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ABSTRACT

When one looks up at the sky and counts the number of stars and
observes constellations, they are not only appreciating the beauty of the universe
but doing an astronomer’s job as well. Astronomy is the oldest science that humans
have dealt with, and it is rather the simplest science that can be done with the naked
eye. Our quest to understand the nature of our existence started with the simple
observation of celestial objects. With time humans were able to solve a lot of such
mysteries and as we move on to the next job, it becomes more complex. In today’s
astronomical scenario, this quest is driven by the advancement in the technology

used for observing our universe.

Charge-coupled devices (CCDs) are the backbone of all space study
missions today, such as Gaia, Hubble Space Telescope, James Webb Telescope, etc.
They are the basic piece of machinery used by any space mission to capture the
light in space and help us create images that can be studied on Earth. Their
functionality is what makes them an imperative instrument whose efficiency needs

to be as high as possible. Hence this project is focused on finding ways to enhance




the quantum efficiency of Gaia Astrometric Field (AF) CCDs by altering some of

their structural parameters.

CCDs lose a lot of incident photons due to optical losses. To reduce the
loss anti-reflection (AR) coatings are applied on the substrate. Currently, hafnium
dioxide (HfO,) is being used as an AR coating for the Gaia AF CCDs. Through our
studies, we contemplated alternative AR coatings that could increase the QE of the
CCDs. Aluminium oxide (Al2O3), zinc sulphide (ZnS), zirconium dioxide (ZrO3),
and tantalum pentoxide (Ta;Os) are some promising materials that have been

selected and tested by us for the Gaia AF CCDs.

Further, gallium nitride (GaN) has been analysed as an alternative to
silicon for its use in broadband astronomical CCDs. The optical and electronic

performance of GaN and silicon CCD pixel models have been compared for this

purpose.

Simulations have been conducted using the SILVACO TCAD software
to test these coatings on the Gaia pixel structure. The Monte Carlo method has been
implemented by SILVACO for these simulations. ATLAS module of the SILVACO

software is employed for the model.

Upon contemplation, two AR coatings (Ta;Os and ZrO;) turn out to
produce better results than HfO». They give better QE towards the lower end of the
Gaia AF CCDs’ operational spectrum (from 0.330 pum to 0.575 um) and prove to
be better AR coatings for broadband astronomical CCDs. GaN also proves to be
substantially better than silicon for use in such devices. These studies will open new

avenues for understanding the evolution of the Milky Way and our universe.
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CHAPTER 1

INTRODUCTION

A charge-coupled device (CCD) is used for digital image formation. It
is based on the concept of photogeneration similar to that of the photoelectric effect
[1-4]. While the photoelectric effect is generally exhibited by metals, the

photogeneration in a CCD takes place inside a semiconductor.

In order to understand its working, one can use the concept of electrons
and holes in semiconductors. When a photon is incident on the semiconductor
surface it penetrates into the depletion region of the semiconductor substrate, if its

energy is sufficiently high it then produces an electron-hole pair.
The construction, working, types, and relevance of CCD in the field of

astronomy and astrophysics have been discussed in the subsequent sections in

detail.

1.1 STRUCTURE OF A CHARGED COUPLED DEVICE

A CCD is a metal-oxide-semiconductor (MOS) based device, which

utilises the field effect of electric potential [1, 4, 5]. It usually has a layer of




semiconductor and a conducting material separated by an insulating layer. The
electrodes are not in direct contact with the semiconductor and the field effect
properties of the electric potential are utilized [1, 4, 5]. The basic MOS structure

can be seen in Fig. 1.1.

Fig. 1.1: Schematic of a basic MOS structure

The semiconductor layer of a CCD referred to as the substrate is either
negatively doped, positively doped, or a p-n junction. A CCD that has only an n-
type or p-type substrate is operated as a surface channel CCD (SCCD) [1, 6-8]. In
an SCCD, the charge packet of the photogenerated charge carriers travels just
underneath the insulating layer while being read out [1, 6-8]. If a p-n junction is
used as a substrate in a CCD, then it is operated as a buried channel CCD (BCCD)
[1,7-9]. Ina BCCD, the charge packet travels at a certain depth below the insulating
layer while being read out [1, 7-9]. These CCDs have been represented in Fig. 1.2.

Materials
I Conductor

[ Insulator

Il N-type semiconductor
| P-type semiconductor

Fig. 1.2: Schematic of (a) SCCD; (b) BCCD

2



A BCCD is used for practical purposes because it offers two main
advantages over an SCCD. An SCCD introduces charge transfer inefficiency (CTI)
and dark current at the substrate-insulator interface [2, 3]. The substrate-insulator
interface in an SCCD captures the charge carriers while they are being held by the
potential on the electrode and releases them at a later time which causes CTI. It
introduces dark current due to surface generation. These problems are nearly non-

existent in a BCCD [2, 3, 10].

Realistically, a CCD has several electrodes, which allow it to read out
the photogenerated electrons by varying the applied potential on the electrodes [2].
Generally, a CCD has a silicon substrate, silicon dioxide (SiOz2) as an insulator and
polysilicon electrodes. The reason for using SiO2 as an insulator is that while
fabricating such CCDs, the silicon substrate has to be simply oxidised to obtain this

insulating layer.

1.2  OPERATION OF CCDs

A CCD uses electrical potential to generate a neutral region free of
electrons and holes. This region is called the depletion region. When a photon with
energy greater than the material bandgap is incident on this region it produces an

electron-hole pair [1-4].

In the case of an SCCD the generated photoelectrons travel to the
substrate-insulator interface because of the electrode potential [2, 3]. They are then
read out with the help of a series of electrodes by varying their alternating potential

[1-4]. This process can be understood in Fig. 1.3.
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- Semiconductor ]

[ - Conducting Electrodes - Insulator

Fig. 1.3: Charge transfer mechanism in a CCD

In the case of a BCCD, the generated photoelectrons are held some
distance below the substrate-insulator interface by reverse biasing the p-n junction.
The same process, as is used for an SCCD, is followed by the BCCD to read out the
charge packet produced.

1.3 TYPES OF CCDs

CCDs are broadly classified into two categories based on their
illumination. Namely, front-illuminated and back-illuminated CCDs. The front-
illuminated CCDs are those CCDs on which the light is incident from the electrode
side, while the back-illuminated CCDs are illuminated from the substrate side [1-

3].

While front-illuminated CCDs are easy to fabricate on a silicon wafer
directly and are cheaper than back-illuminated CCDs, they offer many
disadvantages. The electrodes of such CCDs absorb the blue and UV light almost
completely hence they cannot be used to sense light of wavelengths shorter than

400 nm [2, 3]. They also offer very less quantum efficiency (QE) because of the




reflections from the substrate-insulator interface. The back-illuminated CCDs do

not offer any such problems.

The QE in the case of back-illuminated CCDs is much greater which
enhances the precision of the photodetector. The only losses that occur in this case
are due to the reflection from the substrate surface, which can be reduced by
applying appropriate Anti-Reflection (AR) Coatings [2, 3, 11]. At times, the
substrate of back-illuminated CCDs is made to be quite thin, which causes
interference fringing. This problem has been solved but increasing the thickness of
the substrate layer and applying suitable AR coatings [2, 3, 11]. Hence back-
illuminated CCDs are used for almost all applications in real life. Even though they
are more expensive to fabricate, their performance justifies their cost. A schematic

depicting the front and back-illuminated CCDs can be seen in Fig. 1.4.

