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ABSTRACT
Historically, light coming from the sun has been our prime source of light energy.
It is crucial for various applications to detect and utilize the invisible part beyond violet.
The detection of ultraviolet (UV) radiation has been of great interest for industrial, medical,
military, and environmental applications. Therefore, it is important to make simple,
accurate, reliable, and low cost instruments to detect UV. Silicon detectors are the most
common and inexpensive commercial solutions available for UV detection. However, they
show poor performance in ultraviolet region. In this thesis, the red CdSe/ZnS core-shell
quantum dots are used to improve the response of the silicon detector by downshifting the
UV light to peak sensitive wavelength of silicon.
In this study, an improvement in average external quantum efficiency of 51% in the
near UV (300-400 nm) region has been confirmed using a 40 nm thick layer of CdSe/ZnS
quantum dots. The short circuit current is improved by a factor of 6 under laser excitation
of 405 nm. CdSe/ZnS core-shell quantum dots were chosen for this study because of their
direct band gap and size tunable wavelength properties, which span over the entire visible
spectrum. The size selection of the quantum dots was based on emission wavelength. The
ultra-thin layer of quantum dots has been deposited using the mist deposition tool. The
results demonstrate that the quantum dots can be used as an alternative to phosphors for
down-shifting the ultra violet light in silicon UV detectors.
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Chapter 1
Introduction
Ultraviolet (UV) is an electromagnetic radiation that ranges from 10 nm to 400 nm.
In 1801, a German physicist, Johann Wilhelm Ritter, discovered the existence of ultraviolet
light. In a simple experiment, he showed that the invisible rays, which were beyond the
violet end of the spectrum, darkened silver chloride more efficiently than visible light. It
was thus coined as “ultraviolet” because the spectrum consisted of electromagnetic waves
with frequencies higher than those which humans identify as the violet color [1].
Ultraviolet region is subdivided into UVA (400-320 nm), UVB (320-280 nm), and UVC
(280-10 nm) [2]. The table 1-1 shows the other classifications, which are widely used in
the literature.
The ultraviolet research began to receive attention in the latter half of the 19th
century. The stratospheric ozone limited the wavelengths reaching the surface of the Earth
to about 300 nm. This set the limitations on terrestrial ultraviolet research. The molecular
oxygen absorbs ultraviolet below 200 nm; this limits the laboratory spectrograph, unless it
is placed in a vacuum chamber. Thus, the wavelengths shorter than 200 nm are also called
vacuum ultraviolet. At that time, the lack of good vacuum, and other associated technology
was a hindrance to further research. Secondly, the poor transmission and reflection of
materials failed the optical methods used in the visible spectrum [3].
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Table 1-1. Other classifications of UV [1].

Sub-range

Wavelength Range (nm)

Near-UV (NUV)

400-300

Middle-UV (MUV)

300-200

Far-UV (FUV)

200-100

Deep-UV (DUV)

350-190

Vacuum-UV (VUV)

200-10

Extreme-UV (EUV)

100-10
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The exploration of space in 1940’s opened up new doors for ultra violet research.
It provided the impetus for better instrumentation, which included better windows,
gratings, filters, detectors, and light sources. It also pressed for improvement in
spectroscopy of the atoms, molecules, and ions of planetary and stellar atmospheres, and
reliable standards for calibrations [3].
Most commercial p-n junction photo detectors are designed to detect a specific band
of electromagnetic spectrum efficiently [4]. The challenging part of the ultraviolet spectral
range for silicon based photo detector is between 100-400 nm. The penetration depth of
these high energy photons is extremely shallow. Therefore, the ultraviolet light is primarily
absorbed near the surface. The recombination near the surface is very high due to the
presence of surface states. Thus, leading to a poor response in the ultraviolet region.
There are two primary ways to improve the response of silicon photovoltaic
detectors in ultraviolet region. First, use of advanced design concepts, and manufacturing
processes to make ultra-shallow junctions, use of low doping levels, or very thin
window/buffer layers. However, these steps can be difficult as well as expensive to
implement, and may decrease device efficiency [5]. The second method is to down-shift
the incident light using luminescent downshifting materials.
The quantum dots offer useful advantages as luminescent downshifting materials.
They exhibit a wide absorption band, high emission intensity, and relatively good photo
stability. Since the quantum dots are inorganic crystals, chemical bond changes require
additional energy for atomic displacement into an interstitial lattice location [6]. Therefore,
the quantum dots are expected to resist photo bleaching, and radiation damage. The work
done by Cress C. et al. showed that quantum dots are more resistive to radiation damage
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than bulk [7]. The quantum dots are very large in comparison to a dye molecule so they
resist pinhole formation.
This study demonstrates the luminescent down-shifting principle by using the
CdSe/ZnS quantum dots. The experimental results show improvement in the response of
the silicon photodiode in ultraviolet region. Mist deposition tool has been used to deposit ultrathin films of these quantum dots.

