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1. Introduction

The demand for high-speed commu-
nications has seen tremendous growth 
recently with networks growing from 4th 
generation (4G) to 5th generation (5G) 
and beyond. The next generation of the 
network is expected with operational fre-
quencies in the Terahertz range.[1] These 
devices require high switching speed, 
high output power, and operation at 
higher temperatures. The indium nitride 
(InN) has shown very promising proper-
ties due to its narrow and direct bandgap 
(0.64  eV), low electron effective mass 
(0.04  m0), high mobility and high steady-
state drift velocity (5  ×  107  cm  s−1).[2–4] 
These unique properties make it attrac-
tive for high speed electronic and infrared 
optoelectronic device applications.[5] The 
theoretical reported electron mobility of 
InN is 14 000 cm2 V−1 s−1 at 300 K, making 

The fabrication of high-speed electronic and communication devices has 
rapidly grown the demand for high mobility semiconductors. However, their 
high cost and complex fabrication process make them less attractive for 
the consumer market and industrial applications. Indium nitride (InN) can 
be a potential candidate to fulfill industrial requirements due to simple and 
low-cost fabrication process as well as unique electronic properties such as 
narrow direct bandgap and high electron mobility. In this work, 3 µm thick InN 
epilayer is grown on (0001) gallium nitride (GaN)/Sapphire template under In-
rich conditions with different In/N flux ratios by molecular beam epitaxy. The 
sharp InN/GaN interface monolayers with the In-polar growth are observed, 
which assure the precise control of the growth parameters. The directly probed 
electron mobility of 3610 cm2 V-1 s-1 is measured with an unintentionally 
doped electron density of 2.24 × 1017 cm-3. The screw dislocation and edge dis-
location densities are calculated to be 2.56 × 108 and 0.92 × 1010 cm-2, respec-
tively. The step-flow growth with the average surface roughness of 0.23 nm for 
1 × 1 µm2 is confirmed. The high quality and high mobility InN film make it a 
potential candidate for high-speed electronic/optoelectronic devices.
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it suitable for terahertz device applications.[6] A lot of advance-
ment have been made to improve the electron mobility through 
different approaches. However, the experimentally achieved 
mobility of InN is still far behind the theoretical estimation.[7–10] 
The mobility is limited due to carrier scattering phenomena 
occurring at the scattering centers generated from the crystal 
imperfections in the hetero-epitaxial InN layer.[11,12] The growth 
of high quality InN is challenging due to impurity incorpora-
tion, low dissociation temperature, narrow growth window 
and lack of suitable substrate.[13–20] There are several methods 
to deposit InN epitaxial layer such as metal-organic chemical 
vapor deposition, pulsed vapor deposition, sputtering, hydride 
vapor phase epitaxy and molecular beam epitaxy (MBE).[19,21–28] 
Among them, MBE is the most sophisticated growth tech-
nique, which can grow high quality InN structure under pre-
cise control. However, the InN films grown by MBE still have 
high electron concentration and low electron mobility. It has 
been investigated that the threading dislocations (TDs) are the 
major cause of limiting the low field mobility at room tempera-
ture and higher electron concentration.[29–40] The nitrogen (N) 
and In-vacancies at the dislocation sites in InN create coulomb 
scattering centers, screening the carrier motion and ultimately 
decreasing the bulk electron mobility.[41–43] Therefore, the reduc-
tion of the TD is crucial to achieve high electron mobility. Simi-
larly, the impurities can be controlled by using MBE, which 
also greatly affect the electron mobility.[44] Another impor-
tant parameter effecting the dislocation density and electron 
mobility of InN is lattice mismatch with substrate. The growth 
phenomenon is severely affected by the choice of substrate. The 
lack of suitable substrate with lattice mismatch and thermal 
mismatch at the hetero-interface are the main factors of dislo-
cations generation in InN-epilayer.[45] The application of In-rich 
growth condition has been reported to improve the quality of 
InN due to the higher diffusion barrier of N-adatoms com-
pared to In-adatoms. The growth of InN can also be improved 
by raising the substrate temperature, which enhances diffu-
sion lengths and the two dimensional growth.[46,47] However, it 
is difficult to achieve thick InN epilayer using this method as 
growth cannot proceed for a long time. The reason is that the 
In-atom accumulate and form droplets on the surface shortly 
after growth process starts, which cannot be evaporated under 

growth temperature limits. These In-metallic droplets sequen-
tially enlarge their size and absorb more heat due to low spe-
cific heat compared to InN epilayer.[48] As the temperature of 
droplets exceeds the dissociation limit temperature of InN 
(500  °C), it leads to dissociation of InN under layers, hence 
reverses (decrease) the growth rate.[49] One of the ways for con-
tinue growth is to apply N-radical beam.[50] However it results 
in poor crystal quality and rough surface, which does not fulfill 
the requirement for device fabrication. Therefore, it is impor-
tant to investigate new methodologies to limit the imperfec-
tions to get defect-free InN.

