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a b s t r a c t

We present the structural and optical properties of (0001)-oriented nanocolumnar films of InN deposited
on c-sapphire substrates by radio-frequency reactive sputtering. It is observed that the column density
and dimensions are highly dependent on the growth parameters of the buffer layer. We investigate four
buffer layers consisting of (i) 30 nm of low-growth-rate InN, (ii) 30 nm of AlN deposited on the unbiased
substrate (us), (iii) 30 nm of AlN deposited on the reverse-biased substrate (bs), and (iv) a 60-nm-thick
bilayer consisting of 30-nm-thick bs-AlN deposited on top of 30-nm-thick us-AlN. Differences in the layer
nucleation process due to the buffer layer induce variations of the column density in the range of (2.5–
16)�109 cm�2, and of the column diameter in the range of 87–176 nm. Best results in terms of mosaicity
are obtained using the bs-AlN buffer layer, which leads to a full width at half-maximum of the InN(0002)
rocking curve of 1.2°. A residual compressive strain is still present in the nanocolumns. All samples
exhibit room temperature photoluminescence emission at �1.6 eV, and an apparent optical band gap at
�1.7 eV estimated from linear optical transmittance measurements.

& 2015 Published by Elsevier B.V.

1. Introduction

InN research has raised considerable interest for the develop-
ment of optical coatings, low-resistance ohmic contacts, and
optoelectronic devices such as solar cells or opto-chemical sensors
[1,2], due to its room temperature direct optical band gap in the
near-infrared (NIR) range (Eg�0.7 eV) [1], high electron mobility
and radiation resistance. High-quality InN has been grown mainly
by molecular beam epitaxy (MBE) [3–6] and metalorganic vapor
phase epitaxy (MOVPE) [7–9]. The optimal substrate temperature
(Ts) for InN growth is close to the decomposition temperature of
the material, around 500 °C [10]. In the case of MBE, the indium
desorption rate at the InN growth temperature should be negli-
gible, which reduces drastically the growth window. In MOVPE,
the relatively low growth temperature of InN results in wetting-
related problems and difficulties to crack NH3. Radio-frequency
(RF) reactive sputtering emerges as a suitable and low-cost tech-
nique for thin film growth at lower temperature, even at room

temperature, and on a wide range of rigid (glass, silicon, sapphire,
GaN-on-sapphire [11–14]), and flexible [15–17] substrates.

It is known that usually the insertion of an AlN buffer layer leads
to an improvement of the subsequent III-nitride crystalline quality,
which is valid also for RF reactive sputtering technique [18–21]. It
has also been reported that biasing the substrate can lead to an
improvement of the structural quality of RF-sputtered AlN through
an increase in the kinetic energy of the impinging ions [22]. In this
work, we investigate the influence of biasing the AlN-on-sapphire
buffer layer on the nanostructure of the InN films deposited on top
by RF reactive sputtering. Results on unbiased AlN (us-AlN) and
biased AlN (bs-AlN) buffer layers are compared to those obtained
using a low-growth-rate InN buffer layer on sapphire [23].

2. Experimental

The InN samples under study were deposited on (0001)-orien-
ted sapphire substrates using an RF reactive sputtering system (AJA
International, ATC ORION-3-HV) equipped with a 2 in. confocal
magnetron cathode. The In and Al targets were of 4N5 and 5N
purity, respectively, whereas the reactive gas was 6N pure N2. The
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distance between both targets and the substrate was set to 10.5 cm.
In order to monitor the substrate temperature during the deposi-
tion process, a K-type thermocouple was placed in contact with the
substrate holder. Prior to growth, the substrates were chemically
cleaned in organic solvents and blown dry with nitrogen. The
substrates were outgassed in the deposition chamber for 30 min at
a substrate temperature Ts¼550 °C (100 °C above the growth tem-
perature). The base pressure before growth was �10�5 Pa. The
targets were pre-sputtered with 5N pure Ar plasma.