Incident Light

Materials
I Conductor

p—— Incident Light
nsulator

Il Semiconductor

Fig. 1.4: Front-illuminated CCD (Left); Back-illuminated CCD (Right)

1.4 IMPORTANCE OF CCDS IN ASTRONOMY AND
ASTROPHYSICS

Electromagnetic radiation which is light is one of the most important
physical phenomena that has led to the exponential growth of our understanding of
the universe and its physical and chemical properties. It is because the human eye
is a natural detector of light, astronomy is the oldest science, which is built and

driven by this physical entity.




During the early years of astronomy, only heavenly bodies that are
visible to the naked eye could be observed by astronomers. Due to the unavailability
of complex optical devices, they were only able to obtain limited information from

these bodies. For example, information about seasons and time.

The invention of optical telescopes in the 17" century enabled
astronomers to observe lights which are not very intense. They offered higher light
collecting capacity, resolution, etc. The first challenge to the theory of geocentrism
was also brought with the help of the very first optical telescopes designed by
Galileo Galilei [12].

With the advent of electronic techniques and devices the horizon of
astronomy expanded far outside the visible range of light. For the first time
astronomers were able to observe radiation invisible to the human eye such as radio

waves, infra-red waves, etc.

Despite such advances in the field of astronomy and astrophysics,
astronomers still faced the dilemma of storing their optical observations digitally to

analyse them and obtain constructive results.

The northern lights or aurora borealis is the effect, which might make
anyone feel ecstatic but is a pure nuisance from an astronomical point of view. It is
produced by the interaction of the earth’s atmosphere and high energy radiation
from the space; hence such radiations are not able to reach the surface of the earth
and can only be observed from space. Due to many such reasons, the astronomers

were prompted to design electronic photodetectors.

These days, the CCD photodetectors form the backbone of astronomy
[3]. Not only they allow the storage of optical astronomical data digitally, they also
enable astronomers to make observations from the space. This development also
made the study of high energy radiation such as ultra-violet and gamma rays
possible which were otherwise hazardous to the human eye and can only be

observed from space.

CCDs are employed extensively by all the space missions to obtain

several types of astronomical data such spectroscopic information of stars and the

6



interstellar medium, radial velocities, etc. Hence, CCDs can be classified as a

cornerstone of modern-day astronomy.



CHAPTER 2

PERFORMANCE OF CCDs

The performance of CCDs is dependent on several factors. The primary
factors that affect the performance are the refractive index and the thickness of the
substrate material [3].

In this chapter, the QE of the CCDs, which is a standard parameter used
to determine the performance of a CCD has been discussed. Usually, the higher the
value of QE, the better the CCD.

2.1 QUANTUM EFFICIENCY

The QE is a quantitative parameter dependent on incident photons
which is used to judge the performance of optical devices such as solar cells and
CCDs. It has two types, internal and external [13]. Both are slightly different but
are used extensively to describe the performance of optical devices. The value of

QE can reach over 90% for back-illuminated CCD at certain wavelengths [2, 11].

2.1.1 Internal Quantum Efficiency




Internal Quantum Efficiency (IQE) is the ratio of the number of photons
that enter the CCD to the number of photons incident on the substrate for a back-
illuminated CCD and on the electrodes for a front-illuminated CCD [13]. Its value
never reaches the peak value of 100% as there are many losses involved, which are

described in the following sections.

2.1.2 External Quantum Efficiency

External Quantum Efficiency (EQE) is the ratio of the number of photo-
generated electrons in the CCD to the number of photons incident on the substrate
for a back-illuminated CCD and on the electrodes for a front-illuminated CCD [13].
This is generally lower than the IQE for a given device because the electrons have
to travel to the depletion region of the CCD to produce an electron-hole pair and
they lose energy in this process. The read-out losses also account for the

depreciation of the value of the EQE [13].

2.2  FACTORS AFFECTING THE QUANTUM EFFICIENCY

Several factors affect the QE of a CCD. They include numerous effects
related to applied potential, the refractive index of the substrate, the crystalline
purity of the substrate, operating temperature, doping density, thickness of the
substrate, operating modes, radiation damage, etc. Although there are many more
such phenomena that alter the QE, there are three major factors which affect the QE
substantially. The three factors are the real refractive index, the complex refractive

index, and the thickness of the substrate material.

2.2.1 Real Refractive Index




The refractive index of a material has two parts, real and complex. The
real part of the refractive index symbolised as ‘n’, is commonly used in several
equations such as the Snell’s Law equation and to determine the speed of light in a

material medium.

The real refractive index is essentially useful in calculating the

reflectivity(Ro) of the substrate surface as per Eqn. 2.1.

nyg—ny 2

Reflectivity (R,) = 2.1

nitn,

Here ni refers to the real refractive index at a specific wavelength of the
medium from which the light is incident, and n2 is the real refractive index at a

specific wavelength of the medium on which the light is incident.

Reflectivity is the measure of the amount of light of a specific
wavelength that will be reflected off the surface of a material [14]. For instance, the
reflectivity of 0.45 means that 45% of the incident light will not be able to enter the
material’s surface. This parameter should be essentially determined before selecting
a material for a CCD. Since a low reflectivity will lead to enhanced performance of

a CCD [2].

2.2.2 Complex Refractive Index

The complex refractive index of a CCD substrate is an extremely
important parameter that is to be contemplated before selecting a material for a
CCD. The complex refractive index symbolized as ‘k’, is also referred to as the
imaginary refractive index. It is essential for calculating a prominent parameter

called the ‘Absorption Coefficient’ using Eqn. 2.2.

Absorption Coefficient (a) = % 2.2)

Here A is the wavelength of the incident light. The absorption coefficient
can be understood as the distance a photon can travel before it gets completely

absorbed inside the material [15]. The larger the value of the absorption coefficient

10



of a material for the whole operating wavelength range, the better the material for

a photodetector.

2.2.3 Thickness of the Substrate Material

It is very clear from the CCD design explained in the previous chapter
that the thickness of the substrate can affect the energies of the photons reaching
the depletion region. While travelling inside the substrate, a photon loses energy
when it interacts with the electromagnetic fields produced by the atoms and the
molecules of the material. To minimize this energy loss, the substrate should be
thinned. A CCD substrate cannot be thinned beyond a certain limit as it will
introduce interference fringing and make the depletion region thinner, which, in
turn, will reduce the performance of a CCD. Hence the thickness of the CCD

substrate is set such that its performance is optimised [3].

2.3 CONCLUSION

A CCD’s performance is susceptible to many factors. Different studies
and methods are adopted to optimise them so that a CCD can deliver the desired
results. These methods include experimental testing and simulations. Ensuring that
one gets optimum output from a CCD is essential for scientific fields such as
astronomy. Astronomical missions (Gaia, James Webb Space Telescope (JWST),
etc.) require very high-quality CCDs since they are required to interpret very low-

intensity signals and they also do not get a lot of time to observe celestial objects.



