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We utilized in-situ grown SiNx insertion mask to improve the quality of N-polar GaN ﬁlms on sapphire
substrates by metal-organic chemical vapor deposition. The inﬂuences of deposition time and position of SiNx
insertion mask were studied. Under the optimal SiNx mask growth conditions, the full width at half maximum
values of (0002) and (1012) XRD rocking curves of N-polar GaN ﬁlms are decreased to 88″ and 172″,
respectively. Simultaneously, Raman spectroscopy measurements reveal that SiNx mask can also reduce the
tensile residual stress of N-polar GaN ﬁlms. In addition, the electrical and optical properties of N-polar GaN
ﬁlms with and without SiNx insertion mask were investigated by temperature dependent Hall and photoluminescence measurements. It is found that N-polar GaN ﬁlm with SiNx insertion mask has lower background
carrier concentration, higher mobility and lower nonradiative recombination rate.

1. Introduction
GaN and its In and Al alloys are widely used in light emitting
diodes, laser diodes, and electronic devices due to their superior
physical properties. Because of the polar asymmetry, the ﬁlms grown
along the c-axis have two diﬀerent polarities, Ga-polar (0001) and Npolar (0001). So far, the majority of nitride devices are based on Gapolar GaN. N-polar GaN attracts more and more attention recently
because its unique advantages in some respects over Ga-polar GaN. For
example, N-polar LEDs have potential in mitigating eﬃciency droop
because they can provide a higher potential barrier against carrier
overﬂow [1]. Enhanced indium incorporation into N-polar InGaN ﬁlms
was observed as compared to the corresponding Ga-polar InGaN [2]. In
addition, N-polar GaN high-electron-mobility transistors with enhancement mode operation have been reported [3]. However, the
development of N-polar devices is limited by its poor crystal quality.
The defects density, such as the density of threading dislocations (TDs)
and the concentration of oxygen impurity, is typically higher than that
of Ga-polar GaN [4,5]. Epitaxial lateral overgrowth (ELOG) is a
suitable technique for improving the quality of epitaxial ﬁlms, which
has been proved in Ga-polar GaN [6,7]. Recently, Song et al. also
applied ELOG technique successfully in N-polar GaN by using SiO2 as
the mask [8]. In this study, we used in-situ deposited SiNx as the mask
of ELOG to improve N-polar GaN ﬁlms quality. By optimizing the
deposition time and position of SiNx insertion mask, TDs density and
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residual stress of GaN ﬁlms decrease signiﬁcantly. In addition, N-polar
GaN ﬁlms with the optimized SiNx insertion mask demonstrate lower
background carrier concentration, higher mobility and lower nonradiative recombination rate.
2. Experiments
Unintentionally doped N-polar GaN ﬁlms were grown on sapphire
substrate by using AIXTRON CCS 3×2˝ FT MOCVD system. The
growth process is described as follows. After cleaned in H2 atmosphere
for 5 min at 1100 °C, sapphire substrate was nitrided at 1060 °C in a
mixture of NH3 (2 slm) and N2 (6 slm) for 180 s. A ~10 nm thick GaN
buﬀer was grown at 560 °C by using Triethylgallium (TEGa) and NH3.
Then, 2 µm thick N-polar GaN ﬁlm with SiNx mask was grown at
1080 °C using trimethylgallium (TMGa) as group III source. SiNx was
in-situ inserted using silane (SiH4) and NH3 at 1050 °C during the
interruption of GaN growth. Two series of GaN ﬁlms with same
thicknesses were grown with diﬀerent inserted deposition times and
positions of SiNx. In series I, SiNx mask was inserted after the growth of
300 nm thick GaN. The deposition times of SiNx varied from 30 s to
180 s. In series II, the position of SiNx mask was changed. The SiNx
masks were inserted after the growth of 100 nm, 300 nm and 500 nm
GaN, respectively. For comparison, N-polar GaN without SiNx mask
was also prepared, named as Sample A. The polarity of GaN ﬁlm was
ascertained by wet etching with KOH solution (8 mol/L) for 10 min at
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Fig. 1. SEM images of the surface morphologies of as grown (a) and KOH etched (b) N-polar GaN ﬁlms with SiNx insertion mask.