Chapter 2 gives the background of ultraviolet detectors, introduces luminescent
down-shifting materials, physics of quantum dots, and details of mist deposition tool.
Chapter 3 covers the scope, and motivation behind the project. Chapter 4 explains the
experimental procedure used in this study. Chapter 5 sums up the results and discussion
part. In the end, the complete project is summarized in Chapter 6.
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Chapter 2
Background
This chapter introduces the needs and challenges of ultraviolet detection. It
describes the state of the art UV detectors. It introduces the luminescent down-shifting
materials, and follows with the detailed explanation of quantum dots. It explains about mist
deposition tool, sources of UV, and its applications.

2.1 UV Detection: Needs and Challenges
The observation and recording of the ultraviolet from astronomical objects such as
planets in our solar system, stars, nebulae and galaxies enable us to gain extra information,
such as temperature, and chemical composition of these objects [8]. However, most of the
ultraviolet is absorbed by the ozone layer. Therefore, these observations need to be made
outside the Earth’s Stratosphere. In the space station, the Hubble Space Telescope, the
Faint Object Spectrograph (FOS), and the Goddard High Resolution Spectrograph (GHRS)
are used to collect, and analyze the ultraviolet coming from these distant objects. The Solar
and Heliospheric Observatory (SOHO) is a spacecraft that was launched in 1995 to study
the Sun [8]. Two of SOHO’s twelve instruments are used to record, and analyze ultraviolet
radiation from the Sun.
The vitamin D enriched sunlight is essential for human body. When our skin is
exposed to UV B, it stimulates the production of vitamin D. But, too much exposure to UV
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B can cause skin cancer. Hence, ultraviolet detectors are used in UV dosimeters to monitor
the amount of UV absorbed. Ultraviolet detectors can detect ultraviolet emissions from
flames in the presence of hot backgrounds (such as infrared emission from the hot bricks
in a furnace). This provides an excellent flame on/off determination system for controlling
the gas supply to large furnaces and boiler systems. Earth’s atmosphere is opaque at
wavelengths below 300 nm. “To take advantage of this optical window, Earth to space
communication requires detectors that are UV sensitive, but blind to the ambient visible
radiation” [3]. Other applications include medical imaging (280-400 nm), protein analysis
and DNA sequencing (240-300 nm), forensic analysis (250-300 nm) [1].
Today, there is a wide variety of detectors available to detect ultraviolet radiation.
Traditionally, photomultiplier tubes have been attractive, but they require bulky vacuum
based components. Large band gap materials like AlGaN, diamond, and ZnO can be used
to make visible-blind, and solar-blind ultraviolet detectors. However, they are difficult to
grow/deposit in high purity, uniform layers, to dope in controlled and/or to process at large
areas with low costs. Silicon detectors with ultraviolet band pass filters are the most
common, and low cost commercial solutions available for ultraviolet detection. But, they
suffer from intrinsically low responses in the ultraviolet, limited lifetimes due to
degradation under prolonged ultraviolet exposure, and difficulties in fabricating the
necessary filters [9]. Alternatively, lumogen has been used to downshift the ultraviolet
light. However, the lumogens have few disadvantages. The light emission is over a broad
spectrum, and they tend to degrade with time, ultraviolet and vacuum exposure. Also, the
device users have also reported uniformity problems, and pin holes development when
used in vacuum.
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2.2 Introduction of UV Detectors
Ultraviolet detector is an optoelectronic device that absorbs optical energy in UV
region and converts it to electrical energy, or generates a chemical reaction. It detects the
light spectrum beyond violet, which is invisible to human eye. An ideal ultra violet photo
detector has a high responsivity, and sensitivity. It shows good linearity of photocurrent as
a function of the incident optical power. It exhibits high spectral selectivity, low noise level,
and short response time. The type of application determines the priority given to the above
mentioned characteristics. For example, a short response time is crucial for UV imaging
applications where it is important to quickly process real time data [2]. The fig. 2-1
categorizes the state of the art ultraviolet detectors.
Responsivity, sensitivity, and noise equivalent power are figures of merit of these
detectors. Responsivity is defined as the RMS signal voltage or current at the output of the
detector per unit optical input signal power. Sensitivity of a detector determines the
minimum signal it can detect. Noise equivalent power (NEP) is defined as the radiant input
signal power that yields a signal to noise ratio of unity at the output.

.
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Ultraviolet Photon Detectors

Photoelectric detectors

Semiconductor based detectors

Photoconductive detectors

Fig. 2-1. Classification of UV detectors [1].

Photographic detectors

Photo emissive detectors

Photovoltaic detectors
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2.3 Photographic Detectors
In a photographic detector, an incoming photon generates a chemical reaction, and
the image is further developed. They are used for their image storing capability, and large
amounts of data storage in single exposure. However, there are few drawbacks associated
with photographic detectors. The sensitivity of photographic detector is lower than the
photoelectric detector. The dynamic range is limited, the response is not a linear function
of the incident photon flux, and it has low operational speed.

