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Nonpolar Growth of GaN Films on Polar Sapphire
Substrate Using Pulsed Laser Deposition: Investigation of
Substrate Temperature Variation on the Quality of Films

Tahir Rajgoli, Sandip Hinge, Tushar Sant, Suhas Madhav Jejurikar,* Animesh Mandal,
Arun Banpurkar, Omkar Rambadey, Pankaj Sagdeo, and Uday Deshpande

The growth of GaN films along nonpolar crystallographic planes, especially
s-plane, on ¢-Al,O; substrate using pulsed laser deposition (PLD) is reported.
The role of substrate temperature variation on the structural and morphological
properties along this plane is investigated using different techniques. The degree of
crystallinity, surface roughness, etc. associated with films are observed to depend
strongly on deposition conditions, for example, substrate temperature kept during
deposition. Micro-Raman investigations reveal the presence of an unexpected
phonon mode, E;(LO), in the spectra for films deposited at high temperature where
prominent crystal growth is observed. The presence of the particular phonon mode
observed herewith is due to the nonpolar growth of GaN crystals as well as high
density of defects and/or plasmon coupling present in the films. Strong near-band-
edge emission in the photoluminescence spectra for all specimens shows moderate
optical properties of the films. Elemental analysis using X-ray photoelectron spectra
technique confirms the formation of GaN phase for all specimens.

1. Introduction

Among other group IT1-nitride semiconductor materials, gallium
nitride (GaN) has received considerable attention for fabricating
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optical devices mainly in the UV region.”
Along with this for fabricating a number of
electronic gadgets, for example, high-power
and high-frequency devices,”! high-speed
data transmitters,”! high-voltage switching
devices,*! etc., extensive use of GaN is
also well known. This demonstrates that
GaN as a material has not only received
special attention by the scientific commu-
nity but also acknowledged due to its com-
mercial importance. It's high electron
saturation  velocity (=1 x 10" cms™Y),
greater breakdown field than the Si1¥
and sustainability to work at high operating
temperatures are key to realize such appli-
cations. The material has a wide bandgap of
3.4 eV at 300 K. Excellent solubility with
the other I1I-nitride semiconductor materi-
als especially InN and AIN has enabled
researchers to tune the bandgap of a mate-
rial as per requirement. Hence in the past few years, GaN is
extensively used to fabricate optoelectronic devices such as
high-power light-emitting diodes.”! Most of these devices are
demonstrated using epitaxial films of GaN grown along c-axis,
that is,! orientation. The performance and the efficiency of these
devices mainly depend on the quality growth of GaN films with
suitable dopants incorporated to have better control on its physi-
cal properties. Mostly epitaxial growth of GaN on GaN substrate
is preferred but it is extremely expensive. Hence, epitaxial growth
of GaN on low-cost substrates, for example, sapphire, S, etc., for its
commercial uses is justifiable. To grow epitaxial films of GaN on
sapphire conventional methods, for example, molecular beam
epitaxy (MBE)") metal-organic chemical vapor deposition
(MOCVD),®! atomic layer deposition (ALD),”) metal-organic
vapor-phase epitaxy (MOVPE)!' are preferably used due to their
due advantages. The use of a pulsed laser deposition (PLD) for
growing GaN films is also demonstrated, taking its unique capa-
bilities into consideration.!'**? However, it is observed that
optoelectronic devices fabricated using c-plane GaN suffer from
piezoelectric polarization effect, affecting the carrier recombination
lifetime and quantum efficiency of devices known as quantum con-
ferment Stark effect."®! Avoiding the Stark effect quality growth of
GaN films along nonpolar surfaces is suggested. Hence, research-
ers are intensively studying the growth of GaN films along nonpo-
lar surfaces such as m- and a-planes.[*"* Mostly growth of a-plane
GaN using r-plane sapphire, (010) LAO substrate, etc. is widely
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reported using techniques like MBE, MOCVD, MOVPE, PLD,
etc.1618] However there are very few results which report the
s-plane growth of GaN™! especially on ¢-ALOs substrate.

This has motivated the current research work with two clear
aims. First, we intend to study the growth of quality GaN films
along the s-plane using c-AO3 substrate using PLD techuique.
Second, the quality of the film by investigating the film structur-
ally, morphologically, optically, electrically, and chemically using
respective techniques is confirmed.

