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Abstract

This study looks at the material gain and enhanced spontaneous emission of C
quantum dot (QD) structures. cadmium selenide (CdSe) QDs, cadmium s
(Zn0) and zinc sulfide (ZnS) as a barrier layers were investigated to achieve Q
The energy levels and band alignment between layers are predicted using the qua
for the transverse electric (TE) and magnetic (TM) modes in QDs structures, taki
matrix element. The mole-fraction (x) and contributions of the barri
spontaneous emission were investigated in this manuscript. Whe
emission is found to be 11.75 x 10! (eV.sec.cm?)~! at
maximum values of order 5.671 x 10* cm™~2 for TM and 3.7

is changed to ZnO, the results are different; at x~0.438 and wi

Lo6

nO and ZnS) material in enhanced gain and

wavelength 324 nm, and the material gain has
TE modes, respectively. Whenever the barrier
ngth 365 nm, the spontaneous emission becomes

10

2.965 x 101 (eV.sec.cm®)™! and the gain has maximum values of order 2.118 X 10*cm™2 for TM  and
1.242 x 10°cm™2for TE mode.
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1. Introduction

Quantum dot (QD) are nanostructures@hich e full
quantization in all directions. This | to digtinct energy
states, just like in real atoms, whigh enhagces’their optical
spectrum. As a result, sev@ral studies o anocrystals and
their electro-optic propertj a en performed[1-
3].Colloidal QDs, f have a broadening
absorbance and ar in solar cell and
semiconductor optical amplifi€rs (SOA) application [4-6].
In addition to th -shell structure's lattice matching,
other f the distribution of quantized
energy ial grown core-shell QDs include
1,[7], and barrier type [8]. This makes
to control the band-gap of QD structures. In
the emission spectrum's range can be
extended from ultraviolet (UV) to near-infrared. Optical
gain is the crucial factor in comprehending the behavior
of QD semiconductor devices. When more input signal is
added, gain maximum occurs[7]. Generally, UV may
successfully stimulate semiconductor QDs with a broad
absorption band. As a result, colloidal QDs appear to be
appropriate for applications like as; colloidal quantum dot
solar cells (QDSCs)[9]; white light-emitting diodes
(WLEDs) [10]; applications in bioscience[11]; and
quantum computing[12]. However, compounds II-VI

have been the subject of much research in recent years for
applications in the solar, electronic, photosensitivity, and
semiconductor areas [13-17]. There has been a lot of
interest in CdSe QDs (lI-VI semiconductors). The
possible use of CdSe QDs in light emitting devices in the
yellow, blue, green and ultraviolet (UV) spectral regions
is the big factor of the material's high level of interest. By
using a unique design and custom known as a core/shell
structure, in which a CdSe core is paired with a larger
band-gap material like ZnS (around 12%)[18] and ZnO
(around 7.1%)[19] where there is a slight lattice mismatch
between them, CdSe semiconductor QDs can employed in
various physical, chemical, and medicinal applications.
The main objective of the current investigation is on the
enhancement of spontaneous emission and material gain
for the CdSe structure.

2. Methodology

2. 1. Optical energy band-gap of CdSe QDs

In this work, we started by evaluating the colloidal QDs'
composition-dependent optical gaps for the system of
Cd(Se1-xSx) alloy. This system was used as an example
of one that displays minor band-gap bowing (b). The
following processes were used to determine the bulk
semiconductor's energy band-gap (Eg), the effective mass



of electrons and holes ( m; and mj, ),respectively,
parameters used in the computation, along with a pseudo-
binary alloyed system, such as ABXC1-x, i.e., is
determined by the following appropriate relationships
[20];

Eg(x) = xEg(AB) + (1 — x)Eg(AC) —b(1 —x)x 1)
when the unalloyed compounds AB and AC's respective
energy band gaps are Eg(AB) and Eg(AC). The following
equation for the ABxC1-x alloyed system provides the
effective mass of the structure at x-compositions[19,20];
m(x) = xm(AB) + (1 — x)m(AC) 2)
where the effective mass of the unalloyed semicond-
uctors compounds of AB and AC, respectively, are
symbolic by m*(AB) and m*(AC). Table.1 shows the
bowing parameter (b), the energy bandgap of the bulk
semiconductor ( E,) and the effective mass of the
electrons and holes (m} and my,), respectively [20- 25].

