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Abstract: Due to the large lattice mismatch and thermal mismatch between gallium nitride (GaN) and hetero-sub-

strates, high-density mismatch dislocations are introduced in the GaN epitaxial layer, thereby reducing the perfor-

mance and lifetime of the devices. The most fundamental solution to this problem is to grow GaN on GaN homo-

substrate. In this paper, GaN films were first grown on a patterned sapphire substrate using metal-organic chemical

vapor deposition method. Then, the GaN films were wet-etched to fabricate a sapphire patterned-porous film compo-

site substrate. Subsequently, GaN single crystals were grown on this substrate, and GaN bulk single crystals were

obtained by self-peeling. The feasibility of this process was experimentally verified. The test results of X-ray diffrac-

tion (XRD), Raman spectroscopy, photoluminescence spectroscopy (PL), and cathodoluminescence spectroscopy (CL)

confirm that the crystalline and quality of grown GaN single crystals were improved. At the same time, the growth

mechanism of GaN single crystals on the sapphire patterned-porous thin film composite substrate is expounded,

providing a new idea for improving the quality of self-stripping GaN single crystals.
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The third-generation semiconductors refer to the wide
bandgap semiconductor materials such as gallium nitride
(GaN), silicon carbide (SiC), diamond, and zinc oxide (ZnO).
Compared with the traditional first-generation and second-
generation semiconductor materials like silicon (Si), the
third-generation semiconductor GaN has unique properties
such as large bandgap width, high breakdown electric field,
high thermal conductivity, high electron saturation drift ve-
locity, and small dielectric constant, which make it show
great potential in optoelectronic devices, power electronics,
radio frequency microwave devices, lasers, and detectors.
Therefore, it has become a hot topic in the semiconductor re-

search fields of various countriest'~].

GaN crystals have a high melting point (above 2200 C),

but their decomposition point is around 900 C, i.e., at the

melting point, the existence of GaN requires an extremely
high equilibrium nitrogen pressure (above 6 GPa). Thus there
is a lack of natural GaN bulk single crystal materials in na-
ture!. Common GaN crystal growth methods include high-
pressure nitrogen solution growth method!®), ammonia ther-
mal method!®, fluxing agent method!”), hydride vapor phase
epitaxy (HVPE), efc. Due to the lattice mismatch and thermal
expansion coefficient mismatch in heterogeneous epitaxy,
the epitaxial layer usually generates a high density of dislo-
cations and cracks, which significantly reduces the quality of
GaN crystals and consequently severely degrades the perfor-
mance and lifespan of the devices®®. To reduce the defect
density and obtain high-quality GaN crystals, two-step
growth technology, buffer layer technology, substrate surface

treatment, flexible substrate technology, lateral epitaxial
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growth, efc. have gradually been developed®'?. The devel-
opment of GaN crystal growth is led by companies such as
Mitsubishi, Sumitomo, and SCIOCS in Japan, and Kyma in
the United States. Although China started relatively late in
the field of GaN semiconductor materials, it has accumulated
a considerable amount of basic research and technical re-
serves. Among them, Suzhou Navier and Zhongjia have
achieved mass production of 2-inch GaN crystals, and insti-
tutions such as Shandong University and the 46th Research
Institute of China Electronics Technology Group Corporation
have also made significant progress''’l. In 2020, Mitsubishi
Corporation in Japan'! successfully fabricated GaN single
crystal substrates with a low dislocation density of 1.4x10?
cm on ammonia-thermal GaN seeds by the HVPE method.
Zhongjia Semiconductor has developed 2-inch GaN self-sup-

porting substrates with dislocation densities ranging from

4x10° to 7x10° cm™2 and has begun mass production and sales.

The State Key Laboratory of Crystal Materials at Shandong
University has also conducted research on the growth and
processing of GaN single crystals!!>!¥]. They have mastered
the key technology for 2-inch single crystal homoepitaxial

growth, reducing the GaN dislocation density to 5x10¢ cm™2.

