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Abstract: Aluminum  nitride  (AlN)  is  the  promising  substrates  material  for  the  epitaxial  growth  of  III-nitrides  devices,  such  as
high-power, high-frequency electronic, deep ultraviolet optoelectronics and acoustic devices. However, it is rather difficult to ob-
tain the high quality and crack-free thick AlN wafers because of the low surface migration of Al adatoms and the large thermal
and lattice  mismatches  between the foreign substrates  and AlN.  In  this  work,  the fabrication of  AlN material  by  hydride vapor
phase epitaxy (HVPE) was summarized and discussed. At last, the outlook of the production of AlN by HVPE was prospected.
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1.  Introduction

Aluminum  nitride  (AlN)  is  one  wide  band  gap  semicon-
ductor  (up  to  6.2  eV)  with  high-electrical  resistivity  (appro-
ximately  1010 Ω·cm),  high  coefficient  of  heat  conductivity
(3.2 W/(cm·K)), excellent acoustic wave velocity and good toler-
ance  to  chemical  environments[1, 2].  The  thermal  expansion
coefficients  and  lattice  constants  of  AlN  is  similar  to  those  of
GaN. Therefore, AlN can be used as substrates for the epitaxi-
al  growth  of  AlGaN  alloys  with  large  Al  content  with  the
unique  advantage  than  other  foreign  substrates.  Hence,  it  is
the most suitable substrates material for AlGaN/GaN high-elec-
tron  mobility  transistor  seems[3],  ultraviolet  laser  diodes  and
AlGaN-based  deep  ultraviolet  light-emitting  diodes  (DUV-
LED)[4−9].  Currently,  the  deep  ultraviolet  LED  with  small  size,
high  brightness,  high  luminous  efficiency  and  environmental
protection  features[10−15],  is  the  ideal  substitute  for  mercury
lamp.

Though  many  achievements  have  been  obtained  on  the
research  of  AlN,  more  and  more  efforts  should  be  put  into
the development of AlN crystal quality. In addition, it is rather
difficult  to  obtain  the  high  quality  thick  AlN  wafers  with
crack-free and large size because of the large thermal and lat-
tice  mismatches  between  the  foreign  substrates  and  AlN.  It
was  well  known  that  the  dislocation  was  disadvantageous  to
the internal quantum efficiency of deep ultraviolet devices[16].
Many  growth  techniques  have  been  applied  to  increase  the
crystal quality of AlN, such as flux/solution growth[17, 18] includ-
ing ammonothermal  method[19] and physical  vapor  transport
(PVT) seeded sublimation method[20−24], metalorganic chemic-
al  vapor deposition (MOCVD) growth including migration-en-
hanced  MOCVD  (MEMOCVD)  method,  modified  MEMOCVD
method,  flow-modulation  MOCVD  method,  nano-patterned
sapphire  substrates  method,  nano  concavo–convex  sapphire

substrate method[25−31] and so on.
Actually,  AlN  free-standing  substrates  have  been  ob-

tained  by  PVT  seeded  sublimation  method  and  the  disloca-
tion  density  is  the  lowest  compared  with  other  methods.
However, the transmittance of deep ultraviolet light of AlN sub-
strate  grown  by  PVT  was  very  low  currently.  Compared  with
above  growth  methods,  hydride  vapor  phase  epitaxy  (HVPE)
has  many  advantages,  such  as  the  simple  equipment,  the
rapid growth rate, uniformity in large-area and low density of
impurity,  which  make  HVPE  become  the  most  perspective
practical  method  for  AlN  substrates.  In  this  paper,  the  recent
results  on  the  preparation  of  AlN  by  HVPE  were  summarized
and discussed.

2.  AlN growth by HVPE: Theory

HVPE  is  a  promising  method  for  growth  of  III-nitrides.  It
had been used to manufacture commercial 2-inch and 4-inch
GaN  substrates[32].  Generally,  the  HVPE  reactor  have  two
heated  zones:  the  feedstock  zone  and  the  growth  zone,
which  are  independently  heated[33].  First  of  all,  the  gaseous
sources  will  be  obtained  by  chemical  reaction  when  HCl  gas
flows  over  metal  sources  at  low-temperature  feedstock  zone.
The mixture gases (H2 and N2) are used as carrier gas. Ammo-
nia  gas  is  used  as  N  source  and  group-III  nitrides  will  be
grown at high-temperature growth zone.

