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We investigated the quantum dots-templated growth of a (0001) GaN film on a c-plane sapphire substrate. The

growth was carried out in a radio-frequency molecular beam epitaxy system. The enlargement and coalescence of grains

on the GaN quantum dots template was observed in the atom force microscopy images, as well as the more ideal surface

morphology of the GaN epitaxial film on the quantum dots template compared with the one on the AIN buffer. The Ga

polarity was confirmed by the reflected high energy electron diffraction patterns and the Raman spectra. The significant

strain relaxation in the quantum dots-templated GaN film was calculated based on the Raman spectra and the X-ray

rocking curves. Meanwhile, the threading dislocation density in the quantum dots-templated film was estimated to

be 7.1 x 107 cm~2, which was significantly suppressed compared with that of the AIN-buffered GaN film. The room-

temperature Hall measurement showed an electron mobility of up to 1860 cm?/V -s in the two-dimensional electron gas

at the interface of the Alg 25Gag.75N/GaN heterojunction.
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1. Introduction

The GaN material has potential applications
in optical devices as well as high-power and high-
frequency electronic devices due to its wide bandgap,
high thermal conductivity, and the high saturation ve-
locity of electrons,['~3! which has attracted great in-
terest in the past two decades. While great progress
has been made in the growth of high quality ma-
terials, further developments in this area are neces-
sary in order to provide wafers that have Ga polarity,
smooth surfaces, and low density threading disloca-
tions (TDs).!*]

Due to the lack of suitable substrates, nitride epi-
taxial layers are generally grown on SiC or sapphire
wafers. Many researchers have demonstrated that
GaN films grown on c-plane sapphire substrates show
Ga polarity with the employing of high-temperature
AIN buffer layers.[5=8 However, due to the significant
biaxial strain caused by the substantial mismatch in

the lattice constant and thermal conductivity between

DOI: 10.1088/1674-1056,/21/10/108101

the substrate and the epitaxial layer, lattice defects
such as TDs will be incorporated. These lattice de-
fects have been reported to be electrically active and
can therefore contribute to trapping and recombina-
tion within the device structure, leading to the degra-
dation in the output characteristics of the device.[:10

To reduce the biaxial strain and eliminate the
lattice defects of GaN films, many practical meth-
ods have been applied. For example, the methods
based on the epitaxial lateral overgrowth (ELO) have
been commonly used to obtain high quality GaN
films.''=13] However, the ELO fabrication is compli-
cated in the photolithography step. Moreover, unin-
tentionally incorporated carbon impurities will result
in the decline of the crystal quality. Recently, the
nanoscale epitaxial lateral overgrowth (NELO) of GaN
films on nanoscale arrays has shown its superiority in
suppressing the TD density, since the nanoscale ar-
rays act as a strain-relaxed buffer for the lateral over-
growth of low-TD-density GaN epitaxial layers with-

out any interruption during the growth.['*=16 Never-
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theless, the nanoscale arrays in most reports were pre-
pared by using the metal-catalyzed vapor—liquid—solid
mode. The metal catalyst droplets were deposited on
the substrates prior to the growth, and they were likely
to be buried in the GaN films during the lateral over-
growth, which might affect the device properties.[*] In
order to resolve this problem, it is necessary to develop
an in-situ growth method without any pre-treatments
and growth interruptions.

Quantum dots (QDs) may be a suitable candi-
date. On the one hand, defect-free QDs can be easily
fabricated by using the self-assembled method, and no
metal catalyst is needed; on the other hand, the forma-
tion of QDs will lead to strain relaxation.'7=19 That
is to say, the epitaxial growth on QDs will benefit from
the strain relaxation and not suffer from any growth
interruption. In this study, we report on the growth
of GaN epitaxial layers on a self-assembled GaN QDs
template by radio-frequency molecular beam epitaxy
(RF-MBE). The influences of the GaN QDs template
on the surface morphologies, biaxial strains, TD den-
sities, and electrical properties of the GaN epitaxial
layers are studied.