The main problem in GaN crystal growth is the lack of
suitable seed crystals. Currently, most commercial GaN-
based devices use sapphire, GaAs, and Si as seed crystals for
heteroepitaxial growth. However, these seed crystals have
larger lattice mismatch and thermal mismatch compared to
GaN, resulting in significant stress and high dislocation den-
sity in the grown GaN single crystals, which seriously im-
pairs the performance of GaN-based devices. Therefore,
choosing a seed crystal that can effectively reduce the stress
and dislocation density of epitaxial GaN crystals is the key to
growing high-quality GaN crystals. After GaN is grown on a
patterned sapphire substrate (PSS), a porous structure is pre-
pared, which can effectively block dislocation propagation
and improve the quality of GaN crystals. Therefore, actively
conducting research on growing GaN crystals on sapphire
patterned-porous thin film composite substrates is of great
significance for obtaining GaN crystals with low dislocation
density and stress-free self-deposition. Thus, after growing
GaN films on PSS in this paper, a porous structure was pre-
pared by chemical etching methods, and GaN single crystal
growth was carried out and its performance was studied, lay-
ing a foundation for the subsequent growth of high-quality
GaN single crystals.

1 Experimental
1.1 Experimental method

For the experiment, a piece of 4 inch patterned sapphire
substrate (PSS) was used (Pattern diameter of 3 pm and a pe-
riod of 6 pm). Then, a layer of GaN film was grown using the
MOCVD method. The film thickness is 3.5 mm. Subse-
quently, the GaN film on the PSS was etched using a H;PO4
solution at a temperature range of 230 ‘C to 260 ‘C for 5
min to form a porous structure as shown in Fig. 1. Unlike the
porous structure in Ref. [18], which has deep pores and a long
corrosion time, resulting in large pores and deep structures
with long dimensions, in this paper, the porous structure has
a shorter corrosion time. The gallium nitride film on the sap-
phire is roughened, and subsequent growth is then carried out.
As hot H3POg solution can etch the poorer quality parts of
GaNU-2% Chen, et al. found many hexagonal holes when
etching GaN grown by Metal Organic Chemical Vapor Dep-
osition (MOCVD) with H3POs solution. Based on the burgers
vector of the threading dislocation and the distribution of dis-
locations on the surface, they believed that the etched holes
were threading dislocations in GaN single crystal?!l. The ex-
periment compared the use of sapphire substrate and sapphire
patterned substrate. The samples used in the experiment were
all cleaned before the GaN single crystal was grown. In the
experiment, a, b, and c represent the sapphire substrate, sap-
phire patterned substrate, and sapphire patterned-porous thin
film composite substrate, respectively.

The growth of GaN single crystal in this experiment was
carried out using a self-developed HVPE single crystal
growth furnace. The Ga source used for growing GaN crys-
tals was 99.99999% high-purity metallic Ga, and 99.99999%
high-purity NHs was used as the N source, while 99.999%
purity N2 was employed as the carrier gas. The basic princi-
ple of HVPE method for growing GaN is that in the low-tem-
perature zone (850 °C), metallic Ga reacts with HCI to gen-
erate GaCl:

Ga(l) + HCl - GaCl(g) + %Hz(g) (1)

Subsequently, GaCl was transported to the high-temperature

zone (1050 °C) using high-purity N2 and then reacted with
NHs:

GaCl(g) + NH; - GaN(s) + HCl(g) + H,(g) (2)

GaN is formed through deposition. In this experiment, a

nucleation layer was first formed during growth, and then
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gradually merged and grew into a GaN single crystal. After
12 h of growth, a I mm GaN crystal was grown. During the
cooling process at the end of growth, the thermal stress be-
tween the sapphire substrate and the GaN crystal directly
acted on the interface. The bond between the interface and
the substrate was very weak, enabling the self-peeling of the
sapphire substrate from the GaN crystal, and thus obtaining
a bulk GaN single crystal.

Fig. 1 The wet etching porous structure

(a) Sapphire pattern-porous thin film composite substrate; (b) Zoomed-in
view of the square box

1.2 Characterization

Scanning electron microscopy (SEM Gemini560) is uti-
lized to observe the surface morphology of the GaN crystal.
Raman spectroscopy (excitation wavelength 532 nm) is em-
ployed to characterize the stress in GaN crystal. X-ray dif-
fraction (XRD) using symmetric (002) and asymmetric (102)
reflections of GaN is used to characterize the crystalline qual-
ity of HVPE-grown GaN. The photoluminescence spectrum
(PL excitation wavelength 320 nm) is used to measure the
luminous intensity of GaN crystals. Cathodoluminescence
(CL) spectroscopy at room temperature is used for imaging
the surface of HVPE-grown GaN to observe the dislocation

situation.
2 Results and analysis

2.1 Surface morphology of sapphire patterned-porous

thin film composite substrate growth layer

Fig. 2 shows the surface images of the GaN single crystals

grown on different substrates (a), (b), and (c) after processing.

