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An original high temperature annealing (HTA) technology has been established to fabricate a porous 5 

substrate with the layer of inverted pyramid structures. The details about the formation of the porous 

substrate and the related mechanism were discussed. It was proved that the porous structures were formed 

through an etching-like mechanism assisted by the SiO2 patterned masks. High-quality GaN crystals have 

been prepared using the as-prepared porous substrate. The growth experiments demonstrated that such 

porous substrates were mechanically fragile. The porous structures are suitable to be used as a release 10 

layer for the growth of GaN crystals with low stress and defect density. 

Introduction 

GaN based III/V semiconductors are recognized as excellent 

materials for short-wavelength light emitting diodes (LEDs), laser 

diodes (LDs) and radio frequency power devices.1-2 However, the 15 

optical and electrical properties of GaN-based devices are 

adversely affected by the mismatch caused by hetero-epitaxial 

growth on foreign substrates.3 It is widely considered that the 

growth of GaN crystal with larger diameters is a possible 

solution. The hydride vapor phase epitaxy (HVPE) method, 20 

which is a promising method for the growth of large size GaN 

crystals in high-quality,4 has been widely investigated. At present, 

HVPE is generally based on the crystallization of GaN on a 

foreign material,5 where the large lattice and thermal expansion 

mismatch between GaN and foreign substrates leads to high 25 

residual stress. This results in a high density of threading 

dislocations and thus deteriorates both structural and electric 

properties of the grown crystal.6 

A lot of attempts have been made to solve the problems 

mentioned above, one of the most promising approaches is the 30 

application of porous GaN buffer layer. Based on it, a technique 

known as void assisted separation (VAS) was obtained.7-8 VAS 

technology was developed using the thin porous interlayer with 

nano-scale holes and numerous small voids between GaN layer 

and base substrate. The interlayer is important for the reduction 35 

of dislocation and the separation of GaN crystals without any 

cracks.  

In this paper, a high temperature annealing (HTA) process 

assisted by the SiO2 patterned masks was carried out to obtain a 

novel substrate bearing the layer of porous structures. To the best 40 

of our knowledge, this method has not been reported before. The 

features of this porous substrate were characterized. The details 

about the formation of the porous structures and the related 
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mechanism were discussed. An attractive application of this 50 

porous templates is to grow GaN crystals by HVPE. Because the 

porous substrate retained the crystalline structure of the original 

MOCVD GaN, yet it was fragile and could be used as a buffer 

layer as well as the interlayer in VAS technology. The properties 

of the GaN crystals grown using this porous template by HVPE 55 

were studied by photoluminescence (PL), positron annihilation 

technology (PAT) and Raman spectra. The results showed that 

the porous structures were suitable to be used as a release layer 

for growth of GaN crystals with low stress and defect density. 

Experimental 60 

2-5 µm GaN layer was grown on a 2-inch c-plane sapphire 

substrate by metal-organic chemical vapor deposition (MOCVD-

GaN). The dislocation density of the MOCVD-GaN is about 

108cm-2. Then the SiO2 layer was deposited by plasma-enhanced 

chemical vapor deposition and processed into a square 65 

arrangement masks structure by conventional photolithography 

and wet etching technology. Then, the patterned masks GaN 

sample was heated to approximately 1100°C in a N2 atmosphere 

at atmospheric pressure. The sample was annealed for several 

hours and cooled down. After cleaning, the sample with porous 70 

structures was employed as the substrate of GaN crystals growth 

by HVPE. The annealing and the subsequent GaN crystals growth 

were both carried out in a vertical HVPE reactor.9-10 

In order to characterize the optical properties, PL 

measurements were carried out at room temperature using a 325 75 

nm He-Cd laser as the excitation source. The surface morphology 

was confirmed by scanning electron microscopy (SEM, Hitachi 

S4800). PAT is a useful technique for vacancy-type defects 

investigation. Slow positron beam Doppler broadening of 

annihilation radiation was performed to obtain information on 80 

native vacancies in GaN crystals. Raman spectra were carried out 

on a Horiba Jobin Yvon LabRAM HR system at room 

temperature using a 532 nm solid state laser as the excitation 

source.  

