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1. Introduction

Objective
The main objective of this experiment is to allow students to gain exposure to a synthetic method for preparing certain types of nanoparticles. A secondary objective is to gain an appreciation for the difference in properties between bulk and nanosize semiconducting nanoparticles. This can be demonstrated by showing that nano materials have discrete quantized energy levels due to quantum confinement effects and consequently a larger band gap compared to that of bulk solids. This experiment will use UV-Vis spectrometry to obtain the parameters needed to calculate the band gap and the particle size of the quantum dot.
Background
The UV-Vis spectrometry is a spectroscopic technique involving the use of light in the visible, near ultra-violet and near infrared regions to cause electronic transitions in the target material. A light source of a fixed wavelength is shone through a sample and its absorption (or transmission) intensity measured against a background using a detector. The wavelength is then varied slightly using perhaps a diffractometer, and the process repeated until the absorption ratio for a spectrum of wavelengths is obtained.

Quantum dots can be regarded as semiconductors who excitons (electron-hole pairs) experience quantum confinement in all three spatial dimensions. As a result, they have properties that are between those of bulk semiconductors and those of discrete molecules. This confinement dramatically alters the opto-electrical properties of these dots as compared to the bulk material which may be exploited to conceive of applications in transistors, light-emitting diodes (LEDs), diode lasers, and photovoltaic devices.
Uses
Cadmium sulfide (CdS) quantum dots in particular have exhibited considerably different optical and electrical properties from its bulk material.  Due to the specificity of the optical emissions generated by CdS, they have potential to form monitors and other display devices that permit a much higher precision in the spectrum of colours. Quantum dots have the characteristic property of being able to respond to very fast changes in incoming energy quantities. This makes them well suited to nascent areas of research such as wave guides, high speed optical switches, and fast response resonators. Further, quantum confinement properties may be exploited to produce very precise optical emissions when excited with energetic electrons or photons. This naturally leads them to such new areas of research as quantum LEDs, nanocrystal solar cells, and programmable matter.
UV-Visible spectrometry is instrumental in characterizing these CdS quantum dots to help determine their band gap energy as well as their particle sizes. It may also be used to characterize an unknown sample since the spectrum is effectively a chemical “fingerprint” for a given molecule.

2. Theoretical Principles

Theoretical Foundations of the Experiment

UV-Vis spectroscopy operates on the fundamental idea of molecular orbitals. All molecules have molecular orbitals that are formed by a adding or subtracting their corresponding atomic orbitals known as bonding and antibonding orbitals. The bonding orbital of a molecule is known as the highest occupied molecular orbital (HOMO) and contains the valence electrons. The antibonding orbital, on the other hand, is known as the lowest occupied molecular orbital (LUMO) and is normally devoid of electrons. This ideal description is valid only for single molecules. In reality, a bulk material is made up of a number of atoms brought together. In this case, the HOMOs and LUMOs of each individual atoms add up to form many closely spaced orbitals, known as bands. In particular, the two discrete bands that form are known as the conduction and valence bands. Electrons in the valence band are tightly coupled with their respective nuclei, whereas electrons in the conduction band are somewhat separated from their respective nuclei therefore allowing for free motion within the solid.

The band gap of a material is defined as the energy distance between the valence and conduction bands. The smaller the band gap, the more electrically conductive a material will be. Metals have small band gaps whereas insulators have larger band gaps which explains why there are so few electrons found in their conduction bands. There isn’t sufficient thermal energy to excite electrons from the valence band to the conduction band in the case of insulators. Semiconductors occupy a middle ground and have tractable band gaps which when given enough thermal energy can excite electrons into the conduction band. One can also add dopants to semiconductors like cadmium sulfide quantum dots which make a semiconductor behave more like a conductor by introducing additional energy levels within the band gap.

The key difference to note is the difference in between discrete atomic or molecular orbitals and the bands in a solid. The organization of energy levels is quite different between nanomaterials and bulk materials in that nano materials have larger band gaps and consist of more discrete energy levels. This observation may be attributed to the various quantum confinement effects within nano particles whose sizes can be as small as only a few dozen atoms wide (couple of nanometers).  Quantum confinement is defined as a confining of the movement of the particles in one or more dimensions [1]. When these dimensions are comparable to the de Broglie wavelength of the particle, quantum confinement effects take place and cause the band gap of the particle to increase. Bulk solids, on the other hand, are a composition of several thousands of atoms. All these atoms contribute to highly overlapping orbitals leading to less pronounced energy bands and consequently a smaller band gap.
Necessary Equations
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The cut-off wavelength may be estimated from the intersection of the tangent line of the peak with the wavelength axis. This wavelength is used to determine the band gap 
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= wavelength absorbed by the sample, and c is the speed of light. 
b) The second important equation is that used to estimate the size of a particle. The particle size can be estimated from the experimental UV-Vis absorption spectrum using the following expression derived from the effective mass model:
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 = band gap energy of the nanoparticle, which will be determined from the UV-Visible absorbance spectrum
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 = band gap energy of the bulk CdS at room temperature, which has the value of 
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r  = particle radius (m)
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Meeting Objectives