In this paper, we have optimized the In/N flux ratio for the 
growth of ≈3 µm thick InN epilayer at ≈500 °C by MBE with low 
TD, high electron mobility, and smooth surface morphology. 
gallium nitride (GaN)/Sapphire template has been chosen due 
to its low cost, large area, and lowest possible (≈11%) lattice mis-
match for InN epitaxial layer. The sharp interface of InN/GaN 
and In-polarity observed by scanning transmission electron 
microscope (STEM) confirmed that the growth conditions were 
highly optimized. Low screw dislocation (SD) and edge disloca-
tion (ED) density of 2.56 × 108 and 0.92 × 1010 cm–2, respectively, 
were verified by high-resolution x-ray diffraction (HR-XRD). 
The step flow growth with root mean square (RMS) of 0.2 nm 
and average step height (≈570  pm) equal to c lattice constant 
of InN was observed by atomic force microscope (AFM). High 
electron mobility of 3610 cm2 V−1 s−1 was measured by directly 
probed hall characterization. The InN-epilayer also shows good 
optoelectronic behavior in dark as well as under the illumina-
tion of 532 nm laser with photo responsivity of 195 mA W−1 and 
specific detectivity of 1.78 × 109 Jones.

2. Experimental Section

InN epilayer was grown by plasma-assisted-MBE. The sche-
matic structure of the grown InN layer is given in Figure 1a. 
The (0001) GaN/sapphire template was used as a substrate with 
a 4.7  um GaN layer. After loading the substrate in the MBE 
growth chamber with a base pressure of 10–10 torr, the substrate 
surface was cleaned by degassing at 500  °C for 30  min. The 
reflection high energy electron diffraction (RHEED) pattern 

Figure 1. a) Schematic structure of InN epilayer grown on GaN template. b) Growth condition for InN film. The growth starts with degas and 
regrowth of fresh GaN thin film over GaN template (GaN/Al2O3). The growth temperature for InN was ramped down (from boundary temperature) 
by 0.05 °C min−1 till the end of growth. The short streaky RHEED pattern for GaN turned to long streaks during InN growth. The whole growth was 
performed under Radio Frequency Plasma power of 400 W with the Nitrogen flow of 1.2 sccm.
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was observed to be dim streaky. The RHEED patterns along 
[1120] azimuth is shown in Figure  1b. Later, the temperature 
was raised to 680 °C to regrow a fresh GaN layer. The nitrogen 
flow rate of 1.2 sccm with a forward power of 400 W was used 
to supply active nitrogen atoms (N*) using a radio frequency 
plasma source. A ≈ 100 nm GaN regrowth layer was deposited 
under Ga-rich growth condition, which was confirmed with a 
bright streaky pattern of RHEED. The temperature was ramped 
down to an optimized (thermocouple) temperature of 380  °C 
for InN growth, which is equal to InN boundary temperature 
(500 °C). It should be noted that the actual temperature of the 
growth surface is higher than the temperature measured by the 
control panel of MBE. There are different parameters, which 
may affect the actual temperature, for example, the distance of 
the thermocouple (used to measure the growth temperature) 
from the substrate, the heat absorbed by the sample holder, the 
specific heat of the sapphire, GaN layers, and the heat absorbed 
by the metallic In-droplets. The actual boundary temperature 
was measured by testing the InN dissociation temperature, 
which was observed by the change in the RHEED pattern while 
growing under In/N > 1. The growth temperature was increased 
step by step from 360 to 380 °C and a bright streaky RHEED 
pattern was observed. The pattern turned into bright spotty 
when the growth temperature was exceeded from 380 °C. This 
spotty RHEED pattern was the experimental evidence for the 
dissociation of grown InN, while the InN dissociation tempera-
ture has been reported to be 500  °C in literature.[51] The InN 
epilayer was grown under 1.12, 1.20, 1.28, 1.36 In/N flux ratio 
with an average thickness of 3  µm by boundary temperature-
controlled epitaxy method.[7]

