Materials Science: An Indian Journal

Materials Science

ISSN: 0974-7486 Research | Vol 14 Iss 13

Quantum Confinement Effects on Absorption Spectrum Line Broadening of
CdSe Artificial Atoms

Batal MA and Al Yamani K
Department of Physics, College of Science, Aleppo University, Syria

“Corresponding author: Al Yamani K, Department of Physics, College of Science, Aleppo University, Aleppo, Syria, Tel:
963938386719; E-mail: alyamani.k@gmail.com

Received: July 11, 2016; Accepted: October 19, 2016; Published: November 20, 2016

Introduction

A quantum dot is a man-made solid-state structure which is able to confine one or several electrons and/or holes to a
nanometer-scale potential minimum [1]. The size of a typical QD ranges from a few lattice constants to a few micrometers.
Theory and modelling of the electronic structure and carrier dynamics of strain-induced quantum dot (SIQD) were discussed
[2]. The lattice mismatch between the superficial CdSe stressor island and the FTO substrate induces a smooth and nearly
parabolic strain deformation potential into the QW. As a result of the parabolic deformation potential, SIQD exhibit a
uniquely regular and atomic-like photoluminescence spectrum. The weak potential barriers (shoulders) in the schematic band
diagram of the SIQD result from the strain induced band-edge deformation. However, in a full 3D analysis including
piezoelectricity these shoulders become superimposed with piezoelectric effects and partly disappear. QDs are frequently
embedded in or grown on other materials with different elastic constants and lattice parameters. In such case, due to the
lattice mismatch, the consequent elastic strain within the QDs is known to impact their electronic structure and hence opto-
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electronic properties [3]. Strain can shift the valence and conduction bands, change band gap, cause trapping of carriers and
excitons, shift the oscillator strength of indirect band gap clusters [4], and in some piezoelectric materials (e.g. group 111-V
materials) even cause electrical fields [5]. Although the major effect is due to dilatational strain, axial and shear components
can break the cubic symmetry (of most semiconductors) and lead to splitting of the light and heavy hole bands. In short,
strain mediated control of electronic properties is an intensely researched subject of considerable technological importance in
the context of both bulk systems and nanostructures. A wide range of approaches to assess the effect of mechanical strain on
band structure is available, ranging from all-electron methods to approximate ab initio approaches like self-consistent density

functional theory (DFT), empirical pseudopotential method (EPM), tight binding (TB), and envelope function method (EFM)
[5].

A particularly useful feature of these materials is that the optical transitions broadened over a range comparable to the
spacing between them, such that they strongly absorb light over a wide energy range. This feature, however, makes it difficult
to study the origins of the broadening because individual transitions are difficult to discern. Previous work has characterized

the transitions for ensembles of NCQDs of various radii.

To increase intensity of emission light and efficiency of PL spectra of transport hole or electrons layer insert between
electrode and (P or N) semiconductor layer. In this paper, homogeneous and inhomogeneous broadening of optical absorption
profile at room temperature of [FTO/TiO,(polystyrene)/CdSe(QDs)/PANI/EL] LEDs is investigated to show the influence of
quantum confinement on absorption spectra. Using Williamson-Hall method, the effect of confinement on different layer

structure is illustrated.

Materials and Methods
Microscopic slides, K,Cr,0- for cleaning glass slides, HF (fluoric acid), SnCl,.2H,0 ethylene glycol, polyaniline (PANI),
polyvinyl alcohol (PVA), CuCl, KI, Se powder, Cd(CH3;C0O0),.4H,0, hydrazine, and deionized water were used.

Synthesis of FTO/TiO, (polystyrene)/CdSe(artificial atoms)/EL/Ag

Preparation of transparent conducting fluorine-doped-tin oxide (FTO): Microscopic slides were cleaned using K,Cr,05,
and then were emerged in diluted fluoric acid (HF) for 10 minutes for scratch external surface of microscopic slides. After
that microscopic slides were heated in electrical oven to 500°C. SnCl,.2H,0 (5 g) dissolved in 20 ml of ethylene glycol and

sprayed on microscopic slides several times each 5 min. The deposited resistance film SnO, measured and it is 13 Q to 14 Q.

Preparation of TiO, (polystyrene): TiO, (polystyrene) colloidal solution was prepared by dissolving 0.1 M of TiO, in 50 ml
of ethanol and heated to 50°C [6].

