Pre prints.org

Article Not peer-reviewed version

Quantum Theory of Polarized
Superlattice Optical Response: Faithful
Reproduction of Nakamura'’s Blue Laser
Spectra

Pedro Pereyra --- " and Victor G. Ibarra-Sierra

Posted Date: 25 September 2025
doi: 10.20944/preprints202509.2085.v1
Keywords: Blue laser diode spectra; InGaN superlattices; Quantum theory of polarized superlattices;

Quantum-confined Stark effect (QCSE); Charge polarization; Confining-layers asymmetry; Recombination
delay times; Optical susceptibility

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/971071
https://sciprofiles.com/profile/4771166

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2025 doi:10.20944/preprints202509.2085.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Quantum Theory of Polarized Superlattice Optical
Response: Faithful Reproduction of Nakamura’s Blue
Laser Spectra

Pedro Pereyra * ), and Victor G. Ibarra-Sierra

Fisica Tedrica y Materia Condensada, Ciencias Bésicas, Universidad Auténoma Metropolitana-Azcapotzalco, Av. S. Pablo 180,
Azcapotzalco, C.P. 02200, Ciudad de México, Mexico
* Correspondence: ppereyra@azc.uam.mx

Abstract

Earlier quantum calculations of the optical response of Nakamura’s blue laser diode, assuming
Kronig-Penney-like band-edge profiles, omitted the effects of charge polarization, cladding-layer
asymmetry, and recombination delay times. While such simplified model reproduces the overall
emission structure, underestimates the spectral width and fails to capture the decrease in peak in-
tensities at higher energies. Here, we present a detailed quantum theory of polarized-asymmetric
superlattices that explicitly incorporates spontaneous and piezoelectric polarization, confining-layer
asymmetry, and recombination lifetimes. Local Stark fields are modeled by linear band-edge potentials,
and the corresponding Schrodinger equation is solved using Airy functions within the Theory of Finite
Periodic Systems. This approach enables the exact calculation of subband eigenvalues, eigenfunctions,
transition probabilities and optical spectra. We show that to faithfully reproduce Nakamura’s blue
laser spectra, smaller effective masses must be considered, unless unrealistically small barrier heights
and widths are assumed. Furthermore, by employing the time distribution of transition probabilities,
we capture the energy dependence of recombination lifetimes and their influence on peak intensities.
The resulting analysis reproduces the observed spectral broadening and peak-height evolution, while
also providing estimates of the magnitude of the Stark effect and mean recombination lifetimes.

Keywords: blue laser diode spectra; InGaN superlattices; quantum theory of polarized superlattices;
quantum-confined stark effect (QCSE); charge polarization; confining-layers asymmetry; recombina-
tion delay times; optical susceptibility

1. Introduction

The discovery in the 1990s of blue laser diodes based on InyGa;_,N superlattices in the active
region [1,2] triggered rapid progress in solid-state lighting, optoelectronics, and related technologies.
Since then, intensive efforts have been devoted to improve epitaxial growth, structural quality, and
device performance of GaN-based heterostructures and superlattices (SLs)[3-11]. Subsequent research
concentrated on Ga-rich InGaN and AlGaN alloys, whose bandgaps enable photon emission across
the blue—green spectral range [12,13].

Despite extensive work on carrier transport, effective masses, device efficiency, and brightness, the
detailed optical response of InGaN/GaN superlattice diodes has received comparatively less attention.
High-resolution spectra reveal groups of narrow emission peaks, but their theoretical explanation has
long been regarded as overly demanding due to the quantum-mechanical complexity of the problem. In
particular, interpreting the spectra first reported in Nakamura’s pioneering experiments has remained a
challenge. Several theoretical and experimental studies have addressed partial aspects of the emission
process. Examples include the joint density-of-states model for multi-quantum-well heterostructures
[14] and works comparing polar and non-polar quantum wells, which showed that structural non-
uniformity broadens optical transitions [15]. Conventional approaches based on effective-mass and
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k - p models, however, rely implicitly on Bloch’s theorem, which is rigorously valid only for infinite
crystals. For finite periodic systems such as superlattices, Bloch-based descriptions become inadequate:
they replace a quantum-discrete spectrum with a classical continuum approximation, and in doing so
eliminate precisely the discrete features observed experimentally.

In the 1980s, several independent works [35] applied the transfer-matrix method to multilayered
structures and, without apparent knowledge of earlier studies, effectively rediscovered the compact
formulas of Jones [36] and Abeles [37]. These results were used mainly to analyze transport within
the one-propagating mode approximation. In parallel, and starting in the 1990s, the Theory of
Finite Periodic Systems (TFPS) was further developed to determine not only resonant energies and
transmission coefficients but also energy eigenvalues and eigenfunctions. This approach combines
exact single-cell quantum solutions with transfer-matrix properties and provides a rigorous framework
that overcomes the limitations of Bloch-based models [16-20]. The TFPS restores the quantum nature
of finite systems, yielding discrete eigenvalues and eigenfunctions that naturally reproduce the spectral
features of superlattices. Applications of TFPS to polarized structures [21] and to resonant features
of Nakamura’s blue laser spectra [22,23] demonstrated its explanatory power. More recently, TFPS
has been applied to InyGaj_,N blue-emitting SLs, successfully reproducing both the narrow emission
peaks and their characteristic clustering, as seen in Nakamura’s spectra [24]. In this framework,
optical transitions occur between quantized conduction- and valence-band subbands, while surface
states—slightly shifted from the bulk subbands—account for the observed groups of emission lines.