2. 2. Quasi-Fermi energy states, the material gain,
and spontaneous coefficient.

In order to account for the form defects and random
distributions in the QDs through their formations, it is
necessary to consider the broadening of the QDs spectrum
as a result of inhomogeneity. Consequently, the material
gain and spontaneous emission coefficients could both be
defined via [2];

gtrans (pey) = me?
9 np,ce, M2 w?
ZiIdE’ |Menv|2Pt%ansD(E’)L (E', hw)F4, (3)

The expression "c" can either refer to the gain (o) or the
spontaneous emission (sp). Considering gain;

a= fC(E" FC) - fV(E,’ Fv)
Likewise, when spontaneous emission happens
Fsp = f(E", F)[1 — £,(E', Fy)] (
The symbols f. and f,, respectively;<are d the
Quasi-Fermi functions for the conduc and“valence
bands, while the conduction and val quivalent
Quasi-Fermi energies are F. and F,, réspectively. The
global Quasi-Fermi level§) WhIC ed by the WL
and QD contributions, mu ta nto consideration
he n-heavy hole energy

(Pi-4ns) can be calculated as

momentum matrix
follows;
te that the mode is either TE or
avy hole transition energy in the

TE mo omentum matrix element is defined
as;

|&.Pev 2178 = 2 (mo/6)E, (72)
while for mode case is given by [29];

~A E:C m

& Bev o = 2 (1= 522 x (m,/6)E, (7b)

where, Eyp, is the energy of a conduction subband in the
y-direction, while the QD state's E.,, is that. The
parameter, Ej, is the optical matrix energy. Others scripts
in Eq. (3), np, &, c, my and M,,,, are the material
background refractive index, permittivity's of free space,
the light speed, the electrons' free mass, the envelope
function of the QD electrons and holes states. D(E") is the
self-assembled QDs' inhomogeneous state density and is
defined by[2];

D(E") = —

L exp (—(E’—E%nax)z) ®)

Veff (2m 2)1/2 202

s! is the degeneracy number at each QD state, where s' =
2 for the ground state and s' = 4 for the excited state. The
parameters VST, o, and EL ,, are effective volume of
QDs, spectral variations of the QDs distribution, the
maximum transitional energy, respectively. The equation
for the Gaussian line shape function (Lg(E’, hw)) which
is applied for the material gain with a linewidth variance
(y), follows [2];

! 2
Ly(E', hw) = G exp (F55) ©)
Furthermore, from the surface carrier denSit QD
layer for electrons (n,p) and holes (p,4), both the
QDs and WL contributions are takeg in nt, the
following equations can be used to n ically calculate
the Quasi-Fermi levels of the uct and F. and

valence band F, _[2];

f.(E¢, Fo) dE¢ +

VKT
Zlm;hfl
2mg.3 ’
t [ 5 2 f2 EB)fe(E¢, Fo) dE; (10)
Pap = Np j——— e”Fh=Fm)*/2%h ¢ (E} F,) dEj,

