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Molecular beam epitaxy (MBE) of cubic group-III nitrides is a direct way to eliminate the polarization
effects which inherently limits the performance of optoelectronic devices containing quantum well or
quantum dot active regions. In this contribution the latest achievement in the MBE of phase-pure cubic

MBE GaN, AIN, InN and their alloys will be reviewed. A new reflected high-energy electron beam (RHEED)

Intersubband absorption
Cubic HFETs

control technique enables to carefully adjust stoichiometry and to severely reduce the surface
roughness, which is important for any hetero-interface. The structural, optical and electrical properties

of cubic nitrides and AlGaN/GaN will be presented. We show that no polarization field exists in cubic
nitrides and demonstrate 1.55 pm intersubband absorption in cubic AIN/GaN superlattices. Further the
progress towards the development and fabrication of cubic hetero-junction field effect transistors

(HFETSs) is discussed.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

State-of-the-art group-III nitride-based electronic and optoe-
lectronic devices based on nitride films are grown along the polar
c-direction, which suffer from the existence of strong “built-in”
piezoelectric and spontaneous polarization. This inherent polar-
ization limits the performance of optoelectronic devices contain-
ing quantum well (QW) or quantum dot active regions. To get
around this problem much attention has been focused on the
growth of non- or semi-polar (Al, Ga, In)N in the last few years.
However, the direct way to eliminate polarization effects will be
to use non-polar (0 0 1)-oriented zinc-blend III nitride layers. With
cubic epilayers, a direct transfer of the existing GaAs technology to
cubic III nitrides will be possible and the fabrication of diverse
electronics and optoelectronic devices will be facilitated. In this
paper the latest achievement in the molecular beam epitaxy
(MBE) of phase-pure cubic GaN, AIN, InN and their application in
optoelectronic devices will be reviewed.

2. Experiment

Cubic group-III nitride samples were grown on 200 um thick,
free standing 3C-SiC (001) substrates by MBE [1,2]. An Oxford
Applied Research HD25 radio frequency plasma source was used
to provide activated nitrogen atoms. Indium, aluminum and
gallium were evaporated from Knudsen cells. Prior to growth,
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the 3C-SiC substrates were chemically etched by organic solvents
and a buffered oxide etch (BOE) and annealed for 10h at 500°C.
Cubic GaN layers were deposited at 720°C directly on 3C-SiC
substrates. The adsorption and desorption of metal (Ga) layers on
the c-GaN surface was investigated using the intensity of a
reflected high-energy electron beam (RHEED) as a probe. The
structural and morphological properties of both the 3C-SiC
substrates and the group-III nitride epilayers were measured by
high-resolution X-ray diffraction (HRXRD) and atomic force
microscopy (AFM). Reciprocal space mapping (RSM) have been
performed to determine the Al and In molar fraction and the
strain in the epilayers.

3. Results and discussion
3.1. RHEED control

As an important step to improve the GaN surface morphology
in a systematic way, it is essential to understand the surface
structure and the underlying growth process on an atomic scale.
In particular, the kinetic processes of adsorption and desorption
on the surface are considered as key parameters that govern the
surface morphology, incorporation kinetics and consecutively
the overall material quality. In MBE of GaN, two dimensional
surfaces are commonly achieved under Ga-rich conditions, with
theoretical [3] and experimental [4,5] evidence suggesting that
the growth front is stabilized by a metallic Ga adlayer. The
optimum conditions for the epitaxial growth of c-GaN are mainly
determined by two parameters, the surface stoichiometry and the
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Fig. 1. RHEED intensity transient measured during the growth of c-GaN, which
started after opening the N source. The RHEED intensity measured during growth
yields the amount of excess Ga (indicated in the figure) on the c-GaN surface. The
Ga fluxes are 4.4 x 10", 3.2 x 10", and 1.2 x 10" cm~2 for the coverages of 1, 0.8,
and 0 ML, respectively.

substrate temperature [1]. Both parameters are interrelated;
therefore an in-situ control of substrate temperature and surface
stoichiometry is highly desirable. The study of the surface
reconstruction by RHEED was one of the key issues in under-
standing the c-III nitride growth [1,6,7]. First principle calcula-
tions by Neugebauer et al. [8] show that all energetically favoured
surface modifications of the non-polar (001) c-GaN surface are
Ga-stabilized and therefore optimum growth conditions are
expected under slightly Ga-rich conditions.