Preparation of CdSe (artificial atoms): Artificial atoms of CdSe were prepared by chemical solutions method. Cadmium
citrate (Cd (CH;COO), 4H,0) was used as the cadmium source and sodium selenosulfate (Na,SeSO3) was chosen as the
selenium source. Cadmium citrate (22.8 g) was dissolved in 100 ml of deionized water called solution A. Sodium
selenosulfate which was prepared by dissolving 12.6 g of Na,SO; in 100 ml of deionized water, adding selenium powder

(7.96 g) to previous solution refluxed at 70°C for 3 h, red wine colored solution will appear called solution B. Solution A (20
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ml) was added to 5 ml of solution B, ethylene glycol (5 ml), hydrazine hydrate (5 ml) were added previously. CdSe colloidal
solution was adjusted to pH 10 by adding 1 ml NaOH solution [7].

Preparation of electrolyte layer (EL): PVA powder (5 g) was dissolved in 100 ml of deionized water, stirred with magnetic
stirrer at 70°C for 2 h. previous solution was aged for 1 h at room temperature called solution A. CuCl,.2H,0 (5 g) was
dissolved in 100 ml of deionized water at room temperature called solution B. KI (5 g) was dissolved in 100 ml of deionized
water at room temperature called solution C. Solution B (10 ml) added to 30 ml solution A with continuous mixing for 1 h at
room temperature. Then solution C added to previous solution 2 h later dropwise into the reaction vessel satisfying the ratio
C=KI/CuCl, (C=10), followed by stirring for another 2 h. The production process of Cul was according to the following

reaction [8]:

2Cu™?+ 41" — 2Cul + 1,

Preparation of FTO/TiO, (Polystyrene)/CdSe(artificial atoms)/EL/Ag: Using spin coating method for prepared FTO/TiO,
(polystyrene)/CdSe(artificial atoms)/EL/Ag as shown in FIG. 1.
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FIG. 1. a) Energy diagram of quantum well confinement of LED structure.
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FIG. 1. b) Box layer diagram of FTO/TiO,/MPA/CdSe/EL LEDs.
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Results and Discussion

XRD spectrum of FTO/CdSe System

The X-ray diffraction (XRD) spectrum of FTO/CdSe film was recorded by Philips system using Cu Ka (A1=1.54056 A)
radiation with 26 in the range 20° to 80°. FIG. 2 shows XRD spectrum, which reveals that CdSe sample, is polycrystalline in
nature having all peaks corresponding to the specific planes. The extra peaks observed for CdSe artificial atoms at 26
(degree) 26=29.18°, 41.75°, 48.75° with maximum intensity peak which corresponding oriented planes (101), (102), (112)
respectively, and for 20 equal 20=25°, 35°, 37°, 52°, 62.1°, 65.8° are different angles for FTO corresponding to (110), (101),
(200), (221), (310), (301) respectively.
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FIG. 2. XRD spectrum of FTO/CdSe

The lattice spacing, d, calculated from the Bragg’s formula [9]:

d-_"
2sin g

For first peak, d=3.06 A, n=1, 20 =29.18° for CdSe artificial atoms. For FTO, d=3.56 A at n=1, 26=25°

The peak broadening in XRD patterns may arise from several reasons such as smaller crystallite size, instrumental error and
strain broadening: Bw—=PvtPstPm- AS in the present case, proper precautions have been considered during scanning such as
slow scan rate. Therefore, the observed broadening (FIG. 2) is due to the strain and smaller crystallite size, where their
contribution to peak broadening is independent of each other. Therefore, total broadening can be written as sum of these two

as Prota= Pstrain T B crystatiite size OY N€Ylected broadening instrument, using Williamson-Hall equation [10]:
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Where ¢ is the effective strain present in the material, d the effective crystallite size, A the wavelength of X-ray radiation, B is
the full width at half maximum (FWHM) and 6 the diffraction angle. By plotting B cos 8 in function of sin 8, negative
slope of pure CdSe artificial atoms as shown in FIG. 3 indicate the presence of effective compressive strain in the crystal

lattiec. Effective strain for CdSe artificial atoms £,=0.7377.

For FTO, £,=0.00615. In materials science, a dislocation is a crystallographic defect, or irregularity, within a crystal structure.
The presence of dislocations strongly influences many of the properties of materials. The dislocation density 6 has been

calculated by using the formula [11]:
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FIG. 3. (a) Williamson-Hall plot for FTO (b) Williamson-Hall plot for CdSe (artificial atoms).

Where ¢ is effective strain value, D the crystallite size, a hexagonal lattice constant for CdSe artificial atoms equal 4.29 A.

The lattice constant C is determined for hexagonal structure by the following expression [9]:

1 hk? 1

=4 —
d? a’ c?