2. Experimental details

GaN layers were grown on 2-inch (0001) sapphire
substrates by RF-MBE in a modified Varian GEN-II
system. The Ga and Al fluxes were supplied by stan-
dard effusion cells. Electrically neutral nitrogen atoms
were obtained from an SVTA radio-frequency plasma-
assisted source (Model 4.35) with a 700-V voltage
used to deflect the active nitrogen ions. The inten-
sity of the nitrogen atom beam was evaluated based
on the plasma photocurrent measured by a detector.
Following the degasification at 900 °C, the substrate
was nitridated at 200 °C for 1 h, and the nitrogen
plasma source power and photocurrent were fixed at
300 W and 16 pA, respectively. A 100-nm thick AIN
buffer layer was then deposited at 850 °C with the
growth interruption modulation of the Al cell under a
fixed nitrogen plasma source power and photocurrent
of 180 W and 8 pA, respectively. The Al flux was
kept at 2.6 x 10~7 Torr (1 Torr = 1.33322 x 102 Pa)
with the computer-controlled shutter open and closed
periodically. The growth time was 30 s and the an-
nealing time was 10 s in one period. Then the sub-
strate temperature was lowered to 780 °C, and GaN
QDs were grown through the modified S-K mode.

In this mode, 5-monolayers (MLs) GaN was first de-
posited under Ga-rich conditions. At this step, the
Ga flux was fixed at 4 x 10~7 Torr; and the nitro-
gen plasma source power and photocurrent were in-
creased to 300 W and 16 pA, respectively. Afterwards,
a growth interruption was carried out for the evap-
oration of excess Ga and the subsequent rearrange-
ment of the two-dimensional (2D) layer into three-
dimensional (3D) dots. Finally, under constant nitro-
gen flux and temperature, the Ga flux was increased
to 8 x 10~7 Torr for the growth of GaN films.

In order to study the effect of the growth du-
ration on the surface morphology, a series of sam-
ples with different growth times were synthesized.
Meanwhile, another sample of the same thickness
was directly deposited on the AIN buffer for com-
parison with the QDs-templated samples. Addition-
ally, Alg25Gag75N/GaN heterojunctions were pre-
pared with a 30-nm-thick Alyo5Gag 75N barrier layer
each deposited on the QDs-templated and the AIN-
buffered GaN films.

The surface morphology was characterized by a
Veeco AutoProbe CP using atom force microscopy
(AFM). X-ray rocking curves (XRCs) were measured
using a Philips X’pert diffractormeter (X’pert-pro
MPD) with Cu K, radiation. Raman analysis was
carried out in back scattering geometry at room tem-
perature (RT) using the polarized 514.5-nm line of an
argon-ion laser in an LABRAM-HR system.

3. Results and discussion

The reflection high-energy electron diffraction
(RHEED) patterns observed during the growth are
shown in Fig. 1. As shown in Fig. 1(a), the streaky
1x1 RHEED pattern (top) of the as-grown AIN buffer
layer is dim for the thin Al adlayer and Al droplets
on the surface. The RHEED pattern (bottom) be-
comes brighter when annealing in the N plasma, which
is attributed to the sufficient diffusion of Al atoms
and the reaction between Al and N atoms on the
In this case, the surface of the AIN buffer
layer is smooth, and no Al droplets are found. Addi-

surface.

tionally, the RHEED pattern maintains streaks 1 x 1
when the Al flux is closed, revealing the Al polarity
of the AIN buffer layer, which ensures the Ga polar-
ity of the following GaN film. Figure 1(b) shows a
streaky 1x1 RHEED pattern (top), which indicates
the two-dimensional (2D) growth mode of the 5-ML

108101-2



Chin. Phys. B Vol. 21, No. 10 (2012) 108101

GaN layer. The pattern transforms to a spotty one
(bottom) during the growth interruption, indicating
the transition to three-dimensional (3D) growth mode
of GaN QDs.['718] The RHEED pattern of the QDs-
templated GaN layer is shown in Fig. 1(c). A brighter
streaky 2x2 pattern with dim 1/2-order streaks is ob-
served once the sample temperature drops to about
400 °C. The 2 x 2 reconstruction keeps visible with
the further decrease of temperature to RT, revealing
the Ga polarity of the GaN film.

— ‘
Fig. 1. RHEED patterns of the AIN buffer layer, GaN
QDs template, and GaN film: (a) the as-grown AIN buffer
layer (top) and the buffer layer in-situ annealing (bottom);
(b) a 5-ML-thick GaN layer (top) and GaN QDs (bottom);

(c) the as-grown QDs-templated GaN film (top) and the
GaN film in-situ annealing at 400 °C (bottom).