However,  the  chemical  nature  of  intermediates  in  AlN
growth  is  extremely  complex  compared  to  GaN  growth.
Fig.  1 shows  the  gas  phase  during  the  growth  which  con-
tains  a  huge  number  of  chemical  species[34].  The  Gibbs  en-
ergy  for  different  chemical  reactions  have  been  presented
by computational analysis and experiments. According to the
thermodynamics  theoretical  calculation  and  experimental,
Timoshkin et  al.  proved  that  the  AlCl3NH3 (g)  formed  AlN  (s)
and HCl (g) at the temperature above 900 K or so. On the op-
posite,  the  AlCl3NH3 (g)  formed  the  AlCl  (g),  HCl  (g),  N2 (g)
and H2 (g), which were more stable than solid AlN in the tem-
perature  range  above  1400  K.  Therefore,  the  AlN  would  be
formed at the temperature 900 K and ceased above 1400 K.
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Generally,  the  HVPE  system  has  a  quartz  reactor.
However,  as  is  widely  known,  the  quartz  (SiO2)  react  with  Al-
Cl at high growth temperature, which will damage the quartz
reactors  and induce pollution for  AlN growth. Fig.  2(a) shows
the  chemical  reaction  between  the  values  of Ki and  the
change of  temperature[35].  The Ki is  defined as the thermody-
namically feasible reactions equilibrium constants. The chemic-
al  reaction  will  be  stop  when  it  is  negative.  Kumagai et  al.
proved  that  the Ki of  chemical  reaction  between  AlCl  and
quartz  was  very  large.  However,  the Ki of  chemical  reaction
between  AlCl3 and  quartz  was  the  smallest.  Besides,  it  would
became  negative  at  the  temperatures  higher  than  700  °C.
Fig.  2(b) shows  the  relationship  between  the  temperature
and  the  partial  pressures.  The  partial  pressure  of  AlCl3 is  as
much  as  100  times  than  AlCl  at  the  temperature  of  500  °C.
Thus, the temperature of the source-zone could be fixed at ap-
proximately 500 °C.

3.  AlN growth by the low-temperature HVPE:
Exploration

HVPE  has  the  advantage  of  high  growth  rate,  compared
with  other  CVD  methods.  In  the  incipient  stage,  most  of  re-
searcher  focused  on  the  fabrication  of  thick  AlN  substrates.
Fig. 3 shows the schematic diagram of low-temperature HVPE
growth  equipment[36].  It  is  horizontal  hot-wall  reactor.  The
heating  system  consisted  of  two  parts:  the  left  part  was
growth  zone  and  the  right  part  was  source  zone.  The  carrier
gas was Ar.  The temperature of growth zone for AlN was lim-
ited to a narrow range from 700 to 1200 °C.

There  have  been  many  reports  about  thick  AlN  sub-
strates  grown  by  HVPE  with  high  growth  rate.  In  2000,
Nikolaev et al.  fabricated the AlN wafers up to 3 × 3 cm2 with
thickness of 0.05 to 1 mm using HVPE technique, as shown in
Fig. 4(a)[37].  In 2001, Melnik et al. used HVPE technique to fab-

ricate 0.1 to 0.5 mm thick AlN on SiC[38].  In 2003, Melnik et al.
fabricated  single  crystal  AlN  and  the  diameter of  AlN  was  up
to 1.75-inch with 0.3 mm thick shown in Figs. 4(b) and 4(c)[39].
In  2005,  Kovalenkov et  al.  obtained  2-inch  AlN  freestanding
wafers with thickness of 75 μm [shown in Fig. 4(d)[40]].