Where h, k and | represent lattice planes (202) which corresponding with diffraction angle 26=56.8°. Lattice constant C is
close to standard value 7.01 A. TABLE 1 shows the different parameters calculated using Williamson-Hall for both CdSe
artificial atoms and FTO layer. It reveals the high strain parameter of FTO and CdSe due to quantum confinement of one
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CdSe layer quantum confinement of CdSe artificial atoms. The depth and size of the QD carrier confinement can be tuned by
changing the widths and material composition of the well and barrier layers. A phenomenological view of the electronic and
optical properties of SIQD can be obtained using a simple two-band effective-mass model. A more realistic description,

based on fully 3D multiband envelope wave function approximation (EFA).

e/h
The total QD confinement of electrons and holes is the sum of the QW carrier confinement Vow (vertical confinement) and

Vet (lateral confinement) [12]. FIG. 4 shows schematically how the strain-induced

the strain-induced carrier confinement
confinement potential is created in the conduction band (a) and valence band (b) of the QW. The compressive strain, caused
by the lattice mismatch between the substrate and the CdSe (MPA) QDs. QW gives rise to a uniform raising of the QW
conduction and heavy-hole band-edges. The strain also gives rise to a significant splitting of the heavy and light hole bands. It
is concluded that the strain greatly prefers the confinement of heavy holes to the QW. The confinement of light holes is much

weaker.

(a) strained QW (b)
strained QW /_
/ Heavy holes
EC — E|.| —
no etrain no strair\ Light holes
strained QW +
—— CdSe (MPA)stressor
strained QW +
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FIG. 4. Schematic illustration of the strain-induced band-edge deformation for (a) the conduction and (b) the valence

bands.

For FTO, the lattice constant C is determined for hexagonal structure by the following expression [13]:

1 hk? 1

= + —
d? a’ c?

Where h, k and | represent lattice planes (101) which is corresponding with diffraction angle 26=37.52°, a=4.73 A for
hexagonal lattice of FTO.
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TABLE 1. Summary of XRD Spectrum.

& (lin.m™) Dislocation | & Effective d (A) Lattice D (A) Average C (A) Lattice
density strain spacing crystallite size constant
CdSe 26.443 x 10° 0.7377 3.06 6.16 7.16
(artificial atoms)
FTO 29.65 x 10%° 0.00615 3.56 6.26 5.47

Absorption spectra of FTO/TiO,(Polystyrene)/MPA/CdSe(artificial atoms)/EL LED

To know different process of broadening line in the matrix FTO/CdSe and to reveal these different broadening types
absorption spectra of FTO/TiO,(Polystyrene)/MPA/CdSe(artificial atoms)/EL LED carried out using spectrophotometer (UV
Win5 V5.2.0). Absorption spectrum in FIG. 5 reveals two peaks centered at wavelength 375 nm and 596 nm.
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FIG. 5. Absorption spectra of FTO/TiO,(Polystyrene)/MPA/CdSe QDs/EL.

The broad absorption spectrum at 596 nm related to electronic transitions in CdSe artificial atoms the highest occupied
molecular orbital (HOMO) originates from Se 4p atomic orbitals, and the lowest unoccupied molecular orbital (LUMO) from
Cd 5s atomic orbitals. Those electronic states are strongly dependent on the size (the degree of confinement). Because
increasing the aspect ratio only reduces confinement along the c-direction, some energy levels are sensitive to the length of
the NR much more than others, and level crossing occurs. For HOMO levels, the levels consisting of a Se 4p component are
more dependent on the length, by increasing the nano rods length; the energy levels converge into several energy levels. This
is a transition from zero-dimension confinement (0D) to one dimensional (1D), where a continuous band forms along the c-
axis. For this reason, more versatile nano electronic and optical devices, which combine the advantage of OD and 1D
confinement, can potentially be made using quantum NRs as building blocks [9], where the absorption peak at 375 nm due to
direct transition for TiO,. From FIG. 4 the high absorption peak at wavelength 300 nm related to FTO band-to-band transition
is observed. Result of homogeneous broadening in absorption spectra was caused for several reasons; quantum confinement

and multi high barriers in stature of FTO/TiO,/CdSe/EL system and different sizes of artificial atoms of CdSe.
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Homogenous broadening in electronic transitions in CdSe artificial atoms LEDs

To ensure electronic transitions in CdSe artificial atoms which is found in structure of FTO/TiO,/CdSe/EL system, theoretical
energy of electronic transitions as in FIG. 6. By using Gaussian profile, for all theoretical energies transitions of CdSe
artificial atoms [14,15], energy band gap of FTO and energy transition of TiO, with using experimental values from
absorption spectra. When Doppler broadening is dominating, velocity distribution is dominating on line spectra. In this case,

experimental line spectral given by distribution of velocity for atoms or molecular as shown [14]:

(1) =1,exp| - ';A}ST(%J

Where I(}) is line spectra module (maximum intensities of line spectral).