The wafer diameter is 2 inches and the thickness is 400 .

As can be seen from the figure, the number of pits on the

-. The pits are formed during the growth process.
This may be due to the formation of islands during the GaN

nucleation process. There is no connection between islands
during further growth, and ultimately they closely come to-
gether to form a smooth surface. This may be related to the
different substrates. These stress differences arise from the

reduction of the interaction between the surface patterned

structure and the porous structure of sapphire. The porous
structure enables a partial release of stress during the growth
process. This leads to the relief of stress differences among

different substrates.

Fig. 2 GaN crystals grown on different substrates

(a) Sapphire substrate; (b) PSS; (c) Sapphire patterned-porous thin film com-
posite substrate

2.2 Interface of GaN single crystal growth on sapphire

patterned-porous thin film composite substrate

Fig. 3 shows the SEM image of GaN single crystal grown
on a sapphire patterned-porous thin film composite substrate
using the HVPE method. It can be seen that after the GaN
single crystal was grown on the patterned sapphire substrate
using the HVPE method, the porous structure on the pat-
terned sapphire substrate was filled as shown in Fig. 3(a).
Additionally, there are still gaps when observed at a magni-
fied scale, as shown in Fig. 3(b). This indicates that during
the growth of GaN on the sapphire patterned composite sub-
strate, the porous structure recombined with the Ga atoms
and N atoms during the growth process, and the original de-
fects were destroyed, which may prevent the original defects
from further extension, thereby improving the crystal quality

of GaN. If the quality of the crystals continues to improve,

the gaps may decrease or even disappear, as shown in Fig.
3(b).
(a)

Fig. 3 SEM cross-sectional view of GaN crystal grown on sap-
phire patterned-porous thin film composite substrate

(a) Interface of sapphire and GaN growth; (b) Zoomed-in view of the inter-
face

2.3 X-ray rocking curve of GaN single crystal on sapphire
patterned-porous thin film composite substrate

Fig. 4 shows the X-ray rocking curves of GaN single crys-
tals grown on sapphire substrate, PSS, and sapphire pat-
terned-porous thin film composite substrate. As can be seen

in Fig. 4, compared with the samples grown on the substrate,



the full width at half maximum of the (002) plane of the GaN
single crystal grown on the sapphire patterned-porous film
composite substrate has decreased from 153 arcsec to 95
arcsec, and the full width at half maximum of the (102) plane
has decreased from 292 arcsec to 135 arcsec. The crystal
quality has been significantly improved. The GaN single
crystal grown on the PSS has a full width at half maximum
of the (002) plane reduced to 117 arcsec and that of the (102)
plane reduced to 168 arcsec, and the crystal quality has also
improved. In the X-ray rocking curve test, the diffraction sig-
nal of the (002) plane can more directly reflect the epitaxial
quality in the c-axis direction and the lattice integrity of the
crystal. Meanwhile, the diffraction signal of the (102) plane

is more sensitive to edge dislocations, in-plane stress, and
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grain orientation differences. Such defects are more difficult
to completely eliminate during crystal growth, which results
in the half-width of the (102) plane diffraction peak usually
being larger. The quality of the GaN crystals grown in this
work is slightly different from that of the GaN single crystals
with homogeneous epitaxial growth in Ref. [15-18] (the half-
width of the (002) plane is 48 arcsec and the half-width of
the (102) plane is 67 arcsec). The process in this paper can
be further optimized on the porous structure, and it is ex-
pected to continue to improve the crystal quality. The GaN
grown on the porous composite substrate has relatively better
quality. This may be because the micropattern and porous
structure have a better stress release effect during the GaN

growth process.
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Fig. 4 X-ray rocking curves of the (002) and (102) planes of GaN single crystals grown on different substrates

(a) Sapphire substrate; (b) PSS; (¢) Sapphire patterned-porous thin film composite substrate