2.4 Photoelectric Detectors
In a photoelectric detector, incident light is detected by measuring the generated
electrical signal. They can be divided into two types of detectors- photo emissive detectors
and semiconductor detectors.

2.4.1 Photo emissive Detectors
The photo emissive detectors utilize the photoelectric effect to detect ultraviolet
light. The photoelectric effect is the phenomena in which electrons are released from the
material when the incident light energy is more than the work function of the material. The
most common configuration allows the photon to impact a solid surface; releasing a
photoelectron into the vacuum environment. The voltage is applied between the
photocathode surface and a positively biased anode, which causes a photoelectron to flow
in proportion to the intensity of the incident radiation. The fig. 2-2 shows the operation of
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photo emissive detector. The wavelength range of sensitivity is defined primarily by the
work function of the surface material. The primary photoelectron can be multiplied by the
process of secondary emissions to produce a large cloud of electrons. The degree of
multiplication is called the gain of the detector. Based on the gain, it can either be detected
with conventional electronic circuits or accelerating it to high energy, and then recording
the impact on phosphor screen. For a single photon detection, one has to resort to photo
emissive detectors as they offer highest detection sensitivity at low noise. However, they
are bulky and cumbersome to carry. It is not possible in this mode of operation to store the
detected events in the detector. They have low quantum efficiency, and strong spectral
dependence of responsivity. The sensitivity of photocathode surface to surface
contaminants is also an issue [3].

2.4.2 Semiconductor UV Detectors
The photons are absorbed in the bulk of the semiconductor material producing
electron-hole pairs which are separated by an electric field. The minimum energy required
to excite an electron from valence band to conduction band is equal to the band gap of the
material. The wavelength corresponding to the minimum energy is called the cut-off
wavelength. They are divided into two categories- photoconductive detectors and
photovoltaic detectors.
Photoconductive detector is the simplest optical detector that exhibits an internal
gain mechanism, and clearly demonstrates the gain-bandwidth limitation. It can also be
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Fig. 2-2. Photo emissive detector.
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stated as a ‘radiation sensitive resistor’. It detects light by measuring the increase in
conductivity of the sample with photo excitation. The photo generated electrons and holes
are collected by opposite contacts, and result in a photocurrent. A suitable bias is applied
across the contacts to collect the photo generated carriers. Depending on the resistance,
they are operated in two configurations. First, for low resistance material, it is operated in
a constant current circuit. The series load resistance is large compared to the sample
resistance, and the signal is detected as a change in voltage developed across the sample.
Second, for high resistance material, a constant voltage is preferred and the signal is
detected as a change in current in the bias circuit. The fig. 2-3 shows an illustration of a
photoconductive detector.
The photon detection in structures with built-in potential barriers are essentially
photovoltaic. It is a junction device which uses the internal electric field to move electrons
and holes in opposite directions. They are commonly used in four different structures - pn homo junction, p-i-n diode, p-n hetero junction and schottky barrier.
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Incident Radiation

RL
V

Fig. 2-3. Illustration showing photo conductive detector.
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2.5 Photovoltaic Detector
The junction photodiode is the most common photo detection device that is used
both in ordinary, and specialized applications. It is often referred to simply as a photodiode.
They can be made with any semiconductor material in which a p-n junction can be formed.
The basic principle of operation of a junction photo diode is very simple. The diode is
operated under reverse-biased conditions to increase the depletion width. Under reverse
bias conditions, a small dark current, called as the reverse saturation current flows through
the device. When the light is incident on the homo-junction photodiode, photons are
absorbed mainly in the depletion region and also in the neutral regions, particularly on the
top, where the light is incident. The absorbed photons create electron-hole pairs. The photo
generated carriers in the depletion region are accelerated in opposite directions by the
internal electric field. It gives rise to the photocurrent, the magnitude of which depends on
the quantum efficiency. The carriers that are produced within a diffusion length of the
depletion layer, on either side of it, also reach the depletion region by diffusion and are
then accelerated by the internal electric field, thereby contributing to the photocurrent.
Therefore, photo excitation is detected as an increase in the reverse biased current of a
junction photodiode [9]. Fig. 2.4 shows an illustration of a p-n junction, and its band
diagram.
The following lines give the mathematical equations of a p-n junction diode. The
total current density is usually written as [10]:
J (V,Φ) = Jd (V) - Jph (Φ),
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where the dark current density Jd, depends only on V, and the photocurrent depends only
on the photon flux density Φ.
The magnitude of photocurrent density is given by [11]:
Jph = ƞqΦ,
where ƞ is the quantum efficiency.
The dark current is given by [12]:
Jd = Js (exp(qV/kT)-1),
where reverse saturation current density (Js) is equal to [13]:
Js = qDhpno/Lh + qDenpo/Le,
Dh and De are the hole and electron diffusion coefficients respectively, while Lh and Le are
the hole and electron diffusion length respectively.
If the p-n diode is open circuited, the accumulation of electrons and holes on the
two sides of the junction produces an open-circuit voltage. If a load is connected to the
diode, a current will conduct in the circuit. The maximum current is realized when an
electrical short is placed across the terminals, and this is called the short-circuit current [3].
The fig. 2-5 shows the equivalent circuit diagram of an illuminated photodiode and its
current voltage characteristics.
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Fig. 2-4. Band diagram of a p-n homo junction photo diode, and its operation [14].
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(a)
Series resistance

