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Improvement of (11-22) GaN on m-Plane Sapphire With CrN
Interlayer by Using Molecular Beam Epitaxy
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This study investigates the crystalline quality, surface, and optical properties of semi-polar GaN (11 2 2) grown on m-sapphire sub-
strates with and without a CrN interlayer using molecular beam epitaxy (MBE). The results of the characterization performed by
an X-ray diffraction system, scanning electron microscopy and photoluminescence system, all indicate that the crystalline quality,
threading dislocation, surface morphology and optical properties of (1122) GaN grown with the CrN were superior to those when
CrN was not inserted. Details of defect-related emissions of these two samples were observed and investigated in temperature de-
pendent PL. measurements, with a low temperature PL spectrum. A weak basal stacking fault related (BSF-related) emission at
3.432 eV was observed in these two samples. In comparison, the BSF-related emission peak as a shoulder to the near band edge
(NBE) peaks for the semi-polar GaN grown without CrN was hardly distinguishable at a low temperature.
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Group III-V related nitride semiconductors and their alloys con-
taining Ga, In and Al have great potential for application in visible
and ultraviolet optoelectronic, and high-temperature and high power
electronic devices due to their wide band-gaps and good thermal sta-
bility." In particular, GaN has the advantages of a wide band-gap
(3.4 eV), and excellent chemical and thermal stability. Epitaxial
film quality is of great importance to the success of all nitride-base
optoelectronic devices. However, a large lattice mismatch between
the GaN and sapphire leads to cracks or dislocations in the GaN
films.> Moreover, the induced strain leads to a piezoelectric effect
that reduces the recombination efficiency because the polarization
discontinuities cause band bending due to the quantum confined
Stark effect (QCSE).? Recently, non-polar GaN of m-plane orienta-
tion has offered the potential of improved efficiency®> compared to
devices fabricated with the conventional c-plane GaN orientation.
Therefore, nonpolar and semipolar GaN grown on LiAlO, (100)
(Ref. 6) and SiC (1100) (Ref. 7) substrates have been investigated.
However, none of these substrates possesses all the advantages of
sapphire, which include chemical stability, optical transparent and
low cost. GaN grown on the m-plane sapphire provided an alterna-
tive choice to semi-polar GaN. For example, Baker et al. demon-
strated that the orientation of GaN grown on m-plane sapphire was
along the (1013) or (1122) direction,® and electroluminescence from
semi-polar InGaN/GaN light emitting diodes has shown a reduced
blue-shift with a rising drive current compared to the light emitting
diodes grown on the c-plane sapphire, indicating a reduced polariza-
tion in the active layer.” However, the (1122) plane was observed as
the sidewall plane for V-defects in GaN grown by the MBE sys-
tem,' and these studies demonstrated that nonpolar and semipolar
GaN effectively decreased the piezoelectric effect, and the effi-
ciency was clearly improved. Considering the high cost of the
LiAlO, and SiC substrates, the m-plane sapphire is better choice as
substrates. On the other hand, the surface morphology caused by
these V-defects resulted in a rough surface of the m-plane sapphire
is still to be improved, to improve the rough surface and crystalline
quality of GaN grown on m-plane sapphire, X. Ni et al. reported that
the quality of semi-polar GaN (1122) grown on m-plane sapphire
could be improved by epitaxy lateral overgrowth (ELO).'" Recently,
high quality c-axis GaN epitaxial layers have grown by using CrN
buffer layer, which is due to the lattice constant of the cubic CrN is
between sapphire and GaN,'> For this reason, we expect the crystal-
line quality of the semi-polar GaN grown on CrN/m-plane sapphire
could be increased by inserting the CrN interlayer. In this study, we

* E-mail: changsj@mail.ncku.edu.tw; shengjoueyoung@gmail.com

used CrN as an interlayer between the low temperature GaN (LT-
GaN) and the GaN epilayer. Furthermore, the effect of CrN inserted
was investigated by characterizing the growth orientation and opti-
cal properties.

