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High crystalline layers of InN were grown on MgO(100) substrates by gas source molecular

beam epitaxy. Good quality films were obtained by means of an in-plane rotation process induced

by the annealing of an InN buffer layer to minimize the misfit between InN and MgO. In situ
reflection high-energy electron diffraction showed linear streaky patterns along the ½01�10�
azimuth and a superimposed diffraction along the ½11�20� azimuth, which correspond to a 30� a-

InN film rotation. This rotation reduces the mismatch at the MgO/InN interface from 19.5% to

less than 3.5%, increasing the structural quality, which was analyzed by high-resolution X-ray

diffraction and Raman spectroscopy. Only the (0002) c plane diffraction of a-InN was observed

and was centered at 2h¼ 31.4�. Raman spectroscopy showed two modes corresponding to the

hexagonal phase: E1(LO) at 591 cm�1 and E2(high) at 488 cm�1. Hall effect measurements

showed a carrier density of 9� 1018 cm�3 and an electron Hall mobility of 340 cm2/(V s) for a

film thickness of 140 nm. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4876760]

Over the last few years, the hexagonal and cubic phases

of the semiconductor InN have attracted much interest from

both fundamental and practical points of view. The interest

in this semiconductor and the complete III-nitride alloy sys-

tem increased after the correct determination of the funda-

mental band-gap energy of InN from the original value of

1.9 (Ref. 1) to 0.67 eV,2–4 which meant that InN has the low-

est band gap of any known III-nitride binary compound or

alloy. This extended the expected emission range of III-

nitride alloys from deep-UV (AlN) down to the near-IR

region (InN). InN also exhibits exceptional transport proper-

ties, such as a very small electron effective mass at the C
point (0.07 m0), which may lead to high electron mobilities,

high saturation velocities, a pronounced band-filling effect in

samples with electron concentrations in the order of

1018–1019 cm�3,3 a surface accumulation layer with

ultra-high electron density, and very high saturation and

peak drift velocities.5–7 These unique properties make InN a

potential material for a wide range of devices, such as tan-

dem solar cells, infrared emitters, and high-speed and

high-frequency electronic devices. As a consequence, a great

deal of effort has been dedicated to improving the crystal

quality of InN layers using different substrates to grow

high-quality InN and its InGaN alloys, and numerous studies

of the optical and electrical properties of InN can be found in

the literature.1–8

One of the problems of III-nitride systems is that no

native substrates exist; for example, InN has a lattice mis-

match of 25% with sapphire, 8% with Si(111), 37.4% with

GaAs, and 11% with GaN. High-quality single-crystal InN is

very difficult to obtain because of this. Magnesium oxide

(MgO) has been used to grow cubic InN with a buffer layer

of cubic gallium nitride (b-GaN),9–11 because of the large

lattice mismatch between InN(100) and MgO(100) of

�18%. If a buffer layer of GaN is not used then poor-quality

polycrystalline a-InN is obtained.9,12

In this study, we report the growth of high-quality a-InN

and discuss the effect of annealing on the low-temperature

(LT)-InN buffer layer. In addition, we characterize the struc-

tural quality of the a-InN by in situ and real-time reflection

high-energy electron diffraction (RHEED), X-ray diffraction

(XRD), and Raman spectroscopy.

InN films were grown by gas source molecular beam

epitaxy (GS-MBE) on (100)-oriented MgO substrates using

an InN buffer layer grown at a low substrate temperature

(LT) of Ts¼ 300 �C, as described in the next section.

The in situ real-time surface characterization was per-

formed by RHEED with an acceleration voltage of 12 kV.

Atomic Force Microscopy (AFM) in tapping mode was used

to studied surface morphology. The structural properties

were studied using a high-resolution X-ray diffraction

(HRXRD) system with a PANalytical MRD X-ray diffrac-

tometer, using the Ka1 line emission (1.54059 Å) from a Cu

target as the X-ray source and a 2 bounce hybrid monochro-

mator made of a (220) germanium crystal. The voltage and

applied current were fixed at 40 mV and 20 mA, respectively.

Room temperature Raman spectra were measured with a

514.5 nm excitation laser line and the electrical properties

were evaluated by Hall measurements in the van der Pauw

configuration system at 300 K.