However,  few  people  clarified  the  influences  of  growth
principles  on  the  quality  of  AlN  layers.  In  the  references,  the
thick  AlN  films  usually  had  a  rough  surface  and  poor  quality.
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Fig. 1. Gibbs energy diagram for different chemical species during the
growth AlN grown by CVD[34].
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Fig.  2.  (a)  The  chemical  reaction  between  the  values  of Ki and  the
change of temperature. (b) The relation between temperature and par-
tial pressures[35].
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Subsequently, most of researcher focused on the effect of sub-
strates  and  growing  conditions.  In  2002,  Ledyaev et  al. inve-
stigated the effect of growth temperature on the surface mor-
phology  and  the  crystalline  quality  of  the  AlN  layers  on  6H-
SiC  (0001)  by  HVPE[36].  They  proposed  that  the  layers  grown
at 900 °C had the best morphological and structural character-
isitics.



Subsequently, many researchers reported the results that
the  crystalline  quality  of  AlN  would  be  improved  by  raising
the growth temperature[41−43]. Fig. 5(a) shows the double crys-
tal  X-ray  rocking  curves  (XRC)  with  full-width  at  half-maxim-
um  (FWHM)  values  of  (0002)  and  (10 0)  planes  for  AlN  films
grown  from  950  to  1100  °C; Fig.  5(b) shows  the  relationship
between  XRC-FWHM  values  of  AlN  films  (0002)  and  growth


rates at temperatures of 1150, 1175 and 1200 °C. It was found
that the XRC-FWHMs values of (0002) and (10 0) would be de-
creased by raising the growth temperature. Besides, From the
Fig.  5(b),  the  XRC-FWHM  value  was  lower  when  the  growth
rate  was  lower.  In  other  words,  the  high  quality  AlN  films
could  be  obtained  when  the  growth  rate  was  lower  because
of  the  temperature  limiting to  1200 °C.  It  seems that  the  low
growth  rate  is  beneficial  for  the  improvement  of  AlN  crystal
quality.

The  surface  morphology  also  improved  by  raising  the
growth  temperature. Figs.  6(a)–6(c) shows  the  scanning
electron microscope (SEM) images of AlN films grown at tem-
peratures of 1100, 1150 and 1200 °C, respectively. The charac-
teristics  of  AlN  were  poly-structures  (Fig.  6(a)),  flat  structures
(Fig.  6(b))  and  very  flat  structures  (Fig.  6(c)).  Obviously,  the
higher growth temperature resulted in higher crystal quality.

In  2016,  Zhang et  al.[44] reported the influence of  the ini-
tial  growth condition of AlN thin films grown on various sub-
strates  by  the  low-temperature  HVPE.  The  substrates  include
6H-SiC,  GaN/sapphire  templates  and  sapphire.  The  thickness
of  AlN  thin  films  was  around  200  nm.  It  was  easy  to  achieve
high-quality AlN films grown on GaN/sapphire and 6H-SiC sub-
strates  at  1000  °C.  The  different  results  on  different  sub-
strates  were  explained  by  the  lattice  mismatch  between  the
substrates and epilayers. However, at the initial growth stage,
the morphology of  AlN films was randomly distributed 3D is-
lands. Fig.  7 shows  the  atomic  force  microscopy  (AFM)  im-
ages of the surface morphology of the initial  growth stage of
AlN  grown  by  HVPE[45].  When  the  growth  time  was  10  min
(the  thickness  around  50  nm),  the  surface  was  dominated  by
hexagonal-prism-shaped  islands.  As  the  growth  time  in-
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Fig.  4.  (Color  online) The  photo  of  thick  AlN  substrates:  (a)  the  free-
standing  AlN  wafer[37],  (b)  and  (c)  the  1.75-inch  and  1-inch  diameter
AlN wafers[39], and (d) 2-inch 75 μm AlN wafer[40].
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creased to be 15 min, the islands tended to be coalescent.
The  AFM  images  changed  as  the  thickness  increased.

Figs. 8(a)–8(c) show the surface morphology of AlN with thick-
ness of 390, 650 and 1200 nm, respectively. The RMS was meas-
ured to be 3.1,  3.5  and 4.2  nm for Figs.  8(a), 8(b) and 8(c),  re-
spectively.  The  result  indicated  that  considerable  improve-
ment in the quality of AlN films could be produced by HVPE.

