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ABSTRACT: Strain effects in gallium nitride (GaN) layer grown on silicon (Si) (100)
substrate are investigated. Results from Raman spectroscopy measurements suggested
that the stress level in the GaN layer is around —0.48 GPa that is higher than several
reported values. Moreover, the coherency of the GaN layer with respect to the Si
substrate was confirmed by X-ray diffraction (XRD)-reciprocal space mapping XRD-
RSM measurement. As derived from XRD w-rocking curve, the strain was around 0.0216
and —0.0241 along c-axis and a-axis, respectively. Meanwhile, results from temperature-
dependent photoluminescence (PL) measurements indicated that the strain in the layer
can be influenced by the binding energy of donors. In the effort to achieve strain reduction,
Jfew micrometres of the GaN layer were fabricated into porous structure. In particular,
a sample was prepared without annealing treatment, and another was subjected to
annealing treatment at 800°C prior to etching (pre-annealing). It was found that the strain
was reduced with the porous structure, especially by the pre-annealing treatment.
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1. INTRODUCTION

Remarkable progress of fabrication technology nowadays enables gallium nitride
(GaN) semiconductor compounds to be on the top priority in material selections
for modern devices.'? In the pursuit of reducing the fabrication cost of GaN-
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based devices, using silicon (Si) as the substrate for the devices’ heterostructure
has been widely accepted as one of the preferred methods.> Nonetheless, such
heteroepitaxial growth is not only introducing a high dislocation density and
cracks to the GaN layers, but also adding strain due to lattice mismatch and thermal
expansion coefficient between the films and the substrate, which can affect the
overall quality of GaN layer. Several approaches have been demonstrated in the
effort to reduce strain in the GaN layer-grown Si substrate for many years. Of
common technique to achieve this target is by inserting aluminium nitride (AIN)
as an intermediate layer, of which a thin layer of AIN is grown as a buffer layer
in the growth of GaN on Si substrate. The AIN layer is beneficial to mitigate the
impact of strain and to prevent GaN melt-back etching which can degrade the
subsequent GaN growth.* However, the strain continues to rise with increasing
thickness. In addition, other studies have reported on adopting two-step growth
of AIN.>® Specifically, by alternatingly applying low-temperature and high-
temperature growth. This method results in compressive strain in the overgrown
GaN layer by compensating the existing tensile strain. However, from the epitaxial
point of view, this method requires precise control of the growth temperature
in a short period of time. Moreover, achieving optimum growth conditions of
AIN is a complicated task since III/IV ratio, pressure, as well as temperature can
significantly influence the final growth.”® Meanwhile, epitaxial lift-off method has
been demonstrated to reduce the strain in GaN layers grown on bulk GaN and
SiC substrates.”!? Nevertheless, apart from involving intricate steps and utilisation
of expensive instruments, the use of the laser during the experiment can cause
damage to the GaN layers.!"!? The result could be worse for GaN layers on Si
substrate. Alternatively, porous GaN is proposed as a promising approach to
achieve strain reduction in the GaN layers and GaN-based heterostructures.!*!>
This approach has not been widely applied for GaN layers on Si substrate by far,
especially through straightforward manners. In our previous study, we proposed
a new alternative method to reduce the strain in molecular beam epitaxy (MBE)-
grown GaN layer on Si substrate.!® Specifically, by annealing the layer before
the fabrication of a few nanometres of GaN layer into a porous structure through
electrochemical etching. Here, we intend to expand the scope of the previous
study by closely investigating the strain in the GaN layers grown on Si and the
impact of the GaN porosity for the strain reduction.

Studies on porous GaN have been widely explored due to its intriguing properties,
which are beneficial for environmental applications, e.g., high humidity and
high temperatures. The porous GaN structure was utilised as a template for zinc
oxide (ZnO) deposition, aimed at improving humidity sensor applications due to
its high chemical stability and high-surface-to-volume ratio, i.e., larger surface
interaction with the environment, compared to their bulk counterpart.!” These