Before growing LT-InN, the substrate was cleaned in a

trichloroethylene and acetone ultrasonic bath for 10 min. The

MgO substrate was introduced into a vacuum chamber and

was then transferred to the growth chamber and thermally
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cleaned in a high vacuum environment (�3� 10�8 Torr) at

Ts¼ 600 �C for 30 min to obtain a clean and atomically flat

surface, as can be seen from the RHEED pattern shown in

Fig. 1(a). The substrate temperature was then lowered to

Ts¼ 300 �C to deposit the LT-InN buffer layer. The surface

of the MgO substrate was exposed to indium flux with a cell

temperature of 830 �C and nitrogen plasma with N2 flow at a

rate of 1.6 standard cubic centimeters per minute and a radio

frequency power of 215 W for a period of 5 min. Fig. 1(b)

shows the ½01�10� azimuth RHEED pattern of a-InN with a

spotty configuration characteristic of a three-dimensional

(3D) layer, which is a diagram of the crystallographic direc-

tions of the InN. Then, the indium cell was closed and the

temperature Ts was increased to 500 �C for 20 min to anneal

the LT-InN layer and recrystallize and remove any unreacted

In on the InN surface [Fig. 1(c)] (20 min was chosen when

the rotation process was observed in the RHEED pattern). At

the end of the annealing process, a layer of InN was grown

for 120 min under the same conditions. A good surface was

obtained, as shown by atomic force microscopy with differ-

ent crystals rotated by 30� [Fig. 1(d)].

To gain insight into the inter-planar adjustment between

InN and MgO, it is necessary to discuss the following

sequence of events: (i) at the start, a streaky RHEED pattern

indicating a two-dimensional surface morphology was

observed for the MgO surface; (ii) the original cubic [100]

azimuth of MgO disappeared when the first monolayers of

InN were deposited, the RHEED pattern disappeared, and

only the hexagonal ½01�10� azimuth remained; (iii) after

annealing, the ½11�20� azimuth overlapped with the ½01�10�
azimuth, as indicated by the spotty RHEED pattern, which

corresponds to a 30� rotation of the a-InN film; and (iv) at

the end of growth, a streaky RHEED pattern was observed

[Fig. 2(a)]. Fig. 2(b) shows an intensity profile of the diffrac-

tion pattern. The distance between x¼�1 and x¼ 1 repre-

sents the distance between the diffraction bars of (0, �1) and

(0, 1), corresponding to the lattice constant of a-InN in real

space (aInN¼ 0.356 nm), which is equivalent to the ½01�10�
azimuth of InN. In the upper x-axis, the distance from x¼�1

to x¼ 1 corresponds to a distance of
ffiffiffi

3
p

aInN¼ 0.608 nm

along the ½11�20� azimuth in real space, which is a rotation of

30� with respect to the ½01�10� direction, as shown in Figs.

2(a) and 2(b). A model of the rotation of InN over MgO in

real space is shown in Fig. 3(a). It is possible to observe the

formation of two domains oriented in the ½01�10� and ½11�20�
azimuths, where the In atoms adjust on O atoms in the

½11�20� oriented domain and In atoms adjust on both Mg and

O atoms of the MgO (001) surface for the ½01�10� domain of

the InN film.

After the annealing process of LT-InN, any unreacted In

on the InN surface was removed and then the structure

recrystallized via an in-plane rotation of 30� to minimize

strain and reach the minimum energy. Thermodynamically,

this process is favorable owing to a decrease in the system

mismatch from 19.5% for ½01�10� InN/ 110½ � MgO to 3.5% for

½11�20� InN/ 110½ � MgO. The coexisting of two crystalline

domains was formed: one of them maintained a high lattice

mismatch (19.5%) and the other one a low lattice mismatch

(3.5%) between MgO substrate and InN film. The growth of

InN has a hexagonal mosaic form, as can be observed in Fig.

1(d), and it is also possible to observe hexagonal mosaics

rotated by 30� among them.

FIG. 1. RHEED patterns (a) along the 100½ � azimuth of the MgO substrate at

the end of the cleaning process, (b) along ½01�10� of InN after the deposition

of the LT-InN buffer layer, (c) along the ½01�10� azimuth after the annealing

treatment at Ts¼ 500 �C for 20 min, and (d) AFM image at the end of 2 h

growth.

