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a  b  s  t  r  a  c  t

AlN  layers  were  grown  on  c-plane  sapphire  substrates  with  AlN  nucleation  layers  (NLs)  using  high  tem-
perature  hydride  vapor  phase  epitaxy  (HT-HVPE).  Insertion  of low  temperature  NLs,  as those  typically
used  in  MOVPE  process,  prior to  the high  temperature  AlN  (HT-AlN)  layers  has been  investigated.  The  NLs
surface morphology  was  studied  by  atomic  force  microscopy  (AFM)  and  NLs  thickness  was  measured  by
X-ray  reflectivity.  Increasing  nucleation  layer  deposition  temperature  from  650  to  850 ◦C  has  been  found
to promote  the  growth  of  c-oriented  epitaxial  HT-AlN  layers  instead  of  polycrystalline  layers.  The  growth
of  polycrystalline  layers  has been  related  to the  formation  of  dis-oriented  crystallites.  The density  of
such disoriented  crystallites  has been  found  to  decrease  while  increasing  NLs  deposition  temperature.
The  HT-AlN  layers  have  been  characterized  by  X-ray  diffraction  �  −  2� scan  and  (0 0  0 2)  rocking  curve
measurement,  Raman  and  photoluminescence  spectroscopies,  AFM  and  field  emission  scanning  electron
microscopy.  Increasing  the  growth  temperature  of  HT-AlN  layers  from  1200  to  1400 ◦C using  a  NL  grown
at  850 ◦C improves  the  structural  quality  as well  as  the  surface  morphology.  As  a matter  of fact,  full-width
at  half-maximum  (FWHM)  of 0 0 0 2 reflections  was  improved  from  1900 to  864  arcsec  for  1200 ◦C  and
1400 ◦C,  respectively.  Related  RMS  roughness  also  found  to decrease  from  10  to  5.6  nm.
-ray diffraction
igh temperature hydride vapor phase
pitaxy
T-HVPE
itrides
lN

© 2012 Elsevier B.V. All rights reserved.
emiconducting aluminum compounds

. Introduction

Aluminum nitride (AlN) single crystal is a promising substrate
aterial for AlGaN based ultraviolet light emitting diodes (UV

EDs) [1],  piezoelectric sensors [2],  high-power and high temper-
ture electronic devices [3,4] owing to its wide band gap (6.2 eV),
igh thermal conductivity (3.2 W cm−1 K−1) and excellent lattice
atch with gallium nitride (GaN) [5,6]. AlN bulk single crystals
rown by sublimation-recondensation and solution growth meth-
ds [7–10] are still limited by the size. Several techniques for
rowing aluminum nitride layers on a variety of substrates have

∗ Corresponding author. Tel.: +33 04 76 82 66 49; fax: +33 04 76 82 66 77.
E-mail address: elisabeth.blanquet@simap.grenoble-inp.fr (E. Blanquet).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.02.111
been used, including molecular beam epitaxy (MBE) [11], metal-
organic vapor phase epitaxy (MOVPE) [12] and hydride vapor phase
epitaxy (HVPE) [13]. However thick AlN layers grown using HVPE
or High Temperature Halide Chemical Vapor Deposition (HTCVD)
[14] on sapphire (Al2O3) substrates have been widely considered
as the alternative for the production of AlN substrates [15], due
to the low cost and availability of Al2O3 in larger diameter. The
large lattice mismatch between AlN and sapphire as well as poor
Al adatom migration [12] makes high quality AlN growth on sap-
phire substrate more difficult than GaN neither by MOVPE nor by
MBE. The initial growth stage plays a very important role in GaN and

AlN epitaxial growth. The GaN epilayers with low-temperature AlN
nucleation layers (NLs) have been vastly studied when compared to
AlN epilayers grown on low temperature AlN NLs [16]. To achieve
high growth rate, good surface morphology and crystalline quality,

dx.doi.org/10.1016/j.jallcom.2012.02.111
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:elisabeth.blanquet@simap.grenoble-inp.fr
dx.doi.org/10.1016/j.jallcom.2012.02.111
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Fig. 1. HT-AlN Process temperatures and precursors flow vs time.

lN deposition requires a high growth temperature above 1200 ◦C
14,17]. Nevertheless, thermal decomposition of c-plane sapphire
tarts to occur at 1200 ◦C [18] and AlN starts to decompose around
400 ◦C [19] by reacting with hydrogen (H2) used as a carrier gas,
esulting in the formation of surface pits and in the degradation of
lN layer quality [20].