Results and discussion 85 
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Fig. 1 SEM images of the porous substrate (a) top view of the sample 

after being annealed (b-d) surface of the sample after ultrasonic process 

(e-f) sectional view of the porous sample after being cleaned 

A top view of the sample after being annealed for 2h is shown 5 

in Fig 1(a). It can be seen that the peeling SiO2 layer results in a 

peeling area ratio about 50-60%. Then the sample with a peeling 

SiO2 layer was cleaned though a 10 min ultrasonic process in 

H3PO4. The area near the opening of the mask was annealed to a 

pit with bigger diameter than the pattern as shown in Fig 1(b). 10 

Some discernible hexagonal pits were also formed on the 

remaining surface. And then, the residual SiO2 mask was 

removed by hydrofluoric acid. A cross-sectional SEM image of 

the porous sample is shown in Fig 1(c). The layer of inverted 

pyramid porous structures can be seen clearly. And the porous 15 

structures distributed throughout the lateral extensive area. There 

is a dependence on the crystallographic orientation at most angles 

of 58° with the c-plane defined by the ( 1 122 ) plane.  

The inverted pyramid shape is similar to the chemical etching 

studies of c-plane GaN. Gao et al. 11 reported that a photo-20 

electrochemical wet etching on GaN was correlative to the 

polarity and dislocation. Smooth etched surfaces were formed 

with the ( 1 122 ) facet as an etch stop plane. Lo et al. 12 found that 

the inverted pyramid structure was created at the GaN-sapphire 

interface by anisotropic chemical wet etching. Qi et al. 13 found 25 

that more facets and varied inclination of the facet appeared by 

H3PO4 etching, while only the crystallographic 10 1 1（ ） facets 

were obtained by KOH etching.  

Under higher magnification of the porous sample, it can be 

observed that the decomposition was selective for the inverted 30 

pyramid porous structures formation. These planes after 

annealing have also been the predominant GaN faces appeared in 

etching study mentioned above. And the density of the inverted 

pyramid structures was different between the area near the N-face 

and Ga-face of the GaN. We considered that it was sensitive to 35 

polarity thermodynamics from which the activation energy of Ga-

face is much bigger than that of N-face GaN.13 The annealing 

process results are consistent with the etching studies. All results 

suggest that the mechanism of the thermally activated porous 

formation by the high temperature annealing technology is 40 

similar to the etching which is dislocation-mediated process.  

 
Fig.2  SEM images of samples (a) with a complete SiO2  and (b) with the 

patterned masks after being annealed for 4h 

Page 2 of 11RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Fig 2(a) shows the top view SEM image of the sample with a 

complete un-patterned SiO2 layer after the same annealing that 

process of 4h. After removing the SiO2 layer, It is observed GaN 

was not decomposed and the underlying GaN was completely 

protected. This proved that the SiO2 mask protected the 5 

underlying GaN from decomposition. Fig 2(b) shows the top 

view of the samples with the patterned SiO2 layer after the same 

annealing process of 4 hours. After cleaning, it is observed that 

the honeycomb structures of GaN are left. The area of the 

adjacent openings decomposed totally. It is clear that the 10 

decomposition turned into the lateral direction continuously.  

Based on the above observations, after the annealing process 

the porous structures are formed through an etching-like 

mechanism6, we suggest, considering the assisting effect of the 

SiO2 patterned masks as illustrated in Fig 3. At first a layer of 15 

SiO2 masks is fabricated with a designed thickness and pattern as 

shown in Fig 3(a). When the sample is heated to the annealing 

temperature, the GaN begins to decompose which has been 

reported as follows.14 

 2aN(s) ( ) (1 ) 0.5G Ga g i N iN→ + − +  (1) 20 

The decomposition is selective for the dislocation as shown in Fig 

3(b) explained by Cabrera’s thermodynamic theory. The 

activation energy at a dislocation site is: 

 * * 1 4 F
d p

c

r
G G

r
∆ ≅ ∆ −  (2) 

Where 
2 2/ 8Fr Gb α π γ=  represents the Frank’s radius, *

pG∆  25 

is the activation energy at a perfect surface which can be 
expressed as 

 *

P cG h rπ γ∆ =  (3) 

G is the shear modulus, b is the Burgers vector of dislocation, r is 

the radius of the dislocation and α is related to the type of 30 

different material dislocation. According to the Equation 2-3, the 

decomposition is favoured at a dislocation site because *

d
G∆  is 

always smaller than *

p
G∆ .15  

The subsequent annealing is a dislocation-mediated process by 

the SiO2 patterned masks assisted. With the process of 35 

decomposition, the flowing N2 takes the Ga vapor away from the 

GaN surface momentarily. Inside the GaN, the gallium vapor 

turns to liquid in a short time because of the high boiling point of 

Ga (2403℃). Schoonmaker et al.16 found that liquid Ga may 

participate as a catalyst in the vaporization process by dissolving 40 

Ga and disrupting its rigid wurtzite crystal structure. So 

decomposition of the inside GaN continues downward and turns 

laterally to form channels through the adjacent opening by the 

catalytic effect of liquid gallium as shown in Fig 3(c). During 

annealing treatment, the vapour may diffuse to the gap between 45 

the SiO2 layer and the underlying GaN as a result of the thermal 

mismatch. A peeling SiO2 layer is formed on the surface as 

shown in Fig 3(d). The decomposition is thermally activated. The 

rate is strongly dependent on the crystalline quality of the GaN. 