Nevertheless, discrepancies between theory and experiment remain. For example, the calculated
spectrum in Figure 1 spans about 3 nm in wavelength, whereas the measured spectrum extends over
nearly 4 nm. Moreover, theoretical resonance peaks do not capture the gradual decrease in intensity
at higher photon energies. These differences suggest that additional physical effects—cladding-layer
asymmetry, local Stark fields, variations in effective masses, and recombination dynamics—must be
included. Addressing these effects is the main purpose of the present work.
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Figure 1. Narrow peaks and subband groups in the optical spectra observed by Nakamura et al. [1,2] (upper
panel) and calculated [24] (lower panel) for the blue-emitting superlattice GaN (Ing,GaggN/ InggsGaggsN)" GaN
withn = 10,4 = 2.5nm,and b = 5 nm.

In our earlier calculations we assumed symmetric cladding layers and neglected polarization.
Under these conditions, conduction- and valence-band surface states are nearly degenerate, producing
essentially a single isolated transition peak. Introducing asymmetry, however, splits these peaks, as
demonstrated in Ref. [17]. For the case considered in Figure 1, the cladding layers have Al contents of
0% and 20%, leading to an observable separation of the surface-state resonances.

A distinctive feature of nitride-based heterostructures and SLs is the presence of sponta-
neous and piezoelectric polarization [25]. Experiments by Kozodoy et al. [26] showed two-
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dimensional electron and hole accumulation at opposite interfaces of Mg-doped (Al Ga;_N/GaN)"
and (InyGa;_,N/GaN)" superlattices. The associated charge distributions bend the conduction- and
valence-band edges linearly, giving rise to the quantum-confined Stark effect (QCSE). QCSE modifies
the subband structure, eigenfunctions, and transition probabilities, as demonstrated in numerous ex-
perimental and theoretical works [27-32]. Within TFPS, the Stark effect can be incorporated by transfer
matrices W, expressed in terms of Airy functions and their derivatives, as discussed in Ref. [20].

Another factor shaping the emission spectra is recombination dynamics. Injection currents can
suppress some transitions, while energy-dependent lifetimes cause peak intensities to decrease with
increasing transition energy. This effect, reported for instance by Anikeeva et al. [33], resembles the
lifetime scaling of harmonic oscillator states. To capture these features we employ the time distribution
of transition probabilities [34], which naturally accounts for the energy dependence of recombination
rates.

To calculate the optical response we use the optical susceptibility:
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where Ef, , and ¢, ,(z) are the eigenvalues and eigenfunctions in the pth conduction subband, with
v=12,...,n 41 (n being the number of unit cells). E"Z/,V/ and l/)Z,,U, (z) are the corresponding valence-
subband quantities, Ep is the exciton binding energy (= 10 meV), and I, is the level broadening,
inversely proportional to the lifetime of the vth state.

The remainder of the paper is organized as follows. In Section 2 we outline the TFPS framework
including the Stark effect. In Section 3 we present subband structures, eigenfunctions, and optical
spectra for different electric-field strengths and asymmetry conditions. Finally, Section 4 discusses the
influence of recombination lifetimes on the spectral line shapes.

2. Materials and Methods
2.1. Outline of the Transfer Matrix Approach

Solving the Schrodinger equations of biased superlattices is a prerequisite for calculating the
optical response in Equation (1). The spontaneous polarization of charges in (InyGay_yN/GaN)"
superlattices produces a potential profile at the conduction- and valence-bands edges, as shown in
Figure 2. This type of Schrodinger equation can be solved exactly using the transfer matrix method
and the Theory of Finite Periodic Systems, briefly outlined in this section. More detailed analysis are
provided in Refs. [16,18,20].
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Figure 2. Potential parameters in a biased superlattice, with zg = 0 and z;, = L = nl. +a.

For clarity in labelling wells, barriers, and unit cells, we introduce two indices: the index j =
0,1,2,...,n labels the coordinates zg = 0, z1, 2, ..., Z,, that define the unit-cell boundaries, and the index
I =0,1,..,2n + 2 labels the layers. The layers | = 0 and [ = 2n + 2 are the left and right cladding
layers, odd I correspond to wells and even / to barriers.
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We define a unit cell as one barrier flanked by two half-wells. Thus, the j-th unit cell contains
half of layer 2j — 1, the full layer 2j, and half of layer 2j + 1. The unit-cell length is I, = a + b. The
electric fields in the barriers and wells have opposite orientations and their magnitudes are such that
|Fy|b = |Fyla. In the following, we will assume that F, is positive. When the polarization is in the
opposite direction, one must change, accordingly, the signs.

The Schrodinger equations in the wells (I odd) and barriers (I even) are

42
<_2m;;,dzz + Vw(z)) ¥i(z) = Eyy(z2), I = odd, @)
with Vi(2z) = ¢y + Fuz, and
n? a2
<2m;dz2 + Vu(2) + V0> Yi1(z) = E¢y(2), | = even. 3)

with V;,(z) = ¢, — Fyz. In these equations, m},, cy, m;, and ¢y, are the effective masses and ordinates at
the origin, in wells and barriers, respectively, V; is the barrier height.
With the changes of variables

E—c¢ Vo,—E+c
§:Uw<2— Fw) and €:Wb<z—01_~bb> (4)
w
where
2m,Fy\ 2 2m;Fy\ '3
oo () e e (25)”

Equations (2) and (3) reduce to Airy equations, whose solutions are
Y;(z,E) = a; Ai(§) + by Bi({), for I =odd, (6)

and
Y;(z,E) = a; Ai({) + by Bi((), for I = even. (7)

These Airy-function solutions form the basis for defining state vectors, transfer matrices and ultimately
the energy eigenvalues, the eigenfunctions and optical response. Each layer solution contains two
coefficients, a; and b;, which in principle must be determined by enforcing continuity, finiteness and
physical boundary conditions. For the 22-layer system considered here, this would involve solving
for 44 coefficients directly. Here lies the first major advantage of the transfer matrix method: by
constructing a transfer matrix that relates the wavefunction (and its derivative) between two points,
e.g. z; and zy, one automatically ensures continuity throughout the interval without explicitly solving
for all coefficients.

