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Group-1II nitride short-period superlattices (SPSLs) and heterojunctions between them are studied theo-
retically in terms of the parameters, normally invoked for bulk materials. Relationships between the SPSL
structure and their macroscopic characteristics, bandgap, band offsets, and polarization, are considered.
The SPSL bandgap is found to depend directly on the quantum-well width/composition and on the barrier
width/composition via competition between the quantum-confinement Stark effect (QCSE) and miniband
broadening. The mean (period-averaged) electric field is shown to break at the SPSL heterojunction. The
break depends on the difference in the SPSL macroscopic polarization which is similar to the spontaneous
polarization of bulk nitride materials. In contrast to bulk semiconductors, the bandgap and macroscopic
polarization of a SPSL can be controlled independently by adjusting the well/barrier width and composi-
tion. A light emitting diode (LED) heterostructure containing SPSL regions is discussed to illustrate the
contact phenomena occurring at the SPSL junctions.
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1 Introduction For a long time, short-period superlattices serve as important elements of a het-
erostructure design, aimed at solving either technological or design problems. In the case of group-III
nitrides, SPSLs have been used for reduction of dislocation density in epitaxial materials (see, e.g. [1,2]),
enhancement of Mg acceptor activation [3,4], increase of hole injection efficiency [5], and even as n- and
p-emitters and active regions in light emitting diodes and laser diodes [6-8]. In all the above cases, spe-
cific electronic properties of SPSLs like existence of mini-gaps in the conduction and valence bands or
negative differential resistance are not exploited. Instead, a SPSL is considered as a bulk material with
anisotropic properties which can be controlled by its internal microscopic parameters — thicknesses and
compositions of constituent layers and their doping. Though properties of individual nitride superlattices
have been already started to study [3,4,8—10], the contact phenomena at the interfaces between either
different SPSLs or a bulk material and a SPSL are not yet examined at all.

In this study, an attempt is made to describe, at least qualitatively, a junction between two nitride
SPSLs in terms of parameters normally invoked for bulk heterojunctions — bandgaps and interface po-
larization charges. We will examine these parameters as a function of SPSL microscopic structure, i.e.
widths and compositions of the quantum well (QW) and barrier layers. An SPSL LED heterostructure is
considered to illustrate contact phenomena occurring at the SPSL junctions.

2 Electric field and macroscopic polarization The electric potential distribution in a nitride SPSL is
controlled by a polarization charge alternating on the superlattice interfaces rather than by a spatial
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charge of free carriers and ionized impurities. Without external field applied, the potential drop across
the SPSL period equals zero, and the electric fields in the QW, F,, and barrier, F, , are

o _dy and g __O dw (1)

w = B~
ggy dy, +dy gg, dy +d

Here, d, and d, are the widths of the QW and barrier, respectively, & is the dielectric permittivity of
vacuum, ¢ is the dielectric constant assumed to be the same for QWs and barriers, g = P,-P, is the

polarization charge at the QW interface, P, and P, are the total electric polarizations in the QW and
barrier, respectively, accounting for both the spontaneous polarization and piezoeffect.

Consider the band diagram and the electric field distribution near an SPSL junction shown in Fig. 1
for the superlattices differing by the QW widths only. No external field is assumed to exist in the left
SPSL, so that the electric fields in the QW and barrier obey
Eq. (1). Both SPSLs have the same surface charges at the
well/barrier interfaces, providing the same electric fields in
the barriers and wells in the left and right SPSLs. However, a Conduction
wider QW in the right SPSL produces an additional potential band edge
drop across its period, resulting in noticeable mean (aver-

. . . . Electric field
aged over the SPSL period) electric field. Extending this —

consideration to the case of two SPSLs of arbitrary parame- ! —
ters, we can derive the general relationship between the !
mean electric fields £ on both sides of the SPSL junction '
~ ~ Fig.1 Schematic view of the SPSL
F} _]?r __ B -F, , where P = Rydy + Fydy ). heterojunction.
&g, dy +dy

Equation (2) can be interpreted in terms of a polarization charge located on the interface between two

connected SPSLs and equal to the difference of the macroscopic polarizations P attributed to these
SPSLs. It is important that Eq. (2) is independent of the way of SPSL conjunction (barrier-to-barrier or
barrier-to-well) and remains valid even if a transition layer is inserted between the SPSLs.

