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Abstract: CdSe/ZnSe quantum dot semiconductor optical amplifier is studied theoretically
where the core/shell structure is discussed. Absorption and emission coefficients and noise
figure are studied. The emission coefficient obtained is higher than the similar structure of
InGaAs/InP. A 25dB gain is obtained. A low noise figure (5.5dB) is obtained. A high output
power can be obtained. The simulated structure can be used to develop photonic integrated

circuits.
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1. Introduction:

Semiconductor quantum dots (QDs) are nanoparticles, structures with nanoscale dimensions, have
unique properties arising from their small size and large surface-to-volume ratio [1]. They can be
engineered to cover a wide emission wavelength either by cladding with higher bandgap passive
materials or by QD size tunability. This gives it a great interest due to their applications in many areas
ranging from optical communications to biotechnology [2]. While III-V semiconductor QDs are cover
the infrared spectral region, the wide gap II-VI combinations emit in the visible region where our eye
sensitivity is by far the highest [3].
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CdSe QDs (II-VI semiconductors) attracts a great importance due to their high luminescence
efficiency (quantum yield ~50% in the visible range). This makes them a good candidates as active
media for single photon emitters [4]. Their emission wavelength can be tuned from red to blue ( 640-
480 nm). The strong interest in CdSe QDs is mainly based on the possible applications in light
emitting devices in the yellow, blue, and green spectral region. CdSe semiconductor QDs can be used
in many physical, chemical and medical applications by special design and a custom known as a
core/shell structure where CdSe core is used with higher bandgap material like ZnSe where there are a
small lattice mismatch between them (around 7%) [5].

CdSe core/shell structure is used in both chemical, biotechnology and photonic applications. For
example, they used as intracellular pH sensors since their photoluminescence have pH-dependence [2].
In photonics, there are also applications, where the demand for increased data transmission and
processing capacity requires creating a new generation of devices for photonic ultrahigh density
integrated circuits, the core-shell structure is also proposed for nanophotonic waveguide [6].

Accordingly, we study here the use of CdSe/ZnSe in a core/shell structure calculating the energy
levels assuming parabolic bands then, emission, absorption and their possibility to use as optical
amplifiers from the point of its characteristics in amplification and noise characteristics are studied.

2. Gain of QDs

Assuming that the QD SOA studied have a QD structures in the form of a quantum boxs, see Figure
1, with box dimensions w,, w,, and w.. To calculate gain we need to specify quasi-Fermi energies Ej.

and Ej, which are specified from the carrier densities for electrons N and holes P in the QD active
region, assuming that (P = N), they are given by [6].

N=7y 2 _ 2. fe(Ecumi) )
nml 1 Ecnml_Efc nml  WxWyW;
+ exp ( T ) Wy Wy W,
P=5 2 _— 2-(1_fv(Evnml)) )

Egq -E
[1+exp( i kTvnml)]wxwwa

nml Wy W, W,

Insciences Journal | Nanotechnology



54

Figure 1. Diagram of core/shell quantum box.
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Where E.,,; and E,,,; are the allowed QD electron and hole energies, respectively, f. and f, are the
corresponding Fermi distribution functions for electrons in the conduction and valence bands,
respectively. The factor of two takes into account the electron spin states per level. The summation
runs over all the confined energy states, which depends on the QD material and the core/shell
conduction and valence band offsets that enable electron and hole confinement. Calculating E. and Ej
us specified above, one can obtains the linear absorption, a(w), and emission, e(w), coefficients in the
QD which are defined by [6]
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Where R., is the dipole moment, #, is the refractive index and g, is the QD density of states given
as [6]

_ 25(Ecv _Ecnml _Evnml _Eg) (5)
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Where 7;, is the intraband relaxation time. Eqs. (3) and (4) are specify the rates of absorption and
emission per unit length chosen with E; and E, as the hole and electron energy levels in the
conduction and valence band energy levels, respectively. The net gain of the system is then given by

G(w)=e(w)—a(w) (6)
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3. QD-SOA Characteristics

The carrier emission, recombination and relaxation between the two-dimensional wetting layer and
the QD states, defined here by the QD ground state (GS) and excited state (ES), in the QD structure are
described by the rate equations (REs) system. Note that, the hole dynamics are neglected due to their
larger effective mass [7]. The energy diagram describing the REs system is shown in Figure 2.
Accordingly the rates of the WL carrier density(/NV,,), ES occupation probability (4) and GS

occupation probability (f) can be described by the following REs system [7],

Ny _ I Ny(=h) Nk Ny ™
a qL, w2 Dw  TwR
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a Nge Now ™ T ®
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Figure 2. Energy diagram of the QD-SOA system.
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where J is the current density, ¢ is the electron charge L,, is the effective thickness of the active
layer, Ty 1s the carrier relaxation time from WL to the ES, 1,y is the carrier escape time from the ES to
the WL, t;r and Ty are the spontaneous recombination times in QDs and in the WL, respectively, 12,
is the carrier relaxation time from the ES to GS, 1y, is the carrier escape time from the GS to the ES,
Ny is the surface density of QDs, & is the dielectric constant, and I is the optical confinement factor.
According to Pauli's exclusion principle, the occupation probability in the QD GS is given as f =
NI2(Ng/wy) [8] where N is the QD carrier density. The average signal photon density S,, is given by

