enabling us to select growth temperature without considering the 

requirements of NH3 pyrolysis. Probably due to the inherent advantage of this growth method, MBE 

growth studies produced high-quality InN films within a relatively short period of time [3–5] and electri-
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cal properties with room temperature electron mobility over 2100 cm2/Vs and residual carrier concentra-

tion close to 3 × 1017/cm3 are reported very recently [6]. 

 The band gap energy of InN has been well recognized to be 1.9 eV for a long time, after it has been 

determined by optical absorption using poly-crystalline InN [7, 8]. Very recent studies on PL and optical 

absorption of single-crystalline InN films grown by MOVPE and MBE, however, have demonstrated that 

the fundamental band gap of single-crystalline InN should be 0.7–0.8 eV, rather than 1.9 eV [9–12]. 

After these reports, discussion on the true band gap energy of InN and possible extension of the InN 

application field attracted much attention. 

 Back in 1989, Matsuoka et al. [1] have already suggested that single-crystalline InN may have a much 

smaller band gap than poly-crystalline InN from the band gap energy dependence of InGaN alloys on In 

composition. A similar possibility of a narrower band gap of InN has also been suggested by Yamaguchi 

et al. [13] from the band gap energy dependence of InAlN. Following these early suggestions, Inushima 

et al. reported 1.1 eV as InN band gap energy in 2001 [14]. All these reports before 2002 discussed the 

InN band gap energy from optical absorption. Recent reports after 2002 [9–12] discussed the InN band 

gap energy based on luminescence and photo-reflectance studies as well as on optical absorption results. 

These reports, however, did not involve a detailed study on structural and property relationship. 

 In this paper, we review recent studies on high-quality InN and InGaN growth by RF-MBE on sap-

phire substrates. Systematic studies on structural, electrical and optical properties are presented and we 

will discuss the true band gap energy of InN based on these results. XRD, TEM, CAICISS as well as 

EXAFS were used for structural characterization. PL, CL and optical absorption were used for optical 

characterization and Hall measurements were used for electronic characterization. 

 

2 Critical MBE growth conditions for high-quality InN An RF-MBE growth system used in this 

study can be evacuated up to 1 × 10–10 Torr. This MBE system is equipped with a SVTA radical cell 

(model 2.75) as a nitrogen source. High-purity In and Ga were evaporated from standard effusion cells. 

The typical growth rate of InN was approximately 500 nm/h. Growth temperatures were carefully moni-

tored with a pyrometer at each growth run. 

 To guaranty InN single-crystalline growth on sapphire substrates, a nitridation process prior to growth 

is found to be essential [15]. Without this process, InN tends to grow with both [1010 ]InN || [1120 ]sapphire 

and [1120 ]InN || [1120 ]sapphire epitaxial relationships, resulting in the formation of poly-crystalline InN 

with small grains of both directions. This is due to the fact that lattice mismatch values in these two 

cases are very close each other. This relationship is a clear contrast to GaN or AlN growth on a sapphire 

substrate, where the lattice mismatch for the case of [1010 ]GaN, AlN || [1120 ]sapphire is much smaller 

than that of the [1120 ]GaN, AlN || [1120 ]sapphire case. With nitridation process, on the other hand, the  

epitaxial relationship can be uniquely determined to [1010 ]InN || [1120 ]sapphire. This is probably due to 

the formation of an AlN or AlON layer with [1010 ]AlN || [1120 ]sapphire, which results in the 

[1010 ]InN || [1010 ]AlN || [1120 ]sapphire relationship [15]. X-ray diffraction (XRD) pole-figures of InN 

grown without and with nitridation process are compared in Fig. 1. 

To grow high-quality InN films, obtaining atomically flat surfaces is important. The application of 

the well-known two-step growth method was found to be very effective for growing flat and high-quality 

films on the sapphire substrate as in the case of GaN and AlN. The temperature for buffer layer growth, 

however, should be reduced to approximately 300°C for InN [16]. Consecutive annealing at the growth 

temperature prior to the main growth process is effective for improving the crystal quality of InN, as 

evidenced by RBS measurements [17]. 