The beam equivalent pressure for the In-flux corresponding 
to different cell temperatures was confirmed by the residual gas 
analyzer, which is presented in Figure S1 (Supporting Infor-
mation). This was measured by the difference in the flux with 
shutter open and shutter close conditions. Illustration of growth 
conditions for the degassing, GaN growth parameters, InN 
growth with growth chamber pressure, nitrogen flow, radiofre-
quency plasma power, the In/Ga Knudsen cell tip, and bottom 
temperatures are given in Figure S2 (Supporting Information).

After the growth of 100 nm InN layer, the substrate tempera-
ture was ramped down with the rate of 0.05  °C  min−1 till the 
end of growth to avoid InN dissociation as both the size and the 
temperature of the formed In-droplet increase with the growth 
time. The long and smooth bright streaks of RHEED were 
observed during the whole InN layer growth process given in 
Figure 1b, which confirmed the two dimensional layer-by-layer 
growth. The RHEED patterns of InN along [1120] azimuth 
grew in +c direction under In-rich growth condition with In/N 
flux ratio of 1.12,1.20, 1.28, and 1.36 are presented in Figure S3 
(Supporting Information). The streak brightness decreases as 
the metallic In-flux increases. The brightness was maximum at 
In/N flux ratio of 1.12, while almost dark for the ratio of 1.36. 
The samples were cleaned with hydrochloric acid to check the 
surface morphology. The sample preparation and important 
characterization steps are shown in Figures S4–S7 (Supporting 
Information). After the successful growth and characterization 
of InN epilayer, the Ag electrodes were deposited on the top 
surface to investigate the optoelectronic behavior of InN as an 
active layer of the device.

The Bruker high-resolution AFM was employed to inves-
tigate the RMS of surface roughness. The field emission FEI 
Nova Nano SEM 430 was used for cross-section imaging to 
measure the InN epilayer thickness. The FEI Titan Themis 
Cubid G2-300 aberration-corrected STEM was used for the 
high-angle annular dark-field (HAADF), integrated differen-
tial phase contrast (IDPC) imaging, and energy dispersive 
X-Ray analysis (EDX) of the grown samples. The samples 
for TEM were prepared by the conventional Ar-Ion milling 
process.[52] For sample preparation, the InN samples were 
cut into small pieces and were pasted on Si substrate, which 
was subsequently bonded face to face (InN to InN). The 
sample was then mechanically ground and polished, which 
was finally thinned by using GATAN 691 precision ion pol-
ishing system. The beam energy was used to be 4.5  keV at 
the gun angle of ±8, which was finally reduced to 2  keV at 
the gun angle of ±4. The rotation speed was set to be 3 rpm. 
The sample preparation process is presented in Figure S7 
(Supporting Information). The ED and SD were calculated 
indirectly using PANalytical X’Pert Pro MRD HR-XRD. The 
directly probed electron mobility was measured by the Van-
der-Pauw method using the Accent HL5500PC Hall Effect 
measurement system. Electrical and optical characteristics of 
the device were measured using a semiconductor parameter 
analyzing system (Keithley 4200-SCS) in dark and under the 
illumination of a 532 nm laser.

3. Results and Discussion

The growth control of the first few monlolayers at the InN/GaN 
interface is critical as this is the highest strain affected region 
due to lattice mismatch. The poor growth control will be det-
rimental to the subsequent epitaxial layer as most of the dis-
locations are generated from the interface. These dislocations 
not only degrade the crystal quality in the bulk but also act 
as doping constituents leading to high unintentional electron 
concentration. So the accurate growth condition, i.e., growth 
temperature, In/N flux ratio are very crucial parameters. The 
stability of plasma power and the amount of radical nitrogen 
beam are very critical according to which, the Influx should be 
optimized. This becomes more challenging for In/N  >  1 con-
dition, which is the key parameter for 2D growth. After the 
growth of multiple samples, we were able to optimize the best 
growth condition to achieve a high quality InN thick film with 
very low dislocation density.