CHAPTER 3

ANTI-REFLECTION (AR) COATINGS

Although silicon is a prominent material in the device-making industry,
which is widely used for most semiconductor applications, it has a few drawbacks.
One of the major drawbacks of silicon as a CCD material, is reflection loss. To
reduce these losses and get the best possible QE of a CCD, AR coatings are applied.
An AR coating is a thin layer of a high refractive index material which is applied

on the substrate.

3.1 SELECTING THE MATERIALS FOR AR COATINGS

Any random material cannot be used as an AR coating. A material has
to be rigorously analysed before it is used as an AR coating. The optical properties
of a material govern three parameters, reflectivity, refractive index matching, and

absorption coefficient which should be essentially contemplated.

Lesser [11] proposed several materials that can be used as AR coating
for astronomical CCDs. Out of those materials hafnium dioxide (HfO2) is an
outstanding material for this purpose. It is currently being used as the AR coating
for the Gaia astrometric field (AF) CCDs [16]. Other than HfO2, aluminium oxide

(Al203), zinc sulphide (ZnS), zirconium dioxide (ZrO2), and tantalum pentoxide
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(Ta20s) also turned out to be promising materials. The following sections describe

how each of these materials satisfies the parameters listed above.

3.1.1 Reflectivity

The reflectivity of HfO2, Al203, ZnS, ZrO2, and TaxOs have been
determined for the whole wavelength range of the Gaia AF CCDs using Eqn. 2.1

and are plotted in a comparative graph in Fig. 3.1.

1 0 | | Reflectivity of Silicon
b4 Reflectivity with HfO,
= Reflectivity with Ta,O,
= Reeflectivity with ZnS
Reflectivity with ZrO,
0.8 ~ Reflectivity with ALO,
~
o
N
> 0.6
o )
- —
>
. —
~—
Q
S 04f
o2
I —
0 0 | ' | L | ' |

0.4 0.6 0.8 1.0
Wavelength (um)

Fig. 3.1: Reflectivity of the CCD surface without any AR coating and with
different AR coatings
The values of reflectivity reduce effectively after applying AR coatings.
It is clearly understandable through Fig. 3.1 that Al2O3 reduces the reflectivity to
the lowest value and ZnS comparatively causes the least reduction in reflectivity of
Gaia AF CCD. Ta20s decreases the reflectivity to a slightly lower value than HfO:
while ZrO: reduces reflectivity to a slightly higher value than HfOz2, but the three

of them are in close proximity.
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3.1.2 Refractive Index Matching

The matching of the real refractive index of the AR coating material

with that of the substrate material is crucial to determine a suitable AR coating for

the CCD [11]. In practice, the square root of the refractive index of the substrate

material (\/ﬁ) should be in close approximation to the refractive index of the

material in consideration at all respective wavelengths within the CCD operation

range.

Fig. 3.2 shows a close matching between the refractive index of HfO2

and the square root of the refractive index of silicon in the wavelength range of 330

nm -1050 nm. This suggests that HfO2 can prove to be a good AR coating for the
Gaia AF CCDs.
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Fig. 3.2: Comparison of the refractive index of HfO2 with the square root of the

refractive index of silicon at different wavelengths
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Figs. 3.3, 3.4, 3.5 and 3.6 depict that ZnS and Al2O3 show a relatively
poor matching with the square root of the refractive index of silicon in the
wavelength range of 330 nm -1050 nm, while ZrO2 and Ta2Os exhibit a strong
matching. This suggests that HfO2 can prove to be a good AR coating for the Gaia
AF CCDs.
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Fig. 3.3: Comparison of the refractive index of ZnS with the square root of the

refractive index of silicon at different wavelengths
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Fig. 3.4: Comparison of the refractive index of Al2O3 with the square root of the

refractive index of silicon at different wavelengths
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Fig. 3.6: Comparison of the refractive index of Ta2Os with the square root of the

refractive index of silicon at different wavelengths

3.1.3 Absorption Coefficient

The absorption coefficient of the substrate material plays a substantial
role in determining the quantum efficiency of a CCD but is unaffected by an AR
coating. This is evident from Eqn. 2.2, which shows that it is dependent only upon
the imaginary refractive index of the substrate material. It is also depicted in the

graphs presented in Fig. 3.7.
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Fig. 3.7: The absorption coefficient of silicon (a) with AR coatings, (b) without
AR coatings and (¢) with and without AR coatings

Hence, in order to obtain a better absorption coefficient for a CCD one

must change the substrate material itself.

3.2 CONCLUSION

Observing all the above presented data, we can conclude that HfO:
satisfies all the conditions required to be a promising AR coating therefore it is
currently being used by the Gaia AF CCDs and is providing very good QE. In order
to search for alternative AR coating materials that can provide better results, other

coatings need to satisfy the above-discussed conditions.

ALOs reduces the reflectivity largely, but its refractive index does not
match the square root of the refractive index of silicon very well. This suggests that

Al203 might give average results.

ZnS reduces the reflectivity to some extent and its refractive index
moderately matches the square root of the refractive index of silicon. It can be
deduced that ZnS can be used as an AR coating, but it might not give enhanced

results as compared to HfOx.

ZrO2 and Ta20s reduce the reflectivity of silicon substantially and their
refractive indices also match the square root of the refractive index of silicon very
well, which helps us conclude that they might prove to be good AR coatings and
provide improved results as compared to HfO2. They might improve the QE of the
Gaia AF CCD and quality of the collected data.
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CHAPTER 4

BENCHMARKING OF THE GAIA
ASTROMETRIC FIELD CCD PIXEL
STRUCTURE USING SILVACO

The European Space Agency’s (ESA) Gaia satellite contains 106 CCDs
that are used for many photometric and astrometric measurements. The most
abundant CCDs present on the Gaia focal plane are the AF CCDs, which are
broadband, back-illuminated detectors [17]. Light is the core of optical astronomy;
therefore, it is vital for astrometric devices to collect the maximum possible light.
To increase the absorption of incident photons in the CCDs, AR coatings can be
applied. To simulate the effects of various AR coatings on the Gaia AF CCDs,
SILVACO TCAD software has been used.

SILVACO TCAD software is widely used to model electronic devices
so that their performance can be tested and optimised to enhance their performance
before they are physically designed. This software is based on Monte Carlo
simulations and is used to predict the behaviour of optoelectronic devices in several

conditions very well [18, 19].

4.1 GAIAPIXEL STRUCTURE




To enrich astronomy with more precise measurements, the ESA
launched the Gaia Satellite in the L2 orbit in December 2013. Its two telescopes are
keeping an eye on millions of stars, galaxies, and solar system objects to produce
high-precision astrometric and spectroscopic measurements [17]. The continuous
scan gives data sets that are repeatedly reduced to calculate the parallax, position,
and proper motion of the celestial objects that are observed by the satellite [20]. The
focal plane of the Gaia satellite contains 106 custom-built CCDs. These CCDs were

designed and manufactured by e2v technologies, the United Kingdom [16].

