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In this paper, GaN films were grown by hydride vapor phase epitaxy under different ratios of NH3z to
GaCl (V/11I ratio). Secondary ion mass spectrometry measurements of [Si], [O], [C] and [H] were
carried out to analyse the changes in impurities. Molten KOH - NaOH eutectic etching was applied to
reveal changes in the dislocation density. With increasing V/III ratio, [O] and the dislocation density
decrease, while [Si] increases. Further the influence of the V/III ratio on the electrical and optical
properties was examined by Hall and photoluminescence measurements.
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1. INTRODUCTION

Recently, GaN has been widely used in optoelectronic and microelectronic devices such as
ultraviolet and blue light-emitting diodes, visible-blind detectors, lasers and high frequency field effect
transistors [1, 2]. However, due to the shortage of GaN crystal substrates, the electrical and optical
properties of devices are seriously hindered. Hydride vapor phase epitaxy (HVPE) is the main method
for GaN crystal growth and has the advantages of low cost, simplicity and rapid growth speed [3]. GaN
bulk is grown on a c-oriented Al>O3 substrate in most cases. For device applications, both impurities
and dislocations are crucial factors because they directly influence the concentration and mobility of
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carriers as well as the optical properties. The V/III ratio has a strong influence on the quality and
properties of GaN [4]. Several researchers have reported the growth and properties of GaN with
different V/III ratios. In GaN grown by MBE, the point defect density, morphology and electrical
properties are strongly dependent on the growth stoichiometry [5]. The oxygen and Ga vacancy
concentrations increase with decreasing Ga/N ratio. Meanwhile, the electron mobility improves. In
metal organic chemical vapor deposition (MOCVD)-grown GaN, the V/III ratio should be slightly
larger than the desorption rates of N/Ga to acquire high-quality GaN. The yellow emission decreases
with increasing V/III ratio [6]. To our knowledge, there is no systematic study of the effect of /Il on
defects in HVPE GaN. Here, we report the impurities and dislocations of GaN grown by HVPE under
different /Il ratios. Further analyses of how the defects impact the electrical and optical properties
were performed.

2. EXPERIMENTAL

Three GaN films were prepared on 2 inch c-oriented Al,Oz substrates with 3 um MOCVD GaN.
The substrates were commercially purchased. The dislocation density of the MOCVD GaN layers was
~3x108 cm~2, and the surface was quite smooth under SEM at 1000 magnification. GaN films were
grown in a homemade vertical HVPE reactor. The wall of the reactor was a quartz tube with a 4 inch
diameter. The HVPE system contained two zones (the source zone and the deposition zone) with
different temperatures. In the source zone, HCI gas reacted with liquid Ga to form GaCl. Then, GaCl
was transported to the deposition zone, where it reacted with NHz to form GaN. N2 was used as the
carrier gas. GaN films were grown at atmospheric pressure. For the GaN samples, the only difference
was the V/III ratio, which was 10, 20 or 50. Table 1 shows the growth parameters of the GaN films.
The growth rate was proportional to the HCI flow (100 um/h at V/111=10, 50 pm/h at V/I11=20, and 20
um/h at V/111=50). The thickness of all GaN films was 100 um.

Table 1. Growth parameters of GaN.

Growth parameters ~ V/III=1  V/III=2 V/lII=5

0 0 0
HCI (sccm) 100 50 20
NH3 (sccm) 1000 1000 1000

source zone (°C) 820 820 820
deposition zone (°C) 1050 1050 1050

Secondary ion mass spectrometry (SIMS, by EVANS) was adopted to study the impurity
concentration. A Hall effect measurement system (Accent HL5500) was employed to characterize the
electron concentration and mobility. Photoluminescence (PL) measurements were used to detect the
optical properties. The excitation source was a 325 nm He—Cd laser.
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3. RESULTS AND DISCUSSION

Microscope images of GaN films under different /Il with a magnification of 100 are shown
in Fig. 1. When the V/III ratio is 10, the steps are very obvious, and the GaN film has few cracks;
when the V/I1I ratio increases to 20, the steps decrease, the surface flatness improves, and a few cracks
appear. When the V/I11 ratio increases to 50, the steps disappear, and the surface becomes quite smooth.
Meanwhile, cracks increase obviously.
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Figure 1. Microscope images of GaN grown at (a) V/I11=10, (b) V/111=20, and (c) V/111=50.