In this paper, the potential effect of using low temperature NLs
or the growth of AlN layers by high temperature hydride vapor
hase epitaxy (HT-HVPE) has been examined. The main idea is to
row AlN NLs at temperatures typically used in the case of AlN
pitaxial growth by MOVPE [21,22] and higher than those used in
he case of GaN epitaxial growth by MOVPE [23,24]. The significance
f low temperature AlN NLs as well as deposition temperature of
T-AlN layers and its effects on surface morphology, structural and
ptical quality of AlN layers have been investigated.

. Experimental procedure

AlN films were grown using HT-HVPE. The HT-HVPE setup consists of graphite
usceptor heated by induction in a vertical water-cooled cold-wall reactor. The
rowth temperature was  measured using a thermocouple inserted into the graphite
usceptor [25]. Aluminium chloride (AlCl3) and ammonia (NH3) were used as
he  precursors for AlN deposition. AlCl3 was  formed through the in situ reaction
etween aluminium (Al) pellets and hydrogen chloride (HClg) at 500 ◦C. Hydrogen
H2) was  used as carrier gas. All the precursors used were 5 N (99.999%) grade
urity. AlN growths were performed on 2′ ′ c-plane sapphire epi-ready wafers.
apphire substrate was  loaded on graphite susceptor and thermally cleaned at
100 ◦C for 10 min  under H2 ambient. Thermal cleaning was  followed by nitrida-
ion,  deposition of nucleation layers, recrystallization of NLs and growth of HT-AlN
lms.

To improve the quality of HT-AlN films, the NLs have been examined by varying
eposition temperatures. The nucleation layer was  deposited at 650, 750 and 850 ◦C
n  c-plane sapphire substrates. The as-grown NLs were first characterized then the
ame samples were reloaded into the reactor to perform high temperature (HT)-
reatment. In order to study the characteristics of NLs prior to HT growth (without
rowing HT-AlN layers), the NLs were recrystallized at 1080 ◦C and further ramped
p  to 1200 ◦C (high temperature treatment) then cooled down under H2 + NH3 ambi-

nt. The NLs V/III flux ratio was  kept constant at 30. The V/III ratio in the gas phase
s  calculated as the NH3/AlCl3 inlet flow rates ratio assuming that the chlorination
eaction yield is equal to 1 and that AlCl3 is the predominant AlClx species [26]. The
Ls were overgrown for 60 min  to deposit high temperature (HT)-AlN layers. HT-
lN  layers have been grown at 1200 ◦C directly on AlN nucleation layers after HT

able 1
ucleation islands (NIs) density, size and height observed from AFM images (Fig. 2).

NL deposition temperature (◦C) Conditions NI density (1010 cm

Small

650 (Fig. 2a) As-grown 9 

650  (Fig. 2b) HT-treated 9 

850  (Fig. 2c) As-grown 8 

850  (Fig. 2d) HT-treated 10 
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treatment (without air exposure). HT-AlN layers were grown in three groups, clas-
sified by the variation in nucleation layer deposition temperatures 650, 750 and
850 ◦C. Four HT-AlN samples have been grown in each NL deposition temperatures
(650, 750 and 850 ◦C), all the 12 samples were grown with a V/III ratio of 10. Through-
out all the growth steps, 2200 sccm of H2 flow and 100 sccm of NH3 flow were used
and  reactor pressure was  maintained at 10 mbar (1300 Pa). Fig. 1 shows the growth
steps of the HT-AlN layers.