Two types of transfer matrices are commonly used: the transfer matrix M, which connects
wavefunction components (two for one-dimensional systems), and the transfer matrix W, which
connects wavefunctions and their derivatives. The transfer matrices M and W are related by a
similarity transformation, as explained in Ref. [20]. For our problem, the W- matrices are the most
convenient. Given the solutions ,(z, E) in wells and barriers, we define the vectors

(wen (4@ 5@ \(a
f“’(z)‘<¢',<z,rs>>‘<nwAz"@) UwBi’(ff))(bl) ®
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for wells, and for barriers,

(2 E) Ai(g)  Bi(g) a
p(z) = = . . . 9)
d ( ¥'(z,E) mAi'(g)  npBi'(7) by
If z; and z lie in the same well or barrier, there is no discontinuity point in between. In that case, the
coefficients remain the same, and the vectors f(z;) and f(z¢) can be written as (s = w, b)

Ai(g;)  Bi(g;) a
z;) = ) ) 10
f5(z) ( nsAi' (i) 1sBi' (g;) by 1o
where
% 1/3
15 = sign (27’;152[?5) for s=w,b, and signw/b =+/-, (11)

with ¢; = ¢ when z; is a well, and ¢; = { when it is in a barrier. Similarly

_ [ Ailgp)  Bi(gy) a
fezp) ( nsAi'(cp) nsBi'(gf) )( b > "

The transfer matrix W;s(zy, z;) satisfies the relation

fs(zp) = Wsl(zp,zi)fs(zi) (13)
Ai(gg)  Bi(gy) )(z) Wiz Z<>< Ailg))  Bi(ey) )(,>
s Ai'(cr) nsBi'(cp) )\ b TN Al (6) Bl (6r) )\ b

since the coefficients are the same in both sides of this equation, it is easy to show that the transfer

matrix Ws(zf, ;) is given by

-1
ooy [ Ailer)  Bilgy) Ai(gi)  Big;)
Welzp.20) < nsAi'(cf) nsBi' (gy) )( nsAi'(¢i) 1sBi'(ci) ) (9

This matrix propagates the solution from point z; to point zy. Now consider the case where z; and z¢
belong to adjacent layers [ and [ + 1, for example, a well and in its neighboring barrier. Let z; denote
the coordinate of the discontinuity point. Strictly speaking, the points inmediately to the left and
right of z; should be written as z;t = z; + €. However, this notation quickly becomes cumbersome.
For simplicity, when we write f;(z;) = Wj(z4, z;) fi(zi), we mean that z; lies in the same layer [/ as z;.
Similarly, when we write fi1(zf) = Wiy 1(zf,24) fi+1(za), we understand that z, lies in layer / + 1, the
same as z¢. The continuity of the wave function and its derivative at z; requires

firi(za) = filza)
Wi(z4,2i) fi(zi) (15)

On the other hand, the vector f},1(zs) can be written as

fra(zg) = Wialzgza) fiia(za) (16)

Substituting f;,1(z;) from Equation (15), we obtain

fir1(zg) = Wipi(zg,2:) filzi) (17)
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where

Wiia,1(z5,2i) = Wi (zg, 2a) Wilza, zi).- (18)

Here W(z4,z;) and Wy, 1(zf,z4) are as defined earlier in Equation (14), with the appropriate modi-
fications. Thus, the transfer matrix W 1,(zf, z;) propagates the solution from one layer to the next,
ensuring continuity without explicitly solving for the coefficients.

The second advantage of the transfer matrix method is its multiplicative property: W(z3,z1) =
W (z3,22)W(z2,21). This property allows the continuity conditions to be imposed in extended systems,
such as a multiple quantum wells (MQWs) or superlattices. In practice, one first identifies all dis-
continuity points of the potential V(z) between the initial and final positions, and then applies the
continuity conditions at the interfaces between wells and barriers.

For a periodic system like that in Figure 2, the variables, ¢ and , at the discontinuity points of the
j-th unit cell, bounded by z; 1 and z;, are denoted as

gi(zjp) =¢

Ci(zjp) =¢ Cir(zir) = ¢ . Gir(zi) =¢ sy 19

7 4
zj_1t+a/2 zj_1t+a/2 zj—a/2 —a/2

The indices jI and jr refer to the coordinates at the left and right boundaries of the barrier in the j-th
unit cell.
As explained before, the transfer matrices that connect the state vectors at the ends of the wells,

satisfy
fo(zij) = Wu(zij,2j-1) fw(zj-1), (20)
fo(zj)) = Wz, 2zvj) fulzr), (21)
while for the barriers we have
foz) = Wylzvj zij) fo(zi))- (22)

Thus, the unit-cell transfer matrix is given by

W(Z]', ijl) = Ww(Z]', er)Wb(er, Zjl)ww(zjlrzjfl)/ (23)
with
-1
_ Ai(Gp) Bi(gp) Ai(Gq) Bi¢y)
Wy (24, = ) ) ) ) , 24
G zp) (nwAz'@p) 1B (&) )(nwAz'@q) anz'@q)) @)
and

