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Cubic Al0.3Ga0.7N/GaN heterostructures were grown by plasma-assisted molecular beam epitaxy

on 3C-SiC (001) substrates. A profile of the electrostatic potential across the cubic-AlGaN/GaN

heterojunction was obtained using electron holography in the transmission electron microscope.

The experimental potential profile indicates that the unintentionally doped layers show n-type

behavior and accumulation of free electrons at the interface with a density of 5.1� 1011/cm2, about

one order of magnitude less than in wurtzite AlGaN/GaN junctions. A combination of electron

holography and cathodoluminescence measurements yields a conduction-to-valence band offset

ratio of 5:1 for the cubic AlGaN/GaN interface, which also promotes the electron accumulation.

Band diagram simulations show that the donor states in the AlGaN layer provide the positive

charges that to a great extent balance the two-dimensional electron gas. VC 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.3700968]

GaN and its alloys are of much interest for applications in

electronic and optoelectronic devices.1 These materials typi-

cally have the wurtzite structure with space group P63mc,

which exhibits large spontaneous and piezoelectric polariza-

tion fields, hence a significant quantum-confined Stark effect

that limits the free-carrier recombination efficiency. On the

other hand, the cubic phase of GaN with space group F�43m

exhibits no spontaneous polarization and has been a subject of

study for the past two decades.2–4 Furthermore, all piezoelec-

tric polarization components (along the growth direction and

in the growth plane) should vanish for cubic films grown

along a h100i direction,5 which is a different case from the

wurtzite GaN where the total polarization is never zero for

any orientation.6 The absence of polarization effects is one of

the advantages of cubic group III nitrides over the hexagonal

group III nitrides. However, there is limited experimental

understanding of the electronic band structure of cubic nitride

heterostructures. In particular, accumulation of carriers at the

AlGaN/GaN interface has been observed but its origin is not

well understood. We report here the results of a study of the

electrostatic potential variation and the origin of two-

dimensional electron gas (2DEG) accumulation in cubic

AlGaN/GaN heterojunctions, using a combination of trans-

mission electron microscopy, electron holography, and catho-

doluminescence spectroscopy.

A cubic Al0.3Ga0.7N/GaN heterostructure was grown by

plasma-assisted molecular beam epitaxy (MBE) on 3C-SiC

(001) substrate,7 with GaN and AlGaN layer thickness of

600 nm and 30 nm, respectively. The layer thickness and alu-

minum composition are close to the value of optimized wurt-

zite AlGaN/GaN heterostructures with high 2DEG density.8

Because of the high conductivity of the 3C-SiC substrates,

the doping concentration in our samples could not be

obtained from Hall effect measurements. Capacitance-

voltage (C-V) measurements on cubic AlGaN/GaN metal-

oxide-semiconductor (MOS) structures9,10 and on Schottky

barrier devices11–13 showed a background carrier concentra-

tion for the cubic GaN layer of about 9� 1016–2� 1017 cm�3

and for the AlGaN epilayers of about 1–4� 1018 cm�3,

respectively. Secondary ion mass spectroscopy measure-

ments10 indicated that oxygen may be the reason for this

background carrier concentration. In analogy to the discus-

sion of the growth of hexagonal AlGaN with plasma-assisted

MBE (Ref. 14), we suspect the nitrogen gas used in the

plasma source as the source of oxygen; however the Al and

Ga sources cannot be excluded.

Cathodoluminescence (CL) spectra were obtained at

near liquid helium temperatures, in a scanning electron

microscope operated at an electron acceleration voltage of

5 kV with a beam current of 400 pA. Cross-sectional thin

samples were prepared for transmission electron microscopy

(TEM) using standard mechanical wedge polishing and

argon-ion milling techniques. The electron holography meas-

urements were performed on a Philips CM200 field-emission

transmission electron microscope operating at 200 keV and

equipped with an electrostatic biprism. All electron holo-

grams were recorded using a charge-coupled device camera.