The grown HT-AlN films with NLs deposited at different temperatures were
structurally characterized by X-ray diffraction (XRD) using � − 2� scan, rocking
curve (XRC) of the (0 0 0 2) peak, Raman and photoluminescence (PL) spectro-
scopies. PL measurements were performed at low temperature (5 K) using an
ArF-excimer laser emitting at 193 nm (6.42 eV). Surface morphology was accessed
by  tapping mode atomic force microscopy (AFM) and field emission scanning elec-
tron  microscopy (FE-SEM). The RMS  roughness was measured on 1 �m × 1 �m
scan for NLs and 5 �m × 5 �m scan for HT-AlN samples. The average thickness of
NLs and HT-AlN samples was measured by X-ray reflectivity (XRR) and cross sec-
tional FE-SEM respectively. The thickness of all the HT-AlN samples was found
to  be approximately 2 �m.  Finally, a comparison was  made between the quality
of HT-AlN films grown at 1200 and 1400 ◦C by employing optimal NLs process
parameters.

3. Results and discussion

3.1. Low temperature nucleation layers

3.1.1. Surface morphology
The variation in surface morphology of NLs with respect to the

deposition temperature is presented in Fig. 2. Fig. 2a and c shows
the surface morphology of as-grown NLs at 650 and 850 ◦C. Fig. 2b
and d depict the surface morphology of HT-treated NLs grown
at 650 and 850 ◦C. The RMS  roughness values for as-grown NLs
at 650 ◦C (Fig. 2a) and HT-treated NLs (Fig. 2b) are found to be
3.5 nm and 2.5 nm respectively. The RMS  roughness for as-grown
NLs at 850 ◦C (Fig. 2c) and HT-treated NLs (Fig. 2d) are 1.3 nm and
1.0 nm,  respectively. It is found that the RMS  roughness decreases
after HT-treatment, which is contradicting to AlN NLs grown using
MOVPE [27]. The reduction in the RMS  roughness values after the
HT-treatment can be attributed to the rearrangement of nucleation
islands (NIs) height. On the investigated surface under both depo-
sition temperatures, the size of the NIs is found to vary and it can
be distributed as small (<35 nm diameter and <4 nm height) and
relatively big islands (>40 nm diameter and >5 nm height).

Table 1 presents the NIs density, size and height observed from
the AFM images (Fig. 2). The nucleation islands density for all the
nucleation layers is found to be in the order of 1011 cm−2. It is
worth noting that the difference between small and big NIs den-
sities is more pronounced at 850 ◦C. At both 650 and 850 ◦C, the
increase of density for big NIs seems to explain the re-distribution
process of NIs at high temperatures. However, lowest density of big-
ger NIs after HT-treatment has been observed at 850 ◦C NLs when
compared with 650 ◦C NLs. There is almost no change in big NIs
diameters after HT-treatment for 650 ◦C NLs. On other hand, notice-
able increase has been observed in NIs diameter after HT-treatment

for 850 ◦C NLs. The NIs height is decreased for both distributions
after the HT-treatment of NLs grown at 650 ◦C whereas the height of
both NIs distributions is found to remain unchanged for NLs grown
at 850 ◦C.

−2) NI diameter (nm) NI height (nm)

Big Small Big Small Big

1 15–20 55–65 2–4 10–18
6 25–35 50–70 1–3 5–6
0.08 15–21 40–45 2–3 5–9
0.2 20–30 50–75 2–4 5–9



M. Balaji et al. / Journal of Alloys and Compounds 526 (2012) 103– 109 105

Fig. 2. AFM images of nucleation layer grown at 650 ◦C (a) as-grown, (b) HT-treated and NL grown at 850 ◦C (c) as-grown, (d) HT-treated. All images are 1 �m × 1 �m.
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.1.2. Thickness
The thickness of as-grown NLs has been measured by XRR

s 8, 11 and 75 nm for samples grown at 650, 750 and 850 ◦C
espectively. The thickness of NLs increases while increasing the
Ls deposition temperature from 650 to 850 ◦C. This is attributed

o the faster gas phase diffusion and surface diffusion while
ncreasing the temperature [28]. After HT-treatment the thick-
ess of NLs has been found as 6, 8 and 44 nm for NLs grown
t 650, 750 and 850 ◦C respectively. XRR results show obvious
ecrease in thickness of the NLs after the HT-treatment. Fig. 3
hows the XRR plot of as grown and HT-treated NLs grown at
50 ◦C.