1
o Ai(p)  Bi(gp) Ai(Zy) Bigy)
Wb( qr p) ( ﬂbAll(gp) ﬂbBll(gp) > ( 7’]bA1I<€q) 7’]bB1/<€q) > (25)

In a more compact notation, we can write

= Gw(gr"é‘q) .uw(‘:p/gq)
W (zg,2p) ( v (Ep,8q)  Xw(Cp &q) )’ (26)

and

_ Qb(gp/ Cl]) ﬂh(grh gq)
Wy(z4,2p) = .
blza: %) ( vp(Cp,Cq)  Xx6(Cp,Ty) ) 7
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Accordingly, the unit-cell transfer matrix takes the form

0 u
W = Wy, Wi Weyj = ( v X ) (28)

A key property of periodic systems is that all unit cells share the same transfer matrix. Thus, the
transfer matrix connecting two points separated by exactly j unit cells, say the points z and z;, denoted
as W]-, is simply

Wi =W/ (29)

More explicitly,

()-()
W] = VV]‘(Z]‘,Z()) = / / = . (30)
1/]' X] v X

At first sight, one might attempt to evaluate W; analytically by repeated matrix multiplication.
However, for large j, this procedure becomes impractical, as the algebra quickly grows in complexity.
Numerical multiplication can be used instead, but this approach tends to obscure valuable analytical
information. The theory of finite periodic systems offers a more elegant and accurate alternative.

The compact closed-form expressions for the matrix elements of W; in the single-mode case (one
propagating mode to the left and one to the right) were first derived independently by Jones [36],
Abeles [37] and later rediscovered in several works [35]. These results, which greatly simplify the

analysis of multilayer systems can be written as',

0 = Ui—xU-1  pj=pl

1/]' = VU]'_1 X] = LI] - GU]-_l. (31)

where U; is the Chebyshev polynomial of the second class and order j, evaluated at (6 + x)/2.

A few remarks are in order. An important property of transfer matrices, established in Ref. [38],
is that they form group whose structure depends on the Hamiltonian symmetry class (or universality
class). It was shown also that the transfer matrices factorize into the product of two matrices belonging
to compact and noncompact subgroups, respectively. Over the last two or three decades, analyses of
periodic systems have often conflated the Abéles transfer matrix with Bloch-Floquet theory, which as
mentioned before applies strictly to infinite periodic systems. As clarified in Ref. [20], the only transfer
matrices consistent with Bloch-Floquet theory are those belonging to the compact subgroup. These
matrices faithfully capture phase evolution but lose another essential quantum property: tunneling
probability.

2.2. Energy Eigenvalues and Eigenfunctions

Although the transfer matrices W describe how wave functions evolve inside the superlat-
tice, our main objective here is to determine the eigenvalues and eigenfunctions of the confined
(InyGay_yN/InyGay_N)" superlattice. As in standard quantum mechanics, the eigenvalue equa-
tions arises when boundary conditions for the confined system are enforced. This requires including
the cladding layers on both sides of the superlattice. Given the transfer matrix W(zg, z), that connects
the state vectors at z; = 0 and zg = nl; + 4, still inside the superlattice, one has first to transform the
transfer matrix W(zg, z1 ) into the transfer matrix Mg(zg, z ), which connects wave vectors defined in
the cladding regions [20]. Specifically,

aReqR(Z_ZR) B ayeiL=
( bre—r(z—x) = M;s(zr,z1) bLe—ii®
Z=ZR zZ=zy

The extension to the general multimode case, with an arbitrary number of propagating modes, was developed in Refs.
[16,18].

1
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arelt®
= MRWr(ZR/Zn)Wn(Zn/ZO)WI(ZOIZL)ML( bLLe*‘iLZ ) (32)
zZ=Z],

where My and M are the transition transfer matrices[20]

—1
MR = < 1 1 ) and ML = ( ! 1 > (33)
gr —4Rr qL —qL
with ot 1/2 2m* 1/2
mL o mR
g = (S (Var ~ ) 9k = (=7 (Var + Foa = E)) (34)

The finiteness of the wave functions ¥(z < zp) = apeft* 4+ bpe 7% and P(z > zg) = ageR(z—nleta) 4
bre~r(z=nleta) ot the left and right sides of the superlattice, imply that by = ag = 0. Therefore the
relation between the wave vectors at the right and the left are expressed as

0 ay et (2)
I NEST N MrWi (2R, zn) Wn(2zn, 20) Wi (20, 21 ) ML 0 (35)

From this condition we have the energy eigenvalues equation. If the transfer matrices W;(zg, z,),
Wi (2, z0) and Wi(zp, z1) are represented as

Wr: ( 97’ ]’lr >, Wn: < 6” ‘ui’l ), and Wl: < 91 ;’ll > (36)
Vr Xr Un Xn viXi
The energy eigenvalues equation is
hoUy + gwlUy—1 =0 (37)

where

hyw = 0pvr + qr(0:0r + prpy + q1(Orpy + prxa)) +vixer + qr(ave + Xx1Xr) (38)

and

8w = 4R (Gl.urv + v — 0 pypv; — 0,0, x +q1 (]/‘lﬂrv —Orx + 0 uxi — 9.”er)>
+uvpvy — O X + Ovxr — VX + qr (—HveX + wveXxi + v Xr — 0x1xr) (39)

The solutions of (37) are the discrete energy eigenvalues Ey v, with two indices; the index y =1,2,...
labels the subbands, in the conduction or the valence bands, and the index v =1, 2, ..., n + 1, labels the
quantized levels within each subband.