The deposition of the AlN- and InN-buffers and the InN layers
was performed in pure nitrogen atmosphere, under a sputtering
pressure of 0.47 Pa and at a substrate temperature of 450 °C. The
InN layers were deposited using an RF power PRF¼40 W with the
sample holder unbiased. For deposition of the bs-AlN layer the
substrate bias was tuned using a DC voltage source connected to
the substrate holder through a resistor (56.2Ω) with the deposi-
tion chamber electrically grounded. As summarized in Table 1,
four different buffer layers were considered:

– S1: 30-nm-thick low-growth-rate InN buffer layer grown with
PRF¼20 W (deposited at 60 nm/h) and with the sample holder
unbiased, following the growth conditions described in Ref.
[23];

– S2: 30-nm-thick AlN buffer layer grown at PRF¼150 W with the
sample holder unbiased (us-AlN);

– S3: 30-nm-thick AlN buffer layer grown at PRF¼150 W with the
sample holder biased at �15 V (bs-AlN). This bias value was
previously optimized for the deposition of RF sputtered AlN
films [22];

– S4: a double AlN buffer layer consisting of 30 nm of us-AlN
followed by 30 nm of bs-AlN. This growth sequence was for-
merly reported to provide the best crystalline quality of RF
sputtered AlN [22].

Structural properties such as crystal orientation, grain alignment
and lattice constants were investigated by high-resolution x-ray dif-
fraction (HRXRD) using a four-axis Bruker AXS D8 Advance dif-
fractometer. This structural characterization was based on symmetric
2θ/ω-scans spanning the sapphire(0006) and InN(0002) reflections, as
well as InN(0002) rocking curves, and reciprocal space maps around
the symmetric (0002) and the asymmetric (�1015) x-ray reflections
of InN. The surface morphology of the layers was analyzed by atomic
force microscopy (AFM) in the tapping mode using a Veeco Dimension
3100 microscope. Data visualization and processing were carried out
with the WSxM software [24]. The morphology and the thickness of
the layers were studied by field emission scanning electron micro-
scopy (FESEM) using a Zeiss Ultra 55 microscope.

The optical properties of the films were analyzed by linear optical
transmittance and photoluminescence (PL) experiments at room

temperature. Transmittance measurements were performed under
normal incidence in the visible/NIR spectral range (350–1700 nm) using
an optical spectrum analyzer. The excitation source for PL measure-
ments was provided by an InGaN laser diode (λ¼405 nm). The exci-
tation power was 7mW, focused onto a 50-mm-diameter spot. The
sample emission was collected into a 45-cm-focal-length Jobin-Yvon
monochromator and detected by a charge-coupled-device (CCD)
camera.

3. Results and discussion

All the investigated InN layers present wurtzite crystallographic
structure with (0001)-preferred growth orientation, as deduced from
HRXRD 2θ/ω-scans (see the inset of Fig. 1 as an example). A weak
peak at 2θ�36°, attributed to the AlN(0002) reflection is observed in
the samples with AlN buffer layer. Fig. 1 shows theω-scan of the InN
(0002) reflection of samples grown with different buffer layers. A
remarkable improvement of the InN crystal quality is obtained when
using a single 30-nm-thick AlN buffer layer (samples S2 and S3)
compared to the use of the low-growth-rate InN buffer layer (sample
S4). As summarized in Table 1, the full-width at half-maximum
(FWHM) values of the InN(0002) rocking curve decreases from 2.4°,
when using the low-growth-rate InN buffer layer, to 1.5° and 1.2°, in
the case of us-AlN and bs-AlN buffer layers, respectively. The upgrade
of the crystalline quality of negatively-biased AlN layers has been
previously reported, being attributed to an increase of the kinetic
energy of the species reaching the growing surface [22,25]. Thereby,
the enhanced structural properties of the bs-AlN-based buffer layer,
compared to us-AlN, results in a better crystal quality of the sub-
sequent InN film. On the contrary, a clear degradation is obtained
when using a double AlN buffer, increasing the FWHM of the InN
(0002) rocking curve up to 2.7°.

To get a deeper view into the structural changes induced by the
different buffer layers, AFM measurements were carried out. Fig. 2
displays 2�2 mm2 AFM images of the samples under study, and
the extracted values of root-mean-square (rms) surface roughness
are tabulated in Table 1. AFM images reflect a nanostructured
morphology, with a decrease of the diameter of the nanostructures
by a factor of 2 (from 176720 to 8779 nm), and an increase of its
density from 2.5�109 to 16�109 cm�2, for InN grown on the
double AlN buffer layer (S4), compared to the material grown on
the InN buffer (S1). Accordingly, the rms surface roughness
decreases from �71 nm for sample S1 to �6 nm for S4.