2. Results and Discussion

Figure 1a shows the X-ray diffractogram of GaN films deposited
with varying substrate temperaiures.

The peak positioned at 41.9° observed in all diffractograms is
from the sapphire substrate used to grow films. Along with the
substrate peak, two more peaks positioned at 38.29° and 58.89°
are observed. These peaks can be assigned to the (1011) and
(1120) crystallographic planes of wurtzite GaN (JCPDS card
no: 79-2499), respectively. The result thus confirms the nonpolar
growth of GaN on the polar plane of Al,O3. The crystallographic
planes observed herewith, that is, (10T1) and (1120), that is,
s-plane and a-plane of wurtzite GaN, are schematized as
Figure 1b. The structural information, that is, stress, grain sizes,

www.pss-b.com

etc., extracted from the X-ray diffractogram is shown in Table 1.
Both these crystallographic planes are observed to suffer from
dissimilar stress. One of the reasons to develop residual stresses
can be lattice mismatched (~13%) in between the film and sub-
strate used ') When the (1011) crystallographic plane was exam-
ined, the tensile stress is observed to develop, which is further
observed to increase with increase in substrate/growth tempera-
ture. It is believed that the tensile stress is developed in the films
when the growth is suffered by the dislocation retraction caused
by the environment, that is, template used and the temperature
provided to grow the film.?*?! The dependence of tensile stress
on the substrate temperature observed herewith suggests that the
thermal expansion coefficient of the GaN film along the (1011)
crystallographic plane must be larger than the substrate’s crystal-
lographic orientation under consideration.”? On the other hand,
when (1120) crystallographic plane was examined, the compres-
sive stress is observed to develop. Relaxed stress observed here-
with for films deposited at high temperature once again is dueto
the dislocation retraction only.m] However in this case, the ther-
mal expansion coefficient of the film along a-plane is smaller
than the crystallographic plane of the substrate under consider-
ation. Since the stress developed in the films along particular
crystallographic planes is different, it also observed to restrict
the grain growth along particular orientations. Table 1 shows
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Figure 1. a) X-ray diffractogram recorded on GaN film deposited on c-ALO
crystal structure with different crystallographic planes.

Tabl

, substrate with varying growth temperature. b} Schematics of wurtzite GaN

e 1. Lattice parameters extracted for (1071) and (1120) crystallographic planes of GaN using X-ray diffractogram (FWHM: full-width at half-
maximum).
Growth GaN crystallographic planes Surface
Temp. [°C] = =
(10T) i.e., s-plane (1120) i.e., a-plane radghincss [rif]
207 dvalue [} FWHM[] Grain size [nm]  Stress (%] 20[] d value [] FWHM [] Stress [%]  Grain size [nm]
500 38.23 2.354 0.294 270 —-8.41 58.80 1.570 0.955 37.34 85 7.200
600 38.28 2.351 0.246 320 —8.29 58.89 1.568 0.677 37.50 115 3.829
700 38.33 2.343 ().25'{p rt.f_S'IE'vo as —8.17 58.99 1.566 0.635 37.67 125 8.524
oty
300 33.29 2.350 0.34 7 ) %S -8.15 58.96 1.566 0.609 37.67 130 8.754
O
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grain sizes calculated using Debay’s formula for s-plane and
a-plane, respectively. From values listed in the table, it is clear
that the grain sizes calculated for s-plane are observed to be dou-
bled than the a-plane. The reason may lie on the type of residual
stress that produces dissimilar deformations in the films defin-
ing diverse grain boundaries, microcracks, etc.

To confirm the morphology associated with the deposited GaN
films, atomic force microscopy (AFM) images were recorded at
various places on the surface of each film and a set is presented
as Figure 2. From the morphological investigation, it is clear that
growth temperature plays a vital role in modifying the degree of
crystallinity and the surface roughness associated with the film.
Smallest grain growth can be clearly seen from the AFM image
(i.e., Figure 2a,b) recorded on the film deposited at 500 °C. With
increase in substrate temperature, the grain sizes are increased
to enlarge further. From 3D images, it is clear that the crystals that
grew herewith are elongated, shaped like rice grains, making some
angle with the substrate surface. The shape of crystals and its
growth direction observed herewith assure nonpolar growth of
GaN on the substrate as claimed. Film growth along particular crys-
tallographic orientations is also observed to affect the surface rough-
ness. Table 1 lists the overall surface roughness estimated from
these AFM images. The film having larger grain growth (i.e., film
deposited at 600 °C) along s-plane is observed to have the lowest
RMS roughness value as compared with the other. We believe that
the development of residual stress, microstructural defects present
at the film, and substrate interface may be the reasons to promote
the crystal growth along s-plane mainly.