2.4 Raman spectra of GaN single crystal on sapphire pat-

terned-porous thin film composite substrate

Fig. 5 shows the Raman spectra of GaN single crystals
grown on sapphire substrate, PSS, and sapphire patterned-
porous thin film composite substrate. In Fig. 5, it can be seen
that the E2 mode peak position of GaN grown on the flat sub-
strate is 567.697 cm!, that on PSS is 567.713 cm™!, and that
on the sapphire patterned-porous thin film composite sub-
strate is 567.662 cm™. The peak positions of the E2 mode of
GaN grown on the three different substrates have all shifted
towards longer wavelengths. The phonon vibration fre-
quency is related to the stress in the material. When the stress
changes, the frequency position of the phonon Raman peak
will shift. Generally, the E2 phonon mode in the Raman spec-
trum is used to characterize the stress of GaN crystals??. The
stress can be calculated by the following formula3:

c=A® (cm'-GPal)
4.3

3)

In the formula, o represents stress, Aw is the frequency
shift of the E2 phonon mode, and the position of the E2 pho-
non mode of unstrained GaN single crystal is (567.1£0.1)
cm "4, Through the formula, we calculated that the GaN
single crystals grown on sapphire substrates, PSS, and sap-
phire pattern-porous thin film composite substrates are all
under a compressive stress state, with stress values of 0.143,
0.139, and 0.131 GPa, respectively. The results obtained
from the calculation indicate that the GaN single crystals
grown on the sapphire pattern-porous thin film composite
substrate have effectively released the stress, which is con-
ducive to the growth of high-quality GaN crystals as the
growth substrate. The smaller residual stress improves the
mechanical strength of the substrate!?”, effectively reducing
the cracking of the crystals. If the size and period of the pat-
tern on the sapphire substrate are changed, for example, when

adopting a nano-pattern structure, or if the size and depth of
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the porous structure are altered, such as by extending the
etching time or increasing the etching temperature, the stress
of the GaN film may be altered. Continued growth of the

GaN single crystal may result in a reduction of the stress.
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Fig. 5 Raman spectra of GaN single crystals grown on different
substrates

(a) Sapphire substrate; (b) PSS; (c) Sapphire patterned-porous thin film com-
posite substrate

2.5 Photoluminescence spectra (PL) of GaN single crys-
tals on sapphire patterned-porous thin film composite

substrate

Fig. 6 shows the photoluminescence spectra of GaN single
crystals grown on the sapphire substrate, PSS and sapphire
patterned-porous thin film composite substrate. The PL rep-
resents a curve showing the distribution of light emission in-
tensity as a function of photon energy. By analyzing the pho-
toluminescence spectra, we can obtain information about the
material structure and physical properties, and the spectra
also reflect the competition between radiative recombination
and non-radiative recombination. The photoluminescence
spectrum depends on the radiative recombination process of
non-equilibrium carriers in the experimental sample and is
related to factors such as the band structure of the material,
defect conditions, and doping level. It indirectly indicates the
optical quality of the crystal. As shown in Fig. 6, the GaN
crystals grown on all three substrates exhibit strong edge
emission peaks around 363 nm. Since the dislocations in GaN
crystals act as non-radiative recombination centers, they re-
duce the luminescence efficiency of GaN crystals??*?", Com-
pared with GaN crystals grown on planar substrates, the in-
tensity of the edge emission peaks of GaN crystals grown on
sapphire patterned substrates has increased. Moreover, the

intensity of the edge emission peaks of GaN crystals grown

on the sapphire patterned-porous film composite has contin-
ued to increase, which is 19.4% higher than that of crystals
grown on sapphire substrates. This indicates that the disloca-
tion density of GaN crystals grown on the sapphire patterned-
porous film composite substrate has significantly decreased.
Consequently, the crystal quality has been improved, and the

optical quality has also been significantly enhanced.
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Fig. 6 PL spectra of GaN single crystals grown on different sub-
strates

(a) Sapphire substrate; (b) PSS; (¢) Sapphire patterned-porous thin film com-
posite substrate

2.6 Cathodoluminescence Spectra (CL) of GaN Single
Crystals on sapphire patterned-porous thin film compo-

site substrate

Fig. 7 shows the cathodoluminescence test image of a GaN
single crystal. The densities of black dots in Fig.7 are approx-
imately _ respectively. The
density of black dots is related to the non-radiative carrier
recombination at dislocations!®]. Therefore, the density of
black dots is close to the dislocation density in the GaN single
crystal. This proves that the crystal quality of the GaN single
crystal grown on the sapphire patterned-porous thin film
composite substrate has been improved, which effectively re-

duces defects.