[91,

S = (GFP - 1)(1 - Rf )(1 + RbGFP) Pin ng
" | (1= JR,R,G,,)} + 4R, R,Gsin’ ® | hw,L DLg ¢ (10)

Note that; P;, is the input signal power, n, is the group refractive index, 7 is the normalized Plank's

constant, w, is the peak frequency, D is the width of the active layer, L is the cavity length, g, is the
peak material gain, c is the free space light speed. The Fibry-Perot amplifier gain G,, is given by [9],

o (1-R,)(1- R,)G,
" (- [R,R,G)* +4RR,G, sin’® (11

Ry is the front mirror reflectivity, R, is the back mirror reflectivity. @ is the phase angle while Gs is
the single-pass gain of the SOA structure, given by [9]

G =] (g, )L | (12)
where a;,, 1s the loss coefficient.

Rate Equations model (Egs. 8-10) are solved at steady state case using the expression of the average
signal photon density S,,, Eq. (11). The noise added to the signal during the amplification process is a
fundamental property for every kind of amplifiers. The noise characteristics of an amplifier are
quantified by a parameter called noise figure. The noise in semiconductor devices can be originates
from the noise arises from spontaneous emission and (intensity and phase noise) and that results from
discrete nature of carrier generation and recombination processes (shot noise). The last part is
neglected in some works. [10,11]. When the shot noise part is taken into account, the amplifier noise
figure can be written as [2,8]

E=21,(Gyp—/ Gy H(1/Gy) (13)
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The parameter ny, is the spontaneous emission factor given by [13]

T
»IC Gl-a, (14)

G(w) is the net gain as defined in Eq. (6) and e(w) is linear emission coefficient as defined in Eq.

4).
4. Results and Discussion

Typical values of the material parameters are listed in Table 1 for CdSe/ZnSe system. In addition,
we use (Eg = 1.7 eV, m, = 0.144m, and m, = 0.453m,) for CdSe and (£, = 2.8 eV, m, =0.122m, and m,
=0.504m,) for ZnSe [8].

Table 1. Parameters used in the Calculations [5]

Parameter Value Unit
L 200 um
L, 0.2 pm
D 10 pm
Ny 5x10" cm”
Tin 0.1 ps
Tw2 3 ps
Tow 1 ns
1 1.2 ps
2 0.16 ps
TR 04 ns
TwR 1 ns

0] 0

R/=R, 10"

it 3 1/cm
r 0.006

L, 20 nm
L, 75 nm
P;, 1 uw

We, first, calculate energy conduction and valence bands by using the quantum box model. Note
that, the quantum box dimensions are assumed to be w,= w,= w,=10nm. The calculated subbands are
used to calculate linear absorption and emission coefficients. The structure used in the calculations
constructed from the active layer (QD + barrier (20 nm)) surround by clad layer (75 nm). we calculate
structures with one layer and six layers (see Fig. 2). Gain coefficients is calculated using Eq. (7). All
calculations are done at carrier density 2x10** m™ unless states otherwise.
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Figure 3 shows the linear absorption and emission coefficient versus wavelength. The emission
coefficient higher than the absorption coefficient by >6 times. Note here, the peak wavelength~697nm
which is in the range of measurements in [7]. The result of emission and absorption can be compared
with that in [6]. The emission (and absorption) values are higher than that obtained for InGaAs/InP QD
cubes while the peak wavelength here lies between wavelengths of InGaAs/InP and CdSe/ZnS.

Figure 3. Linear absorption and emission coefficients.
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Figure 4 (a) shows the small signal gain variation with increasing the number of active layers where
approximately 28dB gain at six layers is obtained at 400 mA. For InAs QDs, ~25dB gain is obtained
for 3 layers at 200mA [12], while ~18dB gain is obtained for InGaAs/GaAs QDs with 15 layers [9].
The relation between small-signal gain and current is shown in figure 4 (b). One can compare the
results here with that in [14] where a 15dB gain is obtained for InAs/InP QDs for 40mA emits at
1550nm. Here, approximately, the same gain is obtained at this current.
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Figure 4. Small-signal gain versus (a) wavelength (b) current, for different active layers.
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Figure 5. (a) Noise figure including shot noise part. (b) Noise figure-current relation.
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Figure 5 (a) shows the noise figure for CdSe/ZnSe QD-SOA, where a low noise can be obtained for
these structures. Figure 5 (b) shows the relation between noise figure and current. Figure 6. show the
output power obtained from CdSe/ZnSe QD-SOAs versus current at input powers (1, 3, 5, 10, 15 uW).
At 100mA injection current, a 30uW output power can be obtained. At 600mA, a 45 uW output power
can be obtained.

A QD core/sell structure can be used to built nanophotonic integrated circuit. This structure is a QD
waveguide where the signals are propagated in forward and backward directions then, they amplified
after traversing the structure. This structure can be represented as basis unit of the building block of the
nanophotonic devices. So, the simulated structure can be used to develop photonic integrated circuits.

Figure 6. Output power versus current at different values of input power.
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4. Conclusion

CdSe/ZnSe QD SOA is simulated. The core/shell structure is assumed. The QDs are assumed to be
in the form of quantum boxes with 10nm box dimension. The emission, absorption and noise figure are
studied. The results show that the structure have a high small-signal gain, compared with other
structures, and a low noise figure which permit to use it to built a nanophotonic circuits.
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