Experiment

In this study, GaN was deposited on m-sapphire (1010) sub-
strates in a MBE system (SVT ASSOCIATES, INC.) with a radio
frequency (RF) nitrogen plasma source. A discharge power of 350
W and a gas flow rate of 1.2 sccm were used to generate N, plasma
at a background pressure of 1.8 x 10~° Torr. The m-sapphire sub-
strates were initially cleaned, dipped in a 20% HCI solution, rinsed
in de-ionized water, dried in an oven, and placed immediately into
the vacuum chamber of the MBE system to grow a low temperature
GaN (LT-GaN) nucleation layer 30 nm thick. The growth rate was
estimated to have been around 1 nm/min. To form the CrN inter-
layer, the Cr metal was deposited on the LT-GaN nucleation layers
by RF-sputter. The samples were then nitrided in an MBE chamber
prior to the growth of the GaN epilayer. Because the nitridation pro-
cess can occur on the surface with a depth of several nanometers, a
20 nm Cr thin film was deposited on the LT-GaN/m-plane sapphire
template in this study. The Cr-coated LT-GaN template was then
treated with N, plasma at a substrate temperature of 700°C for 30
min in the MBE system. Following the step, the GaN epilayer layer
was grown under gallium-rich conditions directly on top of the nitri-
dated Cr-coated substrate at a temperature of 750°C. The main GaN
epilayers were then grown at a substrate temperature of 750°C for 2
h. The growth rate of the GaN epilayer was typically around 300
nm/h in this study. The surface changes of all samples were moni-
tored by in situ RHEED during growth along the [1122] azimuth.
For comparison, a GaN epilayer grown on an m-sapphire substrate
without CrN interlayers was also prepared. The crystallographic ori-
entation and crystalline quality were examined with X-ray diffrac-
tion (XRD), and an X-ray diffraction rocking curve (XRC), and the
surface morphology was examined by scanning electron microscope
(SEM). The emission properties of semi-polar GaN(1122) grown on
m-plane sapphire were investigated by temperature dependent pho-
toluminescence (PL) measurements, and the photoluminescence
system included a 30 mW He-Cd laser with a wavelength of 365
nm.

Results and Discussion

To determine the crystallographic orientation and crystalline
quality, the as-grown GaN films on m-plane sapphire were examined
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Figure 1. XRD-26 scan for GaN grown on m-plane sapphire, this result
indicated the surface orientation of GaN was (1122)Gn/I(1010)supphire-

by a high-resolution XRD system. Figure 1 shows the XRD 26 scan
spectra of GaN grown on m-plane sapphire without a CrN inter-
layer, the locations of the XRD spectra peaks of the sample with the
CrN interlayer are similar to those samples without a CrN interlayer,
as shown in Fig. 1. The main XRD peaks are 68.67 and 68.92°,
which corresponded to sapphire (3030) and GaN (1122), respec-
tively.® It should be noted that the surface orientation relationship of
GaN  was  (1122)ganll(1010)gapphires  Which — corresponded  with
Ref. 11. However, because the resolution was too low to identifiy
the crystalline quality of these two samples by an XRD 26 scan, the
peaks of GaN (1122) were examined by a high resolution double
crystal XRD system. Figure 2a shows the results of the high resolu-
tion ®-20 scan of GaN (1122) reflection. The FWHM of the sample
with and without the CrN inserting layer were 332 and 670 arcsec,
respectively. The improvement of the semi-polar GaN crystalline
quality and the reduction of the stacking fault may result from the
stress relaxation by inserting the CrN layer,'®'* because the CrN
has a lattice constant between GaN and sapphire. However, ®-20 is
not typically determined by the bowing of the thick films due to re-
sidual stress, so a symmetric X-ray rocking curve was employed to
confirm the threading dislocation. Figures 2b and 2c show the
results of the on-axis (1122) rocking direction along the sapphire c-
axis (0001) and the a-axis (1210) reflections, respectively. While
semi-polar GaN grown with an inserted CrN layer shows lower
FWHMs of only 1614 and 2058 arcsec measured in the correspond-
ing direction, the FWHM values of semi-polar GaN grown without
inserting a CrN layer are 3616 and 2628 arcsec, respectively. It is
reasonable to speculate the threading dislocation and residual stress
of semi-polar GaN may be reduced by inserting the CrN layer,'>"'*
regardless of the dislocations is along the (0001)gpphire Or the
(1010)gapphire direction. The reason why the dislocation is reduced is
that CrN can effectively mask the propagation of the dislocations by
bending the dislocation directions. For the epilayer grown with an
inserted layer of CrN, the comparatively narrow distribution of crys-
talline tilt indicated that a relatively high level of crystalline quality
from the FWHM shows less anisotropy in the in-axis mosaic with
the inserted CrN. This anisotropic behavior is caused by the aniso-
tropic growth, and is mostly related to the distribution of unavoid-
able defects. The isotropic structure can be expected to exhibit
nonpolar or semi-polar growth with the crystalline quality improved
by the inserted CrN.

Because the XRD and XRC system cannot identify the surface
morphology, SEM was employed to inspect the surface of these
two samples, and the morphology plan-views of the samples
with and without CrN are shown in Figs. 3a and 3b, respectively.
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Figure 2. (Color online) (a) ®-20 scan (b) ® scan//c-axis (c) ® scan//a-axis
of symmetrical GaN (1122) grown with and without CrN inserted CrN.

