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Abstract

Nowadays, nanotechnology produces a variety of materials and devices, which are important for different
applications. However, without a predictive successful model, it takes much more effort, money, and time to get
the desired structure suitable for a certain application. Therefore, we aim to apply a new model called Egypt
Pyramids Model for Nanotechnology (EPMN) on the two structures of the semiconductor compound CdSe to
explain its electronic structures and properties of bulk and nanostructures. Here we show that by applying EPMN
on CdSe, the quantum size effect QSE and reactivity size RS were calculated to be 5.45, 2.42, 12.61, 5.6 nm for
cubic and hexagonal CdSe, respectively. The observed peaks in absorption and photoluminescence spectra, 678,
529, 457, and 325 nm, match very well the calculated transitions 626.18, 527.59, 455.82, and 326.27 nm,
respectively.

Keywords: Egypt Pyramids Model, Nanotechnology, Tarek's law, Energy levels, CdSe.
1. Introduction
1.1 Nanotechnology

Nowadays nanotechnology produces a variety of materials and devices, which are important for different
applications [1-10]. Yekimov attributed the new properties of nanomaterials to the quantum size effect (QSE)
[11-15]. It is thought that the energy is continuous in both valence band and conduction band of the bulk material
and by decreasing size of the particle its energy levels become discrete. Moreover, the energy gap increases by
decreasing the particle size [16-20]. Actually, the energy levels are discrete in the bulk and nanostructures as
explained by the crystalline accommodation law quantum quantitative model CALQQM [21-23]. CALQQM gives
the exact relation between the crystal structure and the electronic energy band structure. In addition, it could
explain successfully the superconductivity at room temperature, energy levels, and work functions of materials
[22]. CALQQM predicted, with high accuracy, the electronic properties such as energy gaps and spectra of variety
of elements in a good agreement with experimental results [23]. Tarek's law [22, 23] gives the energy levels (Ey) of
the valence band (VB) and the conduction band (CB) as the following;

Ey=T(NV, )3 (1)

where T is Tarek's constant = 1.46622 eV A?, V, is the volume of Brillouin zone (BZ), N= 0.5,1,1.5, 2, 2.5,.....F,....V
and F is label of the Fermi level E; and V is the label of the internal vacuum level E,,.

Each BZ has two energy levels for two electrons of opposite spins. The most important parameter that
determines the energy levels in Tarek's law is the volume of quantum state Vg which is given by;

Vy=8m?3/V, (2)

where V; is volume of the primitive cell. The primitive cell (PC) is the smallest repetitive structural unit in the
solid, which carry the chemical identity of the solid. Primitive cell has only one lattice point this lattice point may
contains one atom or many atoms, the smallest primitive cell contains only one atom. In the bulk structure, if PCs
are repeated periodically through the solid, this gives a single crystal structure. If a group of PCs is repeated in
certain direction and the other groups are repeated in other directions, this gives polycrystalline structure.
Polycrystalline materials include microcrystalline and nanocrystalline structures according to the grain size.
Nanocrystalline materials have grain size ranges from 1.5 to 100 nm. The amorphous structure has a short-range
order smaller than 1.5 nm. Even in the amorphous structure, PCs preserve their structures but they are randomly
oriented. A nanoparticle consists of several PCs in bulk, powder, or colloidal structures. In either case, Tarek's law
can determine the energy levels of any of the previous structures.

1.2 Egypt Pyramids Model for Nanotechnology (EPMN)

The band unit (BU) and space unit (SU) are new concepts in solid-state physics were introduced by CALQQM
[21-23]. Each material has BU in which all electronic transitions and interactions occur. The BU is defined as the
band, which contains both valence band (VB) and conduction band (CB). VB represents the filled states up to the
highest energy level, which is the Fermi level (Ef). CB represents the empty higher states up to the highest energy
level, which is the internal vacuum level (Ey). The BU of the solid can be represented as;
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BU = N,BZ + N.BZ (3)

where N is the number of filled states in the VB and N¢ is the number of empty states in the CB. For each
quantum state (BZ) in energy space, there is a primitive cell (PC) in the real space. BZ is repeated in energy space
as PCis repeated in real space. Therefore, for every BU in energy space, there is SU in the real space, in which the
number of primitive direct cells equal to the number of states in BU. Each BZ has two energy levels for two
electrons of opposite spins. The number of BUs per unit volume Ny is given by;

Ngu = Ng /Ny (4)
Ny= N+ N¢ (5)

where Ny is the number of BZs in BU, and Ny is the number of BZs per unit volume, which is equal to the number
of PCs per unit volume N,. SU has a certain size according to the crystal structure. If the particle size (PS) is
smaller than the size of the SU of the bulk, the quantum size effect starts. If the size of SU is decreased further, the
corresponding BU will be clipped according to the new SU size. Consequently, the properties of the material will
change. We can determine the new properties from the energy levels of the new BU. The size of the space unit
(SUS) is given by;

SUS = N, PCS (6)

where PCS is the size of the primitive cell and Ny is the number of primitive cells in the SU. For cubic system we
have one size for the three directions PCS = a, hence

SUS =Nya N (7)

where a is the lattice parameter of the cubic system. For the other crystalline systems, we have three sizes for
the three directions x, y, and z.