Typically, the absorbance measurements collected from the spectrum can be used in conjunction with Beer-Lambert’s Law to calculate concentrations of solutions or the absorbance coefficient
[image: image28.wmf]e

. In this experiment, we instead applied the effective mass model (Eq. (1)

 to calculate the energy absorbed by a quantum dot.(2)

) to determine the particle size of the nanoparticles as opposed to concentrations. However, this equation required the band gap energy of the nanoparticles which can be obtained from the UV-Vis results and Eq. 
3. Experimental

In this experiment, a sample of CdS quantum dots were prepared via inverted-micelle synthesis, were purified, and were subsequently analyzed by UV-Vis spectroscopy
The procedure for this experiment is given in [1] under Experiment 1. The procedure was followed closely with some modifications. Firstly, the AOT/n-heptane solution was prepared prior to the experiment. Additionally, due to pump problems, the solution with CdS quantum dots was evaporated under a Schlenk line, but the solvent was not fully evaporated. Some pyridine was left in the solution, which was then washed with n-heptane. This mixture was dried again under vacuum, but once again, the solvent was not fully removed.  Finally, the last centrifuge at 10 000 rpm for 2 minutes was bypassed. 
Some other experimental components should be noted. Firstly, after stirring the micelle solutions for 20 minutes, the solution was still transparent, and so 0.25 mL of both Cd2+ and S2-, which gave a yellow colour. Also, 10 pasteur pipettes were added in total to terminate the reaction before a phase separation was finally achieved. 
The UV-Vis analysis of the sample was performed on a UV-Vis spectrometer. The schematic of a typical device is shown in Figure 1. The sample is exposed to light that has been (usually) passed through a monochromator and aperture. The light is then detected and analyzed. The light source is varied in wavelength to give the UV-Vis spectrum of the sample.
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Figure 1 Basic schematic of a UV-Vis spectrometer
4. Observations and Results

Qualitative Results

The spectrum is shown in appendix C. As can be seen, below a wavelength of 300 nm, the spectrum is very noisy. There is, however, a clean signal at energies below this point. Overall, the only feature present in the spectrum is a dip from 0.3 absorbance to around 0, in the range of 375 to 450 nm wavelength. Beyond this, the absorbance is essentially zero, with no small peaks or dips anywhere in the spectrum. This pattern is similar to the literature on UV-Vis on bulk CdS, except that for bulk, the drop in absorbance occurs between 500 and 600 nm, such as in [2] and [3]. 
Quantitative Results

Based on the spectrum data, the band gap and particle size of the CdS quantum dots were determined. The calculation of this is shown in Appendix D. To summarize, the critical wavelength was determined from the spectrum using the slope of the linear region, and was determined to be equal to 435.9 nm. Using this value and (Eq. 1), the band gap was calculated to be 2.821 eV. Finally, using this value, and solving (Eq. 2), the particle size was calculated as 3.8 nm.  
The calculated value for band gap is accurate to 4 significant figures, based on 4 significant figures in the wavelength and absorbance values provided by the UV-Vis spectrometer. As these were the only two measurements made, the band gap is accurate to 4 significant figures. The particle size is accurate only to two significant figures, as only two were provided in the value of the effective mass of electrons and holes in CdS, as well as the relative permittivity of CdS.
5. Discussion

The UV-Vis spectrum of the quantum dot sample is very similar to CdS in the literature, except for, as was mentioned prior, the difference in the position of the drop. Comparing to literature for CdS in quantum dot form, the drop between 375 and 450 nm is typical for nano-sized particles of CdS. For example, in [3], the CdS quantum dot sample, prepared by a thin-film latex method, showed an absorbance drop between 250 and 400 nm, as opposed to their bulk sample which had the drop between 500 and 600 nm. The particle size of the sample from [3] was predicted to be 7.6 nm by Uv-Vis. As another example, in [4], the inverted-micelle synthesis was used in a similar manner as in this investigation. The drop was found between 375 and 425 nm, very similar to that in this experiment. The particle size was between 3 and 7 nm. Hence, a shift in the drop towards lower wavelengths is expected with a smaller particle size. Such a shift is expected theoretically, as a smaller particle size means a larger band gap, since fewer molecular orbitals are being added to the possible energy states of the particle. Hence, absorption will occur at higher energies, so a shift towards shorter wavelengths will be apparant. Overall, this means that, from a qualitative perspective, it is reasonable for a shift to the left occur, validating the observed spectrum in this investigation.