The control of the V/III ratio is by far the most important issue to obtain high-quality InN by MBE 

[18]. At temperatures below the dissociation temperature of InN (approximately 550 °C), the equilibrium 

vapor pressure of nitrogen molecules over InN is much higher than the In evaporation pressure over In 

metal [19]. To suppress the dissociation of InN films, one should have a nitrogen pressure higher than 

the equilibrium pressure during the entire growth process. In order to enhance migration to obtain high-

quality films, on the other hand, one should grow InN under slightly In-rich conditions. Considering both 

limitations for InN MBE growth, the V/III ratio on the surface should be carefully controlled as close as 
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Fig. 1  XRD pole figures of the InN grown a) with-

out and b) with nitridation process. 

 

possible to stoichiometry maintaining the surface slightly N-rich. Otherwise, In droplets should form on 

the surface and cannot be evaporated from the surface [3]. 

 Optimization of the growth temperature is another critical issue to obtain high-quality InN films. InN 

films were grown at various growth temperatures between 460 °C and 550 °C and corresponding Raman 

spectra and PL spectra were compared [12]. Raman spectra of ideal hexagonal wurtzite InN have been 

obtained (Fig. 2). An FWHM as narrow as 3.7 cm–1 for the E2 (high)-phonon-mode was obtained for 

550 °C growth. The narrowest FWHM of the E2 (high)-phonon-mode obtained so far in this study is 

3.2 cm–1. These results indicated that the crystalline quality was improved by increasing the growth tem-

perature within the dissociation limit of InN. 

 

3 Structural characterization For structural characterization, ω-scan X-ray diffraction (0002) and 

(3032) rocking curves (XRC) and ω – 2θ scan XRD were carried out. XRC of (0002) diffraction is 

shown in Fig. 3 and corresponding FWHM is as narrow as 236.7 arcsec, which is comparable to the 

value obtained from typical MOCVD grown GaN. The FWHM of (3032) XRC, on the other hand, was 

found to be as high as 4500 arcsec [20]. This is attributed to the existence of twisted domains in the film. 

Figure 4 shows a typical ω – 2θ  scan XRD curve, which gives an FWHM of only 28.9 arcsec, indicating 

an excellent crystallographic quality. 

 Studies using TEM were also performed for structural characterization [20]. Selected area diffraction 

patterns confirmed the hexagonal wurtzite structure of InN. The cross-sectional TEM image in Fig. 5 

clearly indicates the existence of columnar domains with small angular distribution in the c-plane (twist) 

and high density of threading dislocations of more than 2 × 1010/cm2. Cross-sectional TEM observations 

 

       

Fig. 3  ω-scan XRC of (0002) InN. 

Fig. 2 Raman spectra for InN films grown at 550 °C, 

530 °C, 520 °C, 500 °C and 460 °C. 

Fig. 4  ω – 2θ scan XRD curve for InN. 
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Fig. 6 (online colour at: www.interscience.wiley.com) 

Absolute value of radial structure function |F(r)| around 

In atoms of InN. 

 

with a different g vector of 1100  and 0002 indicate that most of the dislocations are edge type and those 

with screw components are relatively small with a density of 2 × 109/cm2 [20]. 

 The local atomic structure near In atom was investigated using EXAFS oscillations of the In K edge 

[21]. The signals from the first-nearest neighbor atoms (N) and the second nearest atoms (In) from In 

atoms were clearly observed as shown in Fig. 6. Atomic distances to the first nearest neighbor atoms and 

the second nearest neighbor atoms were estimated to be dIn–N  = 0.214 nm and dIn–In = 0.353 nm, respec-

tively. Coordination numbers of the first nearest N and the second nearest In atoms were estimated to be 

3.7 and 11.8, respectively. The In–In bond length of 0.353 nm is close to their a-axis lattice constant of 

0.3536 nm, which was estimated using XRD. The local atomic structure characterized by EXAFS con-

firmed sp3 hybridization bonds of ideal wurtzite InN. 

