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Abstract: AIN film is deposited on a nanorod ZnO template by metalorganic chemical vapor deposition. Scanning

electron microscopy measurements reveal that this film forms a lying nanorod surface. The grazing incidence X-

ray diffraction further proves that it is entirely a wurtzite AIN structure, and the average size of the crystallite

grains is about 12nm,which is near the ZnO nanorod diameter (30nm). This means that the nanorod ZnO tem-

plate can restrict the AIN lateral overgrowth. Additionally, by etching the ZnO template with H, at high tempera-

tures,we directly achieve epitaxial lift-off during the growth process. Eventually, free-standing AIN nanocrystals

are achieved,and the undamaged area is near lcm X lecm. We define the growth mechanism as a “grow-etch-

merge” process.

Key words: metalorganic vapor phase epitaxy; nanomaterials; nitride

EEACC: 0520F; 2520D

CLC number: 0484.1 Document code: A

1 Introduction

Aluminum nitride (AIN) is a very promising
candidate for ultraviolet optoelectronic devices,
such as UV LDs, UV LEDs, and UV detectors,
which are widely applied in biology,medicine,en-
vironmental detection,and high-density data stor-
age. Because the AIN bandgap is larger than
6. 2eV,these devices’ quantum efficiency is pre-
dicted to be very low. Low dimensional semicon-
ductor structures can greatly improve devices’ op-
toelectronic performance'*). However, because
AIN has a high 2D-growth velocity,it is very dif-
ficult to grow low-dimensional AIN films.

Selective area epitaxy (SAE) is a promising
route for the fabrication of well-defined nano-
structures. And ZnO has an important characteris-
tic: because of its low 2D-growth velocity, ZnO
easily forms a well-aligned nanorod structure with
a diameter from tens of nm to hundreds of nm'*'.
Therefore, it should serve as a natural template
for the SAE growth of low-dimensional AIN
films.

For many novel electronic and optoelectronic
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devices,epitaxial lift-off (ELO) is a key process.
People have performed much research on ELO
processes** . Although laser-induced lift-off is a
relatively mature process.,it still has some defects:
(1) It degrades the film quality and introduces
more defects; and (2) It makes the fabrication
process complex. ZnO has another important
characteristic: it can be decomposed with H, at
high temperatures. In particular,the ZnO nanorod
structure increases the specific surface area so that
the decomposition velocity is enhanced. Thus, by
etching ZnO template, ELO can be achieved dur-
ing growth.

To this end, we have grown AIN films on
nanorod ZnO template with MOCVD. Our re-
search reveals that this process has two distinct
merits: (1) AIN nanocrystals can be obtained; (2)
ELO can be achieved during the growth.

2 Experiment

First,ZnO was directly deposited on c-plane
sapphire by MOCVD at 500C"™'. SEM reveals
that a well-aligned nanorod-structure with a diam-
eter of 30nm and a height of 850nm was formed.
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After being diluted with deionized water, the
nanorod-structure ZnO was placed into another
MOCVD chamber to deposit AIN film. For com-
parison, a c-plane sapphire substrate that had
been pretreated with acid was also placed into the
MOCVD chamber at the same time. Then, with 6
slm pure N, carrier gas, a low-temperature AIN
film (LT-AIN), which commonly acts as the nu-
cleation layer for the next growth step,was depos-
ited on these two substrates (ZnO/Sapphire and
Sapphire) at 550C for 3min. Lastly, we deposited
AIN films at 1100C for 60min. In this process,mi-
cro H, (0.05 slm) was introduced into the cham-
ber to etch ZnO template. After these processes,a
smooth AIN film with a thickness of about 500nm
was obtained on the sapphire, which we labeled
Sample A. However, the AIN film had only a
weak bond with the substrate on the ZnO/Sap-
phire,which caused partial warping on the fringe.
With a simple manual lift-off,a 1lecm X 1cm free-
standing AIN film was achieved,which we labeled
Sample B. With no substrate, this free-standing
AIN film was very fragile. If we had adopted finer
lift-off technology, a larger area free-standing
AIN film could have been obtained.

The surface morphologies of these samples
were characterized by an FEI Sirion-200 field-
emission scanning electron microscope ( FE-
SEM), and accessorial energy dispersive spectra
(EDS) analysis was used to identify elements in
the film. Grazing incidence X-ray diffraction
(GIXRD) was performed to analyze the phases
with an X’ Pert PRO MPD, using incidence angle
of 0. 6". Raman spectra were recorded using a Jo-
bin-Yvon T64000 Raman-scattering spectrometer
at room temperature in the backscattering geome-
try z(x,y)z.The 514. 5nm line of a 500mW Ar +
laser was used for the excitation source.

3 Results and discussion

The directly deposited ZnO formed well-
aligned nanorods 30nm in diameter and 850nm in
length. A surface SEM image is shown in Fig. 1
(a).In Fig. 1(b),Sample B exhibits a nanoneedle-
like surface,which is just like lying nanorods, with
an average diameter of about 40nm. However, in
Fig. 1 (c), Sample A exhibits a smooth surface
with fewer flecks. This discrepancy should be at-

(2)

Fig.1 SEM images (a) Nanorods ZnO template; (b)
Free-standing AIN nanocrystals; (¢) AIN deposited on
sapphire

tributed to the different growth mechanisms: the
AIN deposited on sapphire was grown in a typical
Wolmer-Weber-like mode,and the smooth surface
and flecks correspond to merged islands and un-
merged islands, respectively; however, the process
of AIN deposition on ZnO/sapphire is complex,
and we discuss it further below.