The TEM was performed to directly investigate the disloca-
tion density.[53] It can be observed in Figure 2a that the EDs 
have a non-uniform distribution along the growth direction. 
The ED density is high near the InN/GaN interface due to a 
large lattice mismatch (≈11%) between the InN and GaN. These 
dislocations are annihilated by clustering, which leads to a 
reduction in EDs. These ED are driven to the sample surface 
having which can be directly observed in Figure 2a. The sharp 
InN/GaN interface can be seen in the STEM- HAADF image 
in Figure 2b. The compositional distribution from the top sur-
face of the InN film (≈10 nm) was investigated by x-ray photo-
electron spectroscopy (Figure S8, Supporting Information), 
which shows the binding energy peaks of In- and N-subshells. 

Adv. Mater. Interfaces 2022, 2200105



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2200105 (4 of 8)

www.advmatinterfaces.de

The oxygen and carbon peaks are observed as these atoms are 
adsorbed on the InN surface from the ambient environment.

Further investigation of the interface was also performed 
with high resolution imaging at the atomic level. The wurtzite 
structure symmetry is obvious where the smaller dark Ga-
atomic layer is visibly distinct from the relatively larger and 
brighter In-atomic layer as given in Figure  2b. The reason 
for this highly compact atomic layer is the high growth tem-
perature, which increases the diffusion length of incident In-
adatoms and makes it well incorporated on the GaN surface. 
The IDPC imaging was performed to confirm the In-polar 
(0001) growth direction, the bright circles along with small 
dim tails are the high definition real-time images of In- and 
N-atoms respectively. The pink and green circles are used to 
easily distinguish the In- and N-atoms as shown in the inset 
image of Figure 2b. The EDX was performed to investigate the 
elemental distribution of In-, Ga-, and N-atoms. Figure  2c,d 
shows the EDX of the image given in Figure 2a. The HAADF, 
IDPC, and EDX confirmed that the high strcture quality InN 
monolayers were grown on GaN with a sharp interface in the 
In-polar direction.

The thickness and crystal quality (dislocation density) of the 
InN epilayer were investigated thoroughly. The SEM image 
of the 3 µm thick InN layer with the 4.7 µm thick GaN buffer 
layer is shown in Figure 3a. The crystal quality was investigated 
by HR- XRD. The HR-XRD patterns for the optimal sample 
including (002) and (102) peaks are shown in Figure S9a,b 

(Supporting Information). The XRD pattern for the epitaxial 
layer of InN grown on Ga-polar GaN substrate is shown in 
Figure S10 (Supporting Information). The full width at half 
maximum (FWHM) of (002) and (102) rocking curves (RC) were 
measured to calculate SD and ED using the mosaic model.[54] 
According to this model, it is assumed that the film is composed 
of blocks that are tilted or twisted. Based on this model, the 
density of the screw and edge dislocations can be calculated by 
classical equations. For screw dislocations, ρ β= /4.35screw tilt

2
screw
2b  

and for edge dislocations, ρ β= /4.35edge twist
2

edge
2b , can be used, 

where βscrew and βtilt are the measurement of tilt and twist. The 
bscrew and btilt is the length of the corresponding Burgers vector, 
0.57033  nm and 0.35378  nm, respectively.[55] The value of βtilt 
and βscrew can be obtained by β β χ β χ= +( cos ) ( sin )hkl

2
tilt

2
twist

2,  
where, βhkl is FWHM of the rocking curve is angle between 
(102) and(002)plane.

The measured values of (002) and (102) RC and corre-
sponding SD and ED under different In/N flux (Figure S11, 
Supporting Information) are given in Table 1. It can be observed 
that the density of both types of dislocations decreases with 
the increase in the In/N ratio, which are important factors for 
limiting the electron mobility in the bulk InN structure. The 
higher In/N flux provides a higher number of In-atoms, which 
are more mobile on the growth surface with more atomic incor-
poration and covering more surface area, hence making more 
compact layers and leaving very few dislocation sites. Figure 3b 
provides a more clear understanding of the relation between 

Figure 2. The dislocations reduction in InN by precise growth condition a) TEM image of InN sample grown under In/N ratio of 1.36. The dislocation 
density reduces along the growth direction. b) The zoom-in information at the atomic resolution level by HAADF image of InN/GaN interface is con-
firming the good growth start over the GaN substrate. The inset with 1 nm IDPC image showing the hexagonal InN crystal symmetry with growth in In-
polar direction (In-atoms(pink color) and N-atoms (green color), c) EDS of InN/GaN Interface showing In, Ga, and d) N content in the grown sample.
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the In/N flux and dislocation densities. From these observa-
tions, it can be concluded here that high In/N flux is respon-
sible to suppress the dislocation formation during the growth.

