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The band  structure and light emission spectra  from  p-doped  quaternary
(AlyIn;_y_yGay)N/(Al,In,_,_,Ga,)N superlattices (SLs) in the zinc blend (cubic) structure are
investigated by means of self-consistent calculations which are performed within the k - p approach.
Exchange and correlation effects, within the generated hole gas, are taken into account in the local
density approximation. The calculated luminescence and absorption spectra show that light
emission, due to recombination from confined states in the wells, is redshifted in the doped systems
as compared to undoped SLs. It is demonstrated that p-doped strained
(AlyIn,_y_yGay)N/(AlIn,_,_,Ga,)N SLs give rise to the feasibility of achieving white light
emission, through emissions covering all the visible region spectra, from violet to red. These
findings provide important guidelines for the interpretation of forthcoming experiments in
quaternary group-III nitride-based alloy systems, and for the design of advanced optoelectronic

devices based on these alloys. © 2007 American Institute of Physics. [DOI: 10.1063/1.2737968]

I. INTRODUCTION

The group-III nitrides, and their ternary and quaternary
alloys have been extensively investigated in the past years,
mainly due to their importance toward developing electronic
and optoelectronic advanced device technology. Nowadays,
one of the most important applications of optoelectronic de-
vices is the design and engineering of light-emitting diodes
(LEDs) working from ultraviolet (UV) through infrared (IR),
thus covering the whole visible spectrum. Among the III-
nitrides and their alloys, the most important characteristics
for LEDs driving the rapid advances in this area are high
brightness, high quantum efficiency, high flexibility, long-
lifetime, and low power consumption.l’

In order to be able to reach both extrema of the visible
spectrum, the use of quaternary (AlIn;_,_,Ga,)N alloys has
recently increased.® The (AL In,_,_,Gay)N alloy allows for
independent control of lattice constant and band gap energy,
which gives great flexibility in the design of devices. An-
other interesting feature is that this alloy is responsible for
higher emission intensities than the ternary (AlGa)N alloy
with the absence of In. Through the quaternary
(AlIn,_,_,Ga,)N, it is possible to reach the near-UV region,
which leads to a better adjustment of white light emission
through the mixing of different emission wavelengths with
adequate intensities.
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Highly conductive p-type Ill-nitride layers are of crucial
importance, in particular, for the production of LEDs.
Although the control of p-doping in these materials is still a
subject of discussion, remarkable progress has been
achieved.>™ One method that has been used to increase the
p-dopant concentration is the superlattice (SL) approach,
which allows doping to reach values as high as =10'* cm™
for the hole’s charge densities.®’

In this work we address the possibility of obtaining
light emission from p-doped quaternary
(AlyIn,_y_yGay)N/(AlIn,_,_,Ga))N SLs, by properly
choosing the x and y contents in the wells and the acceptor
doping concentration N, in the barriers. We assumed the
quaternary alloys in the zinc blend (cubic) structure for the
calculations. Although most of the work in nitrides has been
done for hexagonal (wurtzite) structures, research efforts to-
ward a more complete understanding of the cubic nitride-
derived structures have increased in the last few years.g_10
Successful growth of quaternary cubic-(Al,In;_,_,Ga,)N lay-
ers lattice matched to GaN have been recently
demonstrated."" The absence of polarization fields in the
cubic-III nitrides may be advantageous for some device ap-
plications.

Typical values are taken for the Al and Ga contents in
the quaternary (AlyIn,_y_yGay)N alloy forming the barrier,
X=0.20, Y=0.75; hence, the In concentration is 5%, and
enough confinement in the wells is achieved. We consider
short-period SLs, with fixed barrier and well thicknesses of 8

© 2007 American Institute of Physics
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and 3 nm, respectively, so the wells are compressively
strained. Therefore, In segregation effects, which take place
in the bulk III-nitride alloys, for high In contents, can be
suppressed by biaxial strain as theoretically predicted and
measured for cubic-(InGa)N.'?