There is an obvious reduction in thickness of the NLs deposited
t 850 ◦C after the HT-treatment. This observation shows that
lN NLs may  undergo decomposition at lower temperature than
200 ◦C, despite the fact that AlN NLs normally do not decompose
fter annealing at 1030 ◦C [27]. Changes on surface morphol-
gy, re-distribution of NI’s density, size and height are observed
fter the HT-treatment could also explain a part of the thick-
ess reduction. In fact, a too thin or too thick AlN buffer layer
ill lead to a deteriorated quality of AlN films [29]. The thick-
ess of NLs before HT-AlN layers growth will definitely have an
mportant impact on the HT-AlN layer quality. So, it is expected
hat the adequate thickness of NLs as well as the largest grain
ize and the lowest NIs density improves the quality of HT-AlN
ayers.
Fig. 3. X-ray reflectivity plot of HT-treated and as grown NLs deposited at 850 ◦C.
The intensity is in a log scale.

3.2. HT-AlN layers using AlN NLs
3.2.1. X-ray diffraction and surface morphology studies
All the HT-AlN samples grown using the NL deposition temper-

ature of 650 ◦C are polycrystalline and show a (101̄1) semi-polar
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Fig. 4. XRD � − 2� scans of a (0 0 0 2) oriented HT-AlN layer grown on 850 ◦C NL
(
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The broadening of symmetric (0 0 0 2) reflection (tilt) and asymmet-

F
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r

A)  and polycrystalline HT-AlN layer with a (101̄1) preferred orientation grown on
50 ◦C NL (B). The intensity is in a log scale.

redominant orientation. In contrast, most of the HT-AlN samples
rown on 750 and 850 ◦C NLs reveal only a (0 0 0 2) orientation
n � − 2� XRD scans. Fig. 4 shows � − 2� XRD scans of a (0 0 0 2)
riented HT-AlN layer grown on 850 ◦C NL (A) and a HT-AlN poly-
rystalline layer with a 101̄1  preferred orientation grown on 650 ◦C
L (B). It is important to note that direct growth (without NLs) of
lN films at 1200 ◦C on sapphire c-plane substrates with the same
xperimental conditions leading to the growth of semi-polar ori-
nted polycrystalline AlN layers as already observed in the previous

ork at high growth rate [30]. The introduction of NLs prior to
T-AlN films for wetting the substrate surface, producing the nucle-
tion sites and acting as a buffer layer to accommodate the lattice

ig. 5. AFM RMS  roughness values of HT-AlN layers against the NLs temperature of HT-AlN
 red circles. Corresponding AFM images of the samples with the lowest RMS  value in eac
eferences to color in this figure legend, the reader is referred to the web version of the a
mpounds 526 (2012) 103– 109

mismatch between sapphire and AlN films certainly promote AlN
epitaxial growth on sapphire.

Fig. 5 depicts the plot between RMS  roughness values of HT-AlN
layers with the samples predominant orientations as a function of
NLs temperatures. The AFM images shown in Fig. 5 disclose HT-AlN
sample surface with the lowest RMS  roughness values in each group
classified with NLs deposition temperatures of 650, 750 and 850 ◦C,
respectively. The surface morphology of HT-AlN layers becomes
smoother while increasing NLs deposition temperature. The HT-
AlN layers grown with 650 ◦C NLs favour the semi-polar (101̄1)
orientation with polycrystalline morphology. The HT-AlN layers
grown with 750 ◦C NLs show hexagonal pyramid-like features,
whereas broad hexagonal pyramids with low step size have been
seen at HT-AlN layers grown with 850 ◦C NLs. Several c-oriented
samples surfaces exhibited some encrusted AlN disoriented crys-
tallites. A correlation between surface roughness and the HT-AlN
layers preferred orientation has been observed. The polycrystalline
layers with (101̄1) preferred orientation exhibit RMS  roughness as
high as 87 nm whereas epitaxial HT-AlN layers show RMS rough-
ness as low as 10 nm.