Figure 3a is indicative of a rough morphology with V-shaped fea-
tures that are oriented along the c-axis direction of the sapphire,
and threading dislocation pits located at the corners of V-shaped
features.'! It is worth noting that these V-shaped features not only
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provide a morphological anisotropy, but may also reflect the den-
sity of the basal-plane stacking faults. In contrast, as showed in Fig.
3b, a similar result to previous nonpolar GaN thin films'> and slate-
like patterns is clearly observed on the surface of the sample with
the inserted CrN. The striated direction was parallel to the c-axis
direction, and the V-shaped features were replaced by a slate-like
pattern, meaning that the basal-plane stacking faults decreased
when the CrN was inserted. It also implies that the insertion of CrN
can improve the surface roughness. Using atomic force microscope
(AFM), the surface root-mean-square (RMS) roughnesses of non-
polar GaN with and without the inserted CrN were 4.8 nm and
8.5 nm, respectively.

Further evidence of the improvement in the crystallinity by
inserting CrN was measured using photoluminescence (PL) at 20 K.
Figure 4 shows the low-temperature PL spectra of semi-polar GaN
with and without inserting the layer of CrN. The spectra of GaN
(1122) film without the inserted CrN showed three main emission
bands located at 3.472, 3.432 and 3.291 eV. The 3.472 eV emission
band, according to previous results of non-polar GaN, may corre-
spond with the common GaN near bandedge emission (NBE).'® The
3.432 emission band was attributed to a type /; basal-plane stacking
fault (BSF), and the 3.291 eV emission band was due to impurities
in the partial dislocation, and the mechanism of emission was due to
donor-acceptor pair (DAP) emission.'” Compared to GaN grown
without the inserted CrN, a slight red-shift around 2 meV in the
NBE peak energy with the inserted CrN was observed. This red-
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Figure 4. (Color online) Low temperature PL spectra of (1122) GaN grown
on m-sapphire with and without CrN.

Figure 3. SEM images of semi-polar
GaN (1122) (a) without CrN inserted (“V-
shape defects” has been marked by dashed
line) (b) with CrN inserted.

shift of the NBE in the GaN grown with the inserted CrN may be
attributed to the partial relief of the compressive stress during the
growth process. Notably, the BSF-related peaks from the GaN with
and without the inserted CrN were located at 3.432 and 3.438 eV,
respectively, and exhibited a blue-shift of around 6 meV. A similar
result has been reported in Ref. 19, which found that BSF-related
emissions may arise from bundles of BSF. However, considering
the different spatial distribution of BSF, the blue-shift does not
reflect the strain variation.

The PL results also corroborated the XRC result for GaN grown
with and without the inserted CrN; the FWHM of the NBE peaks of
GaN grown with and without the inserted CrN is 22.4 and 27.78
meV, respectively. This narrow emission indicated that the crystal-
line quality of semi-polar GaN was improved by inserting CrN. For
the GaN grown without the inserted CrN, the intensity of BSF emis-
sion is similar to NBE emission. On the contrary, the BSF emission
appears as a shoulder of the NBE peak, and the relative intensity
between BSF and NBE emissions in the GaN grown with the
inserted CrN had greatly decreased, this behavior indicated that
the crystallographic defect density had reduced. We speculate that
the different lattice structure of the CrN nanoislands reduce the
compressive stress, lead to the formation of BSF may be inhibited.

To investigate the optical properties of semi-polar GaN (1122),
we performed a detailed study of these two samples with tempera-
ture dependent PL ranging from 20 to 300 K. For clarity, the tem-
perature dependence of the observed PL signal, and the normalized
PL intensity of GaN with and without the inserted CrN are shown
in Figs. 5a and 5b. These two spectra clearly show that there was
an apparent decrease in intensity and red shift for the NBE as the
temperature increased, and both spectra of these two samples were
similar at room temperature. However, the PL intensity of semi-
polar GaN grown with inserted CrN was ten times larger than GaN
grown without the inserted CrN at room temperatures, which prob-
ably originated from the ameliorated crystalline quality of GaN,
owing to the rough surface of deteriorated crystalline quality scat-
tered part of PL signal. In Fig. 5b, the BSF-related emission
decreased faster than NBE as the temperature increased. This result
was in agreement with the previous study in a-plane GaN.'® On the
other hand, the BSF related emission turned into a shoulder above
40 K and disappearing above a temperature of approximately
120 K. Nevertheless, the NBE peak remained up to room tempera-
ture and dominated the PL spectra. A similar behavior occurred in
GaN grown with the inserted CrN. In Fig. 5a, the difference was
that the NBE peak dominated the PL spectra at 20 K. T. B. Wei et
al. found that the BSF-related emission was due to the peak that
arises from the recombination of exictions bound to /;-BSF at a
lower temperature, and that the peak was due to the thermally
induced electrons delocalized from the BSF at a higher tempera-
ture.'® In contrast, the BSF-related emission in the PL spectra of
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Figure 5. (Color online) Temperature dependent PL spectra of (1122) GaN
(a) with CrN inserted (b) without CrN inserted.