SUS, =Nya,, SUS, =Nya,, SUS,=Nya, (8)

The size with largest lattice parameter is chosen. The size of the quantum effect (QSE) can be defined as the size
at which the BU becomes different from that of the bulk material and is given by;

PCS <RS < QSE < SUS 9)

where RS is the reactivity size. It is equal to the size of the valence band (VBS). When PS is decreased further until
BU consists only of VB and hence Ey = E;. Therefore, the reactivity size can be defined as the size at which the BU
consists only of VB (filled states). In this case, the particle becomes very reactive, since the electrons in the VB
tend to form stable structure by interaction with the surrounding medium. The smallest VB contains only one BZ
so that the smallest size of the SU is equal to the PCS. It is not possible to get size smaller than the size of the
primitive cell even in the amorphous structure.

1.3 Cadmium Selenide Compound

Cadmium Selenide (CdSe) is a very important semiconductor compound for optoelectronic devices [24-29].
CdSe can exist in three different allotropic crystalline forms according to the temperature and pressure, wurtzite
(hexagonal), zinc-blende (cubic) and rock-salt (cubic). Zinc-blende (cubic) structure is unstable and converts to
the wurtzite (hexagonal) form upon heating. The transition starts at about 130 °C, and ends at 700 °C within a
day. The rock-salt structure is only observed under high pressure [30, 31]. The absorption band edge of the bulk
CdSe lies at 1.7 eV for both hexagonal and zinc-blende structures at room temperature [31]. Various CdSe
nanostructures were obtained by [32]. Luo et al [33] have reported CdSe nano-ribbons based photodetectors
with a photo response around 650 nm without using any external filter. Authors [34] observed that the
introduction of CdSe QDs improved the absorption in the region of 400-560 nm. Without a predictive successful
model, it takes much more efforts, money and time to get the desired structure suitable for a certain application.
Therefore, the aim of the present work is to apply CALQQM and EPMN on the two structures of CdSe (hexagonal
and cubic (zinc-blende)) to explain its electronic structure and properties both in bulk and nanostructures. In
addition, we will verify the validity of EPMN as a predictive model for nanotechnology.

2. Computational Methodology

The computations are based on the two models CALQQM [21-23] and the present model EPMN. The lattice
parameters of CdSe structures were determined from the XRD data shown in Table 1[35]. Our first task is to find
the BU of each structure of CdSe (cubic and hexagonal) and the corresponding SU using CALQQM. Secondly, we
can determine each of the following parameters; Vg, PCS, Ny, SUS, QSE, and RS using Egs. (1-10) of EPMN. The
energy levels Ey were calculated using Tarek's law [22, 23] and E; was calculated using crystalline
accommodation law (CAL) [21].
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Table 1 The lattice parameters of CdSe structures [35].

Compound Card no. Cry. St. a (A) c(A)
Cubic
CdSe 88-2346 _ 6.077
F43m
Hex.
CdSe 77-2307 4.299 7.01
P65/mc

3. Results and Discussion
3.1. Energy Band Structures of CdSe Bulk and Nanostructures

Fig 1 shows the energy band structure of bulk cubic CdSe compound and its variation with particle size. It is
evident that as the particle size decreases, the BU is clipped without variation in energy gap and the energy levels
are reduced. The bulk BU has E= 9.95 eV, E, = 17.08 eV and the first level in the CB is E¢,=10.76 €V. The BU consists
of VB = 4BZs and CB = 5BZs so that Ny = 9. The size of the SU of the bulk is 5.45 nm, this is the size of quantum
effect at which BU becomes different from that of the bulk structure. Thus, QSE for cubic CdSe is < 5.45 nm. As
the particle size decreases further, more clipping occurs until we get the reactive size (RS = 2.42 nm) at which the
BU consists only of VB in this case Ey = E;. The detail of the band structures of bulk cubic CdSe and their
nanostructure is given in Table 2.
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Fig.1 Energy band structures of CdSe (Cubic) nanoparticles. Energy is in ¢V and PS is in nm.

Table 2 The calculated electronic parameters and transitions of Cubic CdSe.

