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Abstract: AN single crystal grown by physical vapor transport (PVT) using homogeneous seed is considered as the most prom-
ising approach to obtain high-quality AIN boule. In this work, the morphology of AIN single crystals grown under different
modes (3D islands and single spiral center) were investigated. It is proved that, within an optimized thermal distribution cham-
ber system, the surface temperature of AIN seed plays an important role in crystal growth, revealing a direct relationship
between growth mode and growth condition. Notably, a high-quality AIN crystal, with (002) and (102) reflection peaks of 65
and 36 arcsec at full width at half maximum (FWHM), was obtained grown under a single spiral center mode. And on which, a
high-quality Al,Ga;_,N epitaxial layer with high Al content (x = 0.54) was also obtained. The FWHMs of (002) and (102) reflec-
tion of Al,Ga;_,N were 202 and 496 arcsec, respectively, which shows superiority over their counterpart grown on SiC or a sap-

phire substrate.
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1. Introduction

An AIN single crystal has been considered as an optim-
um substrate for a lll-nitride epitaxial layer due to its superi-
or physical and chemical properties. And the application of
AIN covers from deep ultraviolet detectors, deep ultraviolet
LEDs to ultraviolet lasers as well as microwave high power
devices!'l. However, it is difficult to grow an AIN single crys-
tal from the melt phase due to its high melting point/2.
Among the approaches to obtain AIN bulk crystal, e.g., hy-
dride vapor phase epitaxy (HVPE), physical vapor transport
(PVT), metal organic chemical vapor deposition (MOCVD) and
molecular bean epitaxy (MBE), PVT has gradually become the
mainstream method owing to its high growth rate and with
low dislocation densityB3-19, It should be noted that the
seeds used for PVT growth often need to be a foreign sub-
strate mismatched in a thermal expansion coefficient. Thus,
the crystal quality of lateral grown AIN will deteriorate under
each heating and cooling process within an imperfect
thermal field. In order to obtain a high-quality AIN bulk crys-
tal in inches, it is ideal to use a large area and high-quality ho-
mogeneous seed within one growth run. Dalmau and co-au-
thors have announced an AIN seed diameter expansion from
36 to 47 mm with low dislocation density (<1000 cm~2) using
the PVT method[''l, Hartmann et al. reports the newest res-
ults of homoepitaxial growth on an AIN single crystal sub-
stratel'?], In addition to homogeneous AIN seed, which is ex-
pensive and difficult to obtain, another choice of PVT seed is
an AIN/SiC heterostructure crystal. This heterostructure seed
can be obtained by slicing the newly grown AIN crystal on
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the SiC seed!'3-16], Sumathi et al. uses 28 mm diameter free-
standing AIN/SiC seed to prepare AIN crystals'3l. Chemekova
et al. announced a 40 mm diameter AIN bulk with a thick-
ness of ~1 ¢cm by a two-stage technique of sublimation
growth process, including seeding and initial growth of 2-
3 mm thick single-crystal AIN layers on a 6H-SiC waferfsl,
However, these works shed light on the heterogeneous sub-
strates. To our best of knowledge, the influence of initial mor-
phology and growth mode is still lacking. We therefore, in
this work, investigate the morphologies of AIN crystal grown
under different conditions, and analyzed the relationship
between the growth mode and the surface temperature of
the seed. Besides, the crystalline properties were character-
ized using Raman spectrum and HRXRD. In addition, the ob-
tained AIN boule was then sliced and polished into pieces to
grow an Al,Ga;_,N epilayer with a thickness of 500 nm using
MOCVD.

2, Experimental process

An AIN bulk crystal growth experiment was carried out
by PVT using a home-made resistance furnace. The resist-
ance furnace, with sufficiently optimized thermal fields, was
composed of tungsten heaters and multilayer tungsten
shields. The AIN powder source used for vapor phase depos-
ition was pre-sintered to eliminate any excess Al and oxygen
components. Before the PVT experiment, GDMS measure-
ment was conducted to ensure that the content of oxygen
was below 10 ppm. Then the PVT process was carried out as
follows: an AIN boule grown on the SiC seed, obtained accord-
ing to our previous reported work['4, was sliced along [0001]
direction into a plurality of pieces and polished mechano-
chemically with surface roughness down to 0.5 nm before
used as the starting seed. An AIN seed was fixed on a tung-
sten cap with its Al-polar face down towards the AIN powder
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source. The distance between the AIN seed and source was
50 mm. The temperature of the crucible bottom (measured us-
ing an infrared thermometer) and the pressure in the growth
crucible were set to be 2350 °C and 700 mbar, respectively.
In order to investigate the influence of growth mode on the
morphology of grown AIN boules, the surface temperature of
AIN seeds were set as 2200, 2240, and 2260 °C by adjusting
the output of a top tungsten heater. For the growth of the
Al,Ga;_\N epilayer, a high-quality c-plane AIN seed prepared
from spiral center growth mode was sliced and polished with
a mean surface roughness (R,) of ~0.097 nm. Then the
Al,Ga;_N layer was deposited applying the MOCVD method
by flowing TMA and TMG as Al and Ga sources as our previ-
ous work reported('”],