Journal of Physical Science, Vol. 36(1), 1-16, 2025 3

features enhance its sensitivity to humidity and provide more effective electron
transfer, improving the overall sensing performance of the devices. Moreover, a
recent study has demonstrated a combination of porous GaN/Nickel-cobalt oxides
(NCO) (binary transition metal oxides) is capable of powering LED up to five units
and can provide a maximum power density of 44.0 mWcm 2, due to the enhanced
conductivity and short conductive channels.'® Meanwhile, a published work found
that porous GaN exhibited better electronic and optical properties compared to
non-porous GaN, making it suitable for gas sensing and UV photodetectors.!*2
Therefore, the strain reduction in porous GaN as demonstrated here can be useful
for achieving GaN-based devices with improved electronic and optical properties.
Hence, the present study focuses on strain analysis for a GaN layer on Si substrate,
along with discussions on the material properties of porous GaN/GaN layer (porous
GaN sample), specifically addressing the strains involved. Based on our previous
work, the etching effect becomes more significant for the sample annealed prior to
the etching (pre-annealing).'® Therefore, the impact of pre-annealing on releasing
the strain in the porous GaN/GaN layer is also investigated here.

2. EXPERIMENTAL PROCEDURES

Here, an undoped GaN layer was epitaxially grown on a 3-inch commercial n-type
(100)-oriented cubic Si substrate in Veeco GEN-II RF-plasma assisted MBE
reactor. The surface of the Si substrate was cleaned first by exposing the Ga flux
at a temperature of 850°C to remove SiO, particles from the surface. In order to
avoid melt-back etching due to the interaction between Ga atoms and Si at high
temperatures, a thin AIN layer with the thickness of around 200 nm—300 nm was
grown as a buffer layer at 840°C. This was followed by growing a 0.2 um thick
GaN layer at the same temperature.

The stress level in the GaN layer was investigated by Bruker Dimension Edge
Model-Raman spectroscopy. The Raman measurement was carried out under
z(y, unpolarised)z scattering configuration. Such configuration allows the signals
for E,(high) and A,(LO) modes of GaN which can provide an insight into the
strain state and residual carrier concentration due to dislocations or defects,
respectively.?' The shift in the E, (high) peak position of the GaN layer with respect
to a bulk GaN (unstrained) was taken into account to determine the stress level in
the layer.”’ Through X-ray diffraction (XRD)-reciprocal space mapping (XRD-
RSM) measurement, the coherency of the GaN layer to the AIN buffer layer was
confirmed. Next, XRD w-rocking curve (XRC) measurements in (002) symmetric
and (102) asymmetric reflections were performed using XRD (Bruker-D8) to
evaluate the crystalline properties and to estimate the amount of strain in the
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GaN layer. The dependence of the GaN peaks related to emission energy on
temperature was determined from temperature-dependent photoluminescence
(PL) measurements using a frequency-tripled titanium (Ti): Sapphire laser with
a power of 5 mW at 266 nm (Spectra-Physics Tsunami). Such dependence can
provide insights on the effect of strain in the GaN layer. The binding energy of
donors was also estimated from the temperature dependence of the energy of the
emission peak due to donor-acceptor (DAP) and free electron-to-acceptor level
(eA) recombination.

Subsequently, a porous GaN/GaN layer (see Figure 1) was fabricated through
electrochemical etching using 5% sodium hydroxide (NaOH) solution as the
electrolyte within 15 min. The etching process was assisted by UV illumination.
A porous GaN/GaN layer with pre-annealing at 800°C was also fabricated to
observe the impact of the pre-annealing in releasing the strain in the GaN layer
further. The annealing temperature of 800°C was selected based on our previous
optimisation work.!® The characteristics of the porous GaN were observed under
a scanning electron microscope (SEM) (FEI Nova NanoSEM 450). The strain
properties in the porous GaN samples were also investigated.

GaN NaOH etching Porous GaN /
with UV light GaN layer

»

AIN

(@ (b)

GaN layer on Si(100) substrate

grown by MBE Porous GaN samples, without and with pre-annealing.

Figure 1: Growth of a GaN layer on Si(100) substrate with AIN buffer layer
and preparation of porous GaN samples.

3. RESULTS AND DISCUSSIONS

Figure 2 shows Raman spectrum of the GaN layer grown on Si (100) substrate.
The peak at ~565 cm™ can be assigned to GaN E, (high) mode and ~732 ¢m’!
to GaN A,(LO) mode. The E,(high) peak position is commonly regarded as
sensitive to biaxial stress with 1 GPa causing a shift of 4.2 cm™ from an unstrained
sample.”? By considering a reported unstrained bulk layer with the E, (high) peak
of 567 cm™', the E, (high) peak of the GaN layer in the present study shifts towards
lower energy sides.?® The estimation gives the biaxial stress in the GaN layer to be
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around —0.48 GPa. The value is about 10 times higher than a reported GaN layer
on a 6H-SiC substrate and about 3 times higher than a reported GaN layer on Si
(111) substrate.*** The negative sign shows the GaN is under tensile stress.** The
E, (high) peak at ~655 cm™ is due to the AIN buffer layer. Moreover, the intensity
of the A, (LO) peak is too weak, suggesting the GaN layer has a high residual
carrier density.?
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Figure 2: Raman spectrum of a GaN layer grown on Si (100) substrate.