The electron holography measurements were performed to

study the electrostatic potential profile of the cubic AlGaN/

GaN heterostructure. In electron holography, the phase of

the electron passing through the sample is affected by the

electrostatic potential in the crystal. The phase shift in the

electron beam traveling across the specimen, with respect to

the electron beam in vacuum, is /ðx; yÞ ¼ CEVðx; yÞt, where

CE is constant for a fixed electron accelerating voltage

(CE¼ 0.00728 rad/V nm for 200 keV electrons), Vðx; yÞ is

the projected electrostatic potential of the sample, and t is

the sample thickness.15 Using the holographic method, we

digitally retrieve the phase shift /ðx; yÞ from the original

hologram, acquire the distribution of the electrostatic poten-

tial Vðx; yÞ, and integrate along the growth plane to obtain

the one-dimensional potential profile. More details about

electron holography measurements for two-dimensional

electron and hole gases in group III nitride heterostructures

can be found elsewhere.16,17

Fig. 1(a) is a cross-section TEM image of the cubic

Al0.3Ga0.7N/GaN heterostructure. The crystal defects are

mainly microtwins along {111} planes, which are common
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in cubic thin films.18,19 Electron holography was performed

on the region marked by the rectangle, and the integrated

thickness and phase profiles are shown in Figs. 1(b) and 1(c).

The TEM specimen has a uniform thickness in the GaN

region, but the AlGaN layer becomes thinner toward the sur-

face. This is due to preferred oxidation and removal of the

Al-containing region during ion milling. Thus, a polynomial

fitting is applied to obtain the thickness profile in the AlGaN

layer. The electrostatic potential profile is then obtained by

dividing the phase shift by the thickness profiles; the result is

shown in Fig. 2. In the GaN layer, the potential has a nega-

tive curvature, which indicates carrier depletion and free

electrons accumulation at the GaN/AlGaN interface. The

potential becomes flat in GaN at �20 nm away from the

interface, suggesting the free electrons are confined within

that range, hence have a quasi-two-dimensional characteris-

tic. A sheet carrier concentration 5.1� 1011/cm2 is obtained

from the potential curvature using Poisson’s equation; this

value is about one order of magnitude smaller than the den-

sity of typical wurtzite GaN 2DEG.16 The obtained electrical

data are in good agreement (within a factor of two) with con-

ventional C-V measurements on these cubic AlGaN/GaN

heterostructures and MOS structures.9,12,13 A positive curva-

ture of the potential energy profile in the AlGaN region is

also observed, indicating an ionized donor density which is

not negligible. The electron holography measurement of the

potential profile has an overall error of 15% in this experi-

ment, mainly from the estimation of thickness and from re-

sidual diffraction contrast effects.

To better understand this quasi 2DEG in cubic AlGaN/

GaN, more information about the band-edge of cubic nitrides

is needed. Figure 3 shows the cathodoluminescence spec-

trum of the sample taken at liquid helium temperature (4 K).

Three separated lines at 3.29, 3.17, and 3.09 eV correspond

to GaN band-edge emissions. The 3.29 eV peak is assigned

to an excitonic transition in cubic GaN, while the 3.17 eV

and 3.09 eV peaks are assigned to a donor-acceptor recombi-

nation and its phonon replica, in good agreement with other

reports.20–22 The AlGaN peak is at 3.95 eV with a full-width-

at-half-maximum (FWHM) of 176 meV and can be fitted by

three Gaussian curves. These peaks are not as well resolved

FIG. 1. The AlGaN/GaN heterostructure in cross section: (a) TEM image

along a h110i projection showing microtwins typical in cubic GaN epitaxy;

the [001] growth direction is indicated by an arrow. (b) Thickness and (c)

phase profiles obtained from an electron hologram corresponding to the out-

lined region in (a).

FIG. 2. Potential energy profile obtained by dividing the phase and ampli-

tude profiles from the electron hologram. The 2DEG is characterized by a

negative curvature in the potential energy profile with a density of

5.1� 1011/cm2 calculated using Poisson’s equation. A positive curvature in

the AlGaN potential energy profile is also observed, indicating a significant

ionized donor density.
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as the GaN band-edge peaks (with �40 meV FWHM), prob-

ably due to alloy fluctuations and residual oxygen contami-

nation. The peak at 3.95 eV gives a band gap difference

between cubic AlGaN and GaN of 0.78 eV, consistent with

the nominal composition of the AlGaN film.