AN=A—)g
1
2KT Tz
Ady =24, [ MC?2 }
My _ A _ 7164107 {l}z — Al = A, x7.16x10°7 {l}z
v, M M

Where T is absolute temperature (300 K). TABLE 2 shows values of broadening in absorption wavelength peak.

TABLE 2. Absorption wavelength, their energy, electronic transitions and value of broadening in absorption

wavelength peak.

Ao(nm) E(eV) Transition Alp (NM)
280 4.4 FTO 0.0080
373 3.33 TiO, 0.0106
521 2.38 CdSe 1S(e) — 3Sy5(h) 0.0146
568 2.18 CdSe 1P(e) — 1Py(h) 0.0161
620 2 CdSe 1S(e) — 2S3(h) 0.017
642 1.93 CdSe 1S(e) — 2S3(h) 0.018
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FIG. 6. (a) Theoretical electronic transition in CdSe artificial atoms and

(b) Experimental absorption spectra of CdSe Nano crystal (R=4.1 nm) these energies [15].

FIG. 7 shows theoretical transitions (in different colors), experimental absorption spectra. From FIG. 7, it is identified

between experimental and theoretical transitions for all layers of LED structure. By taking Gaussian broadening for

theoretical transitions for all layers of LED and compare with experimental absorption spectra by using Mathcad program. To

do fitting between experimental and theoretical absorption spectra: first, different spectral lines were traced using theoretical

energy transitions for FTO and CdSe artificial atoms as it indicated in TABLE 1 and FIG. 7 and using Gaussian shape which

use Doppler broadening.

600

FTOMO2(Polystyrene)yMPA/CdSe/EL

480

300

240

Molar Extenction Coefficient, L/maol.cm

Wavelength, nm

FIG. 7. Theoretical transitions (in different colors) and experimental absorption spectra (black line).

Secondly, convolution was made for these traced lines and doing a rough fit with theoretical one. FIG. 7 shows the fitting

between experimental and calculation absorption spectra as it clears the fitting was very well but not 100%. FIG. 8 shows the
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100% fitting between experimental and theoretical absorption spectra. It reveals two absorption peaks located at 365 nm.

These small peaks refer to absorption from diffused layer between FTO and CdSe layer.
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FIG. 8. Fitting experimental absorption spectra with theoretical electronic transitions.

Also, it should be noted that shift in energy transition results from distribution of different size of cluster atoms broadening,

confinement broadening and Doppler broadening.

TABLE 3. Theoretical electronic transitions, broadening energy transitions and difference between it in (eV).

Theoretical energy transitions (eV)

Broadening energy transitions (eV)

Energy shift (eV)

1.74 CdSe 4P(h) — 5S1() 1.44 CdSe 4P(h) — 5S15(€) 0.30
2 CdSe 15(e) — 2S3(h) 1.95 CdSe 1S(e) — 2S3(h) 0.049
2.183 CdSe 1P(e) — 1Pyy(h) 2.37 CdSe 1P(e) — [Py(h) 0.196
2.380 CdSe 15(e) — 3S1(h) 3.30 CdSe 1S(e) — 3S1(h) 0.929
3.306 VB — CB TiO, 3.40 VB — CB TiO, 0.096
4428 VB — CB FTO 5.10VB —- CBFTO 0.673

Ratio of broadening, which due to size distribution and Doppler can be neglected by comparing with quantum confinement

broadening.

10
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Conclusion

FTO/TiOy(polystyrene)/CdSe/EL system was prepared using spin coated method. Quantum confinement effect on these

structures was studied through XRD spectra using Williamson-Hall Method which produces crystallite size distribution. This

more accurately separates the instrumental and sample broadening effects. It also gives average length size rather than

average volume size. Broadening in absorption spectra lines reveal new electronic transitions due to diffusion layer between

CdSe artificial atoms and TiO; layers is shown in TABLE 3. There was energy shift between theoretical energy transitions

and experimental absorption lines in CdSe artificial atom due to different effects such as quantum confinement between

layers of system, different size of cluster in one layer and diffusion between layers particularly between CdSe artificial atoms

and TiO, layers.
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