Here, we show that it is possible to achieve light emis-
sion which covers the visible spectrum from violet to red, by
properly choosing the alloy contents x and y in p-doped
(Alg20Ing osGag 75)N/(Al,In;_,_,Ga, )N SLs. The emissions
originated in the confined states recombination in the wells
are found to be redshifted for the doped SLs as compared to
the undoped case. This is a consequence of the self-
consistent potential bending induced by the presence of free
holes. If such SLs, or combinations of them are conveniently
designed, white light emission can be easily obtained
through the use of quaternary Ill-nitride based alloys. This is
specially true after the recent progress observed in the pro-
duction of high-In concentration nitride alloys, which are
also necessary in order to reach the IR region.

Il. METHODS OF CALCULATION

The calculations were carried out by means of a self-
consistent k- p approach, which solves the 8 X 8 Kane multi-
band effective mass equation (EME) together with the Pois-
son equation for the hole’s charge distribution."® An infinite
superlattice (SL) formed of square wells and barriers along
the (001) direction is assumed.

The multiband EME is represented with respect to plane
waves with vectors K=(27/d)l (I being an integer and d the
SL period) equal to the reciprocal SL vector. The rows and
columns of the 8 X 8 Kane Hamiltonian refer to the Bloch-
type eigenfunctions |jmk) of I'y heavy- and light-hole
bands, I'; spin-orbit-split-hole band, and I'y conduction
band; k denotes a vector in the first SL Brillouin zone (BZ).

By expanding the EME with respect to plane waves
(z|K) one is able to represent this equation with respect to
Bloch functions (r| jmle+Kel ). For a Bloch-type eigenfunc-
tion (z|Ek ) of the SL of energy E and wave vector k, the
EME takes the form

> (jmEKK|Hy+ Ho+ Vi + Va + Vi + V| ' m kK"
j’m;l('

x(j'm/kK'|Ek) = E(k) (jmkK|EK), (1)

where H, is the effective kinetic energy operator, H; is the
strain operator, V,,, is the valence- (or conduction-band) dis-
continuity potential, which is diagonal with respect to jm;,
j m , V, is the ionized acceptor charge distribution potential,
Vy i 1s the Hartree potential due to the hole’s charge distribu-
tion, and V,, is the exchange-correlation potential for the
hole gas taken within LDA.

The Coulomb potential, V(=V,+V}), is obtained by
means of the self-consistent procedure, by solving the Pois-
son equation in the reciprocal space, i.e.,
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(K|Velk") = |2[(I<INA(z)|K )

|K K’
- (Klp( )IK)], ()

with & being the dielectric constant, e the electron charge,
N4(z) the ionized acceptors concentration, and p(z) being the
hole’s charge distribution, which is given by

pla)= X

jm jk €
empty states

|( zsljmXk)|?, 3)

where s is the spin coordinate. The strain operator H is
determined by following our previous works."

From the calculated eigenstates, we can determine the
luminescence and absorption spectra of the SL by using the
following general expression:'*

Zﬁw

o (N1 =N, ]

n

g=hh, lh )

14
[E, (k) - E, (k) ~ho ]+’ @

where my is the electron mass,  is the incident radiation
frequency, v is the emission broadening (assumed as con-
stant and equal to 10 meV), E n, and E, are the energies
associated with n, and n,, respectively, the electron and hole
states involved in the transmon The occupation functions
N, x and [I—quk] are the Fermi-type occupation functions
for states in the conduction- and valence band, respectively.

For the calculation of luminescence (absorption) spectra,
the sum in Eq. (4) is performed over the occupied states in
the conduction (valence) band, and unoccupied states in the
valence (conduction) band.

The oscillator strength, fnenq(k), is given by

okl
s o W ®

fun (k) =

mOo’(r

where p, is the dipole momentum in the x-direction, o, and
o, denote the spin values for electron and holes, respectively.

All the parameters used in the present calculations are
shown in Table I. We used the expression provided in Ref. 15
for the quaternary (Al In,_,_,Ga,)N band gap energy depen-
dence on the alloy contents, x and y. For all the other quan-
tities, we interpolated linearly between the values for the
binaries, AIN, GaN, and InN. The temperature dependence of
band gap energies was evaluated through the Varshni analyti-
cal expression as applied for GaN (see Ref. 16).