An interesting observation is that the difference in band

gap between AlGaN and GaN is 0.78 eV in Fig. 3, while the

electrostatic potential of AlGaN and GaN has an offset of

�0.65 eV in Fig. 2. The potential energy determined by elec-

tron holography can be understood as the conduction band

for our case since the unintentionally doped nitride is typi-

cally n-type, and holography measurements provide a profile

of the electrostatic potential experienced by the electrons in

the conduction band. Hence, our experimental results suggest

a conduction-to-valence band offset ratio at least as large as

5:1 for cubic AlGaN/GaN, while the first-principle calcula-

tions predict a value of 3:1 for cubic AlN/GaN.23 With our

measured energy band values, the electronic band diagram

can be calculated by solving the Poisson and Schrodinger

equations self-consistently, where charge neutrality from

donors and free electrons are satisfied. The simulated poten-

tial energy profile compared with the experimental data is

shown in Fig. 4. In the simulation, an effective n-doping

level of 2� 1018/cm3 in the AlGaN depletion region is used,

and a zero polarization field for cubic nitride is assumed.

The first three electron states are also shown in the figure,

which indicates the carriers’ distribution is limited in a char-

acteristic length less than 20 nm in a quasi-2-dimensional na-

ture. The consistency of experimental and theoretical data

demonstrates that the free electron accumulation is induced

by the donor states in the AlGaN layer and promoted by the

large conduction band-offset of the cubic AlGaN/GaN.

We next discuss further aspects of the polarization

charge effects. One important feature of the cubic nitride

structure is its zero spontaneous polarization due to the

higher crystal symmetry, in contrast with its piezoelectric

polarization that depends on the growth orientation. For

pseudomorphic heteroepitaxial growth, the biaxial strain is

due to the lattice mismatch between the epilayer and sub-

strate. For arbitrary growth facets, the strain and the piezo-

electric tensors can be transformed by using a rotation

matrix. The epitaxial growth is traction-free, which means

the stress along the growth direction is zero. Under these

conditions, the polarization field in the AlGaN/GaN hetero-

structures can be calculated for arbitrary crystal orientations.

Figure 5 shows the calculated polarization fields for AlGaN

grown on GaN as a function of polar angle, where the polar

angle is defined with respect to the (001) plane. The polariza-

tion along the growth direction is maximum for a h111i
growth direction, while the polarization component along

the growth plane is maximum for a h110i growth direction.

For a h001i growth direction, both perpendicular and in-

plane polarization values are zero. However, if a residual

FIG. 3. Cathodoluminescence spectrum of the cubic AlGaN/GaN hetero-

structure at a temperature of 4 K. The spectrum shows a broad AlGaN

emission at 3.95 eV with a FWHM of 176 meV and three separate GaN

near-band-edge peaks.

FIG. 4. Simulated conduction band profile compared with the electrostatic

potential obtained by electron holography. First three electron states are also

shown. The n-doping level of AlGaN is set at 2� 1018/cm3.

FIG. 5. Calculated polarization fields as a function of crystal orientation for

a cubic Al0.3Ga0.7N/GaN heterojunction. The polar angle is defined with

respect to the (001) plane. The polarization value along the growth direction

is maximum for a (111) growth plane, while the polarization component on

the growth plane is maximum for a (110) growth plane. For a (001) growth

plane, both perpendicular and in-plane polarization are zero.
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hexagonal phase exists during cubic epitaxial growth, there

could be a local polarization discontinuity which introduces

electric dipole moments. In TEM images as in Fig. 1(a), we

observe thin hexagonal regions due to stacking faults at the

boundaries of the {111} microtwins that can lead to an ab-

rupt potential drop within a few atomic monolayers, but not

to a macroscopic field. Therefore, the dipole moment due to

microtwins should have a negligible effect in our case. It

should be noticed that the residual hexagonal regions, in suf-

ficient high densities, could produce polarization fields that

significantly modify the band diagram.

In conclusion, the cubic Al0.3Ga0.7N/GaN heterojunction

is found to have a 2DEG with a density of 5.1� 1011/cm2,

which originates from the donor states with density of

2� 1018/cm3 in the AlGaN layer, probably due to residual

oxygen contamination. A large conduction-to-valence band

offset ratio of 5:1 is observed, which enhances the 2DEG

accumulation. Since the polarization field is negligible in

[001] cubic structures, we demonstrate that 2DEG can be

achieved in the nitride semiconductors without the need of

polarization effects.
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