3 Carrier density calculation To compute the equilibrium distribution of the electric potential and
carrier concentration in the SPSL, we solve the Poisson equation for the SL period with periodic bound-
ary conditions for potential and electric field, coupled with the following calculation of the majority
carrier density. Below we will describe the calculations for electrons, and the same approach is used for
each type of holes. First, we compute the ground energy level E, for

the individual QW by numerical solution of the Schrédinger equation Indivi

) ) . - . o ndividual QW profile
with an effective potential presented in Fig. 2, which coincides the vidual QW p
conduction band in one SL period and equals the barrier maximum e

outside. Then we calculate the resonance integral J and overlap inte-
gral S and obtain the electron dispersion relation within the tight-
binding approximation N

ki 2Jcos(k,d)

E(k,,k)=E,+ - ; 3)
(ko) =Ey 2m?" 1428 cos(k,d)

where mHQW is the electron in-plane effective mass in the QW layer. Conduction band edge

The electron concentration is calculated by integrating the product of o _
the density of states found from Eq. (3) and Fermi distribution func- Fig.2  Individual QW profile.
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tion. The higher miniband contribution to the car- — T 7T

rier density was evaluated in the same way. _ 51} .
> 4.8 / d,=0.5nm 4
4 Bandgap It is natural to define the SPSL band- Y a5l
gap as the separation between the electron ground > d,= 1.0nm
miniband bottom and the higher hole miniband top. g 4.2r
The bandgap depends both on the energy levels in 2 3.9r 1
individual QWs and coupling of the adjacent QWs cz 3.6k W
resulting in miniband formation ; I7) a3l |
B -E-B-D -t @ R I S A A R
+28° 1+28 . .
Barrier width (nm)
where superscripts e and & correspond to electrons
and holes of the top miniband, respectively. Fig.3 Effective Al Ga ,N/AIN SPSL bandgap as a
Figure 3 shows the bandgap of unintentionally function of the barrier width.

doped Al;,Ga, ,N/AIN SPSL as a function of barrier

width computed for different thicknesses of the QW layer. The SPSL bandgap depends primarily on the
QW width which significantly changes the energy levels. However, the bandgap variation with the bar-
rier width can be non-monotonic because of the competition between the quantum-confined Stark effect
(QCSE) and miniband broadening. Indeed, the electric field in QW rises with the barrier width according
to Eq. (1), which results in a decrease of the SPSL bandgap due to the QCSE. On the other hand, the
wider the barrier, the less pronounced is the effect of the bandgap narrowing due to miniband formation.
The barrier composition variation also affects contrariwise the miniband formation and QCSE. The
minibands become narrower at a higher AIN content in the barrier, while the electric field in the QW
rises due to a greater surface charge o . Since the red shift due to the QCSE increases rapidly with the
QW width, we can conclude that the bandgap increases with the barrier width in the SPSLs with narrow
QWs and decreases in the case of wide QWs (see Fig. 3).

5 SPSL LED double heterostructure Recently, UV LEDs of various designs employing p-n junc-
tions between different SPSLs have been demonstrated [7,8]. In particular, it has been shown that the use
of an i-SPSL active region with a wider quantum wells between the n- and p-doped SPSL claddings
increases the emission intensity compared to an LED consisting of the n- and p-SPSLs only. Actually,
such a p-i-n LED operates like a conventional double heterostructure (DHS) device [8]. Indeed, the band-
gap of the SPSL with wider quantum wells is lower than those of the claddings, producing better carrier
localization inside the active region and, hence, a higher internal emission efficiency.

To obtain the band diagrams, we solve the Poisson equation coupled with the calculation of the carrier
density described in Sec. 3. The electron and hole Fermi levels are assumed to be constant and their
separation is suggested to be equal to the bias applied. The boundary conditions are electroneutrality of
the first and last SL periods. The results for the p-n and p-i-n Al ,Ga,,N/AIN SPSL LEDs are shown in
Fig. 4. The barrier widths in the all the SPSLs are 1 nm, while the QW width is 1 nm in the DHS active
region and 0.5 nm in the n- and p-claddings. The impurity concentration of 1x10" cm” is taken in both
n- and p-regions.

Figure 4 illustrates a close similarity between the SPSL based devices and their bulk prototypes. The
effective surface charges are formed at the interfaces of the DHS active region where the mean electric
field is directed opposite to the built-in field of the p-n junction. Such a behavior is typical to conven-
tional single-quantum well (SQW) InGaN LED heterostructures with polarization charges on the SQW
interfaces. In the case of p-n SPSL junction, no effective surface charges are observed due to the equal
macroscopic polarizations in both n- and p-SPSLs. Thus, the p-n SPSL LED is quite similar to ordinary
p-n junction diode.
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6 Conclusion In this paper, we have considered the contact phenomena occurring at SPSL junctions in
terms of the parameters normally invoked for bulk heterostructures. Close similarity in the behaviour of
the bulk and SPSL LED structures is demonstrated. It is important that the key SPSL parameters, macro-
scopic polarization and bandgap, can be controlled independently by adjusting the thicknesses and com-
positions of SPSL constituent layers. This opens new opportunities for optimization of the device het-
erostructures. The analogy between the SPSL and bulk heterojunctions may serve as a guideline for the
bandgap engineering of the SPSL-based devices.
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Fig. 4 Band diagrams and concentrations of electrons and heavy holes in p-n SPSL LED (left) and p-i-n DHS
SPSL LED (right) at the bias of 4 V. Effective bandgaps are marked by thick black lines.
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