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SUMMARY  Phase pure cubic (c-) GaN/AlGaN heterostructures on 3C- piezo polarization charges) at the heterojunction interface

SiC free standing (001) substrates have successfully been developed. Al-
most complete (100%) phase pure c-GaN films are achieved with 2-nm
surface roughness on 3C-SiC substrate and stoichiometric growth condi-
tions. The polarization effect in c-GaN/AlGaN has been evaluated, based
on measuring the transition energy of GaN/AlGaN quantum wells (QWs).
It is demonstrated that the polarization electric fields are negligible small in
c-GaN/AlGaN/3C-SiC compared with those of hexagonal (h-)GaN/AlGaN,
710kV/cm for Al content x of 0.15, and 1.4 MV/cm for x of 0.25. A
sheet carrier concentration of c-GaN/AlGaN heterojunction interface is es-
timated to 1.6 X 10'2 cm™2, one order of magnitude smaller than that of
h-GaN/AlGaN. The band diagrams of c-GaN/AlIGaN HEMTs have been
simulated to demonstrate the normally-off mode operation. The blocking
voltage capability of GaN films was demonstrated with C-V measurement
of Schottky diode test vehicle, and extrapolated higher than 600 V in c-GaN
films at a doping level below 5x 10'> cm™3, to show the possibility for high
power electronics applications.

key words: cubic GaN, GaN/AlGaN HEMT, piezo, spontaneous, polariza-
tion, blocking voltage

1. Introduction

GaN/AIGaN based High Electron Mobility Transistors
(HEMTs) have recently attracted considerable attentions
due to their potentialities for high-voltage and high power
operations in power electronics as well as in microwave ap-
plications [1]. The GaN material is appealed with properties
of high peak electron velocity, saturation velocity, break-
down fields and thermal stability due to its wide bandgap
for such applications, and also the potential to form lattice-
matched heterojunctions with other group IlI-nitride mate-
rials.

High frequency GaN/AlGaN HEMTs are already com-
mercially available for base-stations of W-CDMA mobile-
phone applications [2], [3]. The GaN/AlGaN HEMTs are
also aggressively developed in power electronics applica-
tions [4], such as 600V class inverters [5], DC-DC con-
verters [6], and high current switching [7]. These are based
on high electron concentration of two dimensional electron
gas (2DEG) over 1 x 10'3 cm™2, which is one-order of mag-
nitude higher than that of GaAs/AlGaAs material system,
due to the large polarization charge effects (spontaneous and

Manuscript received November 8, 2005.
Manuscript revised January 10, 2006.
"The authors are with Hoya Advanced Semiconductor Tech-
nologies (HAST) Co., Ltd., Sagamihara-shi, 229-1125 Japan.
""The authors are with University of Paderborn, 33095, Pader-
born, Germany.
a) E-mail: abe@hast.co.jp
DOI: 10.1093/ietele/e89—c.7.1057

[81,[9]. These HEMT devices reported so far show mainly
for normally-on mode operation.

The GaN/AlGaN HEMTs with normally-off mode op-
eration, which are much required from the system side, how-
ever, are still under developing with demonstrations in de-
vice principle levels. Most of them are based on a hexagonal
GaN (h-GaN) technology and not on a cubic GaN (c-GaN)
one, in which less data, even fundamental data, are avail-
able.

This paper presents the demonstration of almost com-
plete phase pure c-GaN/AlGaN heterostructures for the op-
eration of cubic GaN/AlGaN HEMTs in normally-off mode,
using large diameter of 3C-SiC free standing (001) sub-
strates fabricated by HAST Co., Ltd. [10] for the epitaxy
of group II-nitrides.

2. Phase Pure Cubic Group III-Nitrides
2.1 Growth of Cubic GaN, AlGaN, and AIN Layers

Cubic group IlI-nitride samples are grown on 200 um thick,
free standing 3C-SiC (001) substrates by plasma assisted
molecular beam epitaxy (MBE) to provide activated nitro-
gen atoms. Aluminum and gallium were evaporated from
Knudsen cells. Cubic GaN, AlGaN, and AIN layers were
grown at 720°C directly on 3C-SiC substrates, controlled
in-situ using the intensity of a reflected high energy electron
beam (RHEED). The structural and morphological prop-
erties 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).
HRXRD and reciprocal space mapping (RSM) have been
performed to determine the Al and Ga contents and the
strain in the AlxGa;_xN.