XRC measurements have been performed on the (0 0 0 2) AlN
peak in order to determine the crystalline quality of HT-AlN lay-
ers exhibiting only the (0 0 0 2) orientation. It has been found that
HT-AlN samples grown with 850 ◦C NLs disclose narrower (0 0 0 2)
FWHM values than those grown with 750 ◦C NLs. (0 0 0 2) FWHM
values are 3100 and 1900 arcsec for HT-AlN layers with NLs grown
at 750 and 850 ◦C, respectively. High FWHM are related to high
threading dislocation (TD) density, which is highly detrimental
to AlN electrical and optical properties [31]. Depending on their
Burger vector, TDs could be edge-type, screw-type or mixed-type.
ric reflection (twist) are related to mixed or screw-type dislocations
density, and edge-type dislocations density respectively. In the
case of randomly distributed dislocations, the TD density D can

 layers with samples predominant orientations, (0 0 0 2) – black squares and (101̄1)
h group are also shown. All AFM images are 5 �m × 5 �m. (For interpretation of the
rticle.)
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ig. 6. PL spectra at 5 K for polycrystalline HT-AlN layers with NL grown at 650 ◦C
nd c-axis oriented HT-AlN layer with NL grown at 750 ◦C. NBE excitonic emission
round 6 eV and several DB related to deep level around 3.1, 3.8 and 4.6 eV.

e roughly estimated from D = FWHM2/4.35b2 [32], where FWHM
s the peak width of the rocking curve reflection (in radians) and

 the Burger vector length. Using the burger vector value of AlN
bscrew = 4.982 Å), TD dislocations densities are estimated to be

 × 1010 and 8 × 109 cm−2 for screw-type dislocations in HT-AlN
ayers grown using 750 and 850 ◦C NL, respectively.

.2.2. Photoluminescence measurements
Optical properties are closely related to TD dislocation den-
ity. PL measurements at low temperature (5 K) have thus been
erformed on polycrystalline HT-AlN layers with semi-polar ori-
ntation grown on 650 ◦C NL and c-axis oriented HT-AlN layers
rown on 750 ◦C NL shown in Fig. 6. Both layers show single peak

ig. 7. (a) Raman spectra on c-axis AlN (smooth surface A) and disoriented crystallites (
urface  image of AlN showing the c-axis oriented layer (A) and the disoriented crystallite
mpounds 526 (2012) 103– 109 107

near band edge (NBE) emission and additional broad defect bands
(DB). Semi-polar oriented polycrystalline layer has NBE emission at
5.99 eV whereas c-oriented layer emits at 5.95 eV. These values are
found similar to previous reported ones for HT-AlN layers grown
by HT-HVPE (5.95 eV at 300 K, 6.03 eV at 5 K) [33]. The variation
of NBE peak position could be assigned to different stress states.
The NBE emission has been tentatively assigned to donor bound
excitons (D0X) and DB at 3–4.6 eV to Donor Acceptor Pair (DAP)
recombinations. Both layers show defect band related to deep levels
located around 3 eV. The c-oriented layer also shows a low intensity
band at 4.3–4.9 eV. Probable origin for defect emission is VAl(ON)x

complexes formed from Al-vacancy and O impurities, the former
has been assigned to 4.6 eV band and the later has been attributed
for 3 eV DBs [34,35]. The intensities ratio between NBE and DB (at
3 eV) is 0.06 and 0.003 for polycrystalline and c-axis oriented HT-
AlN layers, respectively. Such ratios indicate incorporation of huge
impurities in both layers. It is related to O incorporation inside the
HT-AlN layer and could be due to sapphire decomposition followed
by O diffusion at high growth temperature. Peak shift position
for broad defect band for c-oriented HT-AlN layers towards lower
energy could be also attributed to higher O incorporation. The low
intensity of NBE emission has also been related to high disloca-
tion densities. The intensity for NBE emission is found 15-folds
lower for the c-oriented layer compared to the polycrystalline one,
indicating a lower density of O or Si impurities which acts as a shal-
low donor. Consequently, one possible way to improve the optical
properties of the HT-AlN layers is to decrease the TD density (e.g.
using higher growth temperature for AlN layers) and to decrease O
incorporation. Probably the source of such impurities could be the
materials present in the reactor like quartz, stainless steel and
graphite.