Surface morphologies obtained by AFM are
shown in Figs. 2(a)-2(d).
1 um x 1 pm image of the GaN QDs template (sample
A). High density GaN QDs are observed with average
diameter and height estimated to be 16 nm and 4 nm,

Figure 2(a) displays a

respectively. For the initial 10-min growth (sample B),
near hexagon shaped grains are observed, as shown in
Fig. 2(b), indicating the lateral growth on QDs. The

average diameter and height of the grains are esti-
mated to be 78 nm and 17 nm, respectively, thus the
horizontal and the vertical growth rates are approxi-
mately 3 nm and 1.3 nm per minute, respectively. The
dominant lateral growth is attributed to the higher
growth rate on the QD facets of high index planes

compared to the c-plane.['”]

It is noteworthy that only
part of the QDs display lateral growth, which may
be attributed to the different deposition modes of the
QDs. Most GaN QDs are likely to be preferentially
located at TDs originated from the AIN buffer due to
their low energies as nucleation sites, while a minor-
ity may also nucleate in areas that are free of TDs.['%]
The QDs at TDs tend to grow faster than the TD-free
ones due to the lower energy cost associated with the
When
the growth time is extended to 30 min, as shown in
Fig. 2(c), the QDs located at TDs grow into higher
and larger grains, and the grains coalesce and cover
the TD-free QDs. The average diameter of the larger

grains is about 1.5 um, while the thickness is about

addition of atoms to a strain-relaxed lattice.

300 nm. Nevertheless, a considerable number of pits
are still observed. The 5 um x 5 um AFM image of a
800-nm-thick GaN film grown for 60 min (sample D) is
shown in Fig. 3(d), showing a smooth (RMS roughness
= 0.6 nm) and nearly pit-free surface. In contrast, the
pitted surface (RMS roughness = 1.4 nm) of the di-
rectly grown GaN layer (sample E) on the AIN buffer
layer is observed in Fig. 2(e).

110

Fig. 2. AFM images of (a) sample A: the GaN QDs template (1 pm X 1 um), (b) sample B: grown for 10 min (1 pm x 1 pm),

(c) sample C: a 300-nm-thick GaN layer grown for 30 min (5 pm X 5 um), (d) sample D: an 800-nm-thick GaN layer grown
for 60 min (5 pm X 5 pm), and (e) sample E: an 800-nm-thick GaN layer directly grown on AIN buffer (5 pm x 5 pm).
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Fig. 3. The Ex (high) modes observed in the RT Raman
analysis for samples (a) D and (b) E.

The Raman analysis is carried out at RT in a
backscattering geometry with the incident light along
the ¢ axis, which is a —z(y, zy)z geometry. As shown
in Fig. 3 the Eo (high) modes of samples D and E are
observed at 569.308 cm~! and 570.760 cm ™!, respec-
tively, while the standard strain-free value is 569 cm ™!
as reported in Ref. [20]. As Peng et al. presented, the
Es (high) mode can be shifted only by the compressive
stress; meanwhile, the Ga-polar GaN specimens show
compressive stresses, while the tensile stresses exist
in N-polar ones.[!) Accordingly the frequency shifts
in our samples indicate their compressive stresses and
Ga polarity. Goni et al. have reported that the Ra-
man frequency shift Aw obeys the equation

o = Aw/4.24 (GPa), (1)

where o is the biaxial strain.??/ Based on Eq. (1),
the in-plane compressive stresses in samples D and E
are estimated at 0.073 GPa and 0.415 GPa, respec-
tively. From the results, we can see that the in-plane
compressive stress is efficiently relaxed in the QDs-
templated growth for sample D.

The XRCs of (0002) symmetry planes and (10-12)
asymmetry planes of samples D and E are shown in
Figs. 4(a) and 4(b), respectively. The peak positions
The
lattice constants are evaluated by Bragg’s law to be
a = 0.31885 nm, ¢ = 0.51854 nm for sample D and
a = 0.31863 nm, ¢ = 0.51872 nm for sample E. The
lattice constants of sample D are very close to those of
the strain-free film (ap = 0.3189 nm, ¢y = 0.5185 nm
reported by Ref. [23]), while larger deviations are dis-

of the curves are given in the figures as well.

covered for sample E. The in-plane biaxial compressive
stress o, in the GaN sample satisfies the relationship

(2)

where M is the biaxial elastic modulus, and ¢, is the

04 = Meg,

in-plane deformation. The in-plane biaxial compres-
sive stress can be calculated by using M = 449 GPa

and £, = (a —ag)/ag.*¥ Therefore, the in-plane biax-
ial compressive stress in samples D and E can be cal-
culated to be 0.070 GPa and 0.380 GPa, respectively,
which are quite consistent with the results obtained
from Raman spectra.
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Fig. 4. XRCs of samples D and E for (a) (0002) symmetry
plane and (b) (10-12) asymmetry planes.