The surface morphology is the key requirement for the elec-
tronic and optoelectronic device fabrication as the interface of 
the subsequent layer for the device fabrication (i.e., InGaN/InN) 
will be formed above this surface. The details of the surface 
roughness of the InN epilayer grown under In/N ratio of 1.36 
investigated by AFM are given in Figure 4a. The AFM images 
for the samples grown under different In/N ratio (Figure S12, 
Supporting Information) confirm that the surface smoothness 
increases with the increase in the In/N flux ratio. The small 
grain boundaries tend to grow larger with higher In-flux. A 

smooth surface was achieved without any grain boundaries in 
the case of the In/N flux ratio of 1.36. The clear terrace on the 
surface can be observed, which confirms the step flow growth 
with the RMS of 0.23  nm. To further investigate the growth 
step details, the linear graph between the surface and height 
is drawn, where the steps ending up at the sharp edges can 
be observed. The average height for each step can be seen in 
Figure 4b, which is ≈570 pm equal to c lattice constant of InN. 
This shows that the entire InN layer was smoothly grown in the 
[0001] direction and can be used for device applications.

Finally, the electron mobility and concentration were meas-
ured by directly probed Hall Effect system using the van 
der Pauw technique operated at 0.5  T magnetic field. The 

Figure 3. The bulk and structural investigation of InN sample grown under In/N ratio of 1.36. a) Cross-section scanning electron microscopy image 
of InN film showing 3 µm InN film over 4.7 µm GaN. b) The screw (002) and edge (102) dislocation densities for the samples grown under In/N flux 
ratios of 1.12, 1.20, 1.28, and 1.36, respectively.

Table 1. Electron mobility and dislocation density of samples grown under different In/N flux.

No. In/N ratio Temperature [°C] FWHM SD [cm–2] ED [cm–2] RMS [nm] Electron concentration [cm–3] Mobility [cm2 V–1 s–1]

002 102

1 1.12 380–360 756 1656 9.31 × 108 2.23 × 1010 0.75 6.10 × 1017 2680

2 1.20 380–360 684 1512 7.72 × 108 1.87 × 1010 0.39 5.41 × 1017 3060

3 1.28 380–360 540 1332 4.75 × 108 1.48 × 1010 0.34 3.74 × 1017 3240

4 1.36 380–360 396 1044 2.56 × 108 0.92 × 1010 0.23 2.24 × 1017 3610

Figure 4. Surface morphology of InN film grown under In/N ratio of 1.36. a) Atomic force microscopy image of InN with the surface area of 1 × 1 µm2 
with the average surface roughness of 0.23 nm. b) Linear profile of surface roughness showing step height nearly equal to the unit cell of InN (0.571 nm).
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as-measured electron mobility of different samples with unin-
tentional electron doping is shown in Figure 5a. The results 
show that the electron mobility is directly proportional to the 
In/N flux, i.e., the higher is the In/N flux, the more is the elec-
tron mobility up to a certain limit. Crossing this limit leads 
to a high accumulation of In-droplets, which first decreases 
the growth rate and later causes the dissociation of grown 
InN epilayer under these droplets due to heat accumulation. 
The cracks on the InN surface were observed and the layer 
peeled off for the samples grown beyond 1.36 In/N flux ratio 
(Figure S6, Supporting Information). The low-temperature elec-
tron mobility was also measured at a temperature from 100 to 
300  K, which is presented in Figure  5b. The maximum elec-
tron mobility at 300K was measured to be 3610 cm2 V−1 s−1 with 
unintentional electron doping of 2.24 × 1017 cm–3.

In order to investigate the reason for obtaining high mobility 
InN under the In-rich condition, we carried out XRD test on 
samples grown under different III/V and estimated the disloca-
tion density by using the mosaic model. After using this model, 
we got the screw and edge dislocation densities of the samples 
grown under different III/V growth conditions. The details of 
the screw and edge dislocations with electron concentration 
and mobility under different growth conditions are presented 
in Table 1. Therefore, the relationship between III/V flux ratio 
with electron concentration and mobility under In-rich condi-
tions is investigated, where we found that during InN growth 
under In-rich, the In-atoms can effectively block the incorpora-
tion of impurities, hence reducing the scattering effects from 
the ionized impurity centers.