3 < ___* B

Fig. 7 CL spectra of GaN single crystals grown on different substrates

(a) Sapphire substrate; (b) PSS; (c) Sapphire patterned-porous thin film
composite substrate

3 Mechanism of reducing dislocations by growing GaN on



sapphire patterned-porous thin film composite substrate

During the growth process, NH; fills the entire growth area,
and the N source is in excess. The diffusion of the Ga source
determines the growth process. Compared with N atoms, the
density of Ga atoms is higher, and they can easily diffuse onto
the substrate under the action of gravity and be adsorbed by
the bottom atoms and surface atoms to form GaN. Therefore,
GaN nucleation islands appear at the bottom of the substrate
holes and on the surface that has not formed holes. With the
increase of nucleation time, the nucleation islands at the bot-
tom of the holes in the porous substrate gradually grow and
fill the film pores, and then gradually grow and merge. As
GaN gradually covers the entire surface of the porous sub-
strate, the nucleation islands at the hole positions stop grow-
ing, and the GaN nucleation islands grown at the hole posi-
tions cannot completely fill the pores. Therefore, a pore layer
appears at the growth interface, effectively inhibiting the up-
ward extension of dislocations in GaN, thereby improving
the quality of GaN single crystal. Shao, et al.* pointed out
that there are three different types of dislocations in GaN
crystals, namely a-type dislocation, c-type dislocation, and
mixed a+c-type dislocation, and the three types of disloca-

tions correspond to different Burgers vectors:

1 _ 1 _
by =5 < 1120 >,b; =< 0001 >,b, ¢ = 5 < 1123 >

It should be pointed out that in this paper, three-coordinate,
four-coordinate, and three-coordinate structures have equiv-
alent relationships, and (hkl) is equivalent to (hkil), where i
=-h-k. The GaN prepared in this paper is a (001) face crystal,
and along the [001] direction, there exist edge threading dis-
locations and screw threading dislocations in GaN. Due to
different dislocations corresponding to different Burgers vec-
tors, different dislocations can only appear in certain specific
directions. The half-width of the rocking curve in the sym-
metric direction (001) corresponds to the density of edge
threading dislocations, while the density of mixed disloca-
tions is related to the half-width of the asymmetric direction
rocking curve (FWHM)B%321, This is also the basic principle
of using XRD rocking curves to characterize the internal dis-
location density of the crystal. As shown in Fig. 4, the rock-
ing curves in the (002) and (102) directions are used to reflect
the internal dislocation situation of the crystal: the smaller
the half-width of the rocking curve, the lower the dislocation

density and the higher the crystal quality.

4 Conclusions

In conclusion, we have demonstrated the feasibility of
growing GaN single crystals on sapphire patterned-porous
thin film composite substrates, and the quality of GaN crys-
tals exponentially grown**! on the prepared sapphire pat-
terned-porous thin film composite substrates has signifi-
cantly improved. The preparation process of the sapphire pat-
terned-porous thin film composite substrate has easily con-
trollable conditions, making it a simple and efficient method.
We have studied the growth mechanism of GaN crystals on
sapphire patterned-porous thin film composite substrates.
The sapphire patterned-porous film composite substrate fur-
ther reduces the dislocation density®¥ and stress in GaN
growth, and plays an important role in improving the quality
of GaN crystals. The work has significant reference value for
the growth of high-quality GaN crystals.
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(1. WARKF, EREBFRE, Fh 2501005 2. LA KF H—RFFEMFFRLR, SAMHLETERRE,
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B BB GaN) KL A SA R B 2 . WM FITB R, Ml s, Rk e s, £S5
RAETHAE . WOETHRAE . S RIER . =M s D R S A SR A T S AT 5. T GaN5 R IR 2
A7 AE BRI A R LR AR L, 5 30U7E GaNA IE 22 HP 51N T3 56 FE 1) Ok P Aor 4 7 P R B AR M e 5 B iy o R RLIX
— ] AR A 1 77 ¥ Bl 2 7E GaN [F) i A I i AT AME A K . AT AR & B A SRS E e m B A/ K
ZAM R FA KB M, AR5 IR R B M, 5 S0 ER- 2 LR R AR, B EARKE
WHE RS, B ES R B AT, SLIGUER T T AT . @I XS LATH (XRD). $7 261, 6Bk
e (PL) BN TG (CL)MR 45 AR SE, 75 ¥ 5 4 FEI- 2 FLIIRE S A 4 iR AR K GaN 5 1) R B A1 2 7 i
AT E. FNER T EEARE-ZLERE &K LA KGaN B R KA KILE], NAEKES B R B GaN# &
AR TR .
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