Fig. 1 shows the RHEED intensity transient of the (0,0)
reflection of the (2 x2) reconstruction. After opening the Ga
shutter we observe a steep linear decrease of the RHEED intensity
between I, and the kink position (I¢). The gradient of the intensity
drop is related to the impinging Ga flux. Using the known value of
the Ga flux and the time Aty it takes for the RHEED intensity to
drop to I, we are able to calculate the amount of adsorbed
gallium. Neglecting re-evaporation of Ga we get a total number of
adsorbed Ga atoms from the flux time At product. In all cases this
product is about 9.8 x 10" cm™2, which is equal the number
of atoms of exactly one monolayer of Ga on the GaN surface
(lattice constant of 4.52 A). Since I, is the reflectivity of the GaN
surface and [ is the reflectivity of GaN covered by one
Ga monolayer, and the drop of the RHEED intensity in the time
interval Aty is linear, the Ga coverage between 0 and one
monolayer can be inferred from the measured intensity drop by
linear interpolation. The decrease of the RHEED intensity below Iy
is most likely due to further accumulation of Ga and thereby a
modification of the Ga adlayer surface, however it is not
proportional to the amount of adsorbed Ga. For this reason our
method can only be used to measure the Ga coverage between
zero and one monolayer, respectively. For Ga fluxes less than
3 x 10" cm~2 s~ ! the situation is different. For these fluxes it is not
possible to define a kink position. The RHEED intensity drops to a
certain value and saturates. We suppose that then desorption of
Ga cannot be further neglected.
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Fig. 2. RMS roughness of c-GaN layers measured by 5 x 5 um? AFM scans vs. Ga
flux during growth. The corresponding values of the Ga coverage during growth
are also included. Minimum roughness is obtained with an excess coverage of
1 ML. The line is a guide for the eyes.

After opening the N shutter we observe an increase of the
RHEED intensity which is due to the formation of c-GaN. During
further growth the RHEED intensity saturates. From the saturation
value the Ga coverage can be calculated using I, as a reference.
This procedure allows measuring the Ga coverage in the range
between 0 and 1 monolayer with an accuracy of 0.1 monolayer.

Fig. 2 shows the root-mean-square (RMS)-roughness measured
by a 5x5um? AFM-scan of several c-GaN layers versus the
Ga flux used during MBE. The nitrogen flux was kept constant
for all samples. The corresponding values of the Ga coverage
during growth, as measured by the procedure described above,
are included in Fig. 2. Only values below one monolayer can
be measured. Minimum roughness is obtained with one mono-
layer Ga coverage during growth. This is in contrast to what
has been observed with h-GaN, where the optimum growth
conditions with regard to surface morphology are related to
the formation of a Ga bilayer (c-plane, [9,10]) or a trilayer
(m-plane, [5]), respectively.

It has variously been suggested that excess Ga acts as
surfactant during the epitaxy of hexagonal-GaN [9,11,12]. We
believe that our data shown in Fig. 2 clearly demonstrate that this
effect exists also on the (001) surface of c-GaN. The width of the
(002) X-ray rocking curve measured in double axis configuration
of 1 um thick c-GaN layers grown with one monolayer coverage is
about 16 arcmin. Among our c-GaN layers with equal thickness
16arcmin is a minimum value. Gallium fluxes which are
equivalent to a Ga coverage exceeding one monolayer lead to a
pronounced increase of the roughness and the full width at half
maximum (FWHM) of the X-ray rocking curve.