Gaia CCDs were fabricated by e2v in three different variants —
Astrometric Field (AF), red photometer (RP) and blue photometer (BP); each of
these are optimised for different wavelength ranges [21]. The AF CCDs are built
using silicon as a substrate with an AR coating which has a maximum photon
absorption for light of 650 nm; this CCD has an extensive wavelength detection
range of 330-1050 nm [22]. There are 78 AF CCDs on the Gaia Focal plane which
are 16 pm thick [20]. The BP and RP are enhanced CCDs that have exceptional
sensitivity towards the blue (330-680 nm) and red (640-1050 nm) regions of the
light spectrum respectively. 7 BP CCDs present on the Gaia focal plane, have the
maximum photon absorption for the light of 360 nm because of its AR coating [20].
Correspondingly, 7 RP CCDs have the maximum photon absorption for light of 750
nm [20]. These CCDs have an image area of 4500 lines X 1966 columns (here, lines
and columns, refer to the rows and columns of the pixels of the CCD respectively)
[21]. A schematic diagram of the arrangement of CCDs on the actual Gaia focal
plane is shown in Fig. 4.1. The detectors are operating in the time delay and
integration mode with a period of 982.8 us, which synchronises their line transfer
rate with the satellite rotation rate [20, 21]. In Gaia parlance, line transfer means

electrons being transferred in a row of pixels [20].
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Gaia Nominal Focal Plane Design
(in approximate agreement with the exact structure)
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Fig. 4.1: The Gaia Focal Plane has 106 CCDs arranged in seven different rows.
The red rectangles represent radial velocity spectrometers (RVS). The green and
yellow rectangles depict BP and RP respectively, while the grey and black
rectangles show wavefront sensors (WFS) and basic angle monitors (BAM)
respectively. The light blue rectangles depict the most abundant i.e., AF CCDs and
the dark blue rectangles are called sky mappers (SM). The SM and the WFS are
also AF CCDs. The RVS and BAM have a construction similar to the RP.

4.2 MODELLING USING SILVACO TCAD

SILVACO TCAD is used to simulate several electronic and optical
devices. It uses numerical methods for simulations so that the development and
optimisation of such devices can be expedited. For simulating the effects of AR
coatings on an optoelectronic device, the LUMINOUS and the ATLAS modules of

this software can be used.

Since the Gaia AF CCDs are back-illuminated devices, the AR coatings

are applied on the backside. Photons are also fired on this side in our simulations.
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The operating voltage was set to 10 volts (V) as suggested by [23]. In SILVACO
simulations the ratio of available current density (Javailable) and source current
density (Jsource) gives the IQE of a device. The number of photoelectrons generated

in a device can be determined using the electron current density (Jn).

For simulating the Gaia AF CCD pixel in SILVACO several structural
parameters were required which were derived from [22-25]. The pixel structure of
the CCD has three different faces, which is evident from Fig. 4.2. We simulated the
structure in the across scan (AC) direction in 2D with a pixel size of 16 um % 30
um. The 16 pm thickness of the pixel is subdivided into multiple layers, the details

of which are summarised in Table 4.1.

Materials
 Conductor

Insulator

. Semiconductor

Fig. 4.2: Structure of a single pixel of the Gaia AF CCD (all the measurements are

in um)

Table 4.1: The thickness and doping densities of different layers in the AF CCD
pixel structure [23].

Doping Densit
S. M | T Thickness ping y

ateria ype i
No. (nm) (em™)
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1 Polyerystalline Conductor 0-0.5 0
silicon

2 Si02 Insulator 0.5-0.63 0

3 N-type silicon | Semiconductor | 0.63- 1.17 2.65 x 10"

4 P-type silicon | Semiconductor 1.17-16 1.3 x 10"

The length of the BC and the SBC runs from 4.5 to 29 um in the AC
direction [25]. Another prominent feature of Gaia CCDs is an anti-blooming drain
(ABD). The ABD, which is present on either side of the pixel in the AC direction is
a shielding feature. It prevents the electrons from divulging into the adjacent pixel
[24]. To simulate all these interesting features in SILVACO, the whole AF CCD

image pixel was modelled with uniform doping as suggested by [23].

The Gaia AF CCDs work at a temperature of 163 K [22] to minimize
the dark current, which is attributed to the false positive signals produced in the
CCD due to the thermal energy of the electrons [3]. Therefore, to match our
theoretical simulations with the experimental results reported by [16], we conducted

our simulations at the same temperature.

In order to simulate the CCD pixel structure, the SILVACO ATLAS
package uses some constants for the simulated materials that are handled internally.
It uses the Monte Carlo method to model the structure. Table 4.2 compares the

experimental values of the constants with the values used during our simulations.

Table 4.2: List of theoretical and experimental constants.

S. Name of the | Theoretical Values | Experimental Values
No. Constant used in SILVACO
ATLAS
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1. Energy gap of | 1.08¢eV at300K 1.12 eV at 300 K [26]

silicon (Eg) l.11eVat163 K

2. Relative 11.8 at 300 K 11.66 at 300 K [27]

Permittivity of 118 at 163 K

silicon (&)

3. Electron Affinity | 4.17 eV at 300 K 4.05 eV at 300 K [28, 29]

of silicon (X) 4.16 eV at 163 K

4. Temperature (T) 163 K 163 K [22]

Fig. 4.3 exhibits the simulated structure of the Gaia AF CCD pixel; the
illustration was generated using the Tonyplot tool of the SILVACO software.

ATLAS
Data from Gaia_mesh_1.str

2';"|||||||||||||||||||||||||||||||
] 4 8 12 16 20 24 28

Microns

Fig. 4.3: The 2D Gaia AF CCD structure in the AC direction as simulated in

SILVACO ATLAS
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43 COMPARISON WITH REPORTED EXTERNAL
QUANTUM EFFICIENCY

We have elucidated the Gaia AF CCD pixel structure used in our
simulations, but to test their efficiency the IQE can be used. To begin with, we have
focused on single-layer AR coatings that have been applied on the backside of the
CCD (substrate side). The thickness of the AR coating is estimated using the quarter
wavelength formula (Eqn. 4.1).

AR coating thickness = ﬁ 4.1)

In Eqn. 4.1, A\ is the wavelength at which the AR coating is centred, i.e.,
the wavelength at which the AR coating will allow for maximum photon absorption;
n is the refractive index of the AR coating material at the wavelength A [11]. The
SOPRA database of the SILVACO ATLAS software was tremendously helpful in

allowing us to include the refractive indices of the AR coatings.

While simulating the pixel structure with the HfO2 AR coating, the
Eqn. 4.1 deduces the thickness of the coating as 0.085 um. We identified the EQE
for this setup to benchmark our simulations against the previously published EQE
values by [16]. The simulation results are comparable to the experimental results,
which can be visualised in Fig. 4.4. Any differences in the values of EQE might be
because of the absence of ABD in our structure as the parameters required for its

simulations were not published in the current literature.
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Fig 4.4: Comparison of the actual EQE of the Gaia AF CCDs and the EQE

obtained from the simulations

44 CONCLUSION

Gaia has provided astronomers with a better eye to view our sparkling
galaxy. This would not have been possible without the AF CCDs. We simulated
their structure using SILVACO TCAD. The results of the simulations matched with
the previously published literature by [16]. This allowed the benchmarking of the
simulated model and proved to be a base for further testing to improve the QE of

the Gaia AF CCDs.
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CHAPTER 5

STUDY OF THE QE OF THE GAIA AF CCD
PIXEL MODEL WITH SEVERAL AR
COATINGS

The importance of AR coatings for the Gaia AF CCD is unquestionable.
The currently used HfO2 and other materials for coatings have been investigated
using the SILVACO TCAD software. The QE of the Gaia AF CCDs with different

AR coatings has been determined for the whole spectral range.