From the structural and morphological investigations, we con-
firmed that the GaN films grown herewith on ¢-Al;0; substrate
are wurtzite (space group: C_6v) in nature. As per group theory,
the optical phonon modes, that is, various lattice vibrations for
wurtzite GaN, are predicted as

Lopt = Ay + 2By + E; +2E; (1)
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Among them Bl mode is Raman inactive and others are
Raman active. Due to the polar nature of the A; and E; modes,
they further split into longitudinal optical (LO) and transverse
optical (TO) modes.*"! As per the Raman selection rule and using
the backscattered geometry to record the Raman spectra, the most
expected modes appeared in spectra are EL¥ positionedat
~143cm™!, A at~ 540cm™!, and ES#" at & 579cm=121 To
confirm the effect of growth temperature and crystallographic ori-
entation observed herewith on these modes, room-temperature
micro-Raman spectra were recorded. Figure 3 presents the super-
imposed micro-Raman spectra recorded on all specimens.

Multiple phonon peaks positioned at 417, 430, 448, 576, and
749 cm ™" are observed in the Raman spectra (Figure 3) recorded
for all specimens. The peaks can be assigned to various Raman
modes as predicated for wurtzite GaN.**! However, most of
these peaks match with the Raman modes predicted for
single-crystal sapphire and hence can be assigned to sapphire
(i.e., substrate used) as well (marked in Figure 3). The sapphire
has a corundum crystal structure belonging to the space
group Dy*!, where E, and A;; modes are Raman active,*%¢)
As per the extensive study reported by Porto and Krishann on
the “Raman effect of corundum,” the E, phonon modes (peaks
positioned at 576 and 749 cm™" in Figure 3) of sapphire show
weak presence in the spectra when the spectra are recorded using
right-angle-scattered (i.e.,, Z(XZ)Y) geometry.””! Bearing in
mind the nonpolar growth of films observed in our case, one
can assign these particular peaks with the E"#" and F;(LO) pho-
non modes of wurtzite GaN respectively though the spectra are
recorded in backscattered geometry.?®*°., To confirm their ori-
gin, we have decided to study these peaks further. The extended
Raman spectra of these particular peaks are compared with the
peaks observed from bare substrate.

For the Raman peak observed at 576 cm™" (Figure 4a), the
peak position as well as intensity recorded for GaN/substrate
as well as substrate is observed almost the same. Hence the peak

Figure 2. AFM images of GaN film deposited on c-Al,O; substrate with varying the growth tgﬁﬁlﬁ&d’)@& °C, ¢,d) 600°C, e,f) 700°C, and g,h)

800°C.
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Figure 3. Micro-Raman spectra recorded on GaN film deposited on
c-Al;O5 substrate with varying growth temperature.

is reassigned to the E; symmetry of substrate again. However
noticeable changes are recorded with the peak positioned at
750cm™, mainly for GaN film deposited at 600 and 700 °C
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respectively. A conspicuous spike positioned at 745cm™!
(marked using arrow in Figure 4b) is observed along with a pla-
teau positioned at 750 cm ™. The latter peak can be assigned to
the substrate, whereas the spike observed herewith can be
assigned to E;(LO) mode of wurtzite GaN mainly observed when
Raman spectra are recorded using the angled geometry.%3!,
Figure 4c shows the vibrational eigenvector model of the four
atoms in a unit cell of GaN for E{(LO) mode. Knowing the fact
that the presence of E; mode is not allowed when the Raman
spectra are recorded on the c-plane GaN crystals using backscat-
tered geometry,’"! the observed results are of importance. We
believe that the mode observed herewith is due to the prominent
growth of nonpolar GaN crystals that give an exactly similar sit-
uation like Raman spectra recorded using angled geometry. It is
very difficult to analyze the observed mode further as the Raman
signal is too weak. However, the appearance of E;(LO) mode in
Raman spectra is related to the high density of defects®” and/or
plasmon coupling present in films.**! Investigating this mode, ¢