The TD densities in the GaN films are estimated
by the following equations

Dscrew = 5(20002) /(9b§crew)edge = ﬁ(210712) /(9bgdge)7 (3)

where Dgcrew and Deqge are the densities of the screw
and the edge dislocations, respectively, b is the Burg-
ers vector length (bserew = 0.5185 nm and beqge =
03189 nm),2?l Booozy and B(1o—12) are the values of
the full width at half maximum (FWHM) of the (0002)
and (10-12) planes, which reflect the screw and edge
dislocation densities, respectively.l?6=28] The calcu-
lated FWHMSs for the (0002) and (10-12) planes of
sample D are 61.2 arcsec and 180 arcsec, respectively,
while they are 558 arcsec and 1404 arcsec for sample
E, respectively. According to Eq. (3), the TD densities
are evaluated to be

Sample D: Dygrew ~ 4.6 x 10 cm™2, Degge =
6.6 x 107" cm™2, Dps ~ 7.1 x 107 cm™2;

Sample E: Dygew =~ 1.0 x 108 cm™2, Degge =~
5.1 x 10° em™2, Dps =~ 5.2 x 10° cm™2.
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The results show that the edge dislocations are
the major TDs in both samples. The TD density in
the QDs-templated GaN film is significantly reduced
compared with that in the AIN-buffered GaN film.

The decrease of TD density is mainly attributed
to the growth process greatly influenced by the TDs.
The TDs in the GaN epitaxial layer can be classed into
two types, the TDs spreading into the GaN film from
the AIN buffer (type I) and the TDs existing at the
grain boundaries (Type II).1*%2 Type I TDs will be
beside QDs but will never propagate through them,?!
therefore most TDs of Type I cannot reach the sample
surface during the epitaxial process. The QDs beside
the Type I TDs grow into higher and larger grains.
Due to the coalescence of the grains, the boundaries
are significantly reduced, and the density of Type II
TDs decreases.??) Thus, the TD density in the QDs-
templated GaN film is correspondingly decreased.

Based on the QDs-templated GaN sample and
the directly grown GaN sample on the AIN buffer,
the Alp.o5Gag 75N/GaN heterojunctions are also pre-
pared. The measured RT Hall mobility and the 2D
electron gas (2DEG) sheet density are listed in Ta-
ble 1. The carrier mobility increases by about 3 times
for the QDs-templated sample compared to that of the
AlN-buffered sample. The increase in carrier density
is also observed. The mobility up to 1860 cm?/V -s is
attributed to the combined effects of the smooth in-
terface and the decrease of TD related electron traps

and scattering centers. 3%

Table 1. The RT carrier mobility and density of the two-
dimensional electron gas (2DEG).

Alg.25Gag.75N/GaN Carrier density Mobility
heterojunction /1013 cm—2 /(cm2/V -s)
Sample D+Alp.25Gag.75N 1.3 1860
Sample E+Alg.25Gag.75N 1.0 594

4. Conclusion

The GaN QDs template is employed as a strain
relaxed buffer, on which the high quality Ga-polarity
GaN film has been fabricated by RF-MBE. The Ga
polarity of all GaN epitaxial films is confirmed by
RHEED and Raman analysis. The smooth and pit-
free surface of the QDs-templated GaN film is ob-
served by AFM. According to the Raman spectra, the
biaxial compressive stress in the QDs-templated film
is estimated to be 0.071 GPa, which is only about 19%
of the value of the AIN-buffered GaN. Similar values

are also given by XRCs. Compared to the sample di-
rectly deposited on the AIN buffer, the significantly
decreased TD density in the QDs-templated GaN film
is estimated to be D ~ 7.1 x 10”7 ecm~2. The RT
Hall measurement of the Aly25Gag 75N/GaN hetero-
junction based on the QDs-templated GaN film dis-
plays the electron mobility up to 1860 cm?/V -s of
the 2DEG at the interface, which indicates the QDs-
templated growth has a significant improvement on
the GaN film quality.
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