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The results of the research of semiconductor multilayer nanostructures suitable for making white light
LEDs in the GaN/InGaN with red, green and blue emission spectra formed in a single chip. The methodol-
ogy and the calculation of the energy levels, the wave functions of the carriers, the electric fields caused by
the spontaneous polarization and the piezoelectric effect, the spontaneous emission spectrum and chroma-

ticity coordinates of the total radiation.
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1. INTRODUCTION

Developing nanoelectronics is based on the achieve-
ments of physics of quantum systems and the use of
nanotechnology, possessing atomic precision in the prep-
aration of nanostructures with the desired chemical
composition and configuration. The main direction of the
semiconductor nanoelectronics develop is to use the lim-
ited movement of charge carriers in one, two or all three
dimensions by entering them in the quantum well,
quantum thread quantum dots. These principles are
base for almost all modern light-emitting devices, photo-
detectors and high-speed transistors [1-3].

Currently, the basic materials to create white light
LEDs are nitrides of elements of the third group. They
have a wide band gap that allows you to vary the pa-
rameters of radiation and the spectral composition of
light. High electron mobility and saturation velocity,
high breakdown voltage and thermal conductivity also
define the dignity of nitrides of the third group for the
manufacture of light-emitting devices.

Objective is to provide a model system in the band
structure of GaN/InGaN with red, green and blue
emission spectrum in a single chip.

2. THE MODEL OF THE BAND STRUCTURE OF
A WHITE LED

The initial structure shown in Fig. 1.

The layers are arranged as follows: an emitter E1,
"red" dots W1, barrier B1, «green» dots W2, barrier B2,
«blue» dots W3, the emitter E2. Barriers and emitters
consist of pure GaN. Quantum wells are composed of a
solid solution of In.Gai-xN, where x is the In content in
the solid solution. Changing the concentration of indium
in the solid solution changes the value of the band gap,
which changes the color of the optical emission. The lay-
er thicknesses were chosen according to the desired ar-
rangement of the energy levels and wave functions of the
electrons. It was selected wavelengths generated in the
"red", "green" and "blue" dots A1 =700 nm, A2 =540 nm,
A3 =450 nm respectively. The value of the nominal band
gap calculated by the formula:
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where A — 1s the reduced Planck constant; ¢ — the veloc-
ity of light; 4i — is the wavelength; q — the charge of the

electron.
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Fig. 1 — The original nanostructure

The obtained values of the restricted areas are
summarized in Table 1.

Table 1 — Wavelengths and prohibited zones

The desired wavelength (nm) 700 540 | 450

The value of the band gap (V) | 1,8 2,3 2,7

Effective" forbidden zone Egi differs from the nomi-
nal Eg; amount on the energy levels of quantum elec-
trons Eenand holes Enn in the quantum wells,

Egi = EgOi + Een + Ehn (2)

Each of the three components is dependent on the
composition of the respective hole x;
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where Mucan — is the effective mass of the electron in
GaN; MumN — the effective mass of an electron in InN;
Mpcan — effective mass of holes in GaN; Mpmn — effec-
tive mass of holes in InN; B — parameter slack-
forbidden zone GaN; Egcan — zone-forbidden InN; Eo —
setting with the dimension of energy.
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The values of the content of InN in the pits and effi-
cient energy band gaps calculated from equation (3) are
shown in Table 2.

Table 2 — Contact indium content in the composition of the
epitaxial layer and the band gap energy

The value of the effective energy | 2,7 23 | 1,8
gap, eV

In content in the solid solu- | 15 28 45
tion,%

The spontaneous and piezoelectric polarization was
considered in modeling. The characteristic features of
nitrides of group III is the high value of the degree of ionic
character of bonds and deformation caused by the mis-
match of lattices. This leads to the spontaneous and pie-
zopolarizationi. The barrier consisting of GaN, was polar-
ize offline. The electric field due to the combined effect of
the two polarizations in each of the five layers (wells and
barriers), and can be calculated as [4-5] from the formula:
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where & — is the number of layers; /r — the thickness of
the layers; Pr — Complete the total polarization in all
sectors; er — The total dielectric constant in all layers; j —
Stock No layer; P; — full total polarization in the layer; &;
— dielectric constant.

The field values are shown in Table 3. They bend
the energy gaps, resulting in the band diagram of the
structure takes the form (Fig. 2).

The energy levels of electrons E.n and holes Enn in
the structure of their wave functions We,, Wrn are
found numerically from the Schrodinger equation

LR AW,
2-m  dx?
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where m — the mass of the particle; V(x) — the potential
energy; E — total energy; Wr(x) — the wave function.
The resulting wave functions and energy levels are
shown in (Fig. 3).
The energy levels of the electron wave functions for
each level are showed above. Below shows the energy
levels and wave functions of the heavy and light holes.
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Fig. 2 — The band energy profile and thickness by applying a
potential

Table 3 — The values of the electric fields in the layers

Red Barrier Green Barrier Blue

Layers dot dot dot

E,Bm | 24108 | 1.7-10% | 1.1-10% | 1.7-10% | 5.1-106

T T T
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Fig. 3 - Wave functions and energy levels of electrons, light
and heavy holes

Optical radiation is generated when the transitions
of electrons from the conduction state to the state of
heavy and light holes in the valence band. An im-
portant parameter in the calculation of the spectrum is
the position of the quasi-Fermi levels in the structure.
Changing the position of these levels depends on the
applied bias to the structure. The emission spectrum is
calculated for each hole:

[ ¢h )1 221
1, (hv) _(W)J(MJD"”D’M £A-£), M
en
Dy (h0) = — i (ko) ®)
j— mr
r ﬂ'h2dz ’ (9)

where g — the charge of the electron; mo — electron mass;
& — is the relative dielectric constant; v — is the frequen-
cy; | M|2 — the matrix element of the transition; fe — the
distribution function of the electrons in the conduction
band; f, — the distribution function of the holes in the
valence band; g0 — dielectric constant; A — Planck's con-
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stant; D, — the density of optical modes; nr— the refrac-
tive index of the material; d.— the thickness of the quan-
tum well; m, — the reduced mass of the electron and hole.

The calculated emission spectra in the red, green
and blue dots for three values of bias shown in Fig. 4, 5,
6, respectively.
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Fig. 4 — The emission spectrum in the red hole
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Fig. 5 — The emission spectrum of the green dot
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Fig. 6 — The emission spectrum of the blue dot

The chromaticity coordinates of the emitted total
spectrum corresponding to transitions e1 — hi, ez — ha,
e3 — h3 for the displacements were calculated in the
range 1 B < U< 3 B of formulas
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where, x', ', 2’ — the coordinates of the color.

x' = T I(A)-x(A)-dA
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where x(1), y(1), z(1) — ordinates of the curve addi-
tion colorimetric system XYZ, I(1) — the emission
spectrum. These points are plotted on the XY plane
of the color (Fig. 7).
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Fig. 7— The dependence of the total spectrum of the color

difference of the Fermi levels in the plane color

3. CONCLUSIONS

As a result of: 1. A physical model of tri-band LEDs
based on quantum wells in the GaN/InGaN. 2. The
method of mathematical modeling of spontaneous
emission spectra calculated in this system. 3. It is
shown that the difference between the quasi-Fermi
levels in the range of 2.3 V to 2.5 V total spectrum color
close to white. Thus, this structure may be promising
for producing a monolithic transducer white.
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