The  migration  of  Al  atoms  will  influence  the  quality  and
the growth rates.  The  lower  atomic  mobility,  the  worse  qual-
ity. Moreover, the temperature of HVPE growth zone was lim-
ited  to  1200  °C.  In  order  to  increase  the  crystalline  quality
and the growth rate, high temperature is required. The migra-
tion  of  chemical  species  adsorbed  on  growth  surface  can  be
promoted  with  increasing  growth  temperature.  Then,  the  Al
atoms are easily accommodated to the appropriate site for epi-
taxial  growth.  Therefore,  the  high  growth  temperature  is
essential to grow the high-quality AlN.

4.  AlN growth by the high-temperature HVPE:
Technology

When the temperature of  hot-wall  HVPE system is  above
1200  °C,  the  quartz  tube  and  reactors  will  be  softened.
However,  the  lower  migration  of  Al  adatoms  n  growth  front
induced  by  low  growth  temperature  led  to  poor-quality  of
AlN  films[26].  In  order  to  promote  the  surface  migration  of  Al
adatoms, the high-temperature HVPE (HT-HVPE) has been de-
signed for  AlN growth.  The HT-HVPE has  a  special  advantage
that  the  growth  zone  temperature  is  below  1000  °C,  but  the
temperature of substrates can be above 1450 °C.

4.1.  HT-HVPE

Generally,  there  were  three  methods  to  get  the  growth
temperature  above  1450  °C  without  softening  the  quartz
tube. The first was using high-power lamp to heating the car-
bon susceptor, as shown in Fig. 9(a)[46]. In this schematic, only
the  temperature  of  substrate  region  can  be  heated  above
1450  °C  without  softening  the  quartz  tube.  However,  all  the
light  should  be focused on one plane to  keep the  uniformity
of  temperature,  which  make  a  greater  requirement  for  the
light  reflector.  The  second  was  induce  heating,  as  shown  in

Fig.  9(b)[47].  The  vertical  HT-HVPE  system  consists  of  a  rotat-
ing  graphite  susceptor  heated  by  induce  current  in  a  vertical
water-cooled  cold-wall  reactor.  The  deposition  temperature
was  measured  on  the  susceptor  surface  using  a  dual
wavelength  pyrometer  and  the  deposition  temperature  was
enabled to 1800 °C[47, 48].  The mainly challenges for  manufac-
turing HT-HVPE instruments is aslo the huge number of chem-
ical  issues  and  unintentional  Si  doping[35].  The  vertical  cold-
wall  HT-HVPE  is  easier  contaminated  due  to  vertical  structur-
al  design,  the  complex  easily  falls  to  the  surface  of  the  sub-
strate.  The  third  method  was  to  add  an  internal  heating  part
to  increase  the  local  temperature  of  substrate  in  convention-
al horizontal hot-wall HVPE system, as schematically shown in
Fig.  9(c).  The growth zone temperature is  kept at  low tempe-
rature by heating the hot-wall electric furnace. Additionally, a
resistance  heating  susceptor  is  set  in  the  quartz  reactor  and
directly  heated  the  substrates[41, 49].  The  combination  of  the
two heating systems enable to heat the substrates up to high
temperature.  In  this  method,  the  complex  fallen  to  the sur-
face of substrate could be avoided.

Using of the HT-HVPE system, AlN films with high crystal-
line  quality  have  been  obtained.  Besides,  the  growth  rate  is
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Fig.  7.  (Color  online) The  surface  morphology  of  AlN  grown  at  initial
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significantly enhanced compare to low temperature HVPE sys-
tem. Based on the GaN growth techniques, for example, step-
growth  using  buffer  layers[50],  epitaxial  lateral  overgrowth
(ELOG)[51] and  templates  with  low  temperature  protective  or
nucleation  layer[52, 53],  are  able  to  apply  for  obtaining  the
high quality AlN crystals, high quality AlN can be achieved.

