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Fig. 2. The conduction band profile and 2DEG distri-
bution in an Ing.17Alp.83N/GaN heterostructure.
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Abstract

The variational method has been widely used to study the electronic structures of heterostructure materials in spite
of this method being less accurate than the numerical method, because analytical formulas for some electrical parameters
can be derived using this method. However, effects of surface states on the two-dimensional electron gas (2DEG) have
not been taken into account in the variational studies of GaN-based heterostructures. In the present study, analytical
formulas for the electron wave function and ground state energy level of the 2DEG in InAIN/GaN heterostructures are
derived using the variational method, and the influences of structural parameters of InAIN/GaN heterostructures on
the electrical properties are discussed. In the theoretical model, evenly distributed surface states below the conduction
band are assumed to be the origin of the 2DEG, and the polarization charges at the InAIN surface and the InAIN/GaN
interface due to spontaneous and piezoelectric polarization effects in InAIN/GaN heterostructures are taken into account.
A trial envelope wave function with two variational parameters is used to derive the expectation value of the total energy
per electron. The variational parameters are determined by minimizing the expectation value. The model predicts
a linear conduction band profile in InAIN barrier layer and an approximately triangular-shaped potential well on the
GaN side of the InAIN/GaN interface. Electrons released from the surface states are confined in the potential well,
forming the 2DEG. The 2DEG sheet density for the lattice-matched InAIN/GaN heterostructure with a 15 nm InAIN
layer is 1.96 x 10*® cm™2, and the average distance from the InAIN/GaN interface of electrons is 2.23 nm. The 2DEG
sheet density increases rapidly with InAIN thickness increasing when the InAIN layer exceeds the critical thickness, and
starts to be saturated above 15 nm. The dependence of the calculated 2DEG sheet density on the InAIN thickness
quantitatively agrees with recently reported experimental data. The increasing 2DEG sheet density results in increasing
the ground state energy level and Fermi energy, and the energy spacing between the two also increases for containing
more electrons. The polarization discontinuity at the InAIN/GaN interface decreases with increasing In mole fraction,
causing the 2DEG sheet density to decrease, and thus the ground state energy level and the Fermi energy to decrease.
This model is conducive to understanding the electrical behaviors of InAIN/GaN heterostructures and providing readily

applicable formulas for studying the electron transport and optical transitions.

Keywords: InAIN/GaN heterostructure, two-dimensional electron gas, variational method, wave function
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