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Abstract Cubic AIN films were successfully deposited on
TiN buffered Si (100) substrates by a laser molecular beam
epitaxy (LMBE) technique, and their crystal structure and
optical and electrical properties were studied. The results
indicate that cubic AIN films show the NaCl-type structure
with a (200) preferred orientation, and the lattice parameter
is determined to be 0.4027 nm. The Fourier transform in-
frared (FTIR) pattern of the cubic AIN film displays sharp
absorption peaks at 668 cm ™! and 951 cm™!, corresponding
to the transverse and longitudinal optical vibration modes.
Ellipsometric measurements evidence a refractive index of
1.66—1.71 and an extinction coefficient of about zero for the
cubic AIN film in the visible range. Capacitance—voltage
(C-V) traces of the metal-insulator—semiconductor (MIS)
device exhibit that the cubic AIN film has a dielectric con-
stant of 8.1, and hysteresis in the C—V traces indicates a
significant number of charge traps in the film.

1 Introduction

The III-V semiconductor AIN having the hexagonal wurtz-
ite structure has been extensively studied for its stability and
excellent properties. Cubic AIN (zinc-blende or NaCl struc-
ture) is expected to have decreased phonon scattering and
therefore higher ballistic electron velocities, thermal con-
ductivity and acoustic velocity due to its higher symme-
try [1]. However, the synthesis of cubic AIN is more difficult
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than hexagonal AIN because it is a metastable phase [2—4].
Hexagonal inclusions and a comparably rough surface im-
pede so far a reliable experimental determination of optical
and electrical properties of cubic AIN.

The laser molecular beam epitaxy (LMBE) technique
has been widely employed to prepare thin films, and the
highly nonequilibrium nature of the LMBE process is de-
sirable for the growth of metastable cubic AIN. The epitax-
ial growths of cubic AIN on Si (100) [5], Al,O3 (0001) [6],
MgO (100) [7] and 3C-SiC (100) [8] have been reported.
During these depositions, the crystalline plane of the sub-
strate surface and processing conditions significantly influ-
ence the crystallinity of cubic AIN films. Since TiN (NaCl
structure, a = 0.424 nm) has high lattice matching with cu-
bic AIN crystallized in NaCl structure, high-quality cubic
AIN films are expected to be grown on TiN templates. In
this study, TiN thin films were first deposited on Si (100)
substrates and then cubic AIN films were prepared on top of
the TiN films by the LMBE technique under optimal condi-
tions. The crystal structure and optical and electrical proper-
ties of the cubic AIN films were studied.

2 Experimental

The depositions were carried out in a LMBE system which
can be evacuated to a base pressure of 107> Pa. Cleaned Si
(100) substrates were mounted 5 cm apart from pure AIN
(99.9% purity) and TiN (99.9% purity) targets. A KrF ex-
cimer laser (A = 248 nm, 7 = 10 ns) with the repetition
rate of 5 Hz was first focused on the TiN target under the
laser pulse energy of 200 mJ and the substrate temperature
of 700°C. Meanwhile, N3 (99.999% purity) was introduced
into the chamber to reach a working pressure of 10~ Pa.
Then, the AIN target was ablated by the laser at an energy
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of 110 mJ/pulse and a substrate temperature of 750°C, dur-
ing which the working pressure was kept at 10~ Pa. The
crystallinity and surface atomic structure during film depo-
sitions were characterized by in situ reflection high-energy
electron diffraction (RHEED), and the typical thicknesses
of AIN and TiN under study were 92 nm and 15 nm, respec-
tively.

The crystal structures of the deposited films were charac-
terized by X-ray diffraction (XRD) (Rigaku D/MAX-RB),
scanning electron microscopy (SEM) (Hitachi S-3400N)
equipped with electron-backscattered diffraction (EBSD),
and Fourier transform infrared (FTIR) spectroscopy (Nexus
470) in reflection. The optical constants of the films were ac-
quired using spectroscopic ellipsometry (SC620UVN). For
the electrical measurements, Ag dots (&4 mm) were evap-
orated onto the AIN films through a shadow-mask tech-
nique to realize the top electrodes for a metal-insulator—
semiconductor (MIS) structure. At the back side of the sub-
strate, an Ag film was globally deposited for the bottom
electrical contact. The capacitance—voltage (C—V) features
were measured using a semiconductor device analyzer (Ag-
ilent B1500A).
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Fig. 1 The XRD pattern of AIN/TiN/Si heterostructure

Fig. 2 (a) EBSD pattern and
(b) (001) pole figure of cubic
AIN film

@ Springer

3 Results and discussion
3.1 Crystal structure

The XRD pattern of the deposited films is shown in Fig. 1
and peak positions for AIN, TiN and Si substrate are labeled.
For such thin thickness of the TiN film, the surface energy
dictates the outcome of the film orientation, and thus the TiN
film shows a (200) preferred orientation to provide the low-
est overall energy. The strong peak corresponding to cubic
AIN (200) with NaCl-type structure is prominent, and the
lattice parameter is determined to be 0.4027 nm, which is
consistent with the standard data of B1-type cubic AIN. The
formation of cubic AIN film is also confirmed by the EBSD
pattern as shown in Fig. 2. A single-crystal film has been
detected, which is evidenced by the pole figure only exhibit-
ing the (100) orientation. These results suggest that AIN and
TiN films grow in a cube-on-cube mode, and a metastable
cubic AIN film can be successfully deposited on the cubic
TiN template.