Given the fact that the crystalline properties of the GaN layer can be correlated
to its strain behaviours, therefore, XRD measurement in 20 scans was conducted
and the results are shown in Figure 3. It is evident that the layer was preferentially
grown in the [0002] direction. The peak of the AIN buffer layer also appears in
the data. It is interesting to note that the XRD peak of cubic is invisible although
the GaN layer was on the cubic substrate. In general, the initiation of cubic
growth without proper growth conditions (e.g., temperature) is unlikely since
cubic GaN is thermodynamically unstable.””** Additionally, cubic growth is hard
to achieve due to the large difference in the lattice constant between GaN and Si
substrate.” Therefore, hexagonal GaN, a thermodynamically stable structure was
predominantly grown and the impact of the cubic GaN phase materials on the
strain can be negligible.
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Figure 3: 20-XRD data of a GaN layer grown on Si (100) substrate.

Figure 4(a) shows the results of XRD-RSM measurement in (002) reflection for
the GaN layer grown on Si (100). From the results it can be seen that the peak of
GaN layer aligns with the peak of the AIN buffer layer. This reveals that the GaN
layer is in a coherent strained condition. As shown in Figure 4(b), the broadening
of the diffraction peak in ¢, direction from the asymmetric (—105) reflection
is evident. The peak broadening can be attributed to in the strain level of the
GaN layer.>

Figure 4: (Color online) XRD-RSM of (a) symmetric (002) and (b) asymmetric (—105)
reflections for a GaN layer grown on Si (100) substrate.
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The crystalline quality of the GaN layer was assessed by XRC measurement in
(002) and (102) reflections. From the results, the vertical strain, &, and horizontal
strain, g,in the GaN layer can be estimated using the Equation 1.3!

g, =(c-c)/c, , g, =(a—a,)/a, )

Where ¢, and a, are the lattice constant of a bulk GaN with value of 5.185 A and
3.189 A, respectively.’ From the strain value obtained through Equation 1, it can
used to estimate the biaxial stress, o in the GaN layer using Equation 2.

e.=—E'c,2v , e,=E"'c,(1-v) )

Where v represents the Poisson ratio, while the £ is the Young Modulus with value
of 196 GPa.*? The lattice constant of a and ¢ can be calculated using Equation 3
and Equation 4 as below.*® The lattice constants a and ¢ should be determined
prior to the estimation for the strain and stress.

n\ = 2d,,, sin 6 3)
Vdy, =43 (W + kK +hk)/a) + P+ ) 4)

Where, A is the wavelength of the X-ray, 0,,, is the measured Bragg angle and d,,,
is the lattice spacing of the crystal plane.

Figure 5 shows the XRC of the GaN layer in (002) and (102) reflections. Full width
at half maximum of the XRC (FWHMSs-XRC) is 1.340° or 4,824 arcsec in (002)
reflection and 0.024° or 86.4 in arcsec (102) reflection. From the calculations, the
lattice constant, a and ¢ of the GaN layer is 3.112 A and 5.297 A, respectively.
Hence, €, and ¢, of the GaN layer is 0.0261 and —0.0241, respectively.
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Figure 5: XRC in (a) (002) symmetric reflection, and (b) (102) asymmetric
reflection of a GaN layer grown on Si (100) substrate.
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As revealed from the Raman measurement (Figure 2), it is found that the GaN
layer grown on Si substrate (before annealing and etching) is under tensile strain
with the estimated biaxial stress of 0.48 GPa. Meanwhile, as measured by XRD,
in-plane lattice constant, a of the GaN layer is around 3.112 A, which is smaller
than the in-plane lattice constant, a of a bulk GaN. Assuming biaxial stress, the
decrease in the lattice constant of the GaN layer is leading to higher compressive
strain. In general, GaN layer grown on Si substrate suffers from high tensile
strain due to a larger lattice constant of Si with respect to the GaN layer. The
contradicting result obtained from both Raman and XRD measurements indicates
that several mechanisms are acting in different directions towards determining the
final strain level of the GaN layer.