The next step is to compute the eigenfunctions ¢, ,(z). Before doing so, it is convenient to obtain
the general wave function at any point z inside the superlatice, as a function of both z and energy E.
This is achieved from the transfer matrix relation

Y(z,E) ar,
= Wi(z,z. )M 40
( ¥'(z, E) (zz )M | (40)
Thus, ¢(z,E) at z is fully determined for any E. The eigenfunctions ¢, (z) follow from evaluating
¥ (z, E) at the eigenvalues E = E ;..
The relations presented here will be used in the next section to determine the energy eigenvalues
and the eigenfunctions in the conduction and valence bands for a specific system. As emphasized

in the Introduction, our aim is to apply this formalism to refine the theoretical description of the
optical response of blue emitting (InyGa;_,N/GaN)" superlattices reported by Nakamura[2]. For
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this purpose we will introduce the cladding layers asymmetry and the local Stark effect, which directly
affect the wave numbers q; and qg, and the arguments of the Airy functions.

3. Results

The theoretical formalism outlined above provides exact formulas that solve the Schrodinger equa-
tion for the periodic potential describing the nitride-based superlattice GaN (In,Ga; _yN/InyGa; _N)"
InyGay_yN/AlyGay_,N within the effective mass approximation. It has recently been shown [47] that
the main assumptions of this approximation remain valid for thin layers.

Before analyzing the effects of the confining potential and local fields on the optical response of
the blue-emitting superlattice, we first examine how these parameters affect the fundamental quantities
required for the calculation of the optical susceptibility: the energy eigenvalues and the corresponding
eigenfunctions.

3.1. Effect of Symmetry and Polarization on Energy Eigenvalues and Eigenfunctions

For concreteness, we focus on the (In,Gay_,N/InyGay_«N)"In,Ga;_,N superlattice, with x =
0.05 and y = 0.2, and lateral layers GaN and Aly/ Gal_y/ N, with ' = 0.2, whose optical response is
shown in Figure 1. The heights of the confining potentials in the lateral layers,” Vi and V;, define the
asymmetry as = Vg /V].

We selected this system to apply the theory developed in the previous section because its optical
spectrum encompasses the full set of interband optical transitions between quantized conduction-
and valence-subband levels, including those involving surface states. Moreover, the optical response
was measured with the highest available resolution (~0.016 nm). From earlier quantum-theoretical
calculations, where asymmetry and local polarization were neglected, we found that three parameters
play a decisive role in shaping the main spectral features: the carrier effective masses, the width and
depth of the local potential, and the repulsion of the surface energy levels.

A key spectral feature, closely tied to the eigenvalue spectrum, is the width of the resonance
groups: approximately 2 nm for the nine resonances in the long-wavelength (low-energy) region,
and about 0.5 nm for the second group of resonances between A =419 nm and A =420 nm. The
resonance spacing is also an important characteristic. At higher energies, isolated peaks correspond
precisely to the separation energies of repelled levels, identified as surface states. Their exact positions
provide additional constraints on the quantum system, which our formalism reproduces accurately.
The local barrier heights (or well depths) and the lateral confining potentials also play an essential role
in reproducing the observed spectrum.

We now examine how the local Stark field and the asymmetry affect the eigenvalues and eigen-
functions. Figures 3 and 4 show the influence of polarization and confining-layer symmetry on the
eigenvalues and eigenfunctions of the superlattice (In,Ga;_,N/InyGa;_N)"In,Gay_yN.

Figure 3 illustrates the effect of polarization. While it has only a minor influence on the symmetry
of the eigenfunctions, its impact on the energy eigenvalues is significant: the levels shift upward under
a positive electric field F, and downward under a negative field. A careful analysis of the spacing
between eigenvalues reveals the well-known tendency of the Stark effect to redistribute energy levels
toward an almost equidistant spectrum. Overall, the field effect is modest, acting mainly as a tuning
parameter when reproducing the optical response.

Figure 4 compares the eigenfunctions and eigenvalues for symmetric and asymmetric confining
layers. Here, the main effect is on the surface state: the surface energy level separates from the subband
energy levels, and the symmetry of the eigenfunctions is visibly altered near the surface. The loss
of symmetry increases with increasing asymmetry a;. The surface states (not shown here) become
localized at the surface. In the calculation of transition matrix elements, those involving surface
states—either as initial or final states—are the most important, and are responsible for the appearance
of groups of resonances, as shown in Ref. [24]. While the surface state is strongly affected, shifting

2 Sometimes referred to as cladding or light-guiding layers in Nakamura’s terminology [2].
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the energy level and modifying the overall spectrum width, the bulk subband energy levels remain
essentially unchanged.

Symmetric

Symmetric
F=0 F=0.006 eV/nm
Y11(2) 1 P1(2) 1
0 20 60 80 0 20 60 80
Y11.0(2)
0 0 2 80
&

Ey; = 010102122

E; 1 =0.10872441

E;; = 010185347
E;; = 0.10319928
E1o = 0.11580530
E110=10.11860816
E111= 0.11862591

By, =0.10954970
E;3 =0.11088410
E19 =0.12342955
Ej10=0.12518845
E111=0.12652515

Figure 3. Eigenfunctions and eigenvalues without and with polarization. The dominant effect of local fields is the
upward shift of the energy eigenvalues.

Symmetric Asymmetric
F=0 F=0
P11(2) 1 Y1.1(2) 1
0 20 60 80 20 60 80
P10(2) Pr10(2)
0 0 2 80 80
—4

Ep; =0.10102122
E;; =0.10185347
E;5 =0.10319928
E;o = 0.11580530
E110=0.11860816
E111=0.11862591

E;; =0.10102701
E;, = 0.10187634
E;3 = 0.10324949
Eie = 0.11588713
E110= 0.11861710
E111= 012422034

Figure 4. Effect of confining-layer asymmetry. The asymmetry alters the symmetry of the eigenfunctions and
shifts one of the surface-state energy levels further away.