During the exploring of optimal conditions to deposit cu-
bic AIN films, we found that processing parameters (espe-
cially substrate temperature, laser energy and N; pressure)
and the crystalline plane of the TiN films strongly influence
the growth of the cubic AIN films. Generally, the surface
mobility of constituent particles is enhanced with increasing
laser energy and substrate temperature owing to the higher
kinetic energy transferred from the bombarding particles [9].
However, at high laser pulse energy, increased number of
particle collisions in the plasma may lead to high stress and
point defects, and hence decrease the crystallinity and sur-
face quality of the cubic AIN films. So, the laser pulse en-
ergy preparing cubic AIN films in the present study is lower
than that of TiN films, but the substrate temperature is a
little higher. N; introduced to the deposition chamber can
make up the nitrogen deficiency in the films, and the pres-
sure required for cubic AIN growth is higher than that for
TiN, showing a similar trend with the reported literature [6].
Moreover, cubic TiN and AIN have a small lattice mismatch,
and the terminating atomic layer of TiN (200) could enhance
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Fig. 3 The FTIR pattern of cubic AIN film
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Fig. 4 Refractive index and extinction coefficient of cubic AIN film

the surface migration and nucleation of cubic AIN, and thus
cubic AIN can stably exist in a wide thickness range.

Figure 3 shows the FTIR pattern of a cubic AIN film
and the spectrum illustrates three obvious absorption peaks
at wavenumbers of 612 cm™!, 668 cm™! and 951 cm™!.
The peak at 612 cm™! is assigned to the characteristic vi-
bration mode of Si (100) substrates [10]. Since crystalline
TiN exhibits the characteristic vibration mode in the range
of 565-532 cm™! [10] and shows high reflectance to the
infrared spectrum [11], there is no FTIR peak of TiN for
the sample investigated here. Therefore, the sharp absorp-
tion peaks at 668 cm~! and 951 cm™! are believed to be the
transverse and longitudinal optical vibration modes of cu-
bic AIN, showing a strengthened Al-N bond. According to
reported publications [5, 12], no consistent FTIR peak po-
sitions of NaCl-type cubic AIN are provided. In the present
study, the peaks at 668 cm™! and 951 cm™! are close to
those of relaxed wurtzite AIN [9, 13] though they have dif-
ferent phonon modes, and reasons for this may be the resid-
ual stress induced from the deposition process.
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Fig. 5 C-V characteristic curves of the MIS device structure

3.2 Optical and electrical properties

Figure 4 shows the optical constants of a cubic AIN film as
a function of wavelength. The refractive index (n) in the vis-
ible range is 1.66—1.71, which is lower than that of wurtzite
AIN [14], but in good agreement with that of zinc-blende
cubic AIN calculated by first principles [15]. In the visible
and far-infrared band (A > 340 nm), the extinction coeffi-
cient (k) approaches zero, but increases rapidly in the near-
ultraviolet band, showing a strong absorption characteristic.

The C-V characteristics of the MIS structure at a fre-
quency of 1 MHz are shown in Fig. 5. The solid and dotted
lines indicate different sweep directions. Three regions of
the C-V curve, namely accumulation, depletion and inver-
sion, due to the variation in carrier concentrations at the in-
terface with bias voltage, are distinctly visible. The flat-band
voltage exhibits a positive shift, indicating the existence of
negative charges trapped in the cubic AIN/Si interface. For
the present MIS structure, the thin TiN film showing metallic
conduction lies between the cubic AIN film and the Si sub-
strate, and thus the hysteresis occurs due to mobile charges
of TiN in the interface.

In accumulation, the maximum capacitance, Cpyax, of the
film can be obtained directly, and the dielectric constant of
the film can be calculated from Cpax = €60A/d, where A
is the area of the MIS device, d is the thickness of the AIN
layer and g is the permittivity of free space. Using this rela-
tionship, the dielectric constant of the cubic AIN film inves-
tigated here is 8.1, comparable to that of zinc-blende cubic
AIN determined by ellipsometry [8].

4 Conclusions
Highly oriented cubic AIN films with NaCl-type structure

were successfully deposited on TiN-buffered Si (100) sub-
strates using the LMBE technique. At optimal processing
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conditions, cubic AIN shows a (200) preferred orientation
with the lattice parameter a of 0.4027 nm. The FTIR pat-
tern of the cubic AIN film shows a strengthened AI-N bond
evidenced by the sharp absorption peaks at 668 cm™! and
951 cm™!. The refractive index of cubic AIN in the visible
range is 1.66—1.71, and the extinction coefficient approaches
zero in the visible and far-infrared band. For the MIS struc-
ture, the C-V traces indicate that the cubic AIN film has a
dielectric constant of 8.1, and the hysteresis occurs due to
mobile charges of TiN in the cubic AIN/Si interface.
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