Next, it is interesting to observe how PL emissions in the GaN layer can be
influenced by strain. Figure 6(a) shows PL spectra of the GaN grown on Si (100)
substrate measured at 4 K. A sharp and intense peak at ~3.5 eV can be attributed
to near band-edge emission (NBE) of GaN. Additionally, a weak shoulder peak as
seen around 3.2 eV is related to DAP transitions. The yellow luminescence bands
are reflected by a broad peak centred at ~2.5 eV which is typically due to various
defects, e.g., Ga and N vacancies.’**

Figure 6(b) shows the dependence of PL emission peak energy against temperature.
In the present study, Gaussian fitting was adopted to distinguish the overlapping
peaks of DAP and ed transitions. From the results, it can be seen that the NBE
peak emission shifts towards lower energies as the temperature increases. This
is commonly observed due to band gap shrinking at elevated temperatures, as
explained by Varshni’s equation.

E(T) = E(0) — aT/(T+6) (5)

Where E(T) is the transition energy at temperature, T and E(0) is band gap energy
at 0 K.*® Moreover, a and 0 refer to the thermal coefficient and Debye temperature
of 600 K, respectively. The measured data shows the best fit with fitting
parameters, where a = 4.78 x 10 eV K!, slightly below the reported value of
5x10%eV K.Y

It is obvious that the DAP transitions became more important than the e4
transitions at low temperatures. In general, increased temperatures promote the
ionisation of the electrons at donor levels, thereby allowing their transition to the
conduction band. This, in turn, results in free electrons which recombine with
holes at the valence band, leading to eA transitions. Correspondingly, the DAP
transitions turn into eA transitions with increasing temperatures, causing the peak
emission to shift towards blue spectrum. The emission energy of the transitions
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with temperature is given by,
E(ed) = E(T) — E,+ 1/2k,T (6)

Where, 1/2k;T is the mean energy of free electrons in the conduction band.
According on Equation 6, the binding energy of the acceptor (£),) is around
130 meV. Meanwhile, the energy separation between the DAP and eA transitions
is nearly 44 meV. This is corresponded to the binding energy of the donors
(Ep). This value is above the reported binding energy of deep donors, while is
significantly higher than that of Si and O donors.***" An earlier work in reported
that the donors binding energy can be increased by stress.*' This could be the
case in the present study. It is worth noting that the biaxial stress in the GaN
film is estimated at around —0.48 GPa (see Figure 2), which is higher than some
published works.?*?
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Figure 6: (a) PL spectrum of a GaN layer grown on Si (100) substrate and (b) dependence
of PL peak emission energy on temperature.

Subsequently, the results for the samples of porous GaN/GaN layer (porous GaN
samples) are presented. In particular, one was fabricated without annealing and
another with pre-annealing at 800°C. Figure 7 shows the surface morphology of
the porous GaN/GaN layer samples, including the non-porous sample (the GaN
layer as described in the previous sections) and the non-porous sample annealed at
800°C for comparison. From atomic force microscopy (AFM) measurements (data
is not shown here), root mean square (RMS) surface roughness for the annealed
non-porous sample is slightly lower than that of the non-annealed non-porous
sample. Meanwhile, the etching effect is more noticeable for the pre-annealed
porous sample compared to the one without annealing, where dense porosity is
observed. This can be related to the impact of the pre-annealing. Specifically,
the re-crystallisation of disordered atomic lattice structures occurred during
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annealing. This allows more holes to accumulate on the surface through the
photo-generated carriers with the assistance from the UV illumination.** It has
been widely observed that higher number of holes on the surface enhances the
etching activity.*

Figure 7: Top-view SEM images of (a) non-porous GaN, (b) non-porous GaN
after annealed at 800°C, (c) porous GaN without annealing and
(d) porous GaN with800°C pre-annealing.

Moreover, the annealing treatment reduces threading dislocations which usually
trap the photo-generated carriers on the surface."* The FWHMs-XRC for the pre-
annealed GaN layer on Si (before etching) is 1.168° or 4,204.8 arcsec in (002)
reflection and 0.023° or 82.8 arcsec in (102) reflection. The (002) FWHM for the
sample is lower than the non-annealed GaN layer (see Figure 5), while there is no
significant change for (102) FWHM, see Table 1.