The spectrum also indicates that the sample produced in this experiment has a very high level of purity. The presence of any contaminants would have acted as dopants in the semiconductor material, causing lower energy (higher wavelength) transitions, which would appear as small peaks or drops above the original drop of the band gap. The spectrum shows a smooth line, beyond the original drop. Hence, the inverted-micelle synthesis provides a high purity, and the heptane-washes and centrifuges were sufficient in purifying the product. 

The measured particle size, at 3.8 nm is also a very realistic value. It is on the same order of magnitude as [3] (7.6 nm), and falls within the range given by [4] (3 to 7 nm), which was produced by a very similar method.  Additionally, since a shift to the left is caused by the smaller particle size, there is consistency between this investigation and that of [3], since a greater shift to lower wavelengths was observed, and a lower particle size than [3] was measured. The same can be said with [4], in which the same synthesis method was used as in this experiment. Such a small particle size is expected by this synthesis method, because instead of the synthesis reaction occurring freely in solution, the polar precursors must react in the inside of the inverted micelles. This poses constraints on the growth because of the size of the internal of the micelles limit how large the particles can grow, and prevents particles from aggregating. Hence, it can be concluded that for applications in which a small CdS particle is required, the inverted-micelle synthesis provides a reliable source for synthesis. As an example of a synthesis in which growth was not constricted, in [5], particles were allowed to grow without constriction, and reached a size of 20-30 nm, determined by XRD. Hence, without the use of a micelle, or some growth-limiting component, the particle size becomes much larger.
The particle size of 3.8 nm is below the Bohr radius for a CdS quantum dot, which is around 5 nm [1]. As a result, it can be said that quantum confinement will occur for an electron-hole pair in a quantum dot of this sample.
Band gap is another important factor that was measured. In terms of the use of CdS in semiconductors, band gap is arguably the most important property. The band gap of the particles in this experiment was measured to be 2.821 eV, whereas in bulk, the value is 2.45 eV. Hence, a higher band gap is observed at a lower particle size. This is consistent with the shift of the drop on the UV-Vis spectrum. As already mentioned, this can be attributed to the fact that fewer molecular orbital states are being summed and added to the total possible states, and so a greater gap in energy exists between the HOMO and LUMO. This is explained more in Appendix B. As a result, the lower band gap observed in this smaller particle size is expected by theory. As for literature consistency, [6] reports a very small particle size of 1 nm for CdS, which gave a band gap 3.9 eV. Hence, this trend is consistent with the literature. 
Such a property would make these quantum dots useful in optoelectronics, in which a high energy form of light needs to be absorbed. The ability to absorb short wavelengths by decreasing the particle size, makes CdS quantum dots by inverted-micelle synthesis useful for such an application. Additionally, any application in which a small particle size and/or a large band gap, and/or quantum confinement is required would find use from this material.
Overall, the general trend of the results of this investigation, and that of the literature, is that a lower particle size leads to a shift of the drop in absorbance in the UV-Vis spectrum towards shorter wavelengths, and a larger band gap. This result is expected by the theory of molecular orbitals, and is also a predicted and modeled by (Eq. 1) and (Eq. 2).

Error Analysis

The primary source of all calculations in this investigation was the wavelength and absorbance data provided by the spectrometer. As such, errors in the quantitative values would arise from any error in the spectrometer. 
Overall however, there was likely not significant error in this data. This is for a few reasons. First of all, the data is quite consistent with the literature and all trends are consistent with the literature and with theory. Secondly, the signal obtained in the UV-Vis spectrum in the region of interest had a low amount of noise. Hence, one would expect a low random-error in this data.

With that said, the calculated band gap and particle size are likely not perfect. For one thing, the determination of the critical wavelength was done graphically, and so it could not be determined precisely. This would have led to minor variations in calculated band gap and particle size. Additionally, the effective mass of an electron and hole, used in the calculation, is dependant on temperature, which was not perfectly specified in this investigation, which could have led to some error.
Typically, the best way to specify the particle size with low error is to use XRD or TEM. For example, in [3], a particle size of 7.6 nm was calculated by UV-Vis, but TEM analysis showed that the particle size was closer to 10 nm.
The UV-Vis spectrometer was reliable enough that the precision attainable in this investigation was comparable to that of the literature. Hence, taking replicate measurements likely would not have lowered the error, especially since error arising from calculation and assumptions are independent of the error in the measurement equipment.