An optical microscope and differential interference mi-
croscope (DICM) as well as a scanning electron microscope
(SEM) were used to evaluate the morphology of the as-grown
AIN boules. The crystalline quality was characterized by a
high-resolution X-ray diffractometer (HRXRD, JV-DX) for both
AIN boules and Al,Ga;_,N epilayer. Raman spectroscopy
(LabRAM HR800) was performed at room temperature using
a 488 nm laser as excitation source, and the scanning
wavelength was 200-1000 nm. High-resolution rocking
curves were obtained by using a triple axis Bruker X-ray dif-
fractometer equipped with a light source of Cu K,; X-ray. An
AIN wafer was placed in a KOH/NaOH melt for 3 min and the
dislocation density was counted by SEM. The quality of the ho-
moepitaxially grown Al,Ga,_\N epilayer was estimated by
HRXRD, X-ray reciprocal space mapping (RSM) and an atomic
force microscope (AFM).

3. Results and discussion

3.1. Surface morphology

With the purpose of revealing the relationship between
growth mode and growth condition, the morphology of the
as-prepared AIN crystal, grown under a relative low seed sur-
face temperature of 2200 °C, was depicted in Fig. 1(a). The epi-
taxial crystals consist of a 100-500 um pyramidal structure
along the c direction on the main region and 1-5 mm irregu-
lar grains (mainly m plane) at the seed edge. According to re-
ported references and our prior studies!'# 18], the emergence
of m-plane grains relates to the excessive supersaturation of
AIN vapor, which also was responsible for the higher rate of
spontaneous nucleation than expansion growth of the AIN
seed. It is known that the vapor transportation of the AIN gas
species was driven by the temperature gradient (AT) in the
furnace as given below:

L-T

AT = P

where T, is the temperature of the AIN powder source, T, is
the surface temperature of the AIN seed, d is the distance
between the AIN source and seed. In the early stage of PVT,
the quality of the as-grown crystal and its orientation de-
pend on nucleation parameters, such as AT, partial pressure
of AIN (Pan), nucleation energy (E,) and supersaturation of
AIN compounds on the seed surface (San). Notably, with a con-
stant P,y and a well-established AT, San is a decisive and fa-
cile controllable factor (by verifying the partial size of the AIN
powder, pre-sintering status and fill ratio of the AIN source in

Fig. 1. (Color online) Surface topography of the AIN crystal grown at a
seed surface temperature of 2200 °C. (a) Photograph. (b) Differential in-
terference microscope. (c) SEM image.

crucible) that influences the morphology of AIN boules.

For crystals grown on the AIN seed, as the amplified
DICM image presented in Fig. 1(b), the morphology of the as-
grown AIN crystal within the marked region is composed of a
“primary” hexagonal pyramid with numerous surrounding “sec-
ondary” pyramids. We can also find that the primary pyramid
grows perpendicularly on the initial Al-polar plane, while the
secondary pyramids show a tilted angle of ~30° to the
primary one, indicating a dominated growth towards c-axis
with 3D islands. It is known that AIN gaseous segments are
firstly driven to the seed interface by the axial temperature
gradient AT, and then they nucleate at the seed surface. Dur-
ing this process, the quantities and orientations of nucle-
ation are concerned with the nucleated energy, specifically
the supersaturation in the seed interface. If the gas partial pres-
sure keeps constant and axial temperature gradient AT is lar-
ger, the supersaturation required for crystal growth is more
easily realized. Thereby, numerous AIN hexagonal pyramids
are formed. In the sequent growth, the AIN gaseous are more
easily nucleated at the top of pyramids formed as hexagon is-
lands, as the SEM image shown in Fig. 1(c). However, the trans-
verse expanded rate of pyramid islands are slow due to the
low seed temperature and radial temperature gradient com-
pared with an axial gradient, causing the tendency of axial
growth. Some islands may merge into a bigger island. Some is-
lands may develop lonely. So the growth surface still leaves
lots of alone AIN islands after long time growth. So it can be in-
ferred that the growth mode under seed surface temperat-
ure of 2200 °C71 is a three-dimensional islands growth.