one can actually comment about the degree of disorder/stress

present in the films, the thermal moment of charge carriers,
the collisions that can occur within the lattice, defects created,
and many more.” Previous investigations on n-type GaN mate-
rial proved that the LO mode has a close relationship with the
carrier concentration (< 10"%cm™* arising due to the defects
present in the crystal) associated with the material.*** To con-
firm the same, we tried to measure the electrical properties.
However, due to high resistivity associated with films, it was dif:
ficult for us to measure the electrical properties, that is, mobility,
carrier concentration, etc. using the present setup. Table 2 shows
the resistivity values recorded for all specimens. We believe that
the high resistivity associated with films is due to the nonpolar
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Figure 4. Superimposed micro-Ramac ﬁ'éaecag GaN film deposited on c-Al,O; substrate with varying growth temperature for peaks posi-

tioned at a) 576 cm™", b) 749 cm™!
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Table 2. Two-probe resistivity measurements of GaN films.

[sr] No. Substrate Temp. ['C] Resistivity [Qem ™|
1 500 7.464 % 104
2 600 6.259 x 10*
3 700 4,059 x 104
4 800 5.248 x 104

growth of GaN films reported herewith. It has been reported that
the nonpolar growth of GaN particularly on sapphire substrate is
observed to have a high amount of dislocations densities, stack-
ing faults, prismatic stacking faults, etc""'*>* However, to
know the exact role of film growth, further investigations are
needed, which is beyond the scope of present article.

To confirm the effect of substrate temperature on the optical
properties of GaN films, room-temperature PL measurements
were recorded and are presented in Figure 5. For all specimens,
the spectra recorded herewith can be categorized to have UV and
visible emissions. A sharp UV peak positioned at ~3.35eV
observed for all specimens is due to the NBE emissions reported
for GaN.B”! The UV peak is observed to have slight redshift
(=0.02 eV) with increase in the substrate/growth temperature.
One of the reasons to have such shifts with the NBE is the struc-
tural defects associated with the films.*® As discussed earlier,
the difference in between the thermal expansion coefficients
of film and substrate is reported to produce various defects at
the interface especially when films are deposited/grown at high
temperature.”!! Along with the NBE, such defects are also
reported to alter the visible emissions. Concerning visible emis-
sion in our case, the film deposited at 500 °C showed prominent
emissions within a range from 475 to 590 nm, recognized as yel-
low emission. The major sources to produce yellow emission are
reported as dislocations, defects, and/or gallium vacancies present

800°C
E T 1 T T 1 T 1 T 1] T ¥ T 5
700°C
5
)
.'é' T T T T T T T T T ¥
§ 600°C
=
T T T T T T T T T T T T
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Figure 5. Room-temperature PL spectra recorde?gn GqN pgsifed
on ¢-Al,O; substrate with varying growth tempe d &33 &?g
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in the films.?**Y Along with yellow emission, some films (films
deposited at 500, 600, and 700°C) also showed weak ernission
present in the region starting from 385 to 450 nm. These emis-
sions are known as the characteristic blue emissions of GaN.**
The presence of blue emissions in GaN films is attributed to
the optical transitions from the Cg, donor level to the Cy acceptor
level, indicating the presence of carbon impurities in the
films**** Thus the blue emissions observed in all specimens
suggest the presence of carbon in the films. However, by extremely
low yellow and blue emissions recorded herewith as compared
with the strong NBE peak for all specimens, we can definitely
claim that the quality growth of nonpolar GaN films on the
polar surface of the substrate, that is, c-Al;O3 using PLD is also
possible.

Further, to investigate the elemental composition associated
with the specimens, XPS were recorded. Figure 6 present the
high resolution Ga 2p, O 1s, N 1s and C 1s photoelectron spectra
recorded on the GaN films deposited at 500, 600, 700 and 800 °C,
respectively.