We should mention that the more recent reported values
for the InN band gap energy are 0.6—0.7 ev.!' Although
in the present calculations we adopted the value of Eg(InN)
=0.9 eV (Table I), we point out that if any value <0.9 eV is
assumed, less In content in the quaternary alloy which forms
the well is needed to reach the IR region, and our conclu-
sions remain unaltered.
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TABLE I. Values of the parameters used in the self-consistent calculations
of the p-doped cubic (Aly,gIngosGay75)N/ (Al In;_,_,Ga,)N SLs. Data ex-
tracted from Refs. 14 and 22-24. We mention that the more recent reported
values for the InN band gap energy are =0.6—0.7 eV. (Refs. 17-21). How-
ever, the use of a smaller value than the one used here does not change our
conclusions.

GaN InN AIN
7 2.96 3.77 1.54
" 0.90 1.33 0.42
" 1.20 1.60 0.64
A, (meV) 17 3 19
a(A) 4.552 5.030 4.380
my, 0.86 0.84 1.44
my, 0.21 0.16 0.42
m, 0.30 0.24 0.63
m, 0.15 0.10 0.067
E(eV) 33 0.9 5.94
ay(eV) -8.50 -12.98 -9.40
2/3D,(eV) 1.6 1.2 15
C11(GPa) 293 187 304
C),(GPa) 159 125 160

lll. RESULTS AND DISCUSSION

In this section we discuss the results of p-type doped
quaternary (Al IngsGag75)N/(AlIn,_,_,Ga,)N SLs, for a
set of different alloy contents, x and y, and two distinct ion-
ized acceptor concentrations, Ny=5X 10" cm™ and N,=1
X 10" em™. The acceptor doping distribution is assumed to
be uniform in the quaternary alloy which forms the barriers,
and are all ionized, thus the holes charge densities p=N,. For
comparison, we also discuss the results for the systems in an
undoped condition. In all SLs studied here, the wells are
compressively strained.

Figure 1 shows the self-consistent band structure, along
the high symmetry lines I'Z and A, obtained for a uniformly
p-doped barrier of an (Al ,0lng sGag75)N/(Ing 65Gag 35)N
SL, with Ny=1X10" cm™. Only the first eight valence-
band levels and the first two conduction-band levels are pre-
sented. The hole levels are labeled according to their main
character at the I'-point. The notation “soi-lhi” (“lhi-soi”)
means that the mixing character of band i is dominated by
the split-off hole band, so (light-hole band, lh). The energy
zero was placed at the top of the Coulomb potential at the
(Alg20Ing 9sGag 75)N barrier. No miniband dispersion (along
the I'Z-direction) is seen; thus the wells are isolated. The first
heavy-hole level, hhl, is found to be occupied. The Fermi
level lies within the second heavy-hole band, hh2, which is
only slightly occupied.

In Fig. 2 we present the calculated photoluminescence
(PL) spectra at T=2K for p-doped
(Al 20Ing 5Gag 75)N/ (Al In,_,_,Ga,)N SLs, where the x and
y contents assume the values depicted in Table II. The ion-
ized acceptor concentrations are N,=0 (undoped), N4=5
X 10" em™3, and N,=1X 10" cm™. The values taken for x
and y are such that allow coverage of a wide energy range,
from the red to the violet region of the electromagnetic spec-
trum.

In order to better visualize the energy shifts due to the
changes in N4, and see detailed structures of the peaks, we
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FIG. 1. Conduction- and valence-band structure, along the SL symmetry
lines I'-Z (growth axis) and A (perpendicular to the growth axis) of a
p-doped (Alg,0lngsGag75)N/Ing ¢sGag3sN SL (note, the Al content x=0),
which gives rise to transitions in the red part of the electromagnetic spec-
trum. The ionized acceptor concentration is Ny=1X 10" cm™. Two electron
levels, el and e2, and several hole levels hhl, hh2, sol-lhl, so2-1h2, hh3,
hh4, s03-1h3, and so4-1h4, are shown (see the text for notation). The energy
zero was taken at the top of the Coulomb potential at the
(Aly0Ing osGagy 75)N barrier. The Fermi level, E, is shown by the horizontal
solid line.