4.2.  Step-growth technique

In  2007,  Nagashima et  al.  reported  the  results  of  AlN
grown  on  sapphire  substrate  by  HT-HVPE  using  step-growth
technique.  The  temperatures  for  the  growth  were  above
1200  °C  and  the  rate  of  growth  reached  57 μm/h[54]. Fig.  10
shows  nomarski  photograph  of  AlN  layer  with  difference
step-growth  technique.  The  surface  morphology  showed
huge  hexagonal  islands,  hillock  texture  and  mirror-like  for
direct,  two-step  and  three-step  growth,  respectively.  The
smooth surface of AlN films can be obtained using three-step
growth technique. All those facts verify that step-growth tech-
nique is help to improve the crystal quality and to improve sur-
face morphology.

In 2017, Su et al.[55] used the transmission electron micro-
scopy  (TEM)  technique  to  investigate  the  dislocation  evolu-
tion in AlN films using step-growth technique. They provided

plentiful  details  about  dislocation  evolution  of  AlN  films.
Because  of  lattice  mismatch  between  two  layers,  high-dens-
ity  mixed  dislocations  formed  at  initial  growth,  shown  in
Figs.  11(a) and 11(b).  Subsequently,  the  dislocation  reduced
by forming dislocation loops and bending using step-growth
technique.  The  simplified  model  of  step-growth  technique
was  suggested,  as  shown  in Figs.  11(c) and 11(d).  The  dens-
ity  of  dislocations  was  significantly  reduced  by  inter-reaction
with bending and gathering to the centers through the step-
growth technique.

4.3.  AlN templates with low temperature protective or

nucleation layer

The  initial  growth  stage  is  critical  for  high-quality  AlN
growth.  In  2007,  Akiyama et  al.  proved  that c-plane  sapphire
could  be  easily  decomposed  at  temperature  over  1200  °C  in
H2 gas[56].  The  interface  between  sapphire  and  epitaxial  layer
will  form  various  pits  and  then  reduced  the  crystal  quality  of
AlN  epitaxial  layer.  In  order  to  avoid  the  chemical  etching,
AlN templates with low temperature protective or  nucleation
layer using high temperature HVPE have been proposed.

The  nucleation  layers  act  as  a  buffer  layer  not  only  pro-
tect  the  sapphire  substrate  but  also  reduce  the  lattice  mis-
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Fig. 9. (Color online) (a) Schematic diagram of the HT-HVPE system with high-power lamp[46]. (b) The vertical cold-wall HT-HVPE system with in-
duce heating method[47]. (c) The conventional HVPE system with internal heating part.
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Fig. 10. (Color online) Nomarski micrographs of AlN layers: (a) directly growth, (b) two-step (c) three-step[54].
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match  between  sapphire  substrates.  It  is  expected  to  have
the parameters  include the appropriate  thickness,  the largest
nucleation  islands  size  as  well  as  the  lowest  islands
density[57].  The  crystalline  quality  of  AlN  films  can  be  im-
proved  by  the  optimization  of  growth  conditions.  As  shown
in Fig.  12(a),  the  XRC-FWHMs  values  of  AlN  films  grown  on
AlN/sapphire  templates  and sapphire  without  nucleation  lay-
ers[54]. Obviously, the crystal quality became better with enhan-
cing  the  growth  temperatures.  At  the  same  high  temperat-
ure,  the  crystal  quality  of  AlN  epilayer  grown  on  AlN/sap-
phire  templates  was  better  than  that  grown  on  sapphire
without  nucleation  layer. Fig.  12(b) shows  the  dark  field  TEM
picture  of  dislocation  evolution  grown  on  AlN/sapphire  tem-
plate. The density of dislocations decreased through the nucle-
ation layers.

The  surface  morphology  at  different  growth  temperat-
ure  on  sapphire  with  nucleation  layers  were  also  studied.  In
2007,  Tsujisawa et  al.  studied  the  influence  of  the  temperat-
ure  on  the  surface  morphology  of  AlN  epilayers  grown  by
HVPE[58]. Fig.  13 shows the AFM images of  AlN grown at vari-

ous  temperatures.  The  growth  mode  evolved  to  layer-by-lay-
er  as  the  growth  temperature  increased  and  clear  atomic
steps  were  observed  when  the  growth  temperature  was
more than 1400 °C, as shown in Figs. 13(c) and 13(d).