Strictly speaking, it is hard to obtain XRC for porous samples, especially for the
XRC in (102) reflection. Here, the FWHMs-XRC in (002) reflection for the non-
annealed porous GaN shows a higher value of 5,328 arcsec than the pre-annealing
porous GaN with 5,004 arcsec, implying that the crystal quality of the porous
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GaN can be improved under thermal treatment. However, the FWHM values
of the porous GaN are higher than the non-porous GaN. This is associated with
the reduction of the X-ray coherence length when the X-rays were incident on
the surface with open spaces, i.e., pores in our case. As a result, this leads to
the noticeable broadening of the XRC. Moreover, non-stoichiometry of Ga or
N surface resulted from the etching can increase the FWHMs for the porous GaN
samples.* Nonetheless, the FWHMs for the porous GaN samples are comparable
to the reported porous GaN on sapphire substrate.*’ By annealing the sample prior
to the etching (pre-annealing), the FWHMs can be reduced. Table 1 summarises
the results from the XRC measurements.

Table 1: FWHMs of XRC in (002) and (102) reflections for non-porous and porous GaN

samples.
Sample (002) FWHM-XRC (102) FWHM-XRC
(arcsec) (arcsec)
Non-porous GaN 4,824.0 86.4
Annealed non-porous GaN 4,204.8 82.8
Porous GaN without annealing 5,328.0 -
Porous GaN with pre-annealing 5,004.0 -

Figure 8(a) shows the in-plane lattice constant, @ and the out-plane lattice constant,
¢ for the porous GaN samples, as estimated through the XRC measurements.
Also included is the result for the non-porous GaN sample that is obtained from
Figure 5. Apparently, the lattice constants of the porous samples, especially for
the sample with pre-annealing are closer to the bulk GaN (shown by dashed
lines) compared to the non-porous sample. Meanwhile, Figure 8(b) shows the
calculated strain in a-axis, €, and c-axis, €, respectively. In line with Figure 8(a),
the strain in both directions can be reduced with the porous layer. This indicates
that the porous layer is beneficial to release parts of strain inside the GaN layer.
The result is more significant for the porous GaN with pre-annealing, of which
the process promotes considerable porous formation (Figure 7). This implies that
the porous GaN/GaN layer can be a useful template for the growth of GaN-based
heterostructure. Specifically, the porous GaN can act as a strain-relieved layer
while prohibiting the treading dislocations propagation into the next layers.!3 1346
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Figure 8: (a) Lattice constants and (b) calculated strain for non-porous GaN and porous
GaN, without annealing and with pre-annealing.

Table 2 shows the NBE peak of the porous GaN samples as measured at
300 K. The NBE peak of the porous sample shifts towards shorter wavelengths in
comparison to the non-porous sample. The result is more evident for the porous
GaN with pre-annealing. With respect to the non-porous sample, the NBE peak
for the porous GaN with pre-annealing shows 176 meV blue-shift. An increase in
the energy gap is related to increase in compressive strain. Correspondingly, some
amounts of the tensile strain (Figure 2) were released through the etching process.

Table 2: Near band-edge emission PL peak energy for non-porous and estimated tensile
stress reduction with respect to the non-porous GaN.

Sample NBE peak energy (eV) Tensile stress reduction
(GPa)

Non-porous GaN 3.399 -

Porous GaN without annealing 3.457 2.75

Porous GaN with pre-annealing 3.575 8.34

4. CONCLUSION

The present study found that the GaN layer grown on Si (100) substrate consists
of a high tensile stress of 0.48 GPa. Despite the FWHM-XRC for the GaN layer
in (002) reflection is significantly higher than the reported GaN layers grown on
SiC and sapphire, the (102) FWHM-XRC of the layer is about 3—5 times lower.?
This shows that the GaN layer was grown in a good crystalline structure although
using its large lattice-mismatched Si (100) substrate. The strain can be released by
fabricating a few micrometres of the GaN layer from the surface into the porous
structure. Further strain reduction was achieved by subjecting the sample to an
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annealing treatment at 800°C before the etching process (pre-annealing). The
proposed porous GaN/GaN layer has the potential to enable the growth of thicker
heterostructures since the porous can act as a strain-relieved layer while being
able to ‘sink’ the threading dislocations in the overgrown heterostructures.
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