Photocurrent

(b)

Current

Dark Current
Voltage

Light Current

Fig. 2-5. (a) Equivalent circuit of an illuminated photodiode. (b) Current-voltage characteristics
of an illuminated and non-illuminated photodiode.
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2.6 Luminescent Downshifting Materials
Luminescent down-shifting (LDS) refers to the absorption of short wavelength
incident photons, and their re-emission at longer wavelengths. The fig. 2-6 shows the
mechanism of luminescent down-shifting. LDS is a passive approach that involves
application of luminescent species over the cell, thus eliminating the need to interfere with
the active material of the photovoltaic device. The luminescent species should ideally
exhibit unity luminescent quantum efficiency (LQE), which is defined as the ratio of the
number of photons emitted to the number of photons absorbed by the luminescent species.
They should have a wide absorption band in the region where the external quantum
efficiency (EQE) of the cell is low, and a high absorption coefficient. The narrow emission
band should also coincide with the peak EQE of the cell. In order to minimize losses due
to re-absorption, the absorption and emission bands should be well separated. Low cost
and prolonged photo stability for periods of 20-25 years are other important characteristics
of an ideal luminescent species [15].
LDS materials can be separated into three main categories: quantum dots, organic
dyes, and rare earth ions/complexes. The organic dyes exhibit relatively high absorption
coefficients [16], close to unity LQE [17], and are easy to process in polymeric materials.
However, they have narrow absorption bands, and relatively small Stokes-shift, which still
results in significant reabsorption losses [18]. Although, significant improvements have
been reported in recent years, but still the photo stability remains questionable [17]. The
rare-earth ions exhibit relatively high LQE, but they suffer from low absorption
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(a)

(b)

Fig. 2-6. Sketch of quantum dot sensitized UV detector. (a) Visible light (red curved line)
is collected in the active region, UV light (black curved line) is collected near the surface
of the bare detector. (b) UV light is absorbed by red quantum dots and re-emitted in the
visible region.
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coefficients. On the other hand, quantum dots exhibit a wide absorption band, high
emission intensity, and relatively good photo stability [19].

2.7 Quantum Dots
A semiconductor material whose excitons are spatially confined in all three
dimensions is called a quantum dot [20]. When the size of the quantum dot is smaller than
the critical characteristic length, which is called the exciton Bohr radius, then the quantum
confinement effect starts dominating. The states of the exciton shift to higher energy as the
confinement energy increases. The increase in confinement energy is in agreement with
the Heisenberg uncertainty principle, i.e. the momentum of a particle increases if its
position becomes well defined. In the limit of small particles, the strongly screened
coulomb interaction between the electron and hole can be neglected. Therefore, both the
electrons and holes can be described by a particle in the box model, which leads to discrete
energy levels that shift to higher energies as the box is made smaller [21].
Cadmium selenide quantum dots were chosen in this study, because of their
fluorescence in the visible region. For semiconductor nano crystals, it is found that in naked
particles, surface effects created by chemical reactions or surface reconstruction are
detrimental for achieving a high luminescence quantum yield. Any surface defect will lead
to allowed electronic states in the gap region. Consequently, non-radiative relaxation
pathways involving trap states become predominant. This leads to a dramatic reduction of
the luminescence quantum yield. In order to avoid the surface defects, nano crystals are
usually capped with a protective layer of a second larger band gap semiconductor, which
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is ZnS capping layer in CdSe case. With this protective shell, it is possible to functionalize
the particles by applying suitable surface chemistry without interfering with the optical
properties [21]. The fig. 2-7 represents an illustration of CdSe/ZnS quantum dot, and the
band diagram of CdSe/ZnS core-shell quantum dot.

2.7.1 Physics of Quantum Dots
The density of allowed energy states (D(E)) as a function of energy tells us about
the number of available quantum states. It is used to determine the electron and hole
concentrations. The density of states as a function of energy differs for bulk (3D), quantum
well (2D), quantum wire (1D) and quantum dot (0D). The fig. 2-8 shows an increasing
order of confinement of a material in three dimension, with their density of states as a
function of energy. The shape of the curve of density of states with energy depends on the
degree of confinement. The table 2-1 relates the density of states with degree of
confinement.
According to Pauli’s exclusion principle only two electrons with different spins can
occupy the same energy level. The density of states in a quantum dot is expressed as a
delta-function, and the integration of electron density gives two electrons in a certain
quantum level.

