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N-polar GaN film was obtained by using a high-temperature AIN buffer layer. It was found that the polarity could
be inverted by a thin low-temperature AIN interlayer with the same V/III ratio as that of the high-temperature AIN layer.
Continuing to increase the V/III ratio of the low-temperature AIN interlayer, the Ga-polarity of GaN film was inverted to
N-polarity again but the crystal quality and surface roughness of GaN film greatly deteriorated. Finally, we analyzed the
chemical environment of the AIN layer by x-ray photoelectron spectroscopy (XPS), which provides a new direction for the

control of GaN polarity.

Keywords: semiconductors, III-V semiconductors, chemistry of MOCVD and other vapor deposition meth-

ods
PACS: 78.55.Cr, 61.82.Fk, 71.55.Eq, 82.33.Ya

1. Introduction

Gallium nitride (GaN) and related materials are very
promising with broader application prospects in the areas of
ultraviolet and deep ultraviolet detectors, high electron mobil-
ity transistors, blue-green light emitting diodes, and so on.!!!
The polarity of GaN films includes Ga polarity, N polar-
ity, non-polarity and semi-polarity. The most commonly and
widely used Ga-polar GaN is the easiest to grow and the crys-
tal quality is the best. N-polar GaN is attracting more atten-
tion because of its multiple potentials in reducing efficiency
droop and threshold current density of laser diodes,?! enhanc-
ing the incorporation of indium into InGaN multiple quantum
wells.3! The polarity control of GaN films is a very impor-
tant problem. N-polar GaN template can be initially inverted
to Ga polarity by a 10 nm LT AIN interlayer,[*! AIN/AIO,
interlayer,® or trimethylaluminum preflow in MOCVD.!!
Stolyarchuk et al. also intentionally inverted the polarity of
N-polar AIN film by oxygen treatment.!”) We realized the
growth of high-quality N-polar GaN films on sapphire sub-
strate by a high temperature (HT) AIN buffer layer with high
V/III (> 10000) ratio,®! and then found that a thin low temper-
ature (LT) AIN interlayer can achieve polarity inversion, but a
low temperature GaN interlayer cannot.!°! However, the polar-
ity inversion mechanism of the LT AIN layer is not clear. In
this paper, we found that the V/III ratio of LT AIN interlayer
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is pivotal for the control of polarity, and explored the effect of
LT AIN interlayer with different V/III ratios on the quality of
subsequent GaN film in detail.

2. Experiment

GaN films were grown on vicinal sapphire substrates with
a misorientation angle of 2° toward M axis (labeled as 2M)
using an Aixtron close-coupled showerhead MOCVD system.
Trimethylgallium (TMGa), trimethylaluminum (TMAI) were
used as group III sources and ammonia (NH3) was used as
group V source, hydrogen was used as carrier gas. The sap-
phire substrates were baked 7 min under H, atmosphere to
wipe off impurities on the surface. HT AIN with a thick-
ness of 100 nm was grown at the temperature of 1050 °C.
The flow rates of TMAI and NH3 source were 136 sccm and
12000 sccm, respectively. Then, for sample A, a 1.5 um HT
GaN layer was grown directly on the AIN buffer layer at a
temperature of 1020 °C. For samples B and C, a thin LT AIN
interlayer (about 10 nm) with different V/III ratio was grown
at a temperature of 700 °C just after the growth of HT AIN
layer. Finally, a 1.5 pm GaN layer was grown with the same
condition as sample A. Schematic diagrams of samples A-C
are shown in Fig. 1 and the growth condition of the LT AIN
interlayer is shown in Table 1.
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Fig. 1. Schematic diagrams of samples A-C.

Table 1. The source flow rates of LT AIN interlayer.

Sample TMAL NH;3; V/II ratio
A * & &
B 136 12000 11760
C 100 24000 32000

The growth process was monitored by in situ reflectance
spectrum, the surface morphology of these samples was char-
acterized by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The crystal quality of the GaN lay-
ers was measured by HRXRD. To get the mechanism of po-
larity inversion, the growth process was interrupted after the
AIN layer and these three interrupted samples were studied by
x-ray photoelectron spectroscopy (XPS) and AFM.