The presence of dislocations can locally influence the activation 50 

energy of the GaN available for the decomposition reaction rate. 

So the decomposition is perfectly selective to obtain a large 

number of inverted pyramid porous structures. And there is some 

crystallographic orientation dependence which is believed to be 

the ( 1 122 ) plane. The ( 1 122 ) plane is the more chemically inert 55 

plane as an etch-stop plane.17 Higher porosity of GaN layer is 

created at interface between GaN and sapphire because the 

dislocation density is larger. When cooling down, there is always 

liquid Ga left. It is cleaned by an ultrasonic process in H3PO4.  

The patterned masks are important for the formation of porous 60 

structures. We also used a GaN sample without a SiO2 layer in 

the same annealing process for comparison, it exhibited only a 

roughened surface with hills and pits. Delicately adjusting the 

annealing condition, porous structure might also be possible 

which is now under investigation.18 We supposed that the 65 

formation of porous structures is sensitive to the ratio between the 

lateral decomposition rate and vertical decomposition rate13. The 

lateral rate relies more on kinetic factors and the vertical rate 

relies more on thermodynamic factors such as the temperature 

and surface energy. At the opening area, the vertical rate is far 70 

larger than the lateral rate. So the opening area was

 
Fig. 3 Schematic of the porous substrate formation by the HTA process 
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Fig.4 Raman spectra of (a) the MG and PMG substrate and (b) GaN 

crystals grown on the MG and PMG by HVPE 

decomposed to pits as shown in Fig 1(b). The area protected by 

the masks has a larger lateral rate catalyzed by liquid Ga. In this 5 

condition the surface is flat with porous structures underneath as 

shown in Fig 1(b, c). 

Fig. 4(a) is the Raman spectra of porous MOCVD-GaN 

substrate (PMG) obtained by the HTA technology and MOCVD-

GaN substrate (MG) before annealing. The E2 (high) phonon 10 

mode is used in the characterization of the strain state in GaN 

crystals by the following equation19-20. 

 
1 1= cm )

4.3
GPa

ω
σ − −∆

（  (4) 

Where σ is the biaxial stress and ∆ω is the E2 phonon mode peak 

shift. The E2 (high) mode peak position of stress-free GaN is 15 

believed to be 566.2cm-1.21 It can be observed that the stress is 

significantly lower for PMG than that of MG. Such PMG 

appeared mechanically fragile to be used as a release layer.22 We 

employed the PMG as buffer layer to fabricate the GaN by 

HVPE. To make comparisons, a reference wafer of MG also went 20 

through exactly the same fabrication process. 

Fig. 4(b) shows the Raman spectra of GaN crystals grown on 

the MG and PMG by HVPE. The E2(high) phonon mode peak 

positions for GaN crystals grown on MG and PMG were located 

at 568.6cm-1 and 567.0cm-1 as shown in Fig 7. According to the 25 

Eq.4, it can be calculated that the compressive stress existing in 

the HVPE GaN crystals grown on the MG and the PMG was 

approximately 0.558 GPa and 0.186 GPa, respectively. The 

results indicate that the residual stress in the HVPE GaN crystals 

grown on the PMG was reduced. The porous substrate is 30 

beneficial to the release of residual stress.  

 
Fig. 5 PL spectra of GaN crystals grown on MG and PMG  

The optical properties of the HVPE GaN crystals grown on 

MG and PMG were investigated by room temperature PL 35 

spectroscopy. Band-edge emission peaks at 363nm of HVPE 

GaN crystals grown on MG and PMG are observed in Fig.5. The 

FWHM of the peaks is narrow as a result of the high quality of 

the HVPE GaN crystals. The shift of the peaks can be associated 

with the relaxation of stress. The band edge emission intensity of 40 

the GaN crystals grown on the PMG by HVPE is higher than that 

for the MG. There is a small yellow luminescence band at 500–

600 nm. The intensity of the yellow luminescence peak of the 

GaN crystals grown on the PMG by HVPE is lower than that of 

the MG. 45 

The positron annihilation technology was used to obtain 

information of native vacancies in GaN. Positrons get trapped at 

neutral and negative vacancies because of the missing positive 

charge of the ion cores. The GaN crystals grown on the PMG by 

HVPE were investigated with slow positron beam Doppler 50 

broadening experiments at room temperature described using the 

conventional low and high electron-momentum parameters S and 

W.  