The optimum conditions for the epitaxial growth of c-
GaN are mainly determined by the surface morphology of
the 3C-SiC substrate and the growth conditions during epi-
taxy. The surface stoichiometry and the substrate tempera-
ture are important parameters. Monitoring the MBE growth
process by RHEED is achieved in-situ to control of both
substrate temperature and surface stoichiometry. The RMS-
roughness measured by a 5 x 5 um?> AFM-scan is decreasing
from 16 nm to a minimum value of 2.5 nm.
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2.2 Characterization of Cubic Group III-Nitrides Layer

In order to characterize cubic GaN epilayer properly, it
is necessary to detect off-axis cubic and hexagonal planes
tilted from the surface. Therefore reciprocal space map
(RSM) or pole figure measurements are necessary to check
the phase purity of the cubic GaN epilayers. The hexagonal
inclusions for phase pure cubic group Ill-nitride films with
around 600 nm thickness are obtained by measuring the X-
ray intensity ratio of I(10-11ynex/(002)cub- Figure 1 shows the
dependence of the hexagonal inclusions in c-GaN, AlGaN,
and AIN films on the surface roughness of the 3C-SiC sub-
strate. Almost complete (100%) phase pure cubic GaN films
are achieved with a surface roughness of 2nm [11]. Fig-
ure 2 shows a typical reciprocal space mapping (RSM) of
the (002) reflection of c-GalN/3C-SiC epilayer. As seen in
this figure, the utmost RSM is measured for samples with
proper growth conditions. Except for the (002) reflexes of
the cubic GaN and of the 3C-SiC substrate no additional
reflexes could be observed. A phase purity of better than
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Fig.1 Dependence of hexagonal inclusions in c-GaN, AlGaN, and AIN
films on surface roughness of 3C-SiC substrate.
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Fig.2  Reciprocal space mapping (RSM) of (002) reflection of c-
GaN/3C-SiC epilayer.
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99.9% could be estimated by structural analysis [12].
3. Polarization Effects and 2DEG Concentrations

3.1 Experimental Comparisons of Cubic and Hexagonal
Multi-Quantum Wells

Phase pure c-GaN/AlxGa;_xN multiple quantum wells
(MQWs) were grown on GaN buffer layers. The c-
GaN/AlxGa;_xN MQW consists of 5 QWs typically with
a barrier and well thickness of 5 nm and 10 nm, respectively
[13]. The chemical purity of the c-GaN/Alj»5Gag 75N multi-
ple quantum well (MQW) structure has been analyzed with
secondary ion mass spectroscopy (SIMS) measurements.
The residual impurities like O or C in both the binary semi-
conductor GaN and in the Aly,sGag7sN alloy and the Al
content can be measured. Results are shown in Fig. 3. The
profiles of N and Al have been shifted downwards in com-
parison to the Ga-profile. The Ga and Al-profiles nicely re-
sembles the actual MQW structure, which is schematically
drawn on the right side of Fig.3. The five GaN quantum
wells can clearly be identified in the Ga signal exactly at
the depth position expected due to the sequence of growth.
From the Al signal intensity an Al content of 25% is es-
timated in excellent agreement with the intended Al con-
tent and the Al-content measured by X-ray reciprocal space
mapping. The slight modulation of the intensity of the N
profile observed at the depth of the MQW is due to the
so called Matrix effects, which takes into account that the
SIMS sensitivity is dependent on the surrounding material.

3.2 Polarization Effects and 2DEG Concentrations

One of the advantages of cubic group IlI-nitride growth in
(001) direction in comparison to hexagonal GaN grown ei-
ther on sapphire (c-axis) or on hexagonal SiC is the absence
of polarization effects due to spontaneous and piezoelectric
polarization. In GaN/AlxGa;_xN quantum well structures
these polarization effects introduce strong electric fields in
the order of MV/cm. These electric fields result in a strong
red shift of the emission line due to the quantum confined
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Fig.3 Depth profile of SIMS measurement for phase pure c-
AlGaN/GaN MQW structure.



ABE et al.: CUBIC GaN/AlGaN HEMTS ON 3C-SiC SUBSTRATE

0.4

03l A, Ga N/GaN |

0.2+

cubic QW
0.1+
]

0.0

-0.1

AE=E, -E__[eV]

-0.2 | hexagonal QW

0.3 L electric field=710 kV/cm

-0.4 1 1 1
0 2 4 6 8

Well width [nm]

Fig.4  Energy difference of cubic and hexagonal GaN/AIGaN QWs as a
function of QW-width.