5.1 WITH HAFNIUM DIOXIDE

On calculating the IQE for the Gaia AF CCD without applying any AR
coating, it was discovered that they have a maximum IQE of 0.65 at the wavelength
of 0.7 um. Comparing the IQE of the CCDs with and without the HfO2 coating, we
clearly observe an average increment of about 37.2% in the whole wavelength

range. Fig. 5.1 coveys this increment graphically.
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Fig 5.1: QE of the Gaia AF CCD without and with an HfO2 AR coating

As per our study of AR coating materials, we choose four AR coatings

to test our device. ZnS being one of them. Application of 0.069 um thick single

layer coating of ZnS, centred at 0.65 pm, unfolds that it is not very suitable for our

device. The IQE curve in Fig. 5.2 outlines that there is an average decrement of

approximately 3.5% when studied parallel to the Gaia AF CCD with a HfO2 AR

coating in the whole range.
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Fig 5.2: QE of the Gaia AF CCD without an AR coating, with an HfO2 AR
coating, and with a ZnS AR coating

5.3 'WITH ALUMINIUM OXIDE

Our next choice was Al203 therefore we applied a single layer of it
with a thickness of about 0.098 um (calculated as per Eqn. 4.1), centred at 0.65
um. The Gaia AF CCD with HfO2 AR coating still provides better results for most
wavelengths as compared to Al2Os. It is also observed that Al2O3 coating provides
an average improvement in IQE of about 1.3% in the 0.35 um to 0.425 um range
and an average decrement of about 1.9% in the rest of the wavelength range.

These results are compiled in the graph presented in Fig. 5.3.
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Fig 5.3: QE of the Gaia AF CCD without an AR coating, with an HfO2 AR
coating, and with an Al2O3 AR coating

5.4 WITH ZIRCONIUM DIOXIDE

The next alternative that we analysed was a single-layer coating of ZrO2
centred at 0.65 um. The thickness of the coating was set as per Eqn. 4.1 close to
0.073 um. After observing the graphical data presented in Fig. 5.4, we infer that
there is an average increment in the IQE of around 0.8% in the range of 0.4 um to
0.525 pm when analogised with the IQE values when HfO:2 coating was applied.
For the rest of the wavelengths, the AR coating of HfO2 offers an average increment

of almost 1.1%, when compared to ZrOx.
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Fig 5.4: QE of the Gaia AF CCD without an AR coating, with an HfO2 AR
coating, and with an ZrO2 AR coating centred at 0.65 um

Inspired by the improvements shown by ZrO2, we adjusted its thickness
to an approximate value of 0.071 pm, which allows for a peak absorbance of the
light of wavelength 0.625 pum. This experimentation of ours yields an average
increment of nearly 4% for the wavelength range of 0.375 um to 0.575 pm when
compared with HfO2. with an average compromise of around 2% in the wavelength

range of 0.575 pm to 1.05 um. This data is visualised in Fig. 5.5.
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Fig 5.5: QE of the Gaia AF CCD without an AR coating, with an HfO2 AR
coating, and with an ZrO2 AR coating centred at 0.625 pum

5.5 WITH TANTALUM PENTOXIDE

We concluded our studies with Ta2Os which is a promising AR coating.
A single layer of Ta2Os, centred at 0.65 um with a thickness of approximately 0.09
um (calculated using Eqn. 4.1) permits almost the same performance as HfOz. It is
evident from Fig. 5.6 that the two curves virtually overlap each other in the whole
range. We did not obtain such promising results for any other AR coating. Hence,
to improve the IQE in the low wavelength region, we deposited a 0.086 pm thick
layer of Ta20s to centre the AR coating at 0.625 pm. The IQE of the Gaia AF CCDs
with an AR coating of TaxOs shows an average increment of about 2.8% as

compared to the CCDs with HfO2 AR coating in the wavelength range of 0.375 pm
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to 0.6 um. There is an average decrease of around 1.2% in the IQE of the

wavelengths ranging from 0.6 pm to 1.05 um which is clearly evident in Fig. 5.7.
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Fig 5.6: QE of the Gaia AF CCD without an AR coating, with an HfO2 AR

coating, and with an Ta2Os AR coating centred at 0.65 pm
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5.6

coating, and with an Ta2Os AR coating centred at 0.625 pym

CONCLUSION

A comparative study has been drawn to analyse which AR coating best

suits the Gaia AF CCDs. It is observed that a single layer coating of ZrO2 and Ta2Os

gives similar or better results as compared to HfO2 for most wavelengths lying in
Gaia’s AF CCD range (330-1050 nm) [22]. Table 5.1 summarises the comparison
among the IQE of CCDs for different AR coatings.

Table 5.1: Percentage increment and decrement in the QE of the Gaia AF CCD with

different AR coatings as compared to the HfO2 AR coating.
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Percentage Average
. AR Wavelength Increment/ Increment/
o Coatings | Range (um) Decrement Decrement
in the IQE in the IQE
Increment (2.6% to Increment (37.2%)
53.3%) as compared as compared to a
1. HfO2 0.33-1.05 ‘ _
to a CCD without any | CCD without any
AR coating AR coating
ZnS D o o
ecrement (0.3% to | Decrement (3.5%)
(centred 12.29
2. at 0.65 0.35 - 1.05 2%) as compared to
as compared to HfO2 HfO:
pm)
Increment (0.1% to Increment (1.3%)
2.3%
ALO3 0.35-0.425 ) as compared to
(centred as compared to HfO2 HfO:
3.
at 0.65 Decrement (0.09% to | Decrement (1.9%)
pm) 2.8%
0.425-1.05 ) as compared to
as compared to HfO2 HfO:
Increment (0.04% to Increment (0.8%)
1.359
7103 0.4 -0.525 %) as compared to
(centred as compared to HfO2 HfO2
4.
at 0.65 Decrement (0.19% to | Decrement (1.1%)
)1 0,525 21,05 1.4%)
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CHAPTER 6

ANALYSIS OF GALLIUM NITRIDE AS AN
ALTERNATIVE TO SILICON FOR
ASTRONOMICAL CCDs

The importance of radiation in astronomy is paramount. It is the one
single physical quantity that governs the oldest science. It is advertently clear from
the above studies that even with suitable AR coatings a silicon detector is unsuitable
for low (< 500 nm) and high (> 800 nm) wavelength regions of the operational

spectrum of the Gaia AF CCDs.

There can be several reasons for this, but the two main factors
responsible for silicon’s behaviour in these regions are its high reflectivity and low

absorption coefficient.

It has been described in the previous chapters that in order to have a
better absorption coefficient for the CCD the material from which the CCD
substrate is made has to be deeply deliberated over. The properties of the material
chosen should be such that it offers low reflectivity and a high absorption

coefficient, while also performing electrically well.

6.1 IMPORTANCE OF IMAGINARY REFRACTIVE INDEX
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The absorption coefficient is perhaps the most important of the
parameters defined in Chapter 2 for the quantum efficiency of a CCD. The reason
for this can be understood from the graphs in Fig. 6.1.

8.0

f R
Refractive Index
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Refractive Index
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\
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Fig. 6.1: The real (n) and imaginary refractive indices (k) of (a) silicon, (b) silicon
carbide (SiC), and (c¢) gallium nitride (GaN) in the wavelength range of 0.2 pm to
0.8 pm.