There are both differences and similarities between the effects of polarization and symmetry.
The local field leaves the overall spectrum width essentially unchanged, while it slightly reduces the
level spacing. The main effect of confining-layer asymmetry is to widen the spectrum by shifting
the surface energy level. In both cases, however, the bulk subband width defined by the difference
AEs = E, 1 — E, 1 remains nearly constant. In fact, for the first conduction subbands shown in
Figures 3 and 4, we find AE; = 0.0147841 eV, AE; = 0.014705 eV, and AEs; = 0.01486 eV for the
symmetric, polarized, and asymmetric cases, respectively.

The excited electron energies must also include the exciton binding energies. These are small (~10
meV) compared with the uncertainty in determining the energy gaps, but they are strongly affected
by dimensionality and will be accounted for together with the gap energy E,. Our calculations indi-
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cate that in superlattices—quasi-two-dimensional systems—the carrier effective masses are likewise
affected by dimensionality, yielding values smaller than those commonly reported. For example, if
the widely quoted electron effective mass m; = 0.2 is used, the calculated width of the low-energy
resonance set is only about half of the observed value, unless unrealistically small barrier heights and
widths are assumed. A similar discrepancy arises for the second resonance group when the literature
value my; = 2 is used for the heavy-hole effective mass. Better agreement with experiment is obtained
using electron effective masses of about m; = 0.15 in the superlattice wells and hole effective masses
of about m; = 1.2-1.4.

Figure 5 shows the subband width as a function of the effective mass. The graph illustrates
the strong influence of the effective mass on the subband width AE;. The observed spectrum of the
(I nyGay_yN/InyGay_ N "I nyGay_, N superlattice (with y = 0.2) corresponds to an effective mass of
approximately m; ~ 0.135 + 0.09 x 0.2 ~ 0.153.

AE [eV]}
0.020¢
0.015}
0.010f -

0.005} i

.

010 012 014 my 018  0.20

Figure 5. Subband width as a function of the effective mass. To reproduce the experimental spectrum width (blue
bar), the effective mass m; should be of the order of 0.15.

3.2. Faithful Reproduction of Nakamura’s Blue Laser Optical Response

Our purpose in this section is to reproduce the optical response of Nakamura’s blue laser diode.
Reproducing the optical spectrum requires more than an accurate formalism: the quantum solutions,
with appropriate parameter choices, must yield an optical susceptibility that faithfully reproduces the
experimental response shown in the upper part of Figure 1. In the next section we will analyze the
effect of each parameter separately.

Figure 6 presents several best reproductions of the optical response, obtained by adjusting the
confining potential asymmetry a; = Vg / V1, the polarization field F, and the electron and heavy-hole
effective masses.

We present multiple reproductions because of two reasons: first, the polarization symmetry is
slightly broken by confining asymmetry; second, uncertainties and discrepancies in reported parameter
values allow multiple parameter sets that describe the experimental results equally well. Figure 6
shows two such sets of parameters (barrier heights, effective masses, and local fields). In the left
column, the spectra correspond to conduction-band barrier heights of 0.1995 eV, while in the right
column they correspond to 0.2086 eV. In (b) and (d) the fields are assumed negative, and in (c) and (e)
positive. As can be seen, the predictions are practically indistinguishable, reproducing most features of
the experimental spectrum, with slightly different—but consistently smaller than reported—effective
masses.

Among the parameter values indicated in Figure 6, those of the effective masses for both electrons
and holes are especially noteworthy. As mentioned above, the effective masses required to reproduce
the spectrum are significantly smaller than those reported for bulk semiconductors. Literature values
exhibit large discrepancies in effective masses, bowing parameters, and related quantities [39-46]. In
this context, the quantum-theoretical predictions presented here provide guidance in determining the
parameter values that best reproduce the experimental optical response.

In earlier work [19], transition selection rules were derived for symmetric superlattices. With the
introduction of asymmetry, one might expect those rules to break down. Our present results, however,
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show that the same rules remain applicable to an excellent approximation, reducing the number of
allowed transitions by about a factor of two. While this reduction is not critical when the number of
levels is on the order of dozens, it demonstrates the robustness of the theoretical description.

bkl

als 420 a2 als 420 422
Fy = —0.004 Fy = —0.003
m, = 0.153 (b) mg = 0.151 (d)
M = 1.2 Dtpy, =125

418 419 420 421 422 418 419 420 421 422
Fyy = 0.004 () Fy = 0.0044 (e)
m; = 0.156 mZ = 0.154
mp, = 1.35 My, = 137

418 419 420 A(nm) 422 418 419 420  A(nm) 422

V, = 0.1995 V, = 0.2086

Figure 6. Experimental result and theoretical spectra for two sets of parameters. In the left-hand column we show
the best fits obtained for barrier height V, = 0.1995 eV, with negative (b) and positive (c) polarization fields, and
lateral potential heights V1 = 0.27 eV and Vg = 0.36 eV. In the right-hand column we show the best fits obtained
for barrier height V, = 0.2086 eV, with negative (d) and positive (e) polarization fields, and lateral potential
heights V; = 0.285 eV and Vi = 0.381 eV. The corresponding effective masses are indicated in the panels, and the
asymmetries in the text.

It is important to emphasize that these results stem from exact quantum-mechanical calculations,
based on analytical solutions of the Schrodinger equation, with the effective mass approximation as the
only assumption. Therefore, the degree of agreement with experiment directly reflects the adequacy of
the chosen parameters for the system under study.

