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Abstract

Al-rich AlGaN semiconductor is the most important material for deep ultraviolet
(DUV) optoelectronic devices including light-emitting diodes (LED) and laser diodes
(LD), which have significant applications and broad market prospects in ficlds of
illumination, sterilization, purification, high-density optical recording, and so on.
However, the emission efficiency in those devices is still rather low and rapidly
decreases as the wavelength decreases, due to p-type doping difficulty and optical
polarization varition in Al-rich AlGaN. In this thesis, the systematical studies about
p-type doping and unusual optical polarization property in Al-rich AlGaN have been
performed by first-principle calculation and metal-organic vapor phase epitaxy
(MOVPE) technique. The major results are as follows:

The MOVPE surface engineering technique has been proposed to enhance Mg
effective incorporation in Al-rich AlGaN. First-principles simulations were utilized to
analyze the behavior of substituting Mg for Al and Ga in the bulk and on the surface
of Al,Ga;N under different growth atmospheres and to demonstrate the mechanism
for the preferred Mg incorporation. Mg solubility in Al,Ga;,N bulk is limited because
of the positive and large formation enthalpies mainly caused by the atom-size
mismatch. This trend is aggravated with increasing Al content in Al,Ga;,N. In
contrast to the bulk case, the formation enthalpies become negative on Al,Ga; N
surface and lower in Al-rich Al,Ga;,N, indicating that the surface can provide an
effective way of promoting Mg incorporation in Al,Ga;N. In addition, the N-rich
growth atmosphere can also be favorable to Mg incorporation on the surface by
changing the chemical potentials. On the basis of these results, the MOVPE surface
engineering technique, which utilizes periodical interruptions under an extremely
N-rich atmosphere, was proposed to enhance Mg incorporation. During the
interruption, metal flows were closed to produce an ultimate V/III ratio condition
without affecting the AlGaN growth. By optimizing the interruption, we obtained a

high concentration and uniform distribution Mg in the AlGaN epilayer. The Ciy

11



enhancements increase with increasing Al content through this method. Particularly,
for the Alyg9GagoiN, the enhancement ratio can be achieved up to about 5 and the
final Mg concentration was determined to be about 5 x 10" c¢m™. Meanwhile, the
simultaneous increase of the H concentration confirms the Mg effective incorporation
in the desired substitutional sites instead of forming MgszN,. The proposed approach,
which is convenient as well as effective, could be used as a general strategy to
promote dopant incorporation in wide band-gap semiconductors with stringent dopant
solubility limits.

A novel three-dimension (3D) Mg-doped superlattice (SL) has been proposed to
substitute conventional Mg-doped AlGaN SL to enhance p-type doing efficiency.
Electronic structure calculations within the first-principle theoretical framework
indicate that the densities of states (DOS) of the valence band nearby the Fermi level
are more deconcentrated along the c-axis than that of conventional SL, and the
potential barrier significantly decreases. Hole concentration is greatly enhanced in the
barrier of 3D SL. Detailed comparisons of partial charges and decomposed DOS
reveal that the improvement of vertical conductance may be ascribed to the stronger p.
hybridization between Mg and N. Based on the theoretical analysis, highly conductive
p-type 3D Al 3Gag37N/Aly 51Gag 49N SLs are grown with identified steps via MOVPE.
The hole concentration reaches up to 3.5 x 10" cm™, while the corresponding
resistivity is 0.7 Q ¢ cm at room temperature, which is tens times improvement in
conductivity compared with that of conventional SLs. High hole concentration can be
maintained even when the temperature is down to 100 K. High p-type conductivity in
Al-rich structural material is an important step for the future design of superior
AlGaN-based DUV devices.

The band engineering via Mg-doping has been proposed to modulate the optical
polarization of Al-rich AlGaN quantum structure. Based on first-principles
simulations, the complex physics behind the optical polarization probably stem from
the fact that the lattice parameter c/a ratio and internal parameter u deviates from the
ideal value for a hexagonal close-packed crystal structure. It is found that the

deviation degree increases with Al content increases, corresponding to an increase
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of the ionicity. This results the crystal-field splitting energy A., varing from 40 meV
to 0 meV as Al content increases from 0 to 0.5, and finally droped down to -197 meV
in AIN. As the A, value changes from positive to negative, the topmost valence
subband in AlGaN change from the heavy-hole band to the crystal-field split-off-hole
band, and as a consequence the predominant emission switch from transverse electric
(TE) polarization to transverse magntic (TM) polarization. Which is unfavorable for
light extraction efficiency for optoelectronic devices grown on the c-plane, especially
for Al-rich AlGaN. The band engineering via Mg-doping allows modulation of the
AlGaN quantum structure band structure especially at valence band maximum
changing the valence band order so as to switch the emitted light to TE polarization,

which will improve light extraction efficiency in Al-rich AlGaN.

Keywords: AlGaN semiconductors, p-type doping, modulation of optical
polarization, Mg dopant, DUV optoelectronic devices, MOVPE technique, The

first-principle calculation.
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