After increasing the surface temperature of AIN seed
from 2200 to 2240 °C, as shown in Fig. 2(a), a smooth topo-
graphy with intrinsic plane of the {1010} was successfully ob-
tained. We attribute this to a well-established thermal gradi-
ent, within which crystals growth along the c-axis was restric-
ted. However, there are still some spontaneously nucleated
polycrystalline grains observed on the tungsten holder and fur-
ther growth optimization needs to be carried to realize the
single-crystal AIN boule. In Fig. 2(b), we can find an isolated
hexagonal-shaped nucleation center surrounded by numer-
ous circular hexagonal steps. With an increased surface temper-
ature of AIN seed, the axial temperature gradient and the su-
persaturation in crucible decrease. Thereby, the deposition
rate of AIN vapor on seed or on tungsten surface decreases.
This phenomenon reveals that, after increasing the growth
rate along m-direction, the number of nucleation center de-
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Fig. 2. (Color online) Surface topography of the AIN crystal grown at
an increasing seed surface temperature of 2240 °C. (a) Photograph of
the AIN crystal. (b) Differential interference microscope image in the
center of the crystal. (c) Differential interference microscope image of
terraces at the rim. (d) The AIN ingot after 20 h growth.

creases significantly. Moreover, as depicted in Fig. 2(c), macro-
scopic steps starting from regions with a growth spiral can be
seen flowing smoothly in all directions. This kind of growth
mode is normally observed while using slightly off-oriented
(e.g. 2°) substrates!'3], which also indicates a growth mode
transformation from 3D islands to single spiral center.

Then the as-prepared AIN was used as the seed to go an-
other run (20 h) with furnace parameters unchanged. The later-
al grown AIN crystal is presented in Fig. 2(d). A smooth sur-
face with a {1010} intrinsic plane still exists. However, the
growth core is gradually away from the center, which may be
due to the irregular shape of the AIN source.

A further optimized surface temperature from 2240 to
2260 °C was then used to grow the AIN crystal. The morpho-
logy of the AIN crystal is given in Fig. 3(a). The as-grown AIN
surface with well-developed intrinsic {101n} planes is smooth
and there are not any poly-crystal grains on the periphery of
the seed. This means that the growth temperature and su-
persaturation have been fully optimized. So, we carried out
sequent growth using the as-obtained AIN as the seed. In
Figs. 3(b) and 3(c), high-quality AIN crystals grown after 24 h
and another 72 h are presented. The crystals are amber in col-
or and have superior optical transmittance. The diameter and
thickness of the AIN boule in Fig. 3(c) is 45 and 10 mm, respect-
ively. Unfortunately, owing to the higher growth rate aroused
by newly added AIN sources, there are some defects on this
AIN boule.

3.2. Crystallization quality

The crystallization quality of the AIN wafer was character-
ized by means of measurement methods, as shown in Fig. 4.
Before carrying out the characterizations, the AIN boule in
Fig. 3(c) was sliced and polished into wafers. In Fig. 4(a), nine
individual points were measured using Raman spectrum to
evaluate the crystalline quality and uniformity of the ob-
tained AIN wafer. Three peaks with the same wavenumbers
of 247,657 and 889 cm~! can be seen in Raman results, corres-
ponding to the phonon modes of E, (low), E, (high) and A,
(LO), respectively. These values are inconsistent with the
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modes of c-axis orientation AIN crystall'¥l, Mapping of E,
(high) phonon mode peaks are shown in Fig. 4(b). The
wavenumbers of E, (high) phonon mode peaks ranges
between 656.9 and 657.4 cm~, these values are very close to
stress-free peak of 657.4 cm-''5 16 The center is almost
stress-free, while the periphery of AIN wafer is suffering from
tensile stress, which may be introduced during slicing and pol-
ishing processes. Notably, the coherent FWHM of Raman
plots and the sharp E, (high) phonon mode peaks with high-in-
tensity indicate that the obtained AIN crystal has a good uni-
formity. The HRXRD pattern of the w-26 scan is represented
in Fig. 4(c). Reflection peaks of (002) and (004), with diffrac-
tion angles at 36.02° and 76.42°, (102) at 49.97°, are in accord-
ance with the standard values of Al bulk crystal. The equilibri-
um lattice parameters for the AIN wafer are calculated to be
a=3.113 A and c = 4.982 A. These crystal constants are in
line with standard ones, demonstrating an extremely low de-
formation existing in our AIN boule. The symmetric (002) and
asymmetric (102) X-ray diffraction rocking curves are shown
in Figs. 4(d) and 4(e), respectively. Both of the peaks for (002)
and (102) reflection are narrow, and the FWHMs of the curves
are 65 and 36 arcsec, respectively. These values are slightly
higher than the best record of 13 arcsec in the latest
report29, but much better than our previous work of 120 arc-
sec', Fig. 4(f) shows the SEM image of etch pits of the AIN
wafer. The main type of etch pit is screw dislocation with a
large size, and the total etch pit density (EPD) is 5 x 10° cm2,