For all specimens, the Ga 2p core-level spectra identify doublet
peaks positioned at 1118 +0.2 and 1144 £ 0.2 eV, respectively.
The peaks can be attributed to Ga 2ps;; and Ga 2pyp from
Ga—N bonding, respectively.*! Separation in between these
peaks is observed at ~:28.84 + 0.01 eV confirming the bonding
in between Ga and N.I*® Due to the asymmetric nature of the
O1s peak observed for all specimens (Figure 6), each spectra
are deconvoluted into multiple peaks. The deconvoluted peaks
are observed to be centered at 530.5:+0.2, 531.5+0.2, and
532.8 & 0.2 eV respectively. The peak positioned at 530.5 =0.2eV
can be attributed to the O-Al bond from the substrate used, that is,
ALO3,[*547) whereas the peak observed at 531.5+ 0.2 eV can be
attributed to chemisorbed oxygen atom that may be present on
the film surface.l*® The former peak observed herewith is mostly
due to films that were exposed to air before analysis. The peak
positioned at 532.8 £ 0.2 eV can be attributed to multiple compo-
nents for, for example, O*~ bonding state, oxygen in the hydroxyl
group, and/or O=C bonds at the GaN film surfaces.*”) Similar like
O1s spectra, the specira recorded for Nis for all specimens are
observed to be asymmetric in nature. Hence all spectra are decon-
voluted into multiple peaks. The deconvoluted peaks are observed
to be centered at 397.240.2, 399.1+0.2, 4008 £04, and
402.3 % 0.5 eV, respectively. The peak positioned at 397.2 + 0.2 eV
can be assigned to Ga-N binding,*® whereas other peaks
(positioned at 399.1+ 0.2 and 400.8 4 0.4 eV) can be attributed
to various N-H groups.® The presence of a peak positioned at
~2402 €V is debatable. In literature, the peak with binding energy
more than 401.5 eV is attributed to the molecular nitrogen formed
during the oxidation of nitrides which are already formed®'~>* or
with the graphitic-N (i.e., sp>hybridized C=N).****| To confirm the
presence of carbon in GaN films further, we have decided to decon-
volute all C1s spectra as well. The deconvoluted peaks are observed
to be centered at 283.75 4 0.2, 284.68 0.2, and 286.6 £ 0.5¢€V,
respectively. The peak positioned at 283.75 + 0.2 eV can be attrib-
uted to the C—Ga bond formation, whereas peaks positioned at
284.68 + 0.2 and 286.6 £ 0.5eV can be attributed to the C=C
and C=N bond formation respectively.*>*® Thus the presence
of C=N species observed herewith suggests the possibility of
carbon being chemically bonded to the GaN crystals. The XPS
result observed herewith justifies the blue emission observed in
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Figure 6. High-resolution XPS spectra recorded for Ga 2p, O 1s, N 1s, and C 1s species for GaN film deposited at a) 500, b) 600, c) 700, and d) 800 °C,

respectively.

the PL specira which are claimed due to the presence of
carbon-related impurities present in the films. Table 3 lists the per-
centage concentration calculated of particular species along with
others.
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increase with increase in substrate temperature. Hence the pos-
sibility of film surfaces (especially deposited at high temperature)
being oxidized during the cooling process, that is, conditions
kept during slow cooling, in our case, cannot be ignored. This
may lead to the formation of gallium oxynitride at the surface
of the films grown herewith.
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Table 3. Elemental composition of various species present in the GaN films deposited with varying substrate temperatures.

GaN film
deposited at [*C]

Various components of GaN films Distance between Ga 2ps;;

and Ga 2ps); peaks [eV]

O 1s peak position [eV] (% composition) N 1s peak position [eV] (% composition)

500 53096 (50.75) 531.52 (37.34) 532.84 (11.91) 397.39 (24.29) 399.31 (25.61) 400.38 (31.66) 402.52 (18.44) 26.84
600 53096 (57.85) 531.71 (35.33) 532.99 (6.82) 397.01 (17.61) 399.05 (26.96) 401.09 (36.06) 403.12 (19.37) 26.85
700 531.25 (58.49) 532.03 (28.03) 533.07 (13.48) 397.21 (24.22) 398.86 (14.89) 400.4 (25.27)  402.24 (35.62) 26.84
800 53047 (51.05) 53112 (37.65) 53230 (11.30) 396.47 (19.71) 398.11 (19.07) 399.84 (27.71) 401.52 (33.51) 26.85