SILVACO TCAD’s SOPRA database has been used for the plots in Fig.
6.1 [18, 19]. It can be comprehended from Fig. 6.1 (a) that the value of k decreases
sharply for silicon until about 0.4 pm and assumes an extremely small value
thereafter. This implies that silicon has a very small value of absorption coefficient
after 0.4 um. The absorption coefficient of a material at a specific wavelength can
be calculated as per Eqn. 2.2, for silicon they have been calculated and are

presented in Fig. 3.7.

It can be observed in Fig. 6.1 (a), (b), and (c) that along with a small
absorption coefficient the reflectivity of silicon will be quite high above 0.4 pm
when compared to SiC and GaN because of its high value of n. For the wavelength
range below 0.4 pm until 0.2 um the value of n for silicon is substantially higher in
contrast to SiC and GaN. This means that silicon will provide a higher reflectivity
in this range in comparison to SiC and GaN. The average reflectivity of silicon in
the wavelength range of 0.2 pm to 0.45 pum is about 47 %. Furthermore, due to a
large variation in the real refractive index curve in Fig. 6.1 (a) in this range, it is
hard to find a suitable AR coating to reduce such reflectivity, as refractive index
matching is essential for them as described in Section 3.1.2. Hence, silicon does
not prove to be a very good photodetector in high (> 800 nm) and low (< 500 nm)

wavelength ranges.
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A similar trend for the complex refractive index of SiC can be observed
in Fig. 6.1 (b), but with much less values of n in the wavelength range of 0.2 um —
0.4 um in comparison to silicon. This makes SiC highly suitable for low-
wavelength photodetectors [30-34], but for broadband detectors like the Gaia AF
CCDs, these desirable properties are required for a much larger wavelength range.

This can be seen for GaN in Fig. 6.1 (¢).

6.2 SUITABILITY OF GaN FOR BROADBAND
ASTRONOMICAL CCDs

As evident from Fig. 6.1 (¢) and the above discussion, the suitability of
GaN for broadband astronomical CCDs can be attributed to its comparatively low
values of n and higher values of k in a broadband wavelength range. It can be
expected from GaN that it will help to achieve low reflectivity and a high absorption
coefficient in the whole operational wavelength range of the Gaia AF CCDs. It also

has superior conductivity when compared to silicon [35].

The major reason why GaN is only used for low wavelength
applications is because of its high bandgap and radiation hardness properties [35-
41]. The bandgap of GaN at room temperature is about 3.3 eV [26]. Compared to
silicon’s bandgap of about 1.1 eV it is quite large [26]. For a broadband CCD a
bandgap near to or less than silicon’s bandgap is required, so that photogeneration
can take place. To reduce the bandgap of GaN for its use in broadband astronomical
CCDs, the bandgap narrowing property of a semiconductor can be used, which is

directly related to the doping concentration [35, 39].

6.3 SIMULATION AND CALCULATIONS FOR THE GaN
CCD PIXEL STRUCTURE

To simulate the GaN CCD pixel structure and compare its performance
with the silicon Gaia AF CCD pixel structure the dimensions of both models have

been set to the same values. The Gaia AF CCD pixel structure parameters used for
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the simulations are mentioned in Table 4.1. The only differences between the two
models are that for the GaN structure, the doping values have been varied and GaN
is used instead of silicon for the n-type and p-type layers, other parameters such as
temperature, operating potential, etc. remain the same for the simulation of both the

models.

The n-type doping concentration used for GaN is 1.00 x 10*! cm™, and
the p-type doping concentration has been set to 8.9 x 10! cm™. These values have
been carefully set to cause sufficient band gap narrowing. The narrowed bandgap
values of the GaN model for n-type and p-type substrates have been calculated

using the equations mentioned in [18, 19, 35, 39].

6.4 COMPARISON OF THE GaN CCD MODEL WITH THE
GAIA AF CCD MODEL

The first step to propose GaN as an alternative to silicon for broadband
astronomical CCDs is to test and compare their electrical performance. The
potential profiles of the silicon pixel and the GaN pixel models have been presented
in Figs. 6.2 and 6.3 respectively. The Tonyplot tool of the SILVACO software has

been used to generate them.

41



Microns

Microns

ATLAS
Data from Gaia_with_Si.str

Potential (V)
= 105
== 11
= 104

10.3

103
=
— 10:1

10
= 996
= 591

585
= 3.]{%
== o7
= 551

_| T T T | T T T | T T T | T T T | T T T | T T T | T T T | T 1
0 4 8 12 16 20 24 28

Microns

Fig. 6.2: The potential variation of the silicon Gaia AF CCD pixel model

ATLAS
Data from Gaia_with_GaM.str

Potential (V)

RE Ratatssne s

Microns

42



Fig. 6.3: The potential variation of the GaN pixel model

It can be observed after comparing the above two figures that the
maximum and minimum potentials for the silicon pixel model are 10.5 V and 9.61
V respectively. They are 11.8 V and 8.22 V for the GaN pixel model. This
demonstrates that their electrical performances are in close comparison to each

other.

To test the optical performance of both the models their IQE and EQE
with and without suitable AR coatings have been calculated and compared in Figs.
6.4 (a), (b), and (c). The thickness of the AR coating for the GaN model has been
set to 86.3 nm and for the silicon model to about 85 nm. The coating materials and
their thickness for both models have been derived from the studies presented in

Chapter 3.
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Fig. 6.4: Comparison of the IQE and EQE of the GaN model with the silicon
pixel model when they are simulated (a) Without any AR coatings, (b) with only
silicon model with an HfO; coating, and (¢) with GaN model with an A[,O; AR

coating and silicon model with an HfO2 AR coating

The optical performance of the GaN model is as expected and much
better than the silicon model in all three cases. When their optical performance is
compared without any AR coatings the GaN pixel model provides an average
increment of about 84.6 % in the EQE. An average increment of about 31.2 % is
observed even when the GaN pixel structure without any AR coating is compared
with the silicon model with an HfO; AR coating. Finally, when both the models
with an AR coating are compared, the average increment offered by the GaN pixel

has been determined as 52.8 %.




For the GaN model, the differences in the EQE and IQE are very
minute, of the order of 107, These negligible differences can be attributed to the
fact that GaN has a better conductivity than silicon and after using the doping values
mentioned above its conductivity increases even more [35]. For the silicon model,
the doping values are not very high and hence the difference between its EQE and
IQE is observed.

6.5 CONCLUSION

In astronomical parlance, the increment in the EQE and IQE values
offered by the GaN pixel model is quite substantial. While the silicon-based
broadband pixel model needs an AR coating to compete with an uncoated GaN pixel
model, the GaN pixel still increases the QE by almost a third of the QE offered by
the silicon model. Hence, the GaN CCDs can be used without an AR coating and
still provide better results. This would also mean that long deliberations for an AR
coating material for an astronomical CCD can be eliminated, saving time and
simplifying the fabrication process. Even with such a substantial increment in the
QE, GaN does not lag in its electrical performance. Hence, GaN can prove to be the
future of astronomical CCDs and pave the path for a better exploration of the

universe.
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CHAPTER 7

CONCLUSION AND FUTURE SCOPE OF
THIS WORK

We tested our Gaia AF CCD pixel model against the actual EQE values
reported by Walker et al. (2008) using the Monte Carlo simulations of the SILVACO
TCAD software. This has been done to ensure the accuracy of our simulations. It
can be evidently seen in Fig 4.4 that there are some differences between the
experimental observations and our simulations. These deviations in the results
might be attributed to the absence of SBC and ABD in our structure since these

features are proprietary to e2v.