22

Fig. 2-7. (a) Illustration of CdSe core and CdSe/ZnS core-shell quantum dot. (b) Band
diagram of CdSe/ZnS core-shell quantum dot [22].
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Fig. 2-8 Schematic illustration of the density of states as a function of energy for: (a) a
bulk material (3-D), (b) a quantum well (2-D), (c) a quantum wire (1-D), (d) a quantum
dot (0D) [23].
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Table 2-1 Density of states of semiconductor material [24].

Structure

Confinement

Bulk

0D

N(E) =

1D

N(E) =

Quantum Well

Density of States

N(E) =
Quantum Wire

m∗ √2m∗ E
π2 ℏ3

m∗ i
πℏ2 Lx

√2m∗
πℏLx Ly

∑𝑖,𝑗(𝐸 − 𝐸𝑖,𝑗 )

−

1
2

2D
where Ei,j =

ℏ2 π2
2m∗

𝑖2

𝑗2

𝑥

𝑦

(𝐿2 + 𝐿2 )

2

Quantum Dot

3D

N(E) = L L 𝐿 ∑𝑖,𝑗,𝑘 𝛿(𝐸 − 𝐸𝑖,𝑗,𝑘 )
x y 𝑧
where Ei,j,k =

ℏ 2 π2
2m∗

𝑖2

𝑗2

𝑘2

𝑥

𝑦

𝑧

(𝐿2 + 𝐿2 + 𝐿2 )
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According to the effective mass approximation model [25], the effective band gap
of a nanoparticle is given by:
E*(r) = Egbulk +

ħ2 π2
2er2

1

( m∗ +
e

1

1.8e

0.124e3

o

o

) − 4πϵϵ r − ħ2(4πϵϵ
m∗
h

1

( +
) 2 m∗
e

1

−1

)
m∗
h

where,
E* is the effective band gap of the quantum dot,
Egbulk is the bulk band gap of the material,
r is the radius of the nanoparticle,
me and mh are the effective masses of electrons and holes respectively, and ϵ is the
dielectric constant of the material.
The second term on the right side of the equation represents an increase in energy
due to particle in a box confinement. The third term represents a lowering of energy due to
electron-hole interaction via shielded coulomb interaction mechanism. The fourth term,
negligibly small and size dependent, is a polarization term and accounts for spatial
correlation [26].
In quantum dots, the electronic states can be understood as confined states in atoms
or molecules where electrons are bound in discrete energy levels forming a 3-D
confinement potential. The separation between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) is considered the band gap
of the quantum dot.
The fig. 2-9 illustrates the variation in band gap with the size of quantum dot. The
band gap of quantum dot increases with decrease in size.
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2.7.2 Fluorescence properties
Fluorescence is a form of luminescence where the emitting light has a longer
wavelength than the absorbed light or electromagnetic radiation. It is the result of a threestage process that occurs in certain molecules (generally poly aromatic hydrocarbons or
hetero cycles) called fluorophores or fluorescent dyes. It is a three step process: excitation,
excited-state lifetime, fluorescence emission. The fig. 2-10 shows the three steps of
fluorescence.
In the first process, a photon of energy hνEX is supplied by an external source of
light, and absorbed by the fluorophore, creating an excited electronic singlet state (S1').
This process distinguishes fluorescence from chemiluminescence, in which the excited
state is populated by a chemical reaction [28].
The excited state has a finite lifetime, typically 1–10 nanoseconds. During this
time, the fluorophore undergoes conformational changes, and is also subjected to a
multitude of possible interactions with its molecular environment. These processes have
two important consequences. First, the energy of S1' is partially dissipated, yielding a
relaxed singlet excited state (S1) from which fluorescence emission originates. Second, not
all the molecules initially excited by absorption (Process 1) return to the ground state (S0)
by fluorescence emission. Other processes, such as collisional quenching, fluorescence
resonance energy transfer (FRET), and intersystem crossing may also depopulate S1. The
fluorescence quantum yield, which is the ratio of the number of fluorescence photons
emitted to the number of photons absorbed, is a measure of the relative extent to which
these processes occur [28].
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In the final step, a photon of energy hνEM is emitted, returning the fluorophore to
its ground state S0. Due to energy dissipation during the excited-state lifetime, the energy
of this photon is lower, and therefore, photons of longer wavelength, than the excitation
photon hνEX. The difference in energy or wavelength represented by (hνEX – hνEM) is called
the Stokes shift. Fig. 2-10 (a) shows the three step process of fluorescence [28].
The fig. 2-10 (b) shows the normalized fluorescence intensity v/s wavelength. The
fluorescence intensity maximum shifts to longer wavelengths with the increase in size of
quantum dots. Since, the band gap reduces with increase in the size of quantum dots, the
bigger size quantum dots will fluoresce at longer wavelengths.
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Fig. 2-9. Illustration showing variation of band gap with size [27].
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(a)

(b)