3.2. Cubic InN

Among nitride semiconductors, InN is the least investigated of
all and is expected to be a promising material for high frequency
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Fig. 3. Intensity ratio of the (1011) reflex of hexagonal inclusions to the (0 02) Bragg reflex of cubic InN versus growth temperature of c-InN layers. The inset shows the

reciprocal space map for the c-InN sample grown at 419 °C.

electronic devices [13,14]. The most important recent discovery
about InN is that it has a much narrower band-gap than reported
previously. For h-InN, values between 0.6 and 0.7 eV are measured
[15,16]. Group-Ill nitrides with cubic crystal structure are
expected to have even lower band-gaps and can be grown on
substrates with cubic structure. However, the zinc-blende poly-
type is metastable and only a very narrow growth window is
available for the process conditions [1].

Cubic InN films were grown on top of a c-GaN buffer layer
(600nm). The c-GaN buffer layer was deposited on free standing
3C-SiC (001) substrates at growth temperatures of 720 °C. For the
InN growth the temperature was reduced and varied in the range
419-490 °C. InN growth was started under In-rich conditions at an
In-BEP of 6.8 x 10~ mbar and was decreased to 3.1 x 10~® mbar
after two minutes of growth. The thicknesses of the InN layers
were at least 130 nm and the growth was continuously monitored
by RHEED.

HRXRD investigations were performed to determine the phase
purity of our c-InN layers. All w—26-scans confirmed the
formation of the cubic phase of InN. Bragg peaks observed at
35.8° 39.9° and 41.3° correspond to c-InN (002), c-GaN (002)
and 3C-SiC (0 02), respectively. No additional reflection of h-InN
grown in (00 02) direction was detected. The FWHM of the (002)
rocking curve was 48 arcmin. The lattice constant derived from
the w—20-scan is 5.01+0.01 A in good agreement to the values
published [9]. However, it is well known that hexagonal inclusions
mainly grow on (111) facets and cannot be detected by w—26-
scans. Therefore reciprocal space maps (RSM) of the GaN (002)
Bragg-reflex were performed. The RSM along the (110) azimuth is
shown in the inset of Fig. 3. The growth temperature of this InN

sample was 419 °C. From the intensity ratio of the cubic (002)
reflex to the hexagonal (10-11) reflex we estimate 95% cubic
phase in this InN layer. RSM of the asymmetric GaN (113) reflex
show, that the lattice of our c-InN layers is fully relaxed with
respect to the c-GaN buffer.

In Fig. 3 we plot the ratio of the intensities of the h-(1011)
Bragg reflex and the c-(002) reflex versus the growth tempera-
ture of different InN layers. We observe a strong decrease of
hexagonal inclusions with decreasing growth temperature up to a
minimum value of 5%. This supports the idea that with decreasing
growth temperature the sticking coefficient of In is increased,
resulting in a higher density of cubic nuclei on the surface, which
reduce the formation of (111) facets.

The low-temperature photoluminescence (PL) spectrum of an
InN layer grown at 419 °C shows a peak at about 0.69eV with a
FWHM of 170 meV [17]. We suppose that the broadening of the
luminescence is due to the fact that the c-InN is degenerated. The
high electron densities above 10'°cm~3 cause pronounced
Burstein-Moss shifts at the gap. Taking into account non-
parabolicity and band filling effects, data analysis yields renor-
malized band edges Eg(n) close to 0.61eV at low temperature
for c-InN. Subtracting a temperature shift of about 50 meV
between 10 and 300K the band-gap of c-InN is about 0.56 eV
at room temperature. This value is in excellent agreement
with measurements of the complex dielectric function for
cubic InN by spectroscopic ellipsometry (SE) from the mid-
infrared into the visible spectral region. From SE a zero-density
band-gap of =~0.595eV is estimated for c-InN. Therefore, the
band-gap of cubic InN is about 85meV lower than that for
hexagonal InN [18].
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Fig. 4. Transition energies of Alg15GaggsN/GaN MQWs versus well width for cubic
(squares) and hexagonal (dots) MQWs. The squares and dots are experimental
data; the curves are calculated using a self-consistent Poisson-Schrédinger model.
For the hexagonal QWs an internal field of 750kV/cm is estimated. Inset: Room
temperature PL spectrum of a cubic MQW.