CdSe (Cub.) V,=56.1 A, V= 4.42 A®  PCS = 0.607 nm, SUS = 5.46 nm,
E,=0.81 eV, QES < 5.46 nm, RS = 2.42 nm

Particle Size Wk No. of Possible Transitions
N, N, N, "

(nm) eV Transitions (nm)
5.46 4 5 9 7.13 10 173.89, 190.74, +|
4.85 4 4 8 5.84 8 212.3,239.35, +|
4.24 4 3 7 45 6 275.52,326.27, +|
3.64 4 2 6 3.09 4 401.24,527.59, +|
3.03 4 1 5 1.59 2 779.77, 1530.66
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Fig 2 shows the energy band structures of bulk hexagonal CdSe compound and its variation with particle size. It is
evident that as the particle size decreases, the BU is clipped without variation in energy gap and the energy levels
are reduced. The bulk BU has E; = 9.95 eV, E, = 17.09 eV and the first level in the CB is E, =10.36 eV. The BU
consists of VB = 8BZs and CB = 10BZs so that N, = 18. The size of the SU of the bulk is 12.61 nm so that QSE <12.61
nm. It is evident that the BU of hex. CdSe is double that of cubic CdSe and so the size of SU. As the particle size
decreases further, more clipping occurs until we get the reactive size (RS = 5.6 nm) at which the BU consists only
of VB in this case Ey = E¢. The detail of the band structures of hexagonal CdSe with particle size (PS) is given in

Table 3.
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Fig. 2 Energy band structure of CdSe (Hex.) nanoparticles. Energy is in eV and PS is in nm.

Table 3: The calculated electronic parameters and transitions of Hex. CdSe.

CdSe (Hex.) V,=112.19 A%, V,;=2.21 A, PCS,=0.701 nm , SUS=12.61 nm,

Eg=0.41 eV, QES<12.61 nm, RS=5.6 nm

Particle Size N¢ N¢ Ny e No: (.)f Possible Transitions (nm)

(nm) eV Transitions

12.61 8 10 18 7.14 20 173.64, 181.79, +|
11.91 8 9 17 6.5 18 190, 200.94, +|
11.21 8 8 16 5.84 16 212.3,225,+]
10.51 8 7 15 5.18 14 239.35, 256.16, +|
9.81 8 6 14 4.5 12 275.52,298.75, +|
9.11 8 5 13 3.8 10 326.27,359.37, +|
8.41 8 4 12 3.09 8 401.24, 455.82, +|
7.71 8 3 11 2.35 6 527.59, 626.18, +|
7.01 8 2 10 1.59 4 779.77,1024.66, +|
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3.2 Energy gap

All crystalline materials have electronic energy band structures related to their crystal structures by Tarek's law
(Eg. 1). However, the electrons in metals are free to make transitions to the conduction band while in
semiconductors and insulators the electrons are not free since they are bound to the atoms. This binding energy
(BE) of the electrons must be overcome first before transition. For metals BE is zero, for semiconductors BE is
small and can be overcome by thermal agitation and for insulators BE is large and cannot be overcome by
thermal agitation.

The energy gap (E,) is defined as the difference between Ecand E; [23] as;
E;=Ec -E: (10)

The energy gap and the binding energy of the electron are completely different physical concepts. When a
material takes an amount of energy, electrons in Fermi levels are the only electrons, which can make transition to
the conduction band. This transition occurs in two steps; first, part of the absorbed energy is used to release the
electron from the bonded atoms (overcome the binding energy), secondly the other part of the absorbed energy
is used for the transition from VB to CB (cross the energy gap). It was found by [23] that BE for Si was found to be
0.11 eV and for diamond was 3.11 eV.

From Eq. 10 we get for cubic CdSe, E; = 10.76 - 9.95= 0.81 eV and for hexagonal CdSe we get E, = 10.36 - 9.95=
0.41 eV. In literature the energy gap of the bulk cubic CdSe is 1.712 [36], 1.77 [37], 2.3 eV [38] and for bulk hexagonal
CdSe is 1.74 [39], 1.797 [36], 1.7 eV [38]. If we take the average E, for both structures, we get for cubic E, =1.927 eV
and for hex. E, = 1.745 eV. We can determine BE of the electron in both structures which, in this case, it is the
difference between the experimental measured value and the calculated value of the energy gap. By calculation
we get for cubic CdSe, BE = 1.927-0.81=1.117 eV and for hex. CdSe, BE = 1.745-0.41=1.335 €V. This means that the
electrons in hex. CdSe structure are more tightly bound than in cubic structure. These values for BE indicates the
semiconducting nature of CdSe in both structures.