Given the quantum solutions and the optimum parameter sets, we will choose the set correspond-
ing to panel (b) in Figure 6. In the following sections, we analyze how each parameter affects the
optical spectrum by varying one parameter while keeping the others fixed.

3.3. Optical Response as a Function of Asymmetry, Polarization, and Effective Mass

Figures 7 and 8 show the effects of asymmetry, polarization, and effective mass. In each case,
one parameter is varied while the others are kept fixed at their optimum values. As noted earlier,
and visible in the left column of Figure 7, increasing asymmetry shifts one of the surface-state levels
upwards, thereby widening the entire spectrum. In the right column, the effect of different polarization
fields is shown: less negative fields shift the spectrum upward. The field effect is subtle—larger |F |
shifts the lower edge of the spectrum to smaller energies, decreases the intra-subband spacing, and
slightly increases the asymmetry-induced repulsion of surface states.

As already mentioned, smaller effective masses are needed to reproduce the optical response. The
lower panels of Figure 8 show the effect of increasing the effective masses. On the left, the electron
mass controls the width of the low-energy resonance group (A = 420422 nm). On the right, the hole
mass controls the higher-energy resonance group (A = 419.5-420 nm). In both cases, larger effective
masses shrink the group widths. Clearly, adopting bulk effective masses would yield optical responses
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much narrower than observed. The quantum theory presented here demonstrates that effective masses
in quasi-two-dimensional systems are smaller.

V, = 0.1995;

17
a; == =1.333

;LJLM“

=

417 418 419 4201 421 422

a; = 1.222 M
417 418 41 4201 421 422

a; = 1111

%%

I

417 418 419 420 421 422

a; = 1.0

SRS

417 418 419 420 JA(nm) 422 417 418 419

<

pery

420 A(nm) 422

Figure 7. Asymmetry and local-field effects on the optical response spectrum of a SL. Left column: effect of
asymmetry of the confining potential, with polarization field and effective masses fixed at F; = —0.004 eV /nm,
my = 0.153, and mj;, = 0.12. Increasing the confining asymmetry as = Vg / V| from a; = 1 (practically symmetric,
slightly broken by the Stark effect) to the reported asymmetry as = 1.333 in Nakamura’s sample, we see not only
the relation between asymmetry and the isolated peak, but also how the repulsion of surface states affects the
spectrum width. Right column: effect of the polarization field, with other parameters fixed. The field mainly shifts
the spectrum, with small changes in level spacings.

F, = —0.004
mg = 0.151 V, = 0.1995; mp = 0.120
M7 418 419 . 420 |, 421 422 417 418 419 421 422
m, = 0.156 U My, = 0.130
47 418 419|420 21 422 M7 418 419 420 .
ms = 0161 my, = 0.140
417 418 419 420 A(nm) 422 417 418 419 420 A(nm) 422

Figure 8. Effect of effective masses on the optical spectra. Left column: electron effective mass in the superlattice
wells varied from m} = 0.151 to m; = 0.161. Increasing m} reduces the width of the low-energy resonance group,
showing that the quasi-two-dimensional effective mass is much smaller than the bulk value. Right column: hole
effective mass variation. Increasing m;;, reduces the width of the higher-energy resonance group.
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3.4. Influence of the Mean Lifetime of Energy Levels

In the previous sections we analyzed the effects of effective mass, symmetry, and polarization
on the spectrum width and the relative positions of the resonances. Another important factor, often
independent of the injected current, is the mean lifetime of the energy levels within each subband. Not
all levels are equally populated at a given time; once populated, the recombination dynamics, together
with the data-collection window, determine the observed spectral appearance.

In a recent publication, one of us (PP) derived from time-dependent perturbation theory the time
distribution of the transition probability [34] from an energy level E;, , with mean lifetime 7, = 1/27,:

o(t, ) = 20727 (e — 1), (41)

where 7, = I'y/h and T, is the level broadening. For simplicity, all level broadenings I', in the
independent resonances of the optical susceptibility are taken equal; however, the time distribution
o(t,vv) is retained because it has a stronger influence on peak heights. Since no direct data exist
for subband lifetimes in semiconductor heterostructures, we use as a guide the scaling of harmonic-
oscillator lifetimes, given by
2

T = 7363:21:‘ % 42)

In Figure 9 (left) we plot the time distribution o(t,v,) for the energy levels E; 1, E1, and Ej 11,
with decay times 73 = 7.933ns, » = 11/2 and 7117 = 71 /11. Differences in decay times are crucial for
the observed spectral shape: at an observation time t,, = 10 ns, the transition probability from higher-
energy levels is already negligible. In the right-hand column of Figure 9, we plot the time-dependent
optical susceptibility

D e
| [ el () 5 45 )
(hw — E,, + Ej, o+ Ep)2+T12

Xop,g(t): Z Jen o(t, 1), (43)

v,V

for two values of t = t,,. In the upper panel at f.,, =0.5nnm ~ 191, the heights of the high-energy
resonances are larger. These resonances practically disappear when f.x =8 nm ~ 77, as can be seen in
the optical spectrum of the lower panel.

loxp =0.5n5 ~ 743

)