3. Conclusion

The growth of GaN films on c-Al,O; substrate is demonstrated
using PLD. The structural, morphological investigations con-
firmed that the growth of GaN films is along nonpolar crystallo-
graphic planes (i.e., s-plane and a-plane) on the substrate having
a polar crystallographic plane. The degree of crystallinity, surface
roughness, etc. associated with the films observed depends on
the substrate/growth temperature kept during deposition. The
unexpected E,(LO) mode observed in the Raman specira can
be attributed to the nonpolar growth of GaN crystals, advising
the presence of high density of defects and/or plasmon coupling
associated with films. High electrical resistivity measured for all
specimen further supports the fact of having a high amount of
dislocation densities, stacking faults, prismatic stacking faults,
etc. associated with films. Extremely low-visible emissions as com-
pared with the strong NBE emission recorded for all specimens
are remarkable, The formation of GaN is also confirmed using
XPS technique. However the substrate temperature used to grow
these films of gallium oxynitride at the film surface is observed
due to the cooling procedure used. Overall, the results reported
herewith show that PLD can be the technique to produce nonpla-
nar GaN films on the polar surface of the Al,O; substrates.

4. Experimental Section

For the growth of GaN thin films, gallium nitride target (purity 99.99%)
was mounted in the deposition chamber for ablation using KrF excimer
laser (A= 248 nm, energy density =3 cm™2, pulse width= 9 ns, repeti-
tion rate = 10 Hz, deposition duration = 20 min.). Prior to the deposition,
c-cut sapphire substrate used as a template to grow films was ultrasoni-
cally degreased in trichloroethylene, acetone, and methanol for five
minutes each and finally dried using a nitrogen jet. A cleaned substrate
was then mounted on the substrate holder placed inside the deposition
chamber parallel to the target surface by adjusting the distance of 4cm in
between. The deposition chamber was then evacuated to the base pres-
sure of 1x 107 Torr using a turbomolecular pump backed up by scroll
pump. To investigate the role of temperature on the quality of film, dep-
ositions were carried out by varying the substrate temperatures as 500,
600, 700, and 800 °C respectively, keeping rest of the deposition param-
eters same. To avoid texturing/pitting of the target surface while ablating
it, the target was rotated at a speed of 10 rpm. All depositions were carried
by maintaining the chamber pressure of 1 x 10™* Torr by adjusting con-
tinuous flow (10 SCCM) of high-purity (99.999%) nitrogen gas. After each
deposition, the substrate with deposits was slowly cooled to room tem-
perature in the presence of nitrogen gas ambient maintained at atmo-
spheric pressure. The X-ray diffractometer (XRD, Make: Brucker, Model:
D8 Discover Plus) and atomic force microscope (Make: Brucker, Model:
Dimension) that operated in contact mode were used to investigate the
films structurally and morphologically. A micro-Raman spectrometer

Phys. Status Solidi B 2023, 2200587

(Make: Renishaw, Model: inVia) operated in backscattered i.e.,
Z(X, —)Z geometry was used to investigate the lattice vibrations at the
microscopic level for the films. For this, Ar-ion laser (A= 514 nm, output
power =5 mW, spot size = 1 pm) was used as an excitation source. The
electrical measurements, that is, resistivity of specimens, were measured
using two-probe geometry making indium contacts on the film surface. To
investigate optical properties of films, photoluminescence (PL) spectra
were recorded at room temperature using PL spectrometer (Make:
Horiba Fluoralog FL3) equipped with a photomultiplier tube. For this,
monochromatic light having wavelength of 330 nm obtained from the
xenon lamp was used as an excitation source, Finally, to confirm the chem-
ical environment on films, X-ray photoelectron spectra (XPS) were
recorded using a photoelectron spectrometer (Make: SPECS Surface
Nano Analysis GmbH, Germany) calibrated by Au 4f;, line positioned
at 83.8eV. Mg Ka radiation (1253.61eV) was used for ejecting the
photoelectrons from specimens. For thorough elemental analysis, high-
resolution XPS were corrected with C1s line, that is, 284.6 eV, and decon-
voluted into multiple peaks using Shirley-type baseline with the mixed
Gaussian and Lorentzian line-shape profile.
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