It is also observed that surface-enriched with In-droplets can 
effectively hinder the incorporation of impurities, which can 
greatly reduce the effects of ionized impurity scattering, thereby 
contributing to an increase in the mobility of InN.[14] When the 
InN surface is not covered with In-droplets, the Hydrogen and 
Oxygen impurities in the environment can easily enter inside 
the epitaxially grown InN film. However, with the surface accu-
mulated with In-metallic droplets, most of the Hydrogen and 
Oxygen atoms are blocked by the In-metal, hence, their con-
centration inside the grown film is suppressed. Furthermore, 
the relationship between III/V and dislocation density reveals 
that the dislocations in InN are partially charged under the con-
dition of In-rich growth. These partially charged dislocations 
greatly reduce the effect of electron scattering from dislocation 
centers on mobility and thus are more favorable for obtaining 

high electron mobility InN epitaxial films under the In-rich 
growth conditions. So, a high mobility InN epitaxial film with 
electron mobility of 3610  cm2  V−1  s−1 and an electron concen-
tration of 2.24 ×  1017  cm–3 was realized under the In/N condi-
tion of 1.36 at room temperature. The low-temperature Hall 
test shows that the sample can show maximum mobility up to 
4180 cm2 V−1 s−1 at 100 K, with the corresponding electron con-
centration of 5.78 × 1017 cm–3.

In order to investigate the optoelectronic properties of the 
InN film incorporated as an active layer of a photodetector, the 
I–V characteristics of the device (Ag/InN/Ag) are measured in 
the dark and under laser illumination of 532  nm. The sche-
matic cross-sectional view and I–V characteristics of the device 
are shown in Figure 6a,b. It can be observed that the photo-
current is increased with an increase of illumination intensity, 
revealing the efficient photogenerated carriers through the InN 
layer. The transportation of efficient excitons will greatly be 
influenced by the difference between the electron affinity and 
potential energy of the photoactive material. The high electron 
mobility of the InN film can enhance the carrier transporta-
tion under an applied electric field. Therefore, the dissociation 
of photogenerated charge carriers and their transportation can 
easily be enhanced at low applied bias. The optoelectronic prop-
erties of the device can be measured by following the previously 
reported optoelectronic devices.[56–58] Photoresponsivity (R) and 
specific detectivity (D*) are the major key factors to evaluate the 
performance of the photodetectors, and they are expressed as 

= photo

ill

R
I

P
, where Pill is the incident illumination power intensity, 

and = ×∗

2 dark

D R
A

qI
, where q denotes the electronic charge,  

and A is the effective area of conductive channel for photo-
detector. As a result, R of 195 mA W−1 and D* of 1.78 × 109 Jones 
were obtained with 532 nm laser under illumination power of 
1 mW cm−2.

4. Conclusions

In summary, we have grown ≈3 µm thick InN epitaxial film by 
MBE under In-rich growth conditions. It is observed that the 
higher In/N growth condition leads to high quality InN crystal 
structure in a bulk with a smooth surfer over the growth ter-
mination. The higher In-atomic ratio not only improves the 

Figure 5. Electronic properties measurements of InN films by van der paw method. a) Room temperature Hall mobility of InN films grown under In/N 
flux ratio of 1.12, 1.20, 1.28, and 1.36, respectively. b) Low-temperature (100–300 K) mobility measurement of InN film grown under 1.36 In/N growth 
conditions.
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crystal quality but also suppresses the impurity incorporation 
during the growth, which results in higher electron mobilities. 
The high quality InN film with very low SD and ED density 
2.56 ×  108 cm–2 and 0.92 ×  1010 cm–2 respectively is confirmed 
by HR-XRD. These low dislocation densities are responsible 
for the reduction in unintentional electron doping and hence 
lead to higher electron mobility. The Maximum mobility is 
measured to be 3610 cm2 V−1 s−1 with an unintentional electron 
concentration of 2.24 × 1017 cm–3. The smooth step flow growth 
of the surface is confirmed by AFM with RMS of 0.2 nm. The 
growth conditions described in this research work are effective 
approaches to achieve low electron concentration, high elec-
tron mobility, and smooth surface InN thick films, which have 
the potential to be applied in the high speed communication 
devices, highly sensitive infrared detectors, and optoelectronic 
devices.
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