The best result in terms of the lowest rms surface roughness is
obtained for sample S4, which also presents the broadest x-ray
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Table 1
Description of the samples under study: nature and thickness of the buffer layer,
FWHM of the InN(0002) rocking curve, column density, columns diameter, rms
surface roughness and growth rate of the InN films.

S1 S2 S3 S4

Buffer InN us-AlN bs-AlN Double AlN
(us-AlNþbs-AlN)

Buffer thickness (nm) 30 30 30 60
FWHM InN(0002) rocking
curve (°)

2.4 1.5 1.2 2.7

Column surface density
(cm�2)

2.5�109 3.7�109 – 16�109

Column diameter (nm) 176720 170725 – 8779
rms surface roughness
(nm)

71 49 32 6

Growth rate (nm/h) 100714 114716 8077 178713
Fig. 1. HRXRD ω-scans of the (0002) x-ray reflection peak of InN layers deposited
using the different buffer layers under study (S1–S4). Inset: typical HRXRD 2θ/ω-
scan of a representative InN sample deposited with AlN buffer, showing (0001)
preferred growth orientation.
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Fig. 2. AFM images (2�2 mm2 scan area) of the InN layers under study (S1–S4).

(S1)

(S3) (S4)

(S2)

500 nm 500 nm

500 nm 500 nm

Fig. 3. 45° tilted FESEM images of all the InN layers under study.
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rocking curve in Fig. 1. For a better understanding of these results,
we have studied the samples by FESEM. Images in Fig. 3 of the
surface and cross section of the samples viewed with a 45°-tilt
confirm the nanocolumnar morphology of the InN layers for
samples S1, S2 and S4. In contrast, sample S3 presents an almost
compact structure with rough surface morphology, indicative of a
3D growth front. The columnar growth type present in the layers
is then attributed to the used slightly N-rich growth conditions, as
it is confirmed by the larger InN deposition rate obtained for
columnar-mode growth compared to the almost compact InN
sample (S3) (see Table 1). This columnar deposition could be
hindered by the increase of the nucleation points density when
using a biased AlN buffer which induces initial lattice disorder at
the interface AlN–sapphire [22] enabling, in turn, the grain coa-
lescence. This behavior has been also observed in InN layers grown
on GaN-templates, in which a change in the nucleation layer could
lead to a structural change in InN with its morphology evolving
from columnar to compact [26]. On the other hand, columnar
growth offers larger possibilities of variation of the tilt, thereby
leading to structures with larger FWHM of the InN(0002) rocking
curve, increasing for columns with smaller diameter (S4). Both

crystal quality and column dimensions shown in the obtained
samples are similar to other samples grown by MBE [27].

Fig. 4 shows the reciprocal space maps, in reciprocal lattice units
(qx, qz), obtained around the InN(0002) symmetric reflection and the
InN(�1015) asymmetric reflection for samples S3 and S4, i. e., the
most compact InN layer within the studied layers and the structure
with smaller nanocolumns, respectively. The enhanced tilt in the
nanocolumnar structure (S4) leads to a broadening of the x-ray
reflections in the ω-scan direction for both symmetric and asym-
metric analyzed reflections, in comparison to the compact sample (S3).

The a and c lattice constants are calculated from the reciprocal
space maps through the expressions: a¼ 2h

ð
ffiffi

3
p

qxÞ
and c¼ l

qz
, respec-

tively, where h and l denotes the first and the fourth Miller indices
of the considered reflection, and qx and qz correspond to the
reciprocal space coordinates of the reflection peak. Fig. 5 displays
the calculated in-plane εxx ¼ a�ao

ao
and out-of-plane εzz ¼ c� co

co
strain

for each sample, considering a0¼3.545 Å and c0¼5.703 Å as the
lattice constants for relaxed InN at room temperature [28]. The
highest value of residual compressive strain is εzz¼(0.8470.12)%
being obtained for the most compact sample (S3), as it has been
observed by other authors [26]. In the case of biaxial strain in a
hexagonal system, the relationship between εxx and εzz is given by:

ϵzz
ϵxx

¼ �2C13=C33 ð1Þ

where C13 and C33 are the components of the elastic stiffness
tensor [29]. The ϵzz

ϵxx
ratios of all the samples under study are within

the range from 0.74 to 1.33 obtained from the values of the the-
oretical and experimental elastic coefficients reported in the lit-
erature for wurtzite InN layers [30–33] (lines in Fig. 5).