3. Results and discussion

To monitor the growth process of nitrides in real time,
an in situ reflectance spectrum was carried out and the result
is shown in Fig. 2. The wavelength of the laser was 633 nm
and the direction of laser light was perpendicular to the sur-
face of the wafer. For samples A and B, the reflectance oscil-

lated directly at the beginning of GaN layer growth, indicating
a two-dimensional growth mode. However, the amplitude of
sample B decreased dramatically, implying a rougher surface
morphology. It was interesting that the reflectance of sample C
decreased abruptly to about zero and then increased gradually.
This was a common phenomenon of roughening-recovery pro-
cess in the growth of Ga-polar GaN materials.
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Fig. 2. In situ reflectance spectrums of samples A—C.
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Fig. 3. (a)-(c) SEM images of samples A—C after hot KOH solution corrosion and (d)—(f) (002) x-ray rocking curve comparison before and

after corrosion.
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To verify the polarity, these samples were put into hot
(80 °C) KOH (1 mol/L) solution for 10 min. It is well known
that N-polar GaN film can be corroded easily by OH™ but Ga-
polar GaN film cannot.['” The corrosion results are shown in
Fig. 3. There were several hexagonal pyramids on the surface
of samples A and C after corrosion. However, the surface of
sample B was still smooth. The (002) x-ray rocking curves
were measured before and after KOH solution corrosion, re-
spectively. After corrosion, the intensity of rocking curve of
samples A and C declined evidently. However, for sample B,
the XRD intensity remained unchanged. This result implies
that samples A and C were mostly corroded off but sample B
remained stable. Thus, samples A and C were N-polar and
sample B was Ga-polar.

To evaluate the crystal quality, HRXRD was carried out
and the (002)/(102) rocking curves were measured as shown in
Fig. 4. The full-width-at-half-maximum of (002)/(102) rock-
ing curve reflects screw and edge dislocation density. Sam-
ple A has the lowest dislocation density, with screw and edge
dislocation densities in the order of 103 ¢cm? and 10° ¢cm?, re-
spectively. A LT AIN interlayer could deteriorate the crys-
tal quality while the LT AIN interlayer with lower V/III ratio
could invert the polarity of the subsequent GaN layer from N
polarity to Ga polarity. Figure 5 shows the x-ray reciprocal-
space-mapping (RSM) results of (002) plane of samples A—C.
It can be seen that the insertion of LT AIN layer with differ-
ent V/III ratio makes the (002) mapping broad along both g,_,
and ¢, axis with different levels. Although LT AIN interlayer
with high V/III ratio can inhibit the inversion of N-polarity, it
leads to a large broadening in the g,_, axis, implying serious
tilt and short lateral coherence length.!'!! The LT AIN inter-
layer with low V/III ratio not only broadens (002) mapping on
the g,y axis but also broadens a lot on the ¢, axis, which re-
flects the heterogeneity of the spacing between crystal planes
in the C-axis direction.

Figure 6 shows the AFM results of three samples. Sam-
ple A had not only the best crystal quality but also the lowest
surface roughness. The surface roughness of sample C was
the highest, which was consistent with the analysis of the in
situ reflectance results above. The polarity of sample B was
inverted to Ga polarity, the surface bulge changed from saw-
tooth of N-polar GaN film to more rounded humps, which is
related to the misorientation angle of the substrate. The sur-
face of the inverted Ga-polar GaN film grown on the C-plane
substrate without misorientation angle had reached the atomic
level of roughness, as shown in our previous work.[’!
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Fig. 4. The (002)/(102) x-ray rocking curve results of samples A—C.
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Fig. 5. X-ray RSM images of (002) plane of samples A—C.
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Fig. 6. AFM images (20x20 um?) of samples A—C.
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To get more details of the AIN buffer layer, the growth
was interrupted just before the GaN layer growth and the sam-
ples were measured by AFM, as shown in Fig. 7, and XPS,
as shown in Fig. 8. After the growth of 100 nm HT AIN,
many islands appeared on the surface of sample A, as shown
in Figs. 7(a) and 7(d). These islands varied in size and were
spaced widely from one island to another. The surface of
sample C was also covered with many islands, as shown in
Figs. 7(b) and 7(e). However, the islands of sample C were
smaller, more uniform in size, and more densely distributed
than those of sample A. At the beginning of GaN layer growth,
these islands grew and began to coalesce, a lot of dislocations
originated from the island coalescence boundary.!'?! There-
fore, smaller and denser islands will have more dislocations,