We studied the Gaia AF CCDs and tested them with various AR
coatings to enhance their QE values. Our simulations establish that AR coatings are
an important factor in improving the IQE and EQE of astronomical CCDs. They
also elucidate that Ta2Os and ZrO2 are better materials for astronomical CCDs than
HfO2, mainly in the spectrum region from 0.330 um to 0.575 pm. ZnS and AL20s3,
although appear to be promising materials yet do not prove to be very efficient in

enhancing the Gaia AF CCDs QE values.

Furthermore, due to the low absorption coefficient of silicon and large
reflection losses in almost the whole operation of the Gaia AF CCDs GaN has been

analysed electrically and optically to be considered as an alternative to silicon for
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broadband astronomical CCDs. The GaN CCDs can prove to be substantially better

than the silicon CCDs due to their superior optical and electrical performance.

This work has important implications for the development of
astronomical CCDs, which will help them to obtain the best possible data from
satellites and telescopes. Multi-layer AR coatings and the use of GaN as a material
for the CCD substrate can be deliberated for this purpose in the future which can
enhance our knowledge of the Milky Way and the universe even more. In this work,
we focused on the optical losses of astronomical CCDs. For future studies, other
losses of the CCDs such as dark current, trap formation, etc., can also be interpreted
in depth which will help astronomers work in the direction of irradicating these

losses and making CCDs more efficient and increasing their usefulness.
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Diving deep into the milky way using anti-reflection coatings for astronomical

CCDs
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Abstract. We report two anti-reflection (AR) coatings that give better quantum efficiency (9QE) than the
existing AR coating on the Gaia astrometric field (AF) charged coupled devices (CCDs). Light being the core
of optical astronomy. which is extremely important for such missions, therefore, the QE of the devices that
are used to capture it should be substantially high. To reduce the losses due to the reflection of light from the
surface of the CCDs, AR coatings can be applicd. Currently, the main component of the Gaia satellite, the
AF CCDs use hafnium dioxide (HfO:2) AR coating. In this paper. the ATLAS module of the SILVACO
software has been employed for simulating and studying the AF CCD pixel structure and several AR
coatings. Our findings suggest that zirconium dioxide (Zr0,) and tantalum pentoxide (Ta;O<) will prove to

be better AR ¢ gs for broadband
understand the evolution of the milky way.

Keywords. gaia—sILVACO TCAD-

ical CCDs in the future and will open new avenues to

ical instr harged coupled devices—anti-

reflection coatings.

1. Introduction

To enrich astronomy with more precise measure-
ments, the European Space Agency (ESA) launched
Gaia Satellite in the L2 orbit in December 2013. Its
two telescopes keep an eye on millions of stars,
galaxies and solar system objects to produce high-
precision astrometric and spectroscopic measurements
(Prusti er al. 2016). The continuous scan gives data
sets that are repeatedly reduced to calculate the par-
allax, position and proper motion of the celestial
objects that are observed by the satellite (Crowley
et al. 2016). The focal plane of the Gaia satellite
contains 106 custom-built charged coupled devices
(CCDs). These CCDs were designed and manufac-
tured by ey technologies. UK (Walker er al. 2008).

Gaia CCDs were fabricated by e2v in three different
variants: Astrometric field (AF), red photometer (RP)
and blue photometer (BP); each of these are optimized
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for different wavelength ranges (De Bruijne 2012). 45
The AF CCDs are built using silicon (Si) as a substrate 46
with an anti-reflection (AR) coating. which has a 47
maximum photon absorption for a light of 650 nm; 48
this CCD has an extensive wavelength detection range 49
of 330-1050 nm (Seabroke ez al. 2008). There are 78 50
AF CCDs on the Gaia focal plane, which are 16 pum 51
thick (Crowley et al. 2016). The BP and RP are 352
enhanced CCDs that have exceptional sensitivity 53
towards the blue (330-680 nm) and red (640-1050 354
nm) regions of the light spectrum, respectively. Seven 55
BP CCDs present on the Gaia focal plane, have the 56
maximum photon absorption for the light of 360 nm 57
because of its AR coating (Crowley et al. 2016). 358
Correspondingly, seven RP CCDs have the maximum 59
photon absorption for the light of 750 nm (Crowley 60
et al. 2016). These CCDs have an image area of 4500 61
lines x 1966 columns (here, lines and columns, refer 62
to the rows and columns of the pixels of the CCD, 63
Digatch: 74-2023 Fagor: 9
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respectively) (De Bruijne 2012). A schematic diagram
of the arrangement of CCDs on the actual Gaia focal
plane is shown in figure 1. The detectors are operating
in the time delay and integration mode with a period
of 982.8 ps. which synchronizes their line transfer rate
with the satellite rotation rate (Crowley ef al. 2016: De
Bruijne 2012). In Gaia parlance, line transfer means
electrons being transferred in a row of pixels (Crowley
et al. 2016).

As the name suggests, AR coatings are essentially
important in improving the internal quantum effi-
ciency (IQE) of the CCDs because they play a vital
role in enhancing their photon absorption by reducing
the losses due to the reflection of incident light. The
IQE is used as a measuring stick to determine the
performance of an AR coating, which is the ratio of
the number of photons that enter the CCD to the
number of photons incident on the device (Devi er al.
2012). The external quantum efficiency (EQE) is the
ratio of the number of photoelectrons generated to the
number of photons incident on the CCD (Devi ef al.
2012). Since the Gaia CCDs generally do not get a lot
of time to capture the incoming light from distant
objects, their IQE should be substantially high. An AR
coating is a thin layer of high refractive index material
(Lesser 1987). It also acts as a line of defence for the
CCDs (Lesser 1994).

The Gaia AF CCDs have been analysed since they
cover the maximum area (78 out of 106 CCDs) of the
Gaia focal plane and capture the widest wavelength
range. Studies that amalgamate AR coatings and
astronomical CCDs have been conducted. IQE of the
device has been deliberated, which in fact is directly

J. Astrophys. Astr. _##ERERESEEREREREREREY

proportional to the EQE of the device. Several AR
coatings for the Gaia AF CCDs have been scrutinized
to enhance this factor using the SILVACO software.

2. Simulations and calculations

SILVACO TCAD is used to simulate several elec-
tronic and optical devices. It uses numerical methods
for simulations so that the development and opti-
mization of such devices can be expedited. For sim-
ulating the effects of AR coatings on an optoelectronic
device, the LUMINOUS and the ATLAS modules of
this software can be used.

Since the Gaia AF CCDs are back-illuminated
devices, the AR coatings are applied on the backside.
Photons are also fired on this side in our simulations.
The operating voltage was set to 10 V as suggested by
Seabroke er al. (2009). In SILVACO simulations, the
ratio of available current density (J,, ) and source
current density (Jooue) gives the IQE of a device. The
number of photoelectrons generated in a device can be
determined using the electron current density (J,,).