show in Fig. 3 the theoretical PL spectra depicted in Fig. 2,
but in a two-dimensional view, ascribing different lines to
distinguish the three acceptor doping cases: undoped (dotted
lines), N,=5X%10"%cm™ (solid lines), and N,=1
X 10" ¢cm™ (dashed lines). As N, increases, a redshift of the
PL peaks seen in Fig. 3 is clearly observed. This is due to the
potential bending shape induced by the presence of free
holes in the SL wells, which lowers the recombination tran-
sition energies. The second peak which is seen on the right of

violet

red green blue blue-violet

Normalized PL (a.u.)

2600 2800 3000

10 2000 2200 2400

Energy (meV)

1

NAx1018 cm -3)

FIG. 2. Calculated normalized photoluminescence (PL) spectra, at 7=2 K,
for (Aly50Ing osGag 75)N/ (Al In,_,_,Ga,)N SLs, for x and y values as shown
in Table II, for ionized acceptor concentrations of N,=0, N,=5
X 10" ecm™, and N,=1X 10" cm™. The energy range covers the electro-
magnetic spectrum from red to violet.
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TABLE II. Values used for the alloy contents x and y in the p-doped cubic-
(Alg20Ing 9sGag 75)N/ (Al In;_,_,Ga,)N SLs, properly chosen to attain light
emission in the electromagnetic spectral regions indicated in the left column.

Cubic-(AlyoIng 0sGag 75)N/ (Al In,_,_ Ga,)N X y l1-x-y
Red 0.00 0.35 0.65
Green 0.02 040 0.58
Blue 0.08 0.45 0.47
Blue-violet 0.10  0.50 0.40
Violet 0.15 0.55 0.30

the main PL peak at the red region is related to recombina-
tion involving the second heavy-hole confined level.

In order to support the above interpretation, we analyze
in more detail the spatial dependence of the different valence
band edges for a particular case. We show in Fig. 4
the self-consistent hole subbands and potential profiles
obtained for a p-doped SL emitting in the red,
(Alg20Ing osGag 75)N/(Ing ¢sGag 35)N, for Ny=5%10'8 cm™.
In the left-hand panel [Fig. 4(a)], the positions of the accep-
tor level in the barrier and the Fermi level along the SL are
also shown. On the right-hand panel of the figure [Fig. 4(b)],
the relative contributions for the total heavy-hole potential,
Vi, due to the Coulomb potential, V., and due to the
exchange-correlation potential, V., are compared. Although
the acceptor level energy in the group-IIl nitrides is rela-
tively deep, ~200 meV above the top of the valence band [as
shown in Fig. 4(a)], it is the strain effects due to lattice
mismatch in the nitride-based SLs that assure the presence of
rather deep potential wells, and the formation of a quasi-two-
dimensional hole gas (2DHG) which is confined inside them.
Many-body effects such as exchange and correlation within
the 2DHG have shown to be relevant, particularly for high
hole-density systems.'> As emphasized in Fig. 4(b), the
exchange-correlation potential plays the major role, as com-
pared to the Coulomb potential, and therefore it is respon-
sible for the increase in the final potential well depth. Since
the effects of exchange-correlation, as described in LDA,
have been taken into account in the present calculations, the
observed redshift of the spectra may be attributed mostly to
the band gap renormalization (BGR).” This quantity can be
extracted directly from the results shown in Fig. 4(b) by
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FIG. 3. PL spectra of Fig. 2, viewed in a two-dimensional picture in which
different kinds of lines are ascribed depending on the doping case: undoped
(dotted lines), N,=5X10'cm™ (solid lines), and N,=1X10" cm™
(dashed lines).

taking the energy difference BGR:th—V’g'zVﬁ'(hC,
gives values varying between 20 and 47 meV.