the semi-polar GaN grown with the inserted CrN was relatively
lower and the NBE peak at the lower temperature was due to the
BSF reduced by the improved crystalline quality.

Finally, the temperature dependence of the peak energy position
of the NBE, BSF-related emission and DAP-related emission of
semi-polar GaN grown with and without the inserted CrN are shown
in Figs. 6a and 6b. The NBE peak follows Varshni’s formula,
Ey(T) :Eg(O)—ocTz/(B +T), where Ey(T) is the corresponding
energy at 0 K, and o and B are known as the Varshini’s formula
thermal coefficient and the Debye temperature. The best fit was
obtained with o =6.7 x 10™* and 6.7 x 10~* eV/K and B =820 and
930 K for semi-polar GaN grown with and without the inserted
CrN, respectively. Both of these values were within the range
reported by the previous study.'®° In Fig. 6a, it is worth noting
that the position of the BSF-related emission has typical S-shaped of
temperature dependence, this S-shaped behavior indicates that the
3.432 eV emissions arise from localized excitons, these excitons are
bound in the stacking fault.'® On the other hand, the DAP-related
peak at 3.291 eV is rapidly quenched and it is difficult to identify at
60 and 120 K for semi-polar GaN grown with and without the
inserted CrN, respectively. T. B. Wei et al. speculated that the holes
delocalize from the BSF which are re-captured by defects,?® may be
threading dislocations, Ga-vacancies or N-vacancies in low quality
GaN. In addition, because of the defects reduced by CrN being
inserted, DAP-related emissions only persists up to 60 K.

Journal of The Electrochemical Society, 158 (10) H983-H987 (2011)

(a) 350
3.48 4 = NBE
3.46.] L LT

344 4

342

340 .

3.38 4

AAAAAAAAAA,

3.36 -

3435

osition (eV)

3.34 S 4u
. 3324 Tom

:éé 3304 g
¢ e
328 *%%.°%

Saan

3

£ 3430

™
3.26 g a4z

3428
3.24 - 10 20 30 40 S0 60 70 80 90 100 110 120 130
Temperature (K)

Pe

L DL B DL L L DL L L DL DL DL DL LA B B |
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
Temperature (K)

(b) 350
3484 = NBE

2.46.] [A]BSF
o anm e DAP-related
344 el b

3'42.‘ AAAAAAAAL LN ]

340
3.38 o
3.36-‘ 3427

3.34 o 3426

4

3'32"' S3ansf

3.30 o

e0%eCgy400, * Ssa2)
*

3.28

Peak position (eV)

342

BSF Peak position (eV)

3.26 =

3422
3.24 4 10 20 30 40 50 60 70 80 90 100 110
4 Temperature(K)

rTrrrfryrrrrrrryrrrrrrrrrrrt Trirvrrey
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Temperature (K)

Figure 6. (Color online) Peak energy position of NBE, DAP-related emis-
sion and DAP-related emission from the (1122) GaN grown (a) with CrN
inserted (b) without CrN inserted.

Conclusion

In conclusion, we have demonstrated the growth of semi-polar
GaN (1122) on an m-plane sapphire substrate with a CrN interlayer.
The influence of the inserted CrN on the crystalline quality and the
dislocations has been demonstrated by an HR-XRD system. The
results of the ®-26 scan indicate that the stacking fault was inhibited
by the inserted CrN. The results of the XRC w-scan indicate that
threading dislocations were suppressed due to the different lattice
structures of CrN tending to block the threading dislocations. Fur-
ther evidence of an improvement in crystalline quality was provided
by the surface morphology of the SEM images. The V-shaped
defects on the semi-polar GaN were eliminated due to the stacking
faults being reduced. Because of the temperature dependent PL
measurements, three emission mechanisms, NBE (3.472 eV), BSF-
related (3.432 eV) and DAP-related (3.291 eV), were observed in
low temperature and temperature dependent PL measurements of
semi-polar GaN grown with and without the CrN interlayer. PL
measurements provided further evidence of crystalline quality
improvement with the inserted CrN.
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