In 2008, Tajima et al. investigated the influence of thin nu-
cleation  layers  for  the  grown  AlN  layers  by  HVPE[59, 60].  It  was
fund  that  the  thin  nucleation  layers  protected  the  sapphire
substrate  from  the  chemical  corrosion  at  high  temperature
with H2 gas. As a result, the crystal quality was improved. Sub-
sequently,  in  2012,  Balaji et  al.  used  low  temperature  nucle-
ation layers for the growth of AlN films epilayer by HVPE[61].  It
was fund that the crystal quality and surface morphology im-
proved  when  enhancing  the  deposition  temperature  from
650 to 850 °C for nucleation layers. Besides, the preferred ori-
entation of AlN epilayers was [0001] when the growth temper-
ature  of  nucleation  layers  was  850  °C.  On  the  contrary,  the
polycrystalline  structure  with  a  [10 1]  preferred  orientation
would  be  obtained  when  the  growth  temperature  of  nucle-
ation  layers  was  650  °C,  as  shown  in Fig.  14.  In  2016,  Miyake
et  al.  successfully  obtained  the  highest  crystal  quality  AlN
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Fig. 11. The TEM images of the AlN films: weak beam dark field (a) g = 0002 and (b) g = 110. (c) and (d) The schematic diagram of dislocation
evolution by step-growth technique[55].
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Fig. 12. (Color online) (a) The XRC-FWHMs values of AlN films grown on AlN templates and sapphire substrates without nucleation layers[55]. (b)
Dark-field TEM image of dislocation evolution in AlN grown on AlN/sapphire templates with g = (11 0)[58].
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films  with  (0002)  and  (10 2)  XRC-FWHMs  values  of  16  and
154 arcsec, respectively, by high temperature annealing tech-
niques in N2–CO gas[62].

In  2017,  the  dislocation  evolution  in  AlN  films  using
different  kind  of  buffer  layers  was  studied  by  TEM[63, 64].
Figs.  15(a)–15(c) show  the  dark  field  TEM  pictures  for three
samples with different buffer layers. The cross section TEM im-
ages  were  composed  of  three  regions  named  region  I,  II  and
III,  which  represented  dislocation  formation  zones,  growth
mode changing zones and dislocation reaction zones, respect-
ively. In the buffer layer belonged to region I with the highest
density of dislocations.  When the growth mode changed, the
dislocation  density  rapidly  decreased  via  dislocation  inclina-
tion.  In region III,  the density further decreased where the in-
clination of dislocations promoted dislocation annihilation by
forming dipoles half-loop. By controlling the growth buffer lay-
ers conditions, high quality AlN films could be obtained.

4.4.  The epitaxial lateral overgrowth (ELOG) technique

The ELOG technique was successfully used in the growth
of  GaN  with  the  low  dislocation  density  in  1997[51].  Based  on
the  previous  studies  of  III-nitrides,  the  ELOG  technique  was
also  helpful  to  reduce  the  dislocation  density  of  AlN  tem-
plates[65]. Fig.  16 shows the  schematic  diagram of  dislocation
evolution  by  ELOG  technique.  The  grooving  technology
provided partial dislocations and reduced the dislocation dens-
ity  of  epitaxial  layer.  High  quality  AlN  films  have  been  repor-
ted using different ELOG techniques.

In  2009,  Okumura et  al.  obtained  crack-free  AlN  by
HVPE  on  patterned  AlN/sapphire  templates[66],  as  shown  in
Fig.  17(a).  The  optical  microscopy  pictures  of  surface
showed  very  smooth  without  cracks.  For  reference,  the
surface  of  AlN  grown  on  flat  sapphire  was  also  shown  in
Fig.  17(b),  in  which  high-density  and  large  cracks  were  ob-

served. 6H-SiC is also one suitable substrate for the growth of
AlN  and  the  thermal  expansion  coefficient  of  6H-SiC  is  smal-
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Fig. 13. (Color online) The AFM images of AlN grown at different temperatures: (a) 1150, (b) 1200, (c) 1400, and (d) 1450 °C[58].
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Fig. 16. (Color online) The schematic diagram of dislocation evolution
by ELOG technique[65].
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 