3.2.3. Raman spectroscopy analysis

As several c-oriented samples exhibited some encrusted AlN

disoriented crystallites, the crystallographic orientations of such
AlN crystallites have been investigated by Raman spectroscopy.
Fig. 7a shows Raman spectra performed on c-axis oriented

B) of the same sample with NL grown at 750 ◦C. (b) FE-SEM cross sectional and (c)
s of AlN (B).
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urface (denoted as A) and on one disoriented crystallite (denoted
s B) of the HT-AlN sample with 750 ◦C NL. Raman spectra have
een recorded using the 514 nm line of an Ar+ ion laser, at room
emperature (RT) in a backscattering geometry. All measurements
ave been made at normal incidence, respective to the sample sur-

ace. For this particular geometry, the allowed Raman modes for
-oriented AlN wurtzite structure are non-polar E2 modes and the
olar A1(LO) mode. The unstrained phonon frequency at room tem-
erature (RT) for AlN are 657 cm−1 for the E2(h) mode and 890 cm−1

or the A1(LO) mode. The frequency of the E2(h) phonon mode
658 cm−1) for the smooth surface is thus related to limited in-
lane compressive strain. As a matter of fact, the crystallites with
exagonal geometry observed on AlN surface having semi-polar
rientation (as deduced from �/2� XRD scans shown in Fig. 4) could
xhibit other active modes such as the E1 modes at 671 cm−1 and
12 cm−1 for TO and LO modes respectively [36]. It has also been
onfirmed from Raman phonon modes coming from the disoriented
rystallites (facets) with respect to the sample surface. Porto nota-
ion is often used to describe the Raman selection rules [37,38].
he z direction is along the c-axis, x and y are orthogonal and lie
n the substrate plane. Restricting ourselves to the cases where
he out coming light follows the incoming excitation light path,
nly the E2 and A1(LO) modes are allowed for the z(yy)z̄ scatter-
ng configuration, whereas the A1(TO) mode is allowed for y(zz)ȳ
nd y(xx)ȳ configuration. E1(TO) phonons mode is Raman active for
(xx)ȳ scattering geometry. It is worth noticing that TO modes are
nly allowed when 90◦ configuration is used (excitation along the
ample edge, i.e. along x or y), in the case of wurtzite material with
0 0 0 1) orientation. An additional E1(LO) phonon mode is seen in
(z y)x configuration. The observed phonon lines in the crystallites
pectra acquired with an excitation orthogonal to the sample sur-
ace (i.e. along z) are thus a clear indication of their non-polar or
emi-polar orientation. A similar approach has been successfully
sed for the Raman analysis of polycrystalline AlN films grown by

TCVD [30] and AlN fibers grown by sublimation growth [39]. The
2(h) and A1(LO) phonon modes, characteristic of (0 0 0 1) planes
ave been observed in the smooth surface (A) of Fig. 7(a) and the
ppearance of E1(TO) and E1(LO), as well as the disappearance of

ig. 8. Scanning electron microscopy images of (a) cracked surface, (b) smooth surface an
ave  number at 657 cm−1 for stress-free AlN is also indicated.
mpounds 526 (2012) 103– 109

the A1(LO) mode, is the signature of (101̄1) facets observed in dis-
oriented crystallites (B) of Fig. 7(a) [40].

Fig. 7(b–c) shows the cross sectional and surface FE-SEM images
of a HT-AlN sample with 750 ◦C NL. The disoriented crystallites
and c-axis oriented area have been explicitly examined in the
SEM images. This mixed (c-axis oriented and dis-oriented crys-
tallites) AlN growth has been observed on HT-AlN samples grown
with 650, 750 and 850 ◦C NLs, but it is more pronounced at lower
temperature NLs. The disoriented crystallites have been predomi-
nant when the thickness is above 0.5 �m for all the HT-AlN layers
grown with 650 ◦C NLs. High density of NIs, too low thickness of
NLs, and HT-AlN growth occurring on tilted NIs result in the for-
mation of polycrystalline samples. On the other hand, for HT-AlN
layers with NLs deposited at 750 and 850 ◦C, the disoriented crys-
tallites formation is annihilated and the growth along c-axis is
favoured. A higher growth temperature for NLs is found to pro-
mote the formation of c-oriented AlN layers without disoriented
crystallite.

Improvement in structural quality, surface morphology and epi-
taxial growth along c-axis has been obtained when increasing the
NLs deposition temperature from 650 to 850 ◦C. The lowest (0 0 0 2)
FWHM value of 1900 arcsec has been obtained for HT-AlN sam-
ples grown at 1200 ◦C on NLs grown at 850 ◦C. Nevertheless the
use of NLs for HT-AlN growth provides stabilization of epitaxial
growth compared to direct growth (without NLs) of HT-AlN films at
1200 ◦C, which always result in the growth of completely polycrys-
talline AlN films for the same operating conditions. These results
show the significance of NLs on improving epitaxial growth and
crystalline quality. In order to improve the crystalline quality of the
HT-AlN layers, a higher growth temperature has been investigated.