6. Conclusions

The main objective of this experiment was to measure prepare a sample of CdS quantum dots and obtain a UV-Vis spectrum of the sample to measure the band gap and particle size. This was achieved, as the sample was prepared successfully, and the UV-Vis spectrum was acquired. The spectrum was consistent with literature, and the particle size and bandgap were measured easily from the spectrum, giving values that also agreed with literature and theory.
The principle results of this investigation is that the CdS quantum dots exhibited quantum confinement, were about 1.8 nm in diameter, and had a bandgap of 2.821 eV. The particles, because of their size, have a much higher bandgap than that of bulk CdS, which will give them novel semiconducting properties. 
It is also concluded that the inverted-micelle synthesis method provides a high level of purity and a much smaller particle size than synthesis methods that do not put constraints on the growth. The method used was quite simple, and could be scaled-up to give larger amounts of the sample. As such, CdS quantum dots produced from inverted-micelle synthesis hold potential for use in materials and devices requiring properties originating from the effect of quantum-confinement.
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Appendices

Appendix A – Original Observations

The data obtained from the FTIR scan is too large to include here; instead, a graphical version of the spectrum data is provided in Appendix C.
Appendix B – Questions

Q.1 Compare your band-gap energy (question 1) with bulk CdS value (Eg = 2.45 eV). Why does your value differ from the bulk value?
The band gap energy of CdS quantum dots is 2.821 eV. This is higher than from the bulk CdS value of 2.45 eV. We can attribute this difference to effects of quantum confinement inside nanoparticles. As the particle size gets smaller, the energy levels move farther apart and become more discrete. The bandgap in cadmium sulfide can actually be made to vary considerably by choosing an appropriate size for the CdS nanoparticles, from the very smallest sizes to the bulk.

Q.2 Why does particle-size affect the efficiency of a semiconductor device?
We saw in question 1 that as the size of the particle gets smaller, the energy levels become more separated thus increasing the band gap of the material. The band gap is a critical parameter in device performance that determines how many electrons will have enough energy to be excited from the valence band to the conduction band at room temperature. A smaller band gap will lead to increased device efficiency as this requires less energy for excitement. Conversely, a larger band gap means that fewer electrons will have sufficient temperature to be excited from the valence band to the conduction band, thereby decreasing device efficiency. The smaller the nanoparticle, the more charges that are confined within the quantum dot causing a variety of electrostatic repulsions leading to a larger band gap. Thus we can conclude that device efficiency in terms of number of available carriers is directly proportional to the size of the particle. Hence the band gap of the particle has an important role to play in determining the number of charge carriers in the device which affects device efficiency.
Appendix C – UV-Vis Spectrum

[image: image30.emf]Absorbance Spectrum for CdS Quantum Dots

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

200 300 400 500 600 700 800

Wavelength (nm)

Absorbance


Figure 2 UV-Vis Absorbance Spectrum for CdS Quantum Dots
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Figure 3 UV-Vis Absorbance Spectrum for CdS Quantum Dots with noisy range removed

Appendix D – Sample Calculation

The following calculation method was used to determine the particle size of the CdS quantum dots. 
Firstly, using excel, a line of best fit was determined for the linear portion near the peak in the spectrum, as shown in figure 4. The equation of the line is shown, along with an R2 value near 1 to confirm that this portion is linear.
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Figure 4 Linear region of UV-Vis spectrum

Using the equation of this line, the cut-off wavelength was determined.
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From this value, the band gap of the CdS quantum dots was easily calculated:
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Finally, using the band gap, and other known constants, the particle size of the quantum dots can be determined from the effective-mass model [1].
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where the values of all constants are defined in [1]. This equation can be rearranged to give a quadratic equation as a function of the radius, r:
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And so, the sample has a particle size of around 3.8 nm, with a band gap of 2.821 eV.
3
2

_1277747157.unknown

_1277747486.unknown

_1277747566.unknown

_1277747641.unknown

_1277748036.unknown

_1277747900.unknown

_1277747586.unknown

_1277747544.unknown

_1277747359.unknown

_1277747443.unknown

_1277747399.unknown

_1277747246.unknown

_1277564749.unknown

_1277746861.unknown

_1277747121.unknown

_1277564906.unknown

_1277561866.unknown

_1277561881.unknown

_1277462472.unknown

_1277462677.unknown

_1277381219.unknown