ler  than  that  of  AlN,  which  results  in  tensile  stress[33].  The
cracks  generally  will  form  during  the  cooling  process.  ELOG
was also used in  the AlN growth on SiC. Figs.  17(c) and 17(d)
showed  the  cross-sectional  SEM  image  of  AlN  grown  on
6H-SiC  with  trench  along  <1 00>  and  <11 0>  directions,  re-
spectively.  It  could  be  seen  that  the  growth  of  AlN  on  SiC
with  <1 00>  trenches  was  easily  coalesced  than  that  along
<11 0>[66, 67].

4.5.  The other technique



Recently,  the  patterned  sapphire  substrate  (PSS)  tech-
nique,  the  sputtered  AlN  technique,  the  nano-patterned
sapphire  substrate  (NPSS)  technique  and  other  methods
were  reported  and  a  series  of  meaningful  results  were  ob-
tained[68−70].  In  2019,  the  crack-free  AlN  layer  with  thickness
of  9  ±  1 μm  was  obtained  through  nano-patterned  sapphire
substrate  (NPSS)  by  high  temperature  HVPE[70].  The  XRC-
FWHM  values  of  (0002)  and  (10 2)  rocking  curves  were  102
and 219 arcsec, respectively.

In  situ  formation  of  viods  during  high  temperature
growth  were  reported  in  2016[71].  The  formation  of  voids  not
only reduced the density of threading dislocations but also re-
laxed  the  strain  of  AlN  films. Fig.  18(a) shows  the  section
STEM  of  AlN  epilayer  with  voids.  Obviously  the  dislocations
was  blocked by  the  voids. Fig.  18(b) shows the  Rman shift  of
E2 (high)  mode  for  samples  with  and  without  voids.  respect-
ively.  The  strain  decreased  obviously  for  the  sample  with
voids.

5.  Free-standing AlN growth by HVPE: Expectation

All  the  researches  aim  to  obtain  high  crystal  quality  and
crack-free  free-standing  AlN  substrates  with  lager  size.  Dur-
ing the progress several methods were proposed.

5.1.  Chemical etching technique

SiC,  sapphire  and  Si  wafers  are  usually  used  as  sub-
strates  AlN  growth  by  HVPE.  Sapphire  and  SiC  are  difficult  to
chemically  etch.  However,  Si  is  easily  removed  by  chemical
etching[73].  Using  Si  as  the  substrates,  the  first  free-standing
AlN  wafers  up  to  3  ×  3  cm2 in  size  with  thickness  of  1  mm

was  obtained  in  2000[37].  After  growth,  Si  substrates  was  re-
moved by chemical etching (shown in Fig. 4(a)). However, the
FWHM  of  (0002) ω-scan  was  40  arcmin,  indicating  the  poor
crystal quality.

5.2.  Self-separation technique

The  separation  of  the  thick  AlN  layers  from  foreign  sub-
strates  is  critical  for  fabrication  of  freestanding  substrates.
The  void  assisted  self-seperation  technique  was  a  promising
method.

In order to develop the method,  the chemical  stability of
AlN  and  sapphire  substrate  in  various  temperature  and  gas
were  investigated[56, 74, 75].  Akiyama et  al.  proved  that  sap-
phire  and  AlN  would  be  decomposed  in  H2 carrier  gas  when
the  temperature  at  1200  °C.  Besides,  the  decomposition  rate
increased  markedly  with  increasing  substrates  temperature.
When the gaseous of NH3 through the reaction chamber,  the
decomposition of AlN would stop.

Following  those  results,  100  nm  AlN/sapphire  template
was  etched  in  mixed  gas  composed  of  H2,  N2 and  NH3 at
1450  °C.  The  interface  beneath  the  thin  AlN  film  generated  a
large  density  of  voids[76, 77]. Fig.  19(a) shows  the  cross-sec-
tional SEM of voids in the interface below the 100-nm AlN buf-
fer. Fig. 19(b) shows the photograph of self-separation AlN sub-
strates  with  thickness  of  79 μm.  The  self-separation  occurred
during cooling down from growth temperature to room tem-
perature.