Fig. 2-10. (a) Sketch showing the phenomena of fluorescence [28]. (b) Normalized
fluorescence intensity of CdSe/ZnS with increase in size of quantum dots [29].
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2.8 Mist Deposition
It is a physical liquid deposition method, used primarily to deposit films as thin as
few mono layers. The fig. 2-11 shows the schematic of the mist deposition tool. The liquid
precursor solution flows into the atomizer by Venturi effect. The venture type nozzle
converts the liquid solvents into fine droplets. The carrier gas, ultrapure nitrogen, carries
the solvent droplets through chambers of the atomizer. Fig. 2-12 shows the internal
structure of the atomizer. The impactors in the atomizer separate the droplets according to
the size, which is based on the inertia of the droplets. Larger droplets hit the impactors, and
settle down into the chamber in liquid form; while, the smaller droplets are carried into
subsequent chambers, and finally to the deposition chamber. The selected drop size
depends on the viscosity and density of the solvent, and it is quarter micron for toluene
which is used as a solvent for this study. At this size, the gravity effects are not sufficient
to settle the drops and they remain suspended in the atomizer in the form of a mist, giving
the process its characteristic name. The carrier gas carriers the mist to the deposition
chamber. The mist is believed to be charged at the point of generation, due to shearing
forces from the carrier gas. Overall, the mist is neutral, with equal number of positively
and negatively charged mist.
The mist remains suspended in the chamber and gets attracted to the substrate by the
application of electric field between the field screen and the substrate. The flow of mist is
uniform and laminar. Under the action of electric field, the negatively charged mist is
deposited on the substrate. This limits the precursor usage efficiency inside the chamber,
though, most of the loss takes place inside the atomizer during the size selection.
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Fig. 2-11. Schematic of mist deposition system [30].
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Fig. 2-12. Internal structure of atomizer [26].
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Finally, the solution left behind in the atomizer can be easily recovered and reused.

2.9 Sources of UV
The sun is the primary source of ultraviolet radiation. It emits UV at all
wavelengths, including extreme UV. The solar constant output of sunlight in space, at the
top of Earth’s atmosphere is about 1366 W/m2. The total energy is composed of about 50%
infrared light, 40% visible light, and 10% ultraviolet light, for a total ultraviolet power of
about 140 W/m2 in vacuum [31]. However, most of the shorter wavelength (below 300 nm)
UV is blocked by earth’s atmosphere. Apart from the sun, there are other artificial sources
of ultraviolet light. Black light is a lamp that emits long-wave UV A radiation, and little
visible light. They are constructed as normal fluorescent lights, except they use a phosphor
on the inner tube surface, which emits UVA light instead of visible white light. Short wave
ultraviolet lamps are also made by using fluorescent lamps without an internal phosphor
coating. They emit ultraviolet light with two peaks in the UV-C band at 253.7 nm, and 185
nm, due to the peak emission of mercury within the lamp. Specialized UV gas-discharge
lamps are sold, containing a variety of different gases, to produce UV light at particular
spectral lines for scientific purposes. Argon and deuterium lamps are often used as stable
sources, either windowless or with various windows, such as magnesium fluoride [32]. In
the last two decades, excimer (short form for excited dimer) lamp is seeing increasing use
in scientific fields. It has the advantages of high intensity, broadband radiation, and
operation at a variety of wavelength bands into the vacuum ultraviolet. Recent development
in GaN based light emitting diodes (LED’s), allows them to emit light in the ultraviolet
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range. But, the LED’s efficiency at 365 nm is only 5-8%, while it improves for longer UV
wavelengths, for 395 nm it is close to 20%. UV gas lasers, laser diodes and UV solid-state
lasers are also common sources of UV light. The nitrogen gas laser uses electronic
excitation of nitrogen molecules to emit UV, with strongest lines at 337.1 nm. Excimer
laser is another type of high power gas laser. They emit in ultraviolet, and even vacuum
ultraviolet wavelength range. Direct UV emitting laser diodes are available at 375 nm.
Diodes in solid-state module use frequency doubling or tripling diode-pumped solid state
technology to generate wavelengths shorter than 325 nm [33].

2.10 Applications of UV
Ultraviolet light has a huge number of applications in modern society. It is
important because of its ability to cause chemical reactions and excite fluorescence in
materials. Table 2-2 lists the application of specific wavelength bands in UV spectrum.
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Table 2-2 Applications of UV [33].
Wavelength (nm)