For CdSe hexagonal nanorods with diameter 25 nm and length 82 nm the energy gap was found to be E, = 1.68 eV
[39]. For CdSe hexagonal nanoparticles with size varies from 13 to 18 nm, E, varies from 1.68 to 1.71 eV [40]. For
CdSe quantum dots (QDs) with size 5 nm, it was found to be 1.88 eV [41]. For CdSe cubic nanoparticles with size
1.45 nm, E, = 3.51 eV [36]. Actually, this size (1.45 nm) for cubic CdSe QDs is smaller than the calculated reactive
size, which is 2.42 nm. This means that at this size, the BU consists only of VB and in this case, there are no
transitions but emission of electrons if they acquire any energy.

3.3 Work Function

The work function WF is defined, in CALQQM [22], as the difference in energy between the internal vacuum level
Ey and the Fermi level E; and is given by;

WF =E, - E; (11)

The calculated WF for cubic CdSe bulk was found to be 7.13 eV and that of hexagonal CdSe was 7.14 eV. Fig. 3
shows the variation of WF with particle size for both cubic and hex. CdSe. It is clear that WF decreases by
decreasing particle size until it reaches zero at PS= 2.42 nm for cubic and at PS= 5.6 nm for hex. CdSe. WF of both
structures of CdSe (cubic and hexagonal) converges to -5.45 eV at zero size. The experimental measured WF for
hexagonal bulk CdSe was found to be 6.62 eV by [42]. This value was measured by taking the onset of
photoelectric yield per quanta. If the photon energy, at which half the number of electrons were emitted, was
taken, WF will be about 7.15 eV, which match very well the calculated value (7.14 eV, see Table 2 and Table 3).
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Fig. 3 The variation of the workfunction WF with particle size PS for Hex. and cubic CdSe

3.4 Possible Transitions

When a material takes an amount of energy, the electrons in E¢ are the only electrons, which can make transitions
to the higher levels. Therefore, the electronic transitions will be from Eg to the higher levels according to the band
structure of each material and the excitation energy. As long as this amount of energy is less than WF, the
electrons stay in the material. If the energy is more than WF, the electrons will leave the material. The energy
given to the electrons must match the energy difference between the two levels in order to make transition. The
possible electronic transitions for the two structures of CdSe are given in Table 2 and Table 3. The BU of the bulk
hexagonal CdSe (Ny =18) is double that of the cubic CdSe (Ny = 9). Therefore, the possible transitions in the
hexagonal CdSe are double that in cubic CdSe. Moreover, all the possible transitions in cubic CdSe are included
in hexagonal CdSe possible transitions. The possible transitions in the bulk hex. BU ranges from 173.64 (UV) to
3024 nm (IR). The possible transitions decrease by decreasing the particle size because the BU is clipped due to
the clipping of SU. The smallest BU has two possible transitions 1530.67 and 3024 nm in IR region.

Let us take some experimental evidences on the calculated transitions. For CdSe hexagonal nanoparticles with
size varies from 13 to 18 nm, it was found that a photoluminescence (PL) emission spectra display high intensity
band edge emission peak centered at 678 nm [40]. This peak is close to the calculated value 626.18 nm. In
addition, PL emission spectra showed broadband with maximum peak at 556 nm for CdSe QDs with size 5 nm
[41]. Moreover, it was found by [43] that the first absorption peak and the emission peak of the synthesized CdSe
cores are 516 nm and 529 nm respectively. These values are very close to the calculated value 527.56 nm. Two
peaks in PL spectra was found by [44], the first peak at 560 nm and the second peak at 460 nm. Another peak
was observed by [45] at 457 nm for CdSe QDs with size between 15 to 20 nm. These peaks are close to 527.59
nm and 455.82 nm calculated peaks. PL peak was observed by [37] centered at 325 nm which is very close to the
calculated 326.27 nm transition. It is clear that all the observed spectra are within the predicted transitions by
EPMN.

4. Conclusions

In conclusion, the energy levels of the bulk and nanostructures are discrete and can be calculated using Tarek's
law. As the particle size decreases, the SU is clipped and consequently the BU is clipped. The clipping of BU
reduces the energy levels and the work function WF of the particle without variation in energy gap.
Consequently, the electronic properties of the particles will change according to the new BU. By applying Egypt
pyramids model EPMN on the semiconductor compound CdSe, the quantum size effect QSE and the reactivity
size RS were calculated to be 5.45, 2.42, 12.61, 5.6 nm for cubic and hexagonal CdSe respectively. The observed
peaks in absorption and photoluminescence spectra, 678, 529, 457, and 325 nm match very well the calculated
transitions 626.18, 527.59, 455.82, and 326.27 nm respectively.
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