Fig. 2 depicts the SIMS result of GaN grown under different V/III ratios. As the V/III ratio
increases from 10 to 20 to 50, [Si] increases from 2.2x10%% cm™ to 3.5x10% cm ™ to 4.4x10%* cm™3; [O]
decreases from 2.4x10Y" cm™3to 1.8x10* cm3to 1.5x10'" cm™3; [C] decreases from 6.4x10® cm™2 to
3.8x10'® cm™ and then increases to 7.1x10'® cm™3; and [H] is almost invariant. The quartz
subassembly is the main source of silicon. As the formation energy of Siga is very low, all Si in gas is
incorporated into Ga sites. [7] The growth rate of GaN decreases with increasing V/II1, and the growth
time increases with increasing V/IIl. Hence, more Si is incorporated into the gas, which induces an
increase in silicon impurities. The sources of oxygen in the HVPE system include the (i) quartz
subassembly, (ii) background vacuum pressure, (iii) water impurity of water;, and (iv) Ga source[8].
An increase in GaCl can suppress the volatility of Ga.O3. Hence, the oxygen content increases with
decreasing V/III ratio. Carbon mainly comes from the graphite substrate holder. For unintentional n-
type GaN, Cn is the most favoured configuration for the carbon impurity when present as an
unintentional impurity. [9] The content of C is affected by a decrease in the growth rate and an
increase in N vacancies. When the V/III ratio is small, it is easy for C to incorporate on N sites. An
increase in the V/III ratio reduces the likelihood of the formation of nitrogen vacancies. As the V/III
ratio increases, the incorporation of C on N sites becomes difficult, which induces a decrease in the C
content. With a further increase in the V/III ratio, N vacancies continue to decrease. However, as the
growth rate of GaN decreases, more C is incorporated into the gas. Therefore, the C content becomes
larger again when the V/I1I ratio increases to 50. H mainly comes from NHz gas and H2O in the gas. It
acts as an interstitial atom in the GaN film, as the radius of H> is very small. In addition, Vea is an
important point defect that can affect the electrical and optical properties. According to our earlier
research [3], the Va content decreases with increasing V/III ratio.
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Figure 2. Impurity concentration of GaN grown under different V//111 ratios.

Wet chemical etching is a common method to evaluate dislocations with the advantages of
simplicity and low cost. To compare the dislocation densities in GaN films, we adopted a eutectic
KOH—-NaOH (E) mixture to etch GaN films at 450°C for 5 min.[10] Fig. 3 shows SEM images of
etched GaN films grown under different V/III ratios. When the V/III ratio is 10, the density of the
etching pits is approximately 6.4 x108 cm™2. When the V/II ratio rises to 20, the density of the etching
pits decreases to approximately 2.4 x10%® cm™. The density of the etching pits changes to
approximately 9 x10” cm™2 when the V/III ratio is 50. According to Dai et al. [3], a large /11l ratio
corresponds to a high mobility of Ga and a further rise in the growth speed in the horizontal direction.
In contrast, under a small V/III ratio, owing to the short diffusion length of Ga, the 3D growth mode
dominates, which leads to a high dislocation density. The dislocations are mainly in the c direction,
and the orientations of their Burgers vectors are in keeping with a, ¢ or a+c, corresponding to edge
dislocations, screw dislocations and mixed dislocations. Although an earlier paper predicted that
dislocations had little effect on the electrical properties [11], later calculations indicated that the
formation energies of On, Vca and their complexes are much lower at different positions near
threading-edge dislocations than those of the corresponding defects in bulk GaN [12]. The effect of the
V/III ratio on dislocations is another factor leading to decreases in the O and Vga contents with an
increase in the /111 ratio.

Figure 3. SEM images of E etched films grown at (a) V/111=10, (b) V/I11=20, and (c) V/I11=50.