1+ e(Fv—E‘ﬂvm)/kBT) +

ZmE 3/ B ' ’ /
2" 2| By — Ep) £ (Ep, Fy) dEy (11)

whére Ny, is the QD density, E¢ and Ej, are the conduction
and valence band energies, respectively. E2 and E}?j are
the respective confined QD state in the conduction and
valence bands, respectively. o, and oy, are the spectral
variance of electrons and heavy-holes distributions in
QDs, respectively. kg is the Boltzmann constant and T
is the QD temperature. The m¢’ (my) are the effective
electrons (holes) masses and EJj (Epr,) are the subband
edge of the conduction (valence) band of wetting layer
(w). The tg is the thickness of the barrier in each layer of
QDs. While, terms mZ (mB) and EE (EE ) are the carriers
masses and the band edge of the conduction (valence)
band of the barriers layer. Also, f. and f, are quasi-Fermi
distribution function for the conduction and valence
bands, respectively. It's given by [2];

fo(BL Fe) = [1 4 exp [(Bg + Eor + (55 (E¢ — Ef)) -

Fo/KpT]| (124)
£ By = [1+ exp [ — (22 (B — B5) — )/
KBT]]_l (12b)

The term Eg is the energy bandgap of QD. The discrete

confined energy states of QD in the conduction and
valence bands are termed as E.; and Ey;, respectively.
While, the transition between the energy of QD states in
the conduction and valence bands is defined Efl(= Eg +

Eei — Eni) -
effective electron and heavy-hole masses. On the

1
mg , my, and my(= _— +



otherhand, the spontaneous emission rate, R, is defined
as is characterized as a numbers of photon released per
second per unit volume per unit energy, and it’s given by

[2,28,29];
_ nfw? 2g™+g™)
Rep =hc 5 (13)

3. Results and Discussion

In Table.1, the data that were used in the computations are
listed. Results of the CdSe/CdS QD structure are
described in this section and are grouped once according
to the type of barrier (ZnS or ZnO) and again according to
the composition (x). This study explores zinc blende
(ZB) CdSe-containing structures because ZB is
metastable under normal situations [9]. Egs. (1) and (2)
for ternary semiconductor systems are used to determine
the structures initially, and all accord with Table 1. Using
the bow parameters described in Table 1, Egs. (1) and (2)
calculate the bandgap and effective mass of the structures.
The linewidth variance (y) and spectral variance (o),
which appear in Egs. (8)—(12), are considered to be
(0.05 eV), and N, =5 x 10**m™2 for the density's QD,
and n,; =2 x 10*m~2 for surface carrier [2], the
simulation is carried out. The quantum disks shape being
researched in this study are considered to have a radius of
(p = 15nm) and a height of (h = 3nm). By dividing the
issue into two problems: the inplane (p-) and the issues
with Z-direction, the Schrodinger equation for the
quantum disk in cylindrical dimensions is used to predict
the QD energy levels. The energy levels are then
computed using the boundary conditions between the
barrier and QD active regions. References [1,2] desefi
this type of issue in detail. The predicted energy lev
compared to the results of studies in Refs. [2,

After inserting the surface carrier density by Eqs7(10)land
(11), estimates are prepared for the i vels
and, therefore, the Fermi function. ermore, the
material gain is calculated for the (7a)) and

respectively, which incorparate
using EQ.(3). Thus, the

and Ly (E', hw)
neous coefficients are

obtained by using Eq. as a totatof gain for the TE and
TM modes. Table 149u sja ‘mole-fraction-dependent
parameter to caleulate material gain and the

coefficient of the QD structures

using
3.1.Cd ctures
The TE ad TM gain modes in Fig. 1 illustrate the

structure impthe QD region at four x-mole fractions (from
0.690 to 0:693). First, consider well about revisions in the
mole fraction (~0.001) shown in Table 2, which
dramatically influence the spectra by shifting the bandgap
energy. The TE spectra have the same form as the TM
spectra but are three orders higher. The peak of each
spectrum is at 324.2 nm. The gain is reduced by more than
one order when the x-mole fraction of CdSe is reduced.
The gain spectra are given by the spontaneous emission

spectra.
In contrast to its quantum well (QW) counterpart, high TE
(and TM) is important for LED applications and it seems
promising especially UV LED with QD. The results
indicate that the optical transition between the QD energy
subband is just what influences the peak wavelength
position. For CdSe 514S ¢90 Structure, Quasi-Fermi energy
in the conduction band is F. = 2696.8 meV, which is
upper-lying overall the conduction subband of QD, and
Quasi-Fermi energy in the valence subband is F, =
—888.0 meV, which is lower-lying overall the valence
subband of QD, whereas that of CdSe 3¢,S¢
F. =2700.5 and F, = —745.6 meV. Mo
these states can then take part in advantageou
resulting in a significant material gain{ Thegelif