FIG. 2. (a) RHEED pattern taken along the ½01�10� azimuth from the InN sur-

face at the end of 2 h growth and (b) intensity profiles of the RHEED pat-

terns of (a).

191904-2 Compe�an Garc�ıa et al. Appl. Phys. Lett. 104, 191904 (2014)



To examine the formation of domains oriented in the

½11�20� and ½01�10� directions, and confirm the presence of

this rotated plane, a pole diagram was obtained by HRXRD

at 2h¼ 33.1�, corresponding to the ð10�11Þ plane of a-InN, as

shown in Fig. 3(b). The film-tilt angle w was varied in the

range of 0�–80� in steps of 2�, and the azimuth angle was

varied from 0� to 360� in steps of 3�. A 12-fold symmetry

structure was observed, showing the two hexagonal domains

with 30� plane rotation.

Fig. 4(a) shows a rocking curve of a-InN for the in-

growth planes. The a-InN diffraction peak of the (0002) c-

plane is clearly observed at 2h¼ 31.4� with a full-width at

half maximum (FWHM) of 0.24� and the diffraction peak

corresponding to the (002) plane of the MgO substrate is

observed at 2h¼ 43�.
A typical Raman spectrum is shown in Fig. 4(b). Two

phonon structures at frequencies of 488 and 591 cm�1 are

observed and are identified as the E2(high) and the E1(LO)

phonons, respectively. These peaks correspond to the InN

wurtzite bulk phonon frequencies.13 The FWHM of the

E2(high) Raman peak is broadened by the lattice disorder that

disturbs the phonon correlation length, mainly by the forma-

tion of nanocrystals or the presence of defects and impurities.14

The typical FWHM of the E2(high) phonon in this work was

9 cm�1, which is comparable to the values of 7 and 8 cm�1 for

InN grown on Si(111) (Ref. 15) and Al2O3,16 respectively,

indicating the good crystalline quality of the a-InN film.

Room temperature Hall effect measurements reveal an

unintentional n-type doped InN film with a carrier density of

9� 1018 cm�3 and an electron Hall mobility of 340 cm2/(V s).

This mobility is the highest value reported for InN films with

a thickness of about 140 nm,5 indicating the very good crystal-

line quality of the material reported in this work.

The growth of InN without the annealing process of the

LT-InN buffer layer generates a mixture of phases. The first

phase is wurtzite, the well-known stable structure of InN, and

the system tends to the minimum energy and the hexagonal

phase is naturally generated. However, the system also

attempts to follow the cubic structure of the MgO substrate,

creating cubic phase InN domains between the wurtzite

domains. Owing to this mixture of phases, the layer under-

goes 3D growth with a high number of defects affecting the

structural quality of the film, in contrast to the very good

quality films obtained with the annealed LT-InN buffer layer.

In summary, we grown high crystalline quality hexago-

nal InN films directly on MgO(100) substrates with a LT-

InN buffer layer by GS-MBE. RHEED analysis showed that

InN grows with two crystal orientations as ½01�10� InN/ 110½ �
MgO and ½11�20� InN/ 110½ � MgO, decreasing the lattice mis-

match from 19.5% to 3.5%. The LT-InN buffer layer was

annealed for 20 min at 500 �C to achieve recrystallization

and induce plane rotation. In addition, a pole diagram was

obtained in the ð10�11Þ InN plane, showing 12-fold symmetry

with the two hexagonal domains with 30� in-plane rotation.

FIG. 3. (a) Real-space model of the MgO/LT-InN interface and (b) a pole

diagram taken in the ð10�11Þ plane of InN showing 12-fold symmetry.

FIG. 4. (a) X-ray rocking curves of InN/MgO(001) and (b) Raman spectrum

of InN film.
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Structural characterization by XRD revealed the diffraction

peak of a-InN at the (0002) plane, and Raman spectroscopy

showed the E2(high) phonon with a FWHM of 9 cm�1.

Thus, we have obtained high-quality InN films using the

surface properties of MgO(100) to reduce the mismatch

between the InN film and MgO substrate.
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