5.3.  Homo-epitaxial growth technique

The homo-epitaxial growth technique was applied to fab-
ricate  free-standing  AlN  on  PVT-AlN  substrates[78−82].  Using
PVT-AlN  as  the  substrates,  a  114 μm  thick  free-standing  AlN
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

substrates  was  obtained  grown  by  HVPE[79].  In  addition,  the
E2 (high)  peak  position  of  both  the  substrates  and  the  thick
AlN films are  657.4  cm–1,  which indicates  the strain  state  was
free[72]. Fig. 20(a) shows the PVT-AlN substrates used for HVPE
growth and Fig. 20(b) is the free-standing AlN substrates (3 ×
3 × 0.114 mm3)  separated from PVT-AlN grown by HVPE.  The
XRC-FWHM values  of  (0002)  and (10 1)  rocking curves  of  the
free-standing AlN were 31 and 32 arcsec, respectively, indicat-
ing very high crystal quality.



Nomura et al.  investigated the influence of miscut angles
of AlN substrates prepared by sublimation method on the sur-
face  morphology  b  of  AlN  grown  by  HVPE.  The  miscut  angle
was  inclined  toward  the  <11 0>  direction[80]. Figs.  21(a) and
21(b) show  the  optical  microscopy  figures  of  AlN  thick  films
grown  on  on-axis  and  miscut  5°  PVT-AlN  substrates,  respect-
ively.  Despite  the  homo-epitaxial  growth,  the  surface  of  AlN
on the on-axis substrates also appeared a lot of cracks. In con-
trast,  no  cracks  appeared  on  the  sample  grown  on  the  mis-
cut angle substrates.

At  last,  the  difference  growth  techniques  of  free-stand-
ing  AlN  have  been  summarized.  The  advantages  and  the
best  results  are  shown  in Table  1.  The  self-separation  tech-
nique  may  be  the  most  promising  growth  technology  in  the
near future.

6.  Prospect

In  recent  years,  with  the  rapid  increase  of  the  market  for
high-quality  AlN  substrate  with  low-cost  and  large  size,  vari-
ous  techniques  and  modification  have  been  made  in  HVPE
growth  system  and  processes.  At  present,  the  HVPE  system
still plays an important role in the fabrication of thick AlN lay-
ers  with  high  ultraviolet  transmittance,  which  is  very  import-
ant  for  AlN-based  deep  ultraviolet  optoelectronics.  However,
the threading dislocations and the residual stress primarily lim-
ited its application.

The  difference  of  lattice  constants  and  thermal  expan-
sion  coefficients  will  result  in  the  crack  and  strain  in  the  AlN
wafers,  which  is  an  issue  need  to  be  solved.  Another  issue  is
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Fig. 19. (a) The corss-sectional SEM of voids in the interface below the 100-nm AlN buffer. (b) The photograph of self-separation AlN substrates
with thickness of 79 μm[76].
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Fig. 20. (Color online) The photographs: (a) the PVT-AlN substrates, (b) the free-standing AlN substrates[79].
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Fig. 21. (Color online) The optical microscopy figures of AlN thick films grown by HVPE on (a) on-axis and (b) miscut 5° PVT-AlN substrates[80].
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the  threading  dislocations.  Nowadays,  the  high  quality  AlN
with large size grown by HVPE are still under research. We be-
lieve that with the efforts of researchers, 2-inch AlN freestand-
ing  substrate  with  high  crystal-quality  and  high  ultraviolet
transmittance will be realized in 3 years. Due to the lack of nat-
ive  substrate,  the  dislocation  density  of  AlN  grown  by  HVPE
will  be around 106 cm–2 and it  is  difficult  to decrease further-
more. In addition, the cost for freestanding AlN substrate pro-
duced by HVPE will be higher than that grown by PVT due to
the  limitation  of  growth  rate  of  HVPE.  However,  we  noticed
that  AlN  grown  by  PVT  will  absorb  the  deep  ultraviolet  light
seriously. Until now, HVPE is still one promising method to pro-
duce the ultraviolet transparent AlN freestanding substrate.
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