 

4 Electrical properties The electrical properties of the film grown in this study were characterized by 

Hall effect measurements. InN in and around the buffer layer on the sapphire substrate should contain a 

lot of defects and the electrical properties in this region should be very poor. By growing films with 

various thicknesses up to 1.5 µm, we studied the dependence of the electrical properties on film thick-

ness. The results are shown in Fig. 7. Much improvement in electrical properties is obtained with an 

increase in film thickness. The carrier concentration and room temperature electron mobility of 1.5 µm 

thick film were 4.9 × 1018/cm3 and 1130 cm2/Vs, respectively [17]. The residual carrier concentration in 

the grown layer is still very high. The origin of this high residual carrier concentration is not known yet. 

 

5 Optical properties and discussion on the true band gap energy of InN The PL spectra obtained 

from 1.5 µm thick InN at 77 K and room temperature are shown in Fig. 8. Here, Ar+ laser at 514.5 nm 

was used as excitation source and an InGaAs photodetector was used for monitoring luminescence. Very 

strong and sharp 77 K luminescence was observed at approximately 0.78 eV with an FWHM of 24 meV. 

The carrier concentration of this sample is approximately 5 × 1018/cm3. It was also confirmed that the 

Fig. 5 Cross-sectional TEM image 

of InN. 

Fig. 7  Dependence of electrical properties on film 

thickness. 
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Fig. 8 PL spectra of InN at 77 K and room temperature. 

 

wavelength of the PL peak position did not show any noticeable change even if the excitation power was 

changed over two orders of magnitude from 65 mW/cm2 to 6.5 W/cm2. These results suggest that PL 

should originate from the fundamental interband transition of the InN film. It should be emphasized that 

no PL corresponding to the 1.9 eV transition could be observed from any InN films grown in this study. 

The optical absorption of InN was also studied at room temperature. The optical absorption coefficient 

squared versus the photon energy also suggests that the absorption edge should be less than 0.8 eV [12]. 

 CL is also utilized to characterize the optical properties of the same sample. In this study an, InGaAs 

photodetector was cooled to 280 K rather than 140 K to extend the detector sensitivity to the longer 

wavelength region. A Gaussian distribution with a peak at 0.75 eV was observed at 28 K, as shown in 

Fig. 9. 

 All of these luminescence studies suggested that the true band gap energy of well-characterized InN 

samples grown in the study should be approximately 0.75 eV at 77 K and slightly smaller at room tem-

perature. However, the value changes slightly among the samples, probably depending on the variation 

of the residual carrier concentration. For accurate determination of the true band gap energy of InN, 

further reduction of the residual carrier concentration should be needed. The origin of the 1.9 eV band 

gap energy is still open for discussion. Several possibilities were pointed out so far including, (1) influ-

ence of oxygen incorporation or formation of alloys with In2O3, (2) quantum size effect of polycrystal-

lites and (3) boundary effect of polycrystalline grains. 

 InGaN films with the entire alloy composition were successfully grown on sapphire substrates by 

inserting a low-temperature-grown InN buffer layer. Unlike in the case of MOVPE, the solid composi-

tion can be simply determined by the In/Ga flux ratio [22]. Peak positions of CL and PL spectra at 77 K 

 

     

Fig. 10 Peak position of CL and PL spectra at 77 K 

as a function of In composition in InGaN alloys. 

 

Fig. 9 CL spectra of InN at 28 K. 

Fig. 11 Typical ω – 2θ XRD profiles of InN grown 

on a) Ga-face GaN at 550 °C, b) N-face GaN at 

550 °C and c) Ga-face GaN at 450 °C. 
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as a function of In composition are shown in Fig. 10. This figure also supports that the band gap energy 

of InN should be approximately 0.75 eV at 77 K. 