Application

13.5

Extreme UV lithography

30-200

Photoionization, UV photoelectron spectroscopy

230-365

UV-ID, label tracking, barcodes

230-400

Optical sensors, various instrumentation

240-280

Disinfection, decontamination of surfaces and water

200-400

Forensic analysis, drug detection

270-360

Protein analysis, DNA sequencing, drug discovery

280-400

Medical imaging of cells

300-320

Light therapy in medicine

300-365

Curing of polymers and printer inks

300-400

Solid-state lighting

350-370

Bug zappers
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Chapter 3
Scope and Objectives
The detection of ultraviolet radiation has been of great interest for industrial,
medical, military, and environmental applications. The limited spectral response of the
silicon detectors to the shorter wavelengths has resulted in the research of luminescent
downshifting materials. Quantum dots have shown a great promise as a luminescent
downshifting material. The luminescent downshifting layer has shown improvement in the
spectral response of the detectors by down-shifting the short wavelength light. The impact
is not only limited to the detectors, but also to the photovoltaic industry making commercial
solar cells.
As stated earlier, quantum dots offer useful advantages as luminescent
downshifting materials. Physical liquid deposition techniques are the most promising
techniques to deposit these materials. Out of these techniques, mist deposition allows the
controlled deposition of ultra-thin films of quantum dots on planar as well as circular
substrates.
The objective of this study was to demonstrate the down-shifting principle to
improve the poor spectral response of silicon detectors to short wavelength light. The
luminescent downshifting layer of quantum dots absorbs photons, typically in the 300-500
nm range, and re-emits them at a longer wavelength (620 nm), which is close to the peak
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sensitivity of silicon. Mist deposition tool was used to deposit ultra-thin films of quantum
dots, making the use of quantum dots cost effective.
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Chapter 4
Experiment
This chapter outlines the various experiments performed during this study. It shows
the design of the device, and the experimental setup used for this device. In this study, two
types of detector configurations were used, i.e. photoconductive and photovoltaic.
Different contact configurations were tried using shadow masks in the photoconductive
detector design, while a commercial photodiode was used for the photovoltaic
configuration.

4.1 Liquid Precursors
The CdSe/ZnS core-shell quantum dots used in this study have a peak fluorescence
at 620 nm, with a quantum yield of 91%, and were provided by Evident Technologies Inc.
in a colloidal solution. The colloidal solution of quantum dots in toluene was specified in
terms of optical density, and was 0.16 for red quantum dots.

4.2 Mist Deposition
Mist deposition was used to deposit ultra-thin layers of quantum dots on the test structures.
The carrier gas supply, ultrapure (>99.99%) nitrogen, was maintained at a pressure of 60
psi. The flow rate of 2ml/min was maintained for every experiment. Experimental variation
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was mainly carried out by changing the deposition time. The deposition time of 5, 10 and
20 minutes was used for this study.

4.3 Photoconductive Detector
The silicon photoconductive configuration was realized by making ohmic contacts
to the silicon wafer. A p-type silicon wafer, <100> orientation, with a doping concentration
of 3.12*1015/cm3 was used. Aluminum was selected as a choice of metal to make ohmic
contacts. The physical vapor deposition technique was used to deposit the aluminum using
aluminum clips, purity of 99.99%. Different shadow masks were used to pattern the
contacts to give different test structures. Fig. 4-1 shows the different test structures used in
the study. The contact area of rectangular contacts was 298.57 mm2, and for circular
contacts it was 7.20 mm2
The current-voltage characteristics were measured using the Keithley 237 High
Voltage Source Measure Unit. LABVIEW 7.1 was used to control the operation of voltage
source. The DC voltage was swept from -6 to 6V. The light source used in this experiment
was UV Lamp Model UVL-56 (Black-Ray Lamp). The wavelength emitted is long wave
UV-365 nm. The distance between the UV lamp and the sample was 5 cm.
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(a)
11.22 mm
T1
3.77 mm

21.73 mm

T2

(b)

3.03 mm
C1
2.20 mm

C2

Fig 4-1. (a) Test structure I with rectangular contacts. (b) Test structure II with circular contacts.
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4.4 Photovoltaic Detector
The planar silicon photodiode from Silonex Inc. was used in this study. Fig. 4-2 shows the
sketch of the UV detector. The external quantum efficiency measurements were taken by
Princeton Instruments, Acton SP2150 equipped with a xenon arc lamp to generate
monochromatic light from 300 to 1100 nm. The incident power was measured using a
calibrated Newport 818-UV enhanced silicon photodiode. Long pass color filter FGL550S
from Thor Labs Inc. was used to isolate the monochromatic light. Keithley 2401 Source
Meter was used to measure the current-voltage characteristics of the photodiode. The light
source used in the experiment was 40mW laser from ONDAX Inc., with an emission
wavelength of 405 nm.
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(a)

(b)

(c)

Fig. 4-2. Sketch of quantum dot sensitized UV detector. (a) Silicon planar photodiode
from Silonex Inc. used in this study. (b)Visible light (red curved line) is collected in the
active region, UV light (black curved line) is collected near the surface of the bare
detector. (c) UV light is absorbed by red quantum dots and re-emitted in the visible
region.
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Chapter 5
Results and Discussions
This chapter discusses the results of the experiments performed in this study. It
begins with the general discussion of properties of silicon material. Then, it is followed by
the results of photoconductive and photovoltaic configuration; the two device
configurations used in this study.
Silicon is an indirect material. Therefore, it has a slowly rising absorption
coefficient. Fig. 5.1 (a) shows the absorption coefficient of silicon. The high absorption
coefficient in UV region corresponds to shallow penetration depths. Fig. 5.1 (b) shows the
light to current conversion in silicon, which peaks around 800 nm.