An AIN polished wafer with the size of 10 x 10 mm? and
a thickness of 500 um shown in Fig. 5(a) was used as the sub-
strate for further epitaxial growth. The surface of the pol-
ished AIN wafer is smooth and the surface roughness (R,) is
0.097 nm, as shown in Fig. 5(b). An Al,Ga;_,N epitaxial layer
was grown on the AIN substrate by the MOCVD method and
the structure of epitaxial layers is shown in Fig. 5(c). Before de-
positing the Al,Ga;_,N layer, a 500 nm AIN epitaxial layer was
deposited on the AIN substrate as a buffer layer. The AFM im-
age with a scan range of 10 x 10 um?2 of the as-fabricated
Al,Ga,_,N epitaxial layer is shown in Fig. 5(d). The smooth sur-
face with atomic steps is clearly seen, which demonstrates
the superiority of homogeneous epitaxy on the AIN sub-
strate. Rocking curve FWHMs of (002) symmetric and (102)
asymmetric reflection peaks of Al,Ga;_,N epitaxial are shown
in Table 1. It should be noted here that the FWHM of (102) re-
flection peak of Al,Ga;_,N epitaxial layer is less than 500 arc-
sec, indicating a lower dislocation density compared with
that on the sapphire substrate.

The HRXRD results given in Fig. 5(e) was obtained using
w-260 scan mode. The left peak at 17.6° relates to the
Al,Ga,_N epitaxial layer, while the right peak at 18.0°, stands
for the AIN epitaxial layer or the AIN substrate. Eventually,
the Al content x is derived to be 0.54 from a cubic equation ac-
cording to a reported work2'l, Moreover, the X-ray RSM of
the (105) plane is shown in Fig. 5(f), and the relaxation of
Algs4GaggeN epitaxial layer can be calculated by the follow-
ing formulas:

fi = KSJ__KIL
1 KIJ_ )
[ = Ks;) =Ky
/= KI//
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Fig. 3. (Color online) The AIN crystal grown at optimized growth temperature of 2260 °C. Photograph of (a) the AIN crystal, (b) the AIN crystal

grown after 24 h, and (c) the AIN ingot grown after 72 h.
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Table 1. FWHMs of (002) and (102) reflection peaks in the substrate
and epitaxial layer.

AIN substrate  AIN buffer layer Al,Ga;_,N epitaxial layer

(002) 65 arcsec 93 arcsec 202 arcsec
(102) 36 arcsec 29 arcsec 496 arcsec
1-v
F=(fu=fy) 15 *+firs
f
R=L

where f is the crystal lattice mismatch, 1 and // is perpendicu-
lar and parallel direction, respectively, s and / represent sub-
strate and layer, respectively, v is passion ratio, vay = 0.25,
Vean = 0.203, then vay, .,ca, n = 0.228. The calculated relaxa-
tion R of Algs54GagseN epitaxial layer is 44.8%, demonstrating
that this 500 nm thick high Al content Al,Ga;_,N epitaxial lay-
er is still not fully relaxed. As we know, a large number of struc-
tural defects, cracks and stress relaxation in the Al,Ga,_\N epi-
taxial layer would be induced if there is a lattice mismatch
and thermal mismatch between the epitaxial layer and the sub-
strate (such as sapphire or SiC substrate or GaN template). So,
it can be deduced that the high-quality Al,Ga;_,N epitaxial lay-
er has been grown on the AIN single crystal, which further in-
dicates the superiority of homogeneous growth on the AIN
substrate.

4. Conclusion

We demonstrate in this work a high-quality AIN boule
grown using the PVT method. The relationship between sur-
face morphology and growth mode was investigated by com-
paring the as-grown AIN crystals under different growth condi-
tions. Briefly, the AIN crystal grown under a lower seed temper-
ature has a higher temperature gradient along c-axial, result-
ing in a rough surface and hexagonal pyramids grown in a dis-
location-modulated 3D islands growth mode. After increas-
ing the seed temperature, the growth mode changes to
single spiral growth mode. And the as-grown AIN crystal has
a smooth surface, hexagonal nucleation center and intrinsic
{101n} planes. Then an amber AIN single crystal with well-de-
veloped {101n} intrinsic plane was successfully obtained by fur-
ther optimizing the thermal field of the furnace and increas-
ing the seed temperature. The FWHMs of (002) and (102) reflec-
tion peaks of the AIN wafer is 65 and 36 arcsec, respectively.
The surface roughness of the polished AIN is 0.097 nm, mak-
ing it an appropriate substrate for the epitaxial growth of the
AlLGa;_,N layer. The Al content and the relaxation of the as-
prepared Al,Ga;_,N epilayer are calculated to be 0.54 and
44.8%, respectively. The FWHMs of (002) and (102) reflection
Al,Ga;_N epilayer is 202 and 496 arcsec, respectively.
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