Fig. 6(a) is the electron-momentum parameters S and W in the 

HVPE GaN crystals .The data in all HVPE GaN crystals forms a 55 

straight line in the (S, W) plane indicating that the same defect 

(Ga vacancy) is found in all samples.23 When positrons annihilate 

at vacancies, the S parameter increases and the W parameter 

decreases, because a larger fraction of annihilations takes place 

with the valence electrons with lower momentum. Consequently, 60 

the lower  S parameter, the lower concentration of vacancies24.  

The S parameter measured as a function of positron 

implantation energy is shown in Fig. 6(b). The positron 

implantation energy means implantation depth which can be 

determined with the simple formula: 65 

 
1.640

R E
ρ

 
=  
 

 (5) 
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Fig. 6 (a) Electron-momentum parameters S and W in the GaN crystals 

grown on MG and PMG (b) S parameter measured as a function of the 

positron incident energy for GaN crystals grown on MG and PMG 

Where R is the implantation depth (nm), ρ is the GaN density 5 

(g/cm3), E is the positron implantation energy (keV). 

The S parameters were constant for high energy (>10kev) 

indicating that all positrons annihilate in the crystals at the depth 

of 0.25µm25. For low energy positrons(0-10 keV) implanted close 

to the crystal surface, the S parameters were 0.41-0.45 10 

characteristic for the Ga vacancy of the near-surface region of the 

crystal at the depth of 0-0.25 µm. It is observed that the S 

parameter for crystal grown on PMG by HVPE was lower than 

that for MG in Fig 6(b). It indicated that the concentration of 

vacancies in HVPE GaN crystals grown on MG was higher than 15 

that of GaN grown on PMG. This is in line with the result of 

yellow luminescence. The Ga vacancy concentration correlates 

with the intensity of the yellow luminescence, suggesting that the 

acceptor states of VGa are involved in this optical transition.25 

Conclusion 20 

In conclusion, we have investigated the structure of the porous 

layer obtained by HTA technology. It was shown that the 

mechanism of the thermally activated porous structures formed 

by the high temperature annealing technology is dislocation-

mediated. The patterned masks are important for the formation of 25 

porous structures by adjusting the ratio between the lateral 

decomposition rate and vertical decomposition rate. The porous 

MOCVD GaN layer was characterized by a lower level of 

residual stresses than the epitaxial MOCVD GaN layer. Utilizing 

the as-prepared porous substrate as buffer layer, GaN crystals 30 

with low stress and defect densities were obtained by HVPE. The 

porous substrate was beneficial to the release of residual stress. 

According to the optical property of the GaN crystals, it was 

concluded that the porous substrate increased the intensity of 

GaN crystal band-edge emission. The Ga vacancy concentration 35 

correlated with the intensity of the yellow luminescence, 

suggesting that the acceptor states of VGa were involved in this 

optical transition. The results showed the feasibility of proposed 

novel method for the fabrication of high quality GaN crystals. 
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Fig. 1 SEM images of the porous substrate (a) top view of the sample after being annealed (b-d) surface of the sample after 

ultrasonic process (e-f) sectional view of the porous sample after being cleaned 
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Fig.2  SEM images of samples (a) with a complete SiO2  and (b) with the patterned masks after being annealed for 4h 

 

Fig. 3 Schematic of the porous substrate formation by the HTA process 
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Fig.4 Raman spectra of (a) the MG and PMG substrate and (b) GaN crystals grown on the MG and PMG by HVPE 

 

Fig. 5 PL spectra of GaN crystals grown on MG and PMG 
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Fig. 6 (a) Electron-momentum parameters S and W in the GaN crystals grown on MG and PMG (b) S parameter measured as a 

function of the positron incident energy for GaN crystals grown on MG and PMG 
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An original high temperature annealing (HTA) technology has been established to 

fabricate a porous substrate with the layer of inverted pyramid structures. The 

details about the formation of the porous substrate and the related mechanism were 

discussed. It was proved that the porous structures were formed through an 

etching-like mechanism assisted by the SiO2 patterned masks. High-quality GaN 

crystals have been prepared using the as-prepared porous substrate. The growth 

experiments demonstrated that such porous substrates were mechanically fragile. 

The porous structures are suitable to be used as a release layer for the growth of 

GaN crystals with low stress and defect density. 

 

 

Page 11 of 11 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