5.1 Electrical Measurements

5.1.1 Photoconductive Configuration
The principle of luminescent downshifting could not be demonstrated using the
photoconductive configuration. The current-voltage measurement could not give any
conclusive result, because of presence of high dark current. The high dark currents are
involved due to the test done on low resistivity samples, with highest resistivity of 50 ohmcm. The external quantum efficiency measurements were also not useful in this case.
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Fig. 5-1. (a) Absorption coefficient of silicon [34]. (b) Light to current conversion in silicon [35].
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Initially, it was thought that quantum dots are emitting isotropically. But, the thin films of
colloidal quantum dots are in between two different dielectric environments i.e. air and
silicon. Therefore, the light gets effectively coupled into the higher refractive index
material, which is silicon in this case. Hence, it is wrong to assume complete isotropic
emission of quantum dots. The emission pattern of a fluorophore between two dielectric
interfaces is considered in detail by Lukosz [36,37].
Still, there will be a tiny fraction of light which will be reflecting from the surface
of silicon. Instead of using an anti-reflection coating, the contacts were deposited on back
surface of silicon wafer. Close to ideal characteristics of ohmic contacts were achieved due
to increased surface recombination velocity on the rough side of back surface. Fig. 5-2
shows the current-voltage characteristics of contacts deposited on the back side of wafer.
Improvement in the current was visible in the current-voltage characteristics of the test
structure with dots under UV light of 365 nm wavelength. Fig. 5-3 shows the current
voltage characteristics of the test structure T21&T22 under dark and UV light. Highest
increase of 30 % in current was observed at 1V. This validates that reduced reflection
increases the photo generated current. Due to the presence of large number of surface states,
the back side shows low surface current and poor response to the ultraviolet light. Fig. 5-4
shows the current comparison of the test structure on front and back surface of wafer. The
significant improvement may be the result of extremely poor response of the back surface
to the UV light.
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Fig. 5-2. Current-voltage characteristics of T21&T22 on back side of wafer.
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Fig. 5-3. Current-voltage characteristics of T21&T22 under dark and UV light.
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Fig. 5-4. Current-voltage comparison of front and back side of silicon wafer.

49

5.1.2 Photovoltaic Configuration
The fig. 5-5 shows the current-voltage characteristics of the photodiode on log and
linear scale. The short circuit current (ISC) improves by a factor of 6 after addition of QD’s
for an incident power of 29mW at 405 nm wavelength. This validates the increase in
conversion efficiency, which is a result of the increased current generation. The open
circuit voltage (VOC) will not change significantly, as there is no change in the resistance
of the device.

5.2 External Quantum Efficiency Measurements
The fig. 5-6 shows the external quantum efficiency curve, before and after deposition of
QD’s for different deposition thickness. The response of commercial silicon detectors is
poor in near UV region, with external quantum efficiency of 15-30%, while it improves up
to 27-35% for 40 nm thick QD layer.
The fig. 5-7 shows the average increase in external quantum efficiency with deposition
thickness. The average external quantum efficiency is increased in near UV region by 9%
for 10 nm deposition, 18% for 20 nm deposition, and 51% for 40 nm deposition of quantum
dots.
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(a)

(b)

Fig. 5-5. (a) Plot of dark (1) and light (2,3) current-voltage characteristics of the photodiode
at 405 nm before (2) and after 40 nm thick layer of QD (3) on log scale. (b) Same plot on
linear scale showing current-voltage characteristics of photodiode before (1) and after 40
nm thick layer of QD (2).
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Fig. 5-6. EQE of silicon planar photodiode before (1) and after (2,3) CdSe/ZnS quantum
dots- 20 nm deposition (2), 40 nm deposition (3).
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Fig. 5-7. Average increase in EQE with deposition thickness.
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Chapter 6
Summary
In this thesis, principle of luminescent down-shifting has been demonstrated. It is utilized
to improve the performance of the silicon photovoltaic detector in near UV region by
sensitizing it with an ultra-thin layer of colloidal quantum dots. Thin film of 40 nm have
increased the average external quantum efficiency in 300-400 nm by 51%. There is an
improvement in short circuit current by a factor of 6 under laser excitation of 405 nm. The
results demonstrate the effectiveness of quantum dots as luminescent down-shifting
materials.
The mist deposition tool used in this study, provides us the ability to deposit films,
as thin as few monolayers. It allows for the controlled deposition, and flexibility to deposit
on circular as well as planar substrates. The optical density used in this study correspond
to micro liters of quantum dot solution. Moreover, the solution left in the atomizer can be
reused. Therefore, use of ultra-thin films and mist deposition makes the use of quantum
dots cost-effective. Future work will involve finding of optimum thickness of CdSe/ZnS
quantum dots, which will completely absorb the UV light.
The experimental results show that photovoltaic configuration is better than
photoconductive configuration to show the downshifting phenomena. The presence of high
dark currents in photoconductive configuration limited the analysis.
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