417 418 419 A(nm) 421 422

Q(t: TV) I

0.4

0.3f |

0.2F// |

toxp = 815 ~7¢

0.1f
7y = 7.933ns

10 20 t(ns) 40

417 418 419 420 A(nm) 422

Figure 9. Transition probability and energy-level decay contributions to the optical response. Left: time dis-
tribution of transition probability for levels E; 1, E; 5, and Ej 17 with decay times 77 = 7933 ns, m» = 71/2,
and 117 = 71 /11. Different lifetimes lead to complex recombination dynamics, even neglecting intra-subband
transitions. On the right hand side column the optical responses at two observation times t.y. In the upper panel,
at tox ~ 711 = 0.5 ns, the time is small enough as to see the high-energy levels contributions. In the lower panel, at
tex ~ T1 = 8 ns, the high energy levels resonances practically disappear and the main contributions come from
the low energy level transitions.
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Reported spectra, however, are not snapshots but the result of data integrated over a time interval
[ti,tf]. Given the instantaneous probability o(t, ) the probability that a transition from level E,,
occurs during the elapsed time [0, f¢x] is

t(:'x
7T (tex, Yv) = 'y/o o(t, y)dt = (1— e*t"’”v)z. (44)

This probability approaches unity faster for shorter lifetimes 7, (i.e. larger ;. The probability that the
transition occurs specifically within the window [t;, ] is then

A7-[(1-1'/ tf/’YV) = 7-[(tf/ 'YV) - n(ti/’YV)r (45)

with 7t(tey, 7v) = (1 — e~fx7)2, In the left-hand panel of Figure 10 we plot Art(t;, t fr 7v) as function of
the energy level index v, for fixed t; =3 ns and different ;. The magnitude decreases steadily with v,
with small differences at low v. If t; = 0 all probabilities tend to one as t¢ grows, mirroring Equation
(44). In the right-hand panel we show the optical spectra for two time-interval windows. The initial
time t; = 0.37y is the same in both panels, but ¢ is 7y in the lower panel an 57y in the upper panel. It
can be shown that starting the collection at smaller t; allows larger contributions from high-energy
levels, while increasing ¢ enhances contributions from long-lived, low-energy states.

ti = 0.31’1
Am(E;, tp,v) ~ tr = 51y
B— tf = 207.'1
0.8} — t; = 407, I
il — ty = 6014 47 418 419 420, 421 A(nm)
0.4f ti=037;
0.2k t; = 31’1 tf = 1T1
2 4 6 8 10 v 417 418 419 420 A(nm) 422

Figure 10. Energy levels contribution and optical spectrum from data collected between t; and ;. In the left the
accumulated probability Ar(t;, ¢ s vv) as function of the energy level index v for the same #; = 37y and different
tf. In the right hand side column the optical spectra for two time windows of data collection. In the upper and
lower panels ¢; is the same but ¢/ is different.

To conclude the analysis based on the time distribution of the transition probability, we summarize
in Figure 11 the experimental, theoretical without time factor and the optical response evaluated with
the optical susceptibility

| [ el ) )|
w5 ¥
(hw Epy +E, wTEB)?+TI3

Xop,n(tir tf) = Am(t, tf/%/) (46)

1/1/ yy

Figure 11 shows the experimental and the theoretical spectra with and without the time factor. In the
upper panel the experimental response. In panel (b) the same spectrum as in panel (b) of Figure 6, and
in panel (c) the optical spectrum of Equation (46), which takes into account the polarization, symmetry
and time effects. The combined effects of asymmetry, polarization, effective mass, and recombination
lifetimes provide a faithful description of the blue laser diode optical response.
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Figure 11. The experimental and theoretical spectra. In the upper panel the experimental optical response. In
panel (b) the theoretical spectrum that was shown in panel (b) of figure 6. In panel (c) the spectra for the same
set of parameters, but taking into account the time distribution of transition probabilities and a window of time
between t; = 0.571 and ¢ =127, for data collection.

4. Discussion

The results presented demonstrate that including polarization fields, asymmetry of the confining
layers, and recombination lifetimes leads to a faithful reproduction of Nakamura’s blue laser spectra.
Importantly, the analysis shows that effective masses in quasi-two-dimensional superlattices are
significantly smaller than commonly reported bulk values. This reduction in effective mass, while not
the central motivation of this work, emerges naturally from the requirement to reproduce experimental
data.

The role of polarization is primarily as a fine-tuning mechanism: it shifts energy levels slightly
and redistributes level spacing, consistent with Stark-effect tendencies, but does not strongly alter the
overall spectrum width. By contrast, asymmetry in the confining layers has a pronounced effect on
surface states, broadening the spectral features and modifying peak positions. Finally, incorporating
recombination lifetimes provides a more realistic description of peak intensities and spectral evolu-
tion. Together, these results underscore the importance of including both structural asymmetry and
dynamical effects when modeling superlattice-based optoelectronic devices.

5. Conclusions

We have developed and applied an exact quantum theory for polarized and asymmetric superlat-
tices, incorporating piezoelectric polarization, confining-layer asymmetry, and recombination lifetimes.
This approach, based on analytical solutions of the Schrodinger equation within the Theory of Finite
Periodic Systems, allows precise calculation of eigenvalues, eigenfunctions, and optical spectra.

The theory reproduces Nakamura’s blue laser spectra with high fidelity. The analysis demon-
strates that realistic reproduction requires adopting smaller effective masses than typically assumed for
bulk materials, unless unphysical barrier parameters are used. While polarization primarily plays the
role of a fine adjustment, asymmetry significantly affects spectral width and surface-state contributions.
Moreover, recombination lifetimes, when treated through their time-dependent distribution, account
for the energy dependence of peak intensities and spectral evolution.

These findings not only clarify the role of polarization and asymmetry in superlattice devices but
also highlight the need to revisit effective-mass assumptions in quasi-two-dimensional systems. The
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methodology and insights provided here may guide the design and optimization of next-generation
optoelectronic devices.
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