The results of the optical characterization of the samples are
summarized in Table 2. Fig. 6 depicts the squared absorption coeffi-
cient (α2) of samples S3 and S4 measured at room temperature. The
value of α has been derived from optical transmittance (Tr) mea-
surements using α(λ)p-ln(Tr), which neglects losses introduced by
optical reflection at interfaces and optical scattering. The apparent
optical band gap energy, Eg,opt, is estimated by the extrapolation to the
x-axis of the linear fit of the α2 plot as a function of energy. In all cases,
Eg,opt is in the range of 1.7170.04 eV, similar [34] or smaller [35,36]

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

Fig. 4. Reciprocal space maps of the (0002) symmetric reflection [left] and the (�1015) asymmetric reflection [right] for samples S3 (top) and S4 (bottom).
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Fig. 5. Out-of-plane strain ϵzz as a function of the in-plane strain ϵxx for samples
S1–S4. Lines represent the proportionality deduced from elastic constant values
reported by other authors.

L. Monteagudo-Lerma et al. / Journal of Crystal Growth ∎ (∎∎∎∎) ∎∎∎–∎∎∎4

Please cite this article as: L. Monteagudo-Lerma, et al., Journal of Crystal Growth (2015), http://dx.doi.org/10.1016/j.
jcrysgro.2015.10.016i

http://dx.doi.org/10.1016/j.jcrysgro.2015.10.016
http://dx.doi.org/10.1016/j.jcrysgro.2015.10.016
http://dx.doi.org/10.1016/j.jcrysgro.2015.10.016
http://dx.doi.org/10.1016/j.jcrysgro.2015.10.016


than values reported by other authors in InN samples deposited by
reactive sputtering. However, these values of Eg,opt are still much larger
than the �0.64 eV reported for high-quality single-crystalline InN
grown by MBE or MOVPE [2]. The large Eg,opt in sputtered InN samples
has been widely discussed in the literature and is generally attributed
to its polycrystalline nature and the Burstein–Moss effect associated to
their high residual carrier concentration. From our measurement of Eg,
opt, the free carrier concentration is estimated to be in the range of
mid-1020 cm�3 [37], in agreement with the residual carrier con-
centration obtained through Hall measurements in similar InN com-
pact samples deposited by RF sputtering [23].

Fig. 6 also shows the room-temperature PL emission spectra for
samples S3 and S4. For all the InN films under study the PL peak
energy is located at ΕPL¼1.5970.08 eV, and presents a FWHM
larger than 300 meV, as summarized in Table 2. Samples from S1
to S3 show similar optical features, with absorption edge broad-
ening in the range of (130718) meV, and Stokes-shift from 130 to
190 meV (see Table 2), in agreement with results presented by
other authors [1]. These large Stokes-shifts together with the high
FWHM of the PL emission can be attributed to emission from
potential fluctuations due to a non-homogeneous distribution of
defects [38]. Particularly, the Stokes-shift value for columnar InN
samples decreases with the nanocolumn diameter. In the case of
S4, the smaller Stokes-shift (24 meV) is associated with the high-
est PL emission energy and the highest FWHM of the PL peak
among the analyzed samples. This is probably related to the sig-
nificant reduction of the nanocolumn diameter, which could lead
to a higher influence of nanocolumn diameter dispersion [39].

4. Conclusions

We have presented a study of the influence of the buffer layer on
the structural, morphological and optical properties of (0001)-
oriented nanocolumnar InN layers deposited on sapphire substrates
by RF reactive sputtering. The diameter and surface density of the
nanocolumns depend strongly on the buffer layer, indicating that
the nucleation process governs the nanostructure formation. Only
the use of bs-AlN buffer layer leads to almost compact films with
improved crystalline quality in terms of mosaicity (FWHM of the
(0002) x-ray diffraction rocking curve¼1.2°). The broadening of the
rocking curve when decreasing the column diameter is attributed to
an increase of the tilt of the nanocolumns. Regarding the optical
properties at room temperature, an optical absorption edge within
the range of 1.7170.04 eV, and a PL emission peak at 1.5970.08 eV
were observed for all the samples. The optical characteristics are
determined mainly by the high residual carrier concentration. The
obtained results open the possibility of using a low-cost technique
like RF sputtering to develop InN nanostructures, with potential
application in chemical and optical sensors.
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