3.2.4. Characterizations of HT-AlN layers grown at 1400 ◦C with
NLs

A HT-AlN layer grown at 1400 ◦C on a NL deposited at 850 ◦C

has been studied. The recrystallization and HT-AlN deposition have
been performed at 1400 ◦C using the same precursors flow and V/III
ratio as used for AlN layers grown at 1200 ◦C. � − 2� scan, XRC,
Raman and FE-SEM analysis have been performed on this sample.

d (c) corresponding Raman spectra (HT-AlN layer grown at 1400 ◦C). E2(h) phonon
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nly (000�) peaks have been found from XRD on � − 2� scan (not
hown). Two kinds of surfaces such as cracked or peeled off sur-
ace (Fig. 8a) and smooth or specular surface (Fig. 8b) have been
bserved from the HT-AlN sample.

A non-uniformity of thickness from 1 to 2 �m throughout the
′′ wafer has been observed from cross sectional SEM images. The
mooth surface corresponds to an AlN layer thickness of about 1 �m
hereas the cracked layer with high strain exhibits a thickness

etween 1.5 and 2 �m.  It might be due to a non-homogeneous gas
ow inside the HVPE reactor. It seems that higher AlN thickness

eads to more strain inside the AlN layer. This cracking phenomenon
ight be also attributed to the difference between the thermal

xpansion coefficient of sapphire and AlN. It could happen during
he cooling down.

Fig. 8(c) shows the Raman spectra observed on the two  kinds of
urfaces, specular and cracked. In Fig. 8(c) the decrease in the E2(h)
honon frequency to 655 cm−1 for the cracked surface exhibits
n in-plane tensile stress. On the other hand, the increase in the
2(h) phonon frequency to 660 cm−1 shows that AlN epilayers with
mooth surface are in a compressive strain state. The change from
ensile to compressive strain is the result of the AlN layer pealing
rom the cracked part of the sample. The bending of the AlN surface
s thus due to the strain relaxation (from compressive to relaxed or
ven tensile) when the AlN is no longer strained on Al2O3. XRC
or the (0 0 0 2) AlN peak has been performed. The FWHM of HT-
lN layer has been obtained as 860 arcsec in the smooth area and

he corresponding screw dislocation density is about 2 × 109 cm−2.
RC analysis show the improved quality of HT-AlN layers grown
t 1400 ◦C instead of 1200 ◦C. RMS  roughness value of 5.6 nm (scan

 �m × 5 �m)  also indicates a smoother surface morphology com-
ared to HT-AlN layers grown at 1200 ◦C. Further investigations on
he NLs temperatures, precursor flows and growth temperature of
T-AlN layers will have to be done in order to increase and optimize

he quality of AlN epilayers using NLs.

. Conclusions

Growth of HT-AlN layers with nucleation layers have been per-
ormed using HT-HVPE at 1200 and 1400 ◦C. The influences of
rowth temperature and HT-treatment on nucleation layer mor-
hology and thickness have been studied. It has been concluded
hat the existence of NLs desorption at 1200 ◦C and rearrangement
f the NL surface during high temperature treatment. Improvement
n structural quality, surface morphology and epitaxial growth
long c-axis has been observed when increasing the NLs deposi-
ion temperature from 650 to 850 ◦C. Nucleation layers grown at
50 ◦C favour the growth of polycrystalline AlN with a semi-polar
101̄1) preferred orientation whereas nucleation layers deposited
t 750 and 850 ◦C assist to grow (0 0 0 2) AlN epilayers at 1200 ◦C.
he structural quality and surface morphology have been improved
ith increasing growth temperature of the HT-AlN layers from

200 to 1400 ◦C. Further improvements in AlN epilayer quality and
ealizing crack free surface morphology is found to require better
ontrol of the NL deposition step and optimization of high temper-
ture growth steps to enhance the coalescence and to obtain low
ensity of nucleation islands.
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