In Fig. 2(a) senergy dispersive spectra (EDS)
reveal that only Al, N, minim C,O and Au were
present in Sample B,and no Zn could be detected.
The C can be attributed to the decomposition of
metalorganic material, and the Au arises from
metal spraying in the SEM measurements. Thus,
we speculate that the ZnO should have been most-
ly decomposed in the growth process. The Zn
evaporated from the films surface,and part of the
O was incorporated into Sample B. This O could
combine with Al or N to form other phases,or act
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Fig.2 (a) EDS spectrum of the free-standing AIN
nanocrystals; (b) SAXRD spectrum of the free-stand-
ing AIN nanocrystals The incidence angle is 0.6".

as an impurity. The grazing incidence X-ray dif-
fraction reveals that the AIN is entirely a wurtzite
AIN structure, as shown in Fig. 2 (b). No other
phases, for example, Al,O,-,, Zn,0O,_,,
Zn,AlL,O,-,-,,Al,N,O,_,_,, etc, were detected.
This also demonstrates that the ZnO was mostly
decomposed and the O did not form a new phase
but acted as an impurity. Additionally, with the
Scherrer formula, the average size of the crystal-
lite grains is calculated to be about 12nm, which is
near the ZnO nanorods’ diameter (30nm). This
means that the ZnO nanorod template restricts
the AIN lateral overgrowth to form AIN nano-
crystals.

Raman measurement results are shown in
Fig. 3. Both Sample A and Sample B exhibit a
clear E, Chigh) phonon mode peak. However, be-
sides the E, (high) phonon mode peak,Sample B
has another A; (TO) phonon mode peak, which
cannot be observed in Sample A. This discrepancy
is attributed to the polar difference between the
A, (TO) and the E, Chigh) phonon mode: the
A, (TO) photo mode has solely C polarization and
cannot be observed along the C axis, whereas the
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Fig.3 Raman spectra of the free-standing AIN nano-
crystals and the AIN deposited on sapphire

E, Chigh) phonon mode is nonpolar'"'. Referring
to single-crystalline AIN Raman spectra at differ-
ent orientations-'*, the Raman spectra of free-
standing AIN nanocrystals are more similar to the
spectra of {0110} facet. This means that in Sample
B, the nanoneedle-like surface is consisted with ly-
ing AIN nanorods,the growth orientation is along
the C axis,and the lateral facet is parallel to the
c-plane of sapphire.

Because the E, (high) phonon mode is nonpo-
lar,it is accurate to use E, Chigh) Raman shift to
calculate the stress in our experiments. The corre-
sponding calculating formulas are listed below,
and the parameters are listed in Table 1.

_ 20,.
A(,U;\ = Za)\sxx + b)\gzz = (2(1)\ - gli b)\)sxx(l)
33
2C3
7w = (Cn ¥ Cuo = T e (2)

For free-strain AIN films,the frequency shift
Aw of the E, (high) phonon mode should be about
655cm 1114 However,in Sample B, this Aw is
657.8cm ™', which corresponds to — 1.10Gpa
compressive stress. In fact, our free-standing AIN
film is warped slightly inward at the fringe,which
means that the film is under compressive stress. It
should be pointed out that the calculated stress
value is inaccurate since we neglected the phonon
confinement effect in the Raman measurements.
As the microcrystal size decreases, the negative
phonon dispersion relaxes the ¢ =0 selection rule,

Table 1 Parameters for calculating biaxial strain
Ci+ Cr Cis Cas a b E» (high) @
/Gpa /Gpa /Gpa /em ™! /em ™1 /em ™!
538 113 370 -877v  -911¥ 655. 1%

a)Ref.[9];b)Ref.[10]
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Fig.4 Sketch map of free-standing AIN nanocrystals growth process

which makes the Raman spectrum redshift'*''.

However,for the free-standing AIN nanocrystals,
the blueshift induced by compressive stress over-
whelms the redshift effect. A similar phenomenon
has also been observed in AIN nanowire deposited

on sapphire!'®

. Thus, our calculated compressive
stress is less than the true value. In the same
growth process,Sample A exhibited a 1. 5Gpa ten-
sile stress. This means that the compressive stress
cannot be attributed to AIN nucleation or epitaxy
in the LT-AIN process, but arises from the mis-
match between residual ZnO template and AIN
nanocrystals. In the growth process, this compres-
sive stress plays an important role: firstly, it en-
hances those lying nanorods merging into a film;
secondly,it warps the AIN film on the fringe so
that the film can be easily lifted off.

According to these studies,the growth mech-
anism of the freestanding AIN nanocrystals can be
defined as a “grow-ctch-merge” process. Figure 4
shows a simple sketch map of this process. First,
when the LT AIN nucleation layer is deposited on
the ZnO interlayer, AIN is uniformly grown on
the ZnO template along the C axis. Since the di-
ameter of ZnO is only 30nm, it restricts AIN later-
al overgrowth so that the AIN forms a similar
nanorod structure. Secondly, with micro H, intro-
duced into the chamber,ZnO nanorods slowly de-
compose. Zn escapes from the surface. However,
minim O is still incorporated into the AIN films to
act as an impurity. Due to a lack of ZnO nanorod
support, the formed AIN nanorods slowly lie
down. Finally,after the ZnO nanorods are decom-
posed,the lying AIN nanorods merge into the film
under the compressive stress. Because most of the
ZnO decomposed, the AIN film has a weak bond
to the sapphire substrate, and the compressive
stress warps the free-standing AIN nanocrystals on
the fringe. Then, with a simple manual lift-off,
free-standing AIN nanocrystals were achieved.

4 Conclusion

In summary, by adopting ZnO nanorods as
the template, we obtained a lem X lecm film of
free-standing AIN nanocrystals with average crys-
tallite grains of 12nm. We defined the growth
mechanism as a “grow-etch-merge” process. Per-
haps this process can be used to grow other free-
standing semiconductor nanocrystal such as GaN,
AlGaN,and InN.
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