—18.3 nm
Height

explaining why sample C has more dislocation than sample A.
It was interesting that no islands appeared on the surface of
sample C, while its surface became very flat. As mentioned
above, the polarity of sample B has been inverted to Ga po-
larity by a LT AIN interlayer with low V/III ratio. This phe-
nomenon showed that the inversion occurred during the LT
AIN growth because the atomic diffusion of Ga-polar surface
was higher than that of N-polar surface, and thus formed a
smoother surface. A previous article studied the effect of po-
larity on the morphology of LT GaN buffer layer.!'3! Their re-
sults showed that the surface of N-polar LT GaN buffer layer
was much rougher than that of Ga-polar buffer layer, which is

consistent with our result.
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Fig. 7. The 2D (5x5 pum?), 3D (1x1 pum?) AFM images and statistical analysis of particle height of AIN buffer layers of (a), (d), (g) sample
A; (b), (e), (h) sample B; and (c), (f), (i) sample C interrupted just before HT GaN layer growth.
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Fig. 8. XPS survey spectra of AIN buffer layers of samples A-C inter-
rupted just before HT GaN layer growth.

Figure 8 shows the XPS survey scans of the AIN buffer
layer of three samples and the spectra were calibrated to the
Cj peak at 284.8 eV.I'*! The XPS spectra confirmed that these
AIN buffer layers were mainly composed of aluminum, nitro-
gen, carbon, and oxygen elements. The carbon element was

likely related to carbon-containing impurities originating from
methyl of TMALI source or caused by adsorbed impurities. Due
to the strong affinity between aluminum and oxygen elements,
many oxygen elements were adsorbed on the surface of the
AIN layer.

The atomic percentages of every element are shown in
Table 1. It can be seen that the buffer layer of sample A was
only a high-temperature AIN layer, and the atomic compo-
nents of Al, N and O on the surface were 29.59%, 18.80%,
and 26.22%, respectively. Compared with sample A, sam-
ple B had an extra layer of low-temperature AIN interlayer
with the same growth conditions except temperature. With the
decrease of temperature, the decomposition rate of NH3 de-
creased rapidly, and the N atomic component on the surface
of AIN decreased (17.37%). However, the O atomic compo-
nent which competed to be incorporated into the lattice was in-
creased (28.57%). For sample C, the V/III of low temperature
AIN was continuously increased on the basis of lowering the
temperature, it can be found that the N atomic component on
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the surface of the AIN buffer layer was significantly increased
(19.66%). Moreover, the O component was pressed down to
26.32% by the elevated N component. The higher composition
of O atoms and the lower composition of N atoms promotes
the formation of AlyO3N7 structure, thus realizing the reversal
of nitrogen polarity. !

Table 2. Atomic percentage of samples A—C.

Atomic (%) Sample A Sample B Sample C
Al 29.59 30.01 30.53
N 18.80 17.37 19.66
(0) 26.22 28.57 26.32
C 25.40 24.05 23.49

4. Conclusion

The AIN buffer layer with high temperature and high
V/III ratio can realize the epitaxial growth of high-quality N-
polar GaN films. When the temperature decreases, the decom-
position rate of NH3 decreases rapidly, and the N/O element
ratio drops sharply, resulting in more O atoms incorporated
into the crystal lattice, thereby forming an Al309N; atomic
structure that can lead to polarity inversion. Greatly increas-
ing the V/III ratio can effectively increase the N/O element
ratio in the reaction chamber, inhibiting the incorporation of O
atoms into the crystal lattice, thereby maintaining the N polar-
ity of the GaN film. In addition, the LT AIN interlayer would
deteriorate the crystal quality and surface roughness of GaN
films.
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