Stark effect and a spatial separation of the electron and hole
wave function, which strongly reduces the quantum effi-
ciency.

The transition energy of c-GaN/AlxGa;_xN quantum
well emission is measured versus the QW width. No ad-
ditional electric field has to be assumed to explain the well
width dependence for cubic QWs. The transition energies of
hexagonal GaN/AlxGa;_xN quantum well [14] are plotted
in Fig. 4, compared with c-GaN/AlxGa;_xN quantum wells.
The band gap energy of hexagonal GaN is about 3.4¢eV,
0.2 eV higher than 3.2 eV of cubic GaN. The polarization ef-
fect in c-GaN/AIGaN is negligible small, as shown in Fig. 4,
where the energy difference AE of the transition energy
Eqw of c-GaN/AlGaN/3C-SiC QW structures to the band
gap energy Eg,, is plotted versus quantum well thickness.
The transition energies Eqw in the hexagonal case are lower
than the energy gap of hexagonal GaN, which results from
a strong internal electric field in the QW (quantum confined
Stark effect). This strong internal electric field is due to the
spontaneous and piezoelectric fields which exists in hexag-
onal GaN. The strength of the electric fields increases with
Al content and is about 710kV/cm for x=0.15 and about
1.4MV/cm for x=0.25. From this difference in the transi-
tion energies between hexagonal and cubic GaN/Al,Ga;_«N
QWs we can definitively exclude spontaneous polarization
field in our c-GaN crystals.

A well established method to analyze heterostructures
are C-V measurements which means the depth distribution
of the net donor concentration Np-N,. Figure 5 shows
the carrier concentration distribution of an GaN/Aly3Gag 7N
heterojunction versus depth together with the simulated
electron profile (full line) [15]. The C-V measurement was
performed at 150 K. The depth position (60 nm) of the max-
imum electron concentration of about 4 X 10" cm™ is in
excellent agreement with the simulated profile. From the
4 nm-width of the electron distribution and the peak elec-
tron concentration a sheet carrier concentration of about
1.6 x 10'? cm™2 is estimated.
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Fig.5 Experimental and simulated carrier concentration distributions at
GaN/AlGaN heterojunction interface.

4. Cubic GaN/AlIGaN HEMT Devices
4.1 Breakdown Voltage Characteristics

The Schottky diode is an excellent test vehicle for mea-
suring material quality. The thickness of the c-GaN and
c-Alp3Gag7N epilayers are about 600 nm and 30nm, re-
spectively. The quality of the cubic epilayers was checked
by HRXRD, AFM and photoluminescence (PL). Ni/In
(50 nm/150 nm) Schottky contacts of 300 um in diameter
were fabricated on c-GaN and c-GaN/Aly3GagsN struc-
tures, grown on 3C-SiC free standing (001) substrates as
shown in detail in Ref.[10], by thermal evaporation using
contact lithography. A clear rectifying behavior was mea-
sured in our SBDs and the current voltage (I-V) behavior of
the device in the dark was studied in detail. Capacitance-
voltage (C-V) measurements and electrochemical C-V pro-
filing (ECV) were used to determine the net donor con-
centration in our cubic GaN and Aly3Gag;N layers which
varied between 9 x 10'°cm™ to 2 x 10" cm™. The de-
pendence of breakdown voltages on the doping density de-
rived from the reverse breakdown voltage characteristics of
c-GaN SBDs was investigated.

The room temperature (RT) /-V curve (full circles) of
a typical Ni-Schottky contact on as-grown c-GaN is shown
in Fig. 6, clearly demonstrating a rectifying characteristic.
The inset shows a schematic drawing of the device structure.
C-V measurements performed on the same sample gave a
net donor concentration Np — Ny = 1.8 x 10'7 cm™3. From
the linear increase of the current with forward bias a series
resistance of Rg=230 Ohm was obtained for the as-grown
sample. By thermal annealing of the Ni contact at 200°C in
ambient air the /-V characteristics were improved to the one
shown by the full squares. The series resistance increased
to Rs=310 Ohm, and the current at reverse biases was de-
creased by about three orders of magnitude, as discussed in
detail [16].