A pronounced difficulty in the determination of the electrical
properties of InN is due to the fact that electron accumulation is
found to occur at the surface of wurtzite InN. Using X-ray
photoemission spectroscopy a similar accumulation effect is also
demonstrated for cubic InN [19]. The surface Fermi level pinning
was shown to be the same for a-plane and for both polarities of
c-plane wurtzite InN, although the pinning was slightly lower for
zinc-blende (0 01) InN. This is due to the low I'-point conduction
band minimum lying significantly below the charge neutrality
level. Therefore, the accumulation is shown to be a universal
feature of InN surfaces.

3.3. Cubic AlGaN/GaN QW structures

To demonstrate the absence of internal spontaneous polariza-
tion fields in the cubic group-III nitrides cubic single and multiple
Alg15GagssN/GaN QWs were grown on 3C-SiC/GaN substrates
[20]. The quantum structures consist of 6 nm thick Alg15GaggsN
barriers and GaN wells with a width of 2.5-7.5nm and were
sandwiched between 50nm AlGaN cladding layers. During the
growth of Alg15GaggsN/GaN QWs clear RHEED oscillations were
observed allowing a stringent control of the growth rate and
indicating two dimensional growth of the respective layers. The
room temperature PL spectra of a multiple quantum well (MQW)
structure excited with a HeCd-UV laser is shown in the inset of
Fig. 4. The dimensions of the quantum structures are 3 nm thick
wells and 6 nm barriers. We observe a strong emission at 3.30eV,
which lies between the c-GaN emission at 3.2 eV and the emission
of the Alp15GaggsN cladding layer at about 3.48 eV [21]. The PL
linewidth of cubic QW luminescence is about 103 meV and is
almost comparable to values reported for non-polar hexagonal
AlGaN/GaN QWs [22]. We attribute the slightly broader linewidth
in the cubic structures to the higher density of dislocations.

Fig. 4 depicts the dependency of the QW emission energy on
the well width for both cubic (blue squares) and hexagonal QWs
(red dots). Therein, the shift in transition energies compared to

the band-gap energy is plotted versus well width. For our cubic
Alp15GaggsN/GaN QWs the peak energy of the emission exactly
follows the square-well Poisson-Schrédinger model and demon-
strates the absence of polarization induced electrical fields. For
comparable hexagonal Alg17Gapg3N/GaN QWs on sapphire sub-
strates the experimental data can only be explained if an internal
spontaneous electrical field of 750kV/cm has been taken into
account [23]. These results indicate that the well known
thermodynamic metastability of the cubic nitrides does not
necessarily limit their application for polarization free structures.

3.4. Intersubband transitions

Intersubband transitions form the basis for quantum well
infrared photodetectors (QWIP) and quantum cascade lasers
(QCL). Due to the wide band-gaps and the large band offsets
between AIN and GaN this group of IlI-nitrides offer intersubband
transitions in the technologically important infrared 1.3-1.5 pm
spectral range. The growth of non-polar cubic GaN/AIN MQW
structures on (001) oriented substrates will eliminate the
detrimental strong spontaneous polarization fields, allowing
easier design of the complex MQW structures with various
QW widths as it is necessary for the QCL systems.

Cubic GaN/AIN short period MQW structures were grown at
720°C by using plasma-assisted MBE on free standing 3C-SiC
substrates [24]. The buffer layer was chosen as 100 nm thick GaN
and the active region is composed of 20 periods of Ly GaN/1.5 nm
AIN, where Lyy is the well thickness and it was chosen between
1.6-2.10 nm. The active region is then capped by a 100 nm thick
GaN. The structural properties were measured by HRXRD. From
the difference of the superlattice peaks in the w-2@-scan of the
(002) reflection a periodicity of 3.1 nm was estimated by using a
dynamic simulation program for a 20 period GaN/AIN MQW
structure. From the knowledge of the growth rates of AIN and
GaN, obtained from RHEED oscillations, a barrier and well width
of 1.35 and 1.75 nm is determined, respectively.