 

6 Crystal polarity and its influence on growth conditions Studies on the polarity of InN by 

CAICISS [26], the convergent beam electron diffraction method by TEM [20], as well as chemical etch-

ing revealed that high-quality InN films grown on sapphire substrate have always N-polarity. InN growth 

studies on the substrates with well controlled polarity, like Si-face and C-face SiC substrates and Ga-face 

and N-face free-standing GaN substrates have clearly demonstrated that InN can be grown at higher 

temperatures on N-polarity substrate than Ga-polarity substrate and In droplets easily form on Ga-

polarity substrate [27]. This experimental result can be explained by the difference in bonding configura-

tion of the topmost N atoms between the two cases. For InN growth with In-polarity, N atoms sit on the 

surface with one bondings to In atoms. On the other hand, N atoms sit on the surface with three bonding 

to In atoms for the growth with N-polarity. It is easily expected that the desorption of nitrogen occurs 

more easily in the InN growth with In-polarity, resulting in the easy formation of In droplets. 

 Typical ω – 2θ XRD profiles of InN grown at 550 °C with the same V/III ratio on (a) Ga-face GaN 

and (b) N-face GaN were compared in Fig. 11. This figure also indicates that InN can be grown on  

Ga-face GaN if the growth temperature was reduced to 450 °C. The crystal quality of InN grown on  

N-polarity substrate (case (b)), however, is better than on Ga-polarity substrate (case (c)), because the 

growth temperature for the former case is higher than in the latter case [27]. 

 Thus, the ability to incorporate nitrogen to the growing surface is essential for successful growth of 

InN. This ability is much higher when they are grown with N-polarity, enabling us to grow at higher 

temperatures than the growth with In-polarity. 

 

7 InN growth on Si substrate We have successfully grown single-crystalline InN films on (111) Si 

substrates for the first time by a brief nitridation (3 min) of Si substrates prior to growth and the follow-

ing low-temperature buffer layer deposition [28]. The band gap energy of a single-crystalline hexagonal 

InN films grown on a Si substrate was estimated to be approximately 0.8 eV from PL measurements. 

Prolonged nitridation for 30 min have resulted in the formation of polycrystalline InN. This is probably 

due to the formation of amorphous SiN on Si (111) substrates. We have observed, however, strong pho-

toluminescence even from this polycrystalline InN, with a luminescence peak again at approximately 

0.8 eV [29]. Yodo et al. reported 1.9 eV PL from InN grown on Si substrates [30]. The result obtained in 

this study implies that the origin of the 1.9 eV luminescence is related neither to Si substrates nor to 

polycrystal formation of InN. 

 

8 Conclusion Systematic studies on InN RF-MBE growth and characterization have been carried  

out. (1) Nitridation of the sapphire substrates, (2) two-step growth, (3) precise control of the V/III ratio 

and (4) selection of the optimum growth temperature are pointed out as critical conditions to obtain  

high-quality InN. Structural characterizations using XRD, TEM and EXAFS have clearly demonstrated 

that InN films have ideal hexagonal wurtzite structure. CAICISS and convergent beam electron diffrac-

tion studies also revealed that these high-quality InN films have N-polarity. FWHMs of ω – 2θ mode 

XRD and E2 (high)-phonon-mode of Raman scattering were as small as 28.9 arcsec and 3.2 cm–1,  

respectively. TEM study revealed, however, that these InN films contain columnar domains with small 

angular distribution in the c-plane and high density of threading dislocations with density as high as 

2 × 1010/cm2. Electrical characterization indicated room temperature electron mobilities over 

1100 cm2/Vs. However, a high density of residual carriers in the middle of 1018/cm3 still exists in the 

films. Although InN films still contain a high density of defects, they show sharp and strong lumines-

cence by PL and CL observations. These luminescences are considered to originate from the fundamen-

tal interband transition. These results indicated that the band gap of well-characterized single-crystalline 

InN should be approximately 0.75 eV at low temperatures. For determination of the accurate band gap 

energy of InN, however, further reduction in residual carrier concentration should be needed. As it has 

become clear that the fundamental band gap of InN should be approximately 0.75 eV, new application 
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fields should open up as new light sources, high efficiency solar cells and high-power, high-frequency 

electronic devices. 
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