The temperature dependence of the theoretical PL spec-
tra is shown in Fig. 5 for one of the systems, a p-doped
(Alg20Ing 0sGag 75)N/ (Al In,_,_,Ga,)N SL which emits in the
blue (see Table II) for N;=5X% 10" cm™. At low tempera-
tures, the PL peaks remain practically unchanged. Above T
=80 K, there is a significant redshift, and a second less-
intense peak appears. This second peak arises from recombi-
nation involving excited hole states, with higher energies in
the valence band. The relative intensity of this second peak
enhances as T is increased. The energy difference between
the fundamental and first excited electron states prevents the
recombination from the latter.

Figure 6 illustrates the calculated PL and absorption
spectra, at T=2K, for a p-doped
(Aly0Ing sGag 75)N/ (Al In,_,_,Ga,)N SL, which emits in
the blue (see Table II) for N,=0 (undoped), N4=5
X 10" em™3, and N,=1Xx10" cm™. We clearly see a red-
shift in both the PL and absorption spectra, with the increase
in N,, which is caused by the enhancement of the hole’s
confinement. We can also extract from the calculations the

which

700 50
@ Y, >——Vu r(b) -7~
600 | Lo E] e \
// \\ FIG. 4. p-doped (AlgxIngsGag7s)N/ (Ing 6sGag 35)N
200 b hh [T - 307 \ SL, with N;=5x%10'® cm™, which emits in the red: (a)
> > -,’ \‘ Real-space energy diagram showing the spatial depen-
QE) 400 == Th-so qE) 20 b dence of the valence band edges for heavy (V,,;,), light
> = (Vy), and split-off (V,,) hole bands. Eight energy hole
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L Level ) — vV =y Mym and the position of the Fermi level, Ex. The energy zero
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FIG. 5. Temperature dependence of the normalized calculated PL spectra, as
obtained for a p-doped (Alj,gIngosGag5)N/(AlIn,_,_,Ga, )N SL which
emits in the blue (see Table IT). Ny=5 X 10'8 cm™. Above T=80 K, a second
less-intense peak appears, which is ascribed to recombination involving the
first excited hole state.

values obtained for the Stokes shift, taken here as the energy
difference between the PL peak and the absorption edge. We
notice a significant increase in the values of the Stokes shifts
as N, increases, due to the many-body effects within the
2DHG present in these systems.

The values encountered for the Stokes shifts in the sys-
tems shown in Fig. 5 are approximately 20 and 40 meV,
respectively, for Ny=5x%10"% cm™ and N,=1X10" cm™,
Similar values for the Stokes shifts have been found for
p-doped ternary (AlGa)N/GaN SLs.*

IV. CONCLUSIONS

We presented the band structure and light emission spec-
tra calculations from p-doped quaternary
(Alg20Ing sGag 75)N/ (Al In;_,_,Ga,)N SLs in the zinc blend
structure, by using effective-mass theory and the k-p ap-
proach. The full eight-band Kane Hamiltonian, together with
the Poisson equation, was solved, providing self-consistent
potential profiles and hole’s charge distributions for different
SLs.

The alloy contents in the wells, x and y, as well as the
acceptor doping concentration N4 in the barriers, have been
varied. The light emission from the systems cover a wide
range of the electromagnetic spectrum from violet through
red, and can be precisely engineered by choosing proper x
and y values for the molar fractions in the quaternary alloy.

The results obtained for the calculated luminescence and
absorption spectra have proven that light emission arising
from confined states recombination in the wells is redshifted
in the doped SLs, when compared to the undoped case, and
this behavior is caused by the potential bending induced by
the presence of free holes in the SLs wells. Therefore, we
demonstrated that it is feasible to achieve white light emis-
sion in p-doped quaternary Ill-nitride SLs, through proper
engineering of the alloy molar fractions, which brings up
insights toward advanced optoelectronic device technology
development.
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FIG. 6. Calculated PL and absorption spectra, at T=2 K, for a p-doped
(Alg20Ing 9sGag 75)N/ (Al In;_,_,Ga,)N SL, which emits in the blue (see
Table II), for Ny=0 (undoped), N;=5%10"® cm™3, and N,;=1X 10" cm™.
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