Table 2 demonstrates the electron concentration and electron mobility of GaN films under
different /11 ratios. According to Table, the electron concentration decreases with increasing V/III
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ratio, while the electron mobility increases with increasing V/III ratio. The changing trend of the
electron concentration has a close connection with the impurities in GaN films. Silicon acts as a
shallow donor in GaN [13] and is widely used as a dopant for n-type GaN. Oxygen is a shallow donor
in GaN. According to theoretical and experimental results, oxygen leads to a high free electron
concentration of GaN [14,15]. In our experiment, [O] is an order of magnitude larger than [Si]. These
concentrations confirm that the high free electron concentration of GaN is due to oxygen. Hydrogen
can easily form complexes with other defects in GaN because of the very low formation energy.
Hydrogen could be bound to Ga vacancies, forming complexes such as (Vea H)?, (Vea H2)", (Vca Hs)
and (Vea Ha)* [16]. The isolated hydrogen atom in n-type GaN exists as H. The Ga vacancy is
negatively charged. There is little chance to form complexes with several H atoms, such as (Vca Ha)
and (Vea Ha)*, since H™ will be repelled by the Ga vacancy[17]. As for (Vea H)* and (Vea Hz)", the
calculated energy levels are close to that of the isolated Ga vacancy[16]. Vaa is a well-known acceptor
in GaN; hence, an increase in [O] causes an increase in the electron concentration. [18] Based on [O]
decreasing with increasing V/I1I ratio, the electron concentration decreases with increasing V/I1I ratio.

Table 2. Carrier concentration and electron mobility of GaN grown under different /111 ratios.

V/III carrier concentration electron mobility
10 2.1x10%cm 65 cm?/V sec
20 1.1x10%cm 2 209 cm?/V sec
50 7.4x10cm 240 cm?/V sec

The electron mobility of GaN can be affected by ionized impurities and dislocations. For an
arbitrary degeneracy of the electron gas, the influence of ionized impurity scattering on the mobility is
given by [19]
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&s IS the static dielectric permittivity, kg is the Boltzmann constant, N+ is the total concentration
of ionized impurities, q is the electronic charge, my is the electron effective mass, 7 is the reduced
Planck constant, E. is the bottom of the conduction band, and Er is the Fermi level. It can be noted
from eq. 1 that the mobility limited by ionized impurities follows an inverse relationship with the
doping concentration.

Dislocations can also impact the electron mobility. For n-type semiconductors, a dislocation
line introduces acceptor centres, which capture electrons from the conduction band [20,21]. The
dislocation line becomes negatively charged while a space charge region forms around it. Due to the
scattering in the space charge region of electrons traversing it, the mobility decreases .The dislocation
line has no scattering effect on electrons traveling parallel to it due to the repulsive potential around the
charged dislocation line. The influence of ionized impurity scattering on the mobility in an n-type
semiconductor is given by [22]
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with the Debye length qn describing the screening and the parameter o+ =(2k,4p)
describing the transverse component of the kinetic energy of the electrons. ¢ is the basal lattice
constant of wurtzite GaN, f is the occupation rate of the acceptor centres, and Ngsi is the dislocation
density. According to eq. 2, the mobility limited by dislocations follows an inverse relationship with
the dislocation density.

As seen from the SIMS and E etching results, the total impurities first decrease and then remain
constant as the V/III ratio increases. Dislocations decrease with increasing V/III ratio. Hence, the
electron mobility increases with the V/III ratio.

Fig. 4 depicts the room temperature PL spectra of GaN films under different V/III ratios. The
abscissa is the emission wavelength, and the ordinate is the luminous intensity. The band edge
emission peak at approximately 362 nm increases and the FWHM of the band edge emission narrows
with increasing V/I1I ratio.
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Figure 4. PL spectra of GaN grown under different /111 ratios.
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These results indicate that GaN grown under a large V/I1I ratio has good structural and optical
properties. The broad peak at approximately 2.2-2.3 eV is well known as yellow luminescence, which
is ubiquitous in n-type GaN. It has been reported that this transition occurs between a shallow donor
and a deep acceptor [23,24], and Ga vacancies were suggested to participate in the luminescence
transition by acting as deep acceptors [25]. As the Ga vacancy content decreases with increasing V/I11
ratio, the intensity of yellow luminescence decreases with increasing V/I1I ratio.

4. CONCLUSIONS

SIMS results reveal the impurity concentration of GaN grown under different V/I1I ratios. With
increasing V/III ratio, [Si] increases while [O] decreases. According to the E etching results, the
dislocations decrease as the V/III ratio increases. The changes in defects in different films affect the
electrical and optical properties. According to the Hall results, the electron concentration decreases
while the electron mobility increases as the V/III ratio increases. According to the PL results, the band
edge emission peak becomes stronger while the yellow luminescence band peak becomes weaker as
the /111 ratio increases.
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