Quasi-Fermi levels for CdSe 34,S tuge is AF., =
3584.8meV, while for CdSe 5, S reis AF., =
3446.1 meV. Further 7the £dSe QD region's

m the CdSe 310S 690

bandgap energy is 158
structure compareggte
structure. Acceg
bandgap andFe
structure are
respectively.

meV for the CdSe 397S 493

ghergy difference of the CdSe 31S g9
er by 2.8 meV and 138.7meV,

ba (Zn0O) effects on the CdSe(1-x)S(x) structure.
Through considering the effects of changing ZnO-barrier
layer at four x-mole fractions (from 0.438 to 0.4395), the
structure of the CdSe-QD can be investigated. The TE and
TM gain spectrum are more than three times lower with
the ZnO-barrier layer included, and the peak wavelength
in Figure 2 is (42 nm) UV-shifted from Figure 1 This shift
in wavelength may indeed be attributed to the ZnO
presence in the CdSe(1-x)S(x) structure, which leads the
difference barrier band-gap energy to decrease to 3147.2
meV.

4. Conclusion

Theoretically, UV-emitted CdSe barrier-based QD
structures are investigated. ternary or CdSe(1-x)S(x),
lattice-matched  systems, are being investigated.
Spontaneous emission occurs in these structures, along
with TE and TM gain spectra. The gain spectra also be
seen in the spontaneous emission spectra. For the barrier
ZnO-containing structure, the spontaneous emission
coefficient is dropping. At wavelength 365.5 nm, the peak
appears in all of the structure's spectra with a ZnO barrier.
Gain may be enhanced by either increasing the x-
composition in the QD active region or at the barrier
region, replacing ZnS. It is important for UV
technological applications that such range of AE, in UV
be extended from 1373 to 1591 meV.
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Table 1. The experimental data for Eg, me, mn, and b that were used in computations.

Par. CdSe Cds Zn0[26] ZnS
me*/mo 0.13 0.140 1.88 0.39
Mn*/mo 0.45 0.51 2.90 1.76
Eg/eV 1.74 2.55 3.37 3.83
b/ev 0.28 - - -

Table 2. Summary of the predicted gap AEg (= Egg — Egqp) between the barrier's bandgap and the QD region’s bandgap, the Quasi-
Fermi energy levels difference AF, (= F¢ — F,), the peak wavelength for TE and TM transition modes (A,_tg, Ap—Tm), respectively,
and the peak material gain for TE and TM transition modes (g,—_te, gp—1m) respectively, for the structures under study.

AEg AF, lp—TE Ap—TM 9p-TE Gp-M
Structure (meV) (meV) (nm) (nm) (m=2) (m™?)
CdSe 310S.690/ZnS 1591.0 3584.8 324.2 324.2 3.743 x 107 5.67 4
CdSe 30gS ¢02/ZnS 1589.2 3445.3 3245 3245 1.413 x 107 9 x10*
CdSe 3975 ¢93/ZnS 1588.2 3446.1 324.2 3245 0.8665 x 107 1 10*
CdSe 56, S 433/Zn0 1374.1 3147.2 365.5 365.5 12.42 x 10°® 118 x 10*
CdSe.5615$.4385/Zn0 1373.8 3146.9 365.5 365.5 10.1 x 106 1 X 104
CdSe 361S 430/Zn0 1373.4 3147.1 365.5 365.5 8.214 x 10 1.40 x 10*
CdSe 5605S 4305/Zn0 1373.0 3147.5 365.5 365.5 6.676 0 1.137 x 10*
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