40 °C. The surface morphology was characterized by ﬁeld emission
scanning electron microscopy (SEM; Jeol-7500F). X-ray diﬀractometer
(XRD; Rigaku Ultima IV) and Raman spectroscopy (Renishaw, inVia)
were used to examine the crystallinity and stress, respectively. The
electrical properties of GaN ﬁlms with and without SiNx insertion mask
were investigated by Hall eﬀect measurements (ACCENT HL5500PC,
UK). The Ohmic contacts were processed by using indium metal
combined with rapid thermal annealing. The optical properties were
investigated by photoluminescence (PL) measurements with a He–Cd
laser (325 nm, 25 mW) as an excitation source.

curve correlate with the screw dislocation density and the edge
dislocation density, respectively [10]. The reduction of (0002) and
(1012) FWHM values in the sample indicates that both screw and edge
dislocation densities decrease. It has been reported that the dislocations can terminate or bend at SiNx mask [11]. Therefore, the decrease
of screw and edge dislocation density in the sample can be attributed to
the blocking eﬀect of SiNx insertion mask to dislocation. Further, a
longer deposition time can lead to a larger SiNx-covering area and
means that more dislocations are blocked. This is the reason that the
FWHM value of (1012) further decreases as SiNx deposition time
increases from 30 s to 120 s. At the same time, the low-level and nearly
constant FWHM value of (0002) indicates the screw dislocation density
is enough low and it has been basically blocked by SiNx mask. In
addition, when the deposition time of SiNx is longer than 120 s, the
surface of sample becomes very rough [shown in the inset of Fig. 2(a)]
because the regrown GaN ﬁlm cannot coalesce. Therefore, we can
decide that the optimum deposition time of SiNx insertion mask for Npolar GaN is 120 s. Fig. 2(b) shows the peak positions of Raman
spectra E2(high) mode for GaN ﬁlms in series I. In the relaxed bulk
GaN, the E2(high) mode peak position is 568 cm−1[12]. Relative to the
peak position of relaxed GaN, the peak positions of all the samples in
series I show red shift. Moreover, the peak position of E2(high) mode
gradually closes to 568 cm−1 with disposition time of SiNx increasing.
The peak shift of E2(high) mode is mainly inﬂuenced by strain and it
can be used as an indicator for the strain state in the ﬁlm [13]. The red
shift of E2(high) mode suggests that all the samples in series I are
aﬀected by tensile stress. Furthermore, the change of peak position
indicates the tensile residual stress in GaN ﬁlm decreases with the
increase of SiNx deposition time. This changing trend is same as that of

3. Results and discussion
Fig. 1 shows the surface SEM images of as-grown and KOH etched
N-polar GaN ﬁlms with SiNx insertion mask. Compared with the
smooth surface of the as-grown ﬁlm shown in Fig. 1(a), hexagonal
pyramids are observed on the surface of the etched ﬁlm in Fig. 1(b). It
has been demonstrated that the reaction to KOH solution occur only on
N-polar GaN [9]. This indicates that GaN ﬁlms with SiNx mask are still
N-polar and SiNx insertion mask does not induce polarity inversion.
Fig. 2(a) shows the full width at half maximum (FWHM) values of
XRD rocking curves of (0002) and (1012) planes of GaN in series I.
Zero point on horizontal axis represents the deposition time of SiNx
mask is 0 s. When SiNx deposition time increases to 30 s, the FWHM
values of (0002) and (1012) reduce signiﬁcantly from 144″ and 743″ to
99″ and 212″, respectively. As the deposition time further increases to
120 s, the FWHM value of (101̄2) decreases to 171″, however, the
FWHM value of (0002) is basically unchanged, maintaining at a low
level of 90–100″. The FWHM values of (0002) and (1012) rocking

Fig. 2. XRD rocking curves FWHMs (a) and peak positions of Raman spectra E2(high) mode (b) of N-polar GaN ﬁlms with SiNx insertion mask depending on the deposition time of SiNx
mask. Insert in (a) shows SEM image of the surface morphology of N-polar GaN ﬁlm with SiNx deposition time of 180 s.
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Fig. 3. XRD rocking curves FWHMs (a) and peak positions of Raman spectra E2(high) mode (b) of N-polar GaN ﬁlms with SiNx insertion mask depending on the deposition position of
SiNx mask.

with the consequence of the edge dislocation density. To better
appreciate the stress state in the ﬁlm, the stress value σ is calculated
by the following equation [15]:

the FWHM value of (1012) XRD rocking curve. Therefore, we conclude
that the tensile residual stress in GaN ﬁlms can be eﬀectively relaxed by
reducing the density of edge dislocation. A similar result has also been
demonstrated by other group [14].
Fig. 3(a) shows the FWHM values of XRD rocking curves of GaN in
series II. The lowest FWHM value of (1012) is obtained in the sample,
the SiNx mask of which is inserted after the growth of 300 nm GaN,
named as Sample B. However, the FWHM values of (0002) are nearly
the same in the three samples with SiNx insertion in diﬀerent position.
The FWHM values of (0002) and (1012) of Sample B are 88″ and 172″,
respectively. Moram et al. [10] showed that the FWHM values of
(0002) and (101̄2) rocking curves could be described as following
equations:

β(0002)=βs

(1)

2
β(1012)
=(βscos 43. 19)2 +(βesin 43. 19)2

(2)

Δω = kσ
where Δω is the peak shift value of Raman spectra, and k is the stress
factor. The residual stress results for all samples involved in this article
are listed in the Table 1. According to above discussion, the optimum
position of SiNx for N-polar GaN ﬁlms is inserting it after growth of
300 nm GaN ﬁlm.
Temperature dependent Hall measurements were carried out to
compare the electrical characteristic of Sample A and B. As shown in
Fig. 4(a), the electron concentration of Sample A is temperatureindependent, which suggests that Sample A is a degenerate semiconductor. However, Sample B shows a lower electron concentration and a
classic donor freeze-out eﬀect. It has been reported that the dominated
impurity in N-polar GaN is oxygen atoms, which can substitute for
nitrogen sites and act as shallow donors [5]. The TDs can be served as
diﬀusion paths of oxygen from Al2O3 substrate [16]. Therefore, we
think that the decrease of electron concentration in Sample B might be
attributed to the reducing of unintentional doped oxygen concentration, which is caused by the lessening of threading dislocation density.
Fig. 4(b) shows temperature-dependent Hall mobilities of these two
samples. Sample B has a higher mobility and its mobility decreases
with the increase of temperature. However, the mobility of Sample A
slowly increases with the change of temperature. The dominant
scattering mechanisms for the carriers in GaN ﬁlms can be divided
into two type: phonon scattering, such as polar optical phonon
scattering, acoustic phonon scattering and piezoelectric scattering,
and defect scattering, such as ionized impurity and dislocation
scattering [17]. The eﬀect of phonon scattering increases with temperature increasing, while that of defect scattering decreases with
temperature increasing [18]. According to the diﬀerent variation trends
of mobilities in two samples, we can speculate that the dominated
scattering mechanisms of these two samples are diﬀerent. In Sample A,
the mobility increasing with the increase of temperature implies that
the dominated scattering mechanism is defect scattering. The opposite
change trend of mobility in Sample B means that the dominated
scattering mechanism is phonon scattering. In above discussion, we
have proved that the TDs density and ionized-donor concentration of
Sample B are much fewer than these of Sample A. Therefore, we
conclude that the change of dominated scattering mechanism in
Sample B can be attributed to the decrease of defect scattering. At
the same time, that is also the reason for a higher mobility in Sample B.
Fig. 5 shows the low temperature PL spectra of Sample A and B at
10 K. The spectrum of Sample A shows a UV band at 3.476 eV,
attributed to donor-bound exciton emission [19]. However, in the

where βs and βe are the contributions of screw and edge dislocations to
FWHM values of rocking curves. If the TDs are randomly distributed,
the density of TDs can be calculated by the following equation:

ρs =βs2 /4. 35bs2

(3)

35be2

(4)

ρe =βe2 /4.

where ρs and ρe are the densities of screw and edge dislocations, bs and
be are the Burgers vectors of screw and edge dislocations, respectively.
According to Eqs. (1–4), the densities of screw and edge dislocations
are estimated and listed in the Table 1. Compared to that of Sample A,
the N-polar GaN sample without SiNx mask, the screw and edge
dislocations densities of Sample B reduce by 2.4 and 20 times,
respectively. Fig. 3(b) shows the peak positions of Raman spectra
E2(high) mode for GaN ﬁlms in Series II. The peak position of Sample
B has the smallest red-shift value in Series II, which means that the
least tensile residual stress exists in Sample B. This result is consistent
Table 1
The list of dislocation density and residual stress results for all samples.
SiNx mask

SiNx mask

position/nm

growth
time/s

—
300
300
300
100
500

—
30
60
120
120
120

Screw
dislocation
density/cm−2

Edge dislocation
density/cm

3.8×107
1.8×107
1.6×107
1.6×107
1.8×107
1.5×107

5.8×109
6.4×108
5.0×108
2.9×108
4.5×108
4.9×108

Residual
stress/GPa

−2

0.33
0.29
0.19
0.09
0.23
0.19
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Fig. 4. Temperature dependent electron concentration (a) and Hall mobility (b) of Sample A and B.

carrier concentration and higher mobility. PL spectra show that the
optical properties of N-polar GaN ﬁlm with SiNx insertion mask are
improved observably.
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