In Fig. 7 the reverse breakdown voltages (V) of c-GaN
(full circles) and c-Alp3Gag 7N (full squares) Ni-SBDs ver-
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sus the doping density (Np — N4) measured by C-V or ECV
are plotted. The full lines show the calculated doping de-
pendence of Vg for c-GaN and h-GaN, respectively [17].
Included in Fig.7 are also experimental data obtained on
h-GaN (open squares [18] and open triangles [19]). The
experimental values of Vg in c-GaN are one-third smaller
than the theoretical values and show the same dependence
on the doping level as in h-GaN (dashed lines). Crystal de-
fects like dislocations or point defects may be the reason
for the deviation between experimental data and theoreti-
cal calculations. This interpretation in c-GaN is supported
by the experimental data obtained on the annealed sample
(full triangle), where the measured Vg of 80V at a carrier
concentration of 1.8 x 10'7 cm™ is in excellent agreement
with the theoretical curve. For lower breakdown voltage
in c-Alg3Gag ;N epilayers (full squares), the larger devia-
tion to the theoretical curve may be due to the structure of
AlGaN/GaN, crystal defects and higher doping of around
1 x 10" cm™3, as well as due to a higher oxygen impurities
(On). For GaN and Aly3Gag 7N nitrogen vacancies (V) or
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Fig.8 Conduction band diagram and electron concentration of a c-
GaN/AlGaN HEMT in normally-on mode (a) at 0 V (logical on-state) and
(b) at —1.5V (logical off-state).

On concentration may be the reason for the doner defects.
The influence of oxygen may be more severe for Aly3Gap7N
epilayers due to the increased affinity of Al to oxygen. This
is also in agreement to the observation that the leakage cur-
rent is higher in Aly3Gag7N Schottky diodes than in GaN
Schottky diodes [16]. From these experimental data we ex-
trapolate a blocking voltage of higher than 600V in c-GaN
films at a doping level below Np = 5 x 10" cm™3.

4.2 Band Diagram Simulations of Cubic GaN/AlGaN
HEMTSs

One of the advantages of cubic group III nitrides in com-
parison with hexagonal group III nitrides is the absence of
polarization effects as demonstrated in Sect.3. To check
the logic states and the realization of depletion-mode and
enhancement-mode HEMTs with c-GaN/AlGaN structures
we have simulated these structures at different applied gate
voltages, using a FreeWare program called “1D Poisson”
program. For the Schottky barrier we assume a gate volt-
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Fig.9 Conduction band diagram and electron concentration of a c-
GaN/AlGaN HEMT in normally-off mode (a) at 0 V (logical off-state) and
(b) +0.75 V (logical on-state).

age of 0.8eV as is typical for a Ni/Au contact on c-
GaN. The thickness of the Aly3Gag7N layer was 40 nm
and the Alp3GagsN doping concentration was assumed to
be 10'8cm™>. Figures 8(a) and 8(b) show the conduction
band structures and the electron density distributions of a c-
GaN/Aly3Gag7N HEMT structure heterojunction under ex-
ternally applied gate biases of 0 V and —1.5V, respectively.
A 2-dimensional electron gas (2DEG) is formed at O V (see
carrier concentration in Fig. 8(a)), whereas at —1.5V the
2DEQG is totally depleted. Such a behavior is characteristic
for a HEMT device in normally-on operation or depletion-
mode. Normally-off operation or enhancement-mode de-
vices, however, require that a positive gate bias is applied to
open the channel. In cubic HEMT structures this can simply
be realized by reducing the thickness of the top Aly3Gag7N
layer from 40 nm to 20nm. The other parameters used for
the simulations are the same as for the depletion-mode de-
vice. The corresponding calculations are shown in Figs. 9(a)
and 9(b). Indeed at 0 V the channel is closed and at +0.75V
the channel is opened for current transport. This simulation
demonstrates the applicability of c-GaN/Aly3Gag ;N for the
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realization of both enhancement-mode and depletion-mode
HEMT structures, as are necessary for different VLSI log-
ics.

5. Conclusion

Phase pure c-GaN/AIGaN heterostructures were success-
fully developed by plasma assisted MBE on 3C-SiC free
standing (001) substrates. The negligible small polariza-
tion electric field in c-GaN/A1GaN/3C-SiC has been demon-
strated by evaluating the QW-width dependence of the tran-
sition energy of QWs. From the C-V characteristics of fab-
ricated c-GaN Schottky diodes, a blocking voltage of higher
than 600V is extrapolated for c-GaN films with a doping
level of 5 x 10'> cm™3 to show the possibility of high power
electronics applications. It becomes clear from the simu-
lated data that the c-GaN/AlGaN HEMTs on 3C-SiC sub-
strates with normally-off mode operation could be realized
with the large technological allowance and the same flexible
device design ability as GaAs/AlGaAs HEMT technology.
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