In Fig. 5 the optical absorption spectra of the intersubband
transitions measured at room temperature is shown for four
different MQW samples with well widths ranging between 1.60
and 2.10 nm, respectively. All four samples exhibit strong absorp-
tion peaks in the spectral range of 1.5-2 um. In the inset of Fig. 5
the measured intersubband transition peak position energies
(red circles) and the calculated (solid black line) transition
energies using a square well self-consistent Poisson-Schrodinger
model is depicted. It is clear from this figure that good agreement
is obtained between theory and experiment.

Recently, photodetectors based on intersubband transitions in
molecular beam epitaxially grown cubic GaN/AIN MQWs were
fabricated and tested [25]. The samples were polished into
waveguide configuration on which the devices were fabricated
and the photoresponse spectra were collected in the temperature
range of 77-215K under the influence of small bias voltages. All
devices exhibit photovoltaic effect where the photoresponse is
observed at zero bias voltage.

3.5. Cubic hetero-field effect transitors

AlGaN/GaN hetero-junction field effect transistors (HFETs) are
presently of outstanding interest for electronic devices, in
particular, for high-power and high-frequency amplifiers. This is
motivated by the potential commercial and military field
application, namely, in the area of communication systems, radar,
wireless stations, high-temperature electronics and high-power
solid-state switching [26,27]. Standard HFETs were realized with
h-llI-nitrides, where at the interface of h-AlGaN/GaN hetero-
structures a 2DEG is formed due to strong inherent polarization
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Fig. 6. Ips-Vps characteristics of cubic AlGaN/GaN HFET (WL, = 100/6 pum)
measured at 150K after subtraction of the c-GaN buffer conductivity.

fields. Thus, devices reported so far show normally-on mode
operation. However, GaN/AlGaN HFETs with normally-off mode
operation, which are also required for some systems, are hardly

available. Recently, simulation data on cubic AlGaN/GaN HFETs on
3C-SiC substrates clearly show that normally-off mode operation
could be realized with the large technological allowance and the
same flexible design ability as GaAs/AlGaAs HFET technology [28].
First, c-AlGaN/GaN based HFET structures were fabricated on
3C-SiC (001) substrates. C-V measurements at T = 150K clearly
prove the existence of a 2DEG and a sheet carrier concentration of
about 1.6 x10'2cm~2 is measured at the interface in good
agreement with numerical simulation [29]. Analysis of the I-V
characteristic of the gate contact at 150K revealed a rectifying
behavior of the Schottky contact. The Isp-Vsp characteristics
measured at 150K exhibited a clear field effect of Isp induced by
applying a gate voltage between +0.25 and +1V (Fig. 6). However,
a strong influence of the conductive GaN buffer on the Isp-Vsp
characteristics was observed indicating high parallel conductance
in the underlying cubic GaN buffer and the conductive 3C-SiC
substrate. Subtraction of the influence of the c-GaN buffer and
3C-SiC conductivity, a clear evidence for the current transport via
a 2DEG was found, due to the saturation of Isp at Vsp>3V.
Although this device shows normally-on mode and operates at
low temperatures, it demonstrates feasibility of cubic group-IIl
nitrides also for electrical devices. To reduce the parasitic parallel
conductance and to reach normally-off operation investigation by
using C-doped cubic GaN buffer layers are currently under way.

4. Conclusion

Cubic group-III nitrides grown by MBE may form the basis for
future non-polar optoelectronic and electronic devices, which are
not restricted by the inherent polarization effects. A new RHEED
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control technique enables to carefully adjust stoichiometry and to
severely reduce the surface roughness. The structural, optical and
electrical properties of cubic nitrides and AlGaN/GaN are
presented. We proved the absence of polarization field in cubic
nitrides and demonstrated 1.55 pum intersubband absorption in
cubic AIN/GaN superlattices. Feasibility of cubic group-III nitrides
is shown for electrical devices (HFETs), however parasitic parallel
conductance in the underlying GaN buffer and 3C-SiC still
dominate the performance and have to be eliminated.
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