We simulated an AF CCD pixel in 2-dimensions
(2D) using SILVACO., our aim is to obtain IQE of the
device with various AR coatings at different wave-
lengths. We assessed several materials as AR coat-
ings. namely, hafnium dioxide (HfO,). aluminum
oxide (Al,O;), zinc sulfide (ZnS). zirconium dioxide
(ZrO,) and tantalum pentoxide (Ta»Os). Although an
AR coating of HfO, is already present on the AF
CCDs (Short et al. 2005). which gives impressive
results. We suspected that there was a scope of

Gaia Nominal Focal Plane Design
(in approximate agreement with the exact structure)
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Figure 1. Gaia focal plane has 106 CCDs arranged in seven different rows. The red rectangles represent radial velocity
spectrometers (RVS). The green and yellow rectangles depict blue and red photometers (BP and RP). respectively, while
the grey and black rectangles show wavefront sensors (WFS) and basic angle monitors (BAM), respectively. The light blue
rectangles depict the most abundant i.e., AF CCDs and the dark blue rectangles are called sky mappers (SM). The SM and
the WES are also AF CCDs. The RVS and BAM have a constructions similar to the RP.
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improvement in IQE of the devices. Our simulations
proclaim that EQE of the Gaia AF CCDs with this AR
coating peaks at 650 nm with a value of 0.99. Simu-
lating these CCDs without any AR coating revealed
that there is a large increase of 37.2% in the IQE when
AR coatings are applied on such devices. Hence, AR
coatings can be regarded as a cornerstone of astro-
nomical CCDs.

A CCD is essentially a MOS-based device, which
acts as an image detector. In MOS, the letter M stands
for metal, the letter O stands for oxide and the letter S
stands for semiconductor (Lundstrom 1981). There-
fore, the structure of CCD consists of a layer of
metallic electrodes placed on a thin insulating layer
lined over a semiconductor substrate. Lundstrim
(1981) reports details of the MOS structure. CCDs are
of two types, front-illuminated and back-illuminated.
In the former, light is incident on the electrodes, while
the light is incident on the semiconductor substrate in
the latter (Lesser 2014, 2015). The back-illuminated
CCDs are constructed in actual practice because they
offer a larger surface area for photogeneration and
photon absorption than front-illuminated CCDs (Les-
ser 2015).

For simulating the Gaia AF CCD pixel in SIL-
VACO, several structural parameters were required.
which were derived from (Seabroke er al.
2008, 2009. 2010: Seabroke e al. 2010). The pixel
structure of the CCD has three different faces, which
is evident from figure 2. We simulated the structure in
the across scan (AC) direction in 2D with a pixel size
of 16 pm x 30 pm. The 16 um thickness of the pixel
is subdivided into multiple layers. the details of which
are summarized in Table 1.

Figure 2. Structure of a single pixel of the Gaia AF CCD
(all the measurements are in pm).
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The Gaia AF CCD entails a lot of interesting 161
structural intricacies, namely. buried channel (BC). 162
supplementary buried channel (SBC) and anti- 163
blooming drain (ABD) (Seabroke er al. 2008). A BC 164
is formed near a p-n junction by placing a thin layer 165
of negatively doped Si on a positively doped substrate. 166
This channel has no free charges and is used to hold 167
the photogenerated electrons before they are read out. 168
A photon incident on a CCD creates an electron-hole 169
pair: the electron thus generated, then moves to the 170
BC. 171

The SBC is a support feature to the BC but is no 172
less functional. When the number of photogenerated 173
electrons exceeds the capacity of the SBC, they spill 174
into the BC which holds them until they are read out 175
(Seabroke er al. 2010, 2013). The length of BC and 176
SBC runs from 4.5 to 29 um in the AC direction 177
(Seabroke er al. 2010). The ABD, which is presenton 178
either side of the pixel in the AC direction is a 179
shielding feature. It prevents the electrons from 180
divulging into the adjacent pixel (Seabroke et al. 81
2010). Now, to simulate all these interesting features 182
in SILVACO, the whole AF CCD image pixel was [83
modeled with uniform doping as suggested by Seab- 184
roke e al. (2009). 185

The Gaia AF CCDs work at a temperature of 163 K 186
(Seabroke er al. 2008) to minimize the dark current, 187
which is attributed to the false positive signals pro-  I88
duced in the CCD due to the thermal energy of elec- 189
trons (Lesser 2015). Therefore, to match our 190
theoretical simulations with the experimental results 191
reported by Walker er al. (2008). we conducted our 192
simulations at the same temperature. 193

To simulate the CCD pixel structure, the SILVACO 194
ATLAS package uses some constants for the simu- 195
lated materials that are handled internally. It uses the 196
Monte Carlo method to model the structure. Table 2 197
compares the experimental values of the constants 198
with the values used during our simulations. 199

Figure 3 exhibits the simulated structure of the Gaia 200
AF CCD pixel; the illustration was generated using 201
the TonyPlot tool of the SILVACO software. 202
2.1 AR coatings 203
We have elucidated the Gaia AF CCD pixel structure 204
used in our simulations, but to test their efficiency. the 205
IQE can be used. To begin with, we have focused on 206
single-layer AR coatings that have been applied on the 207
backside of the CCD (substrate side). The thickness of 208
Disgaich - 74-2023 Pagex: 9
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Table 1. Thickness and doping densities of different layers in the AF CCD pixel structure (Seabroke ef al. 2009).
S. no. Material Type Thickness (pm) Doping density (em™)
1 Polycrystalline Si Conductor 0-0.5 i}
2 Silicon dioxide (S10;) Insulator 0.5-0.63 0
3 N-type Si Semiconductor 0.63-1.17 265 x 10
4 P-type Si Semiconductor 1.17-16 13 x 10"
Table 2. List of th | and expen | ¢
S. Theoretical values used in
no. Name of constant SILVACO ATLAS Experimental values
B Energy gap of Si (E,) 108 eV at 300 K 1.12 ¢V at 300 K (Strehlow & Cook 1973)
I.11eVat 163 K
2 Relative permittivity of 11.8 at 300 K 11.66 at 300 K (Krupka er al. 2006)
Si (&) 118 at 163 K
3. Electron affinity of Si 4.17 eV at 300 K 4.05 eV at 300 K (Melnikov & Chelikowsky 2004:
(X) 4.16¢eVat 163 K Chanana 2022)
4. Temperature (1) 163 K 163 K (Scabroke et al. 2008)

ATLAS
Duta froem Gawa_reway 1 sty

Figure 3. 2D Gaia AF CCD structure in the across scan
(AC) direction as simulated 1n SILVACO ATLAS.

the AR coating is estimated using the quarter wave-
length formula (Equation 1).

AR coating thickness = ﬁ (1)

In Equation (1), A is the wavelength at which the
AR coating is centered, i.e.. the wavelength at which
the AR coating will allow for maximum photon
absorption: n is the refractive index of the AR coating
material at the wavelength A (Lesser 1987). The

Jooarred - Larye 12036
Artcle No.: 9942
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SOPRA database of the SILVACO ATLAS software 217
was tremendously helpful in allowing us to include the 218
refractive indices of the AR coatings. When the 219
refractive index of AR coatings at a specified wave- 220
length comes in approximate agreement with /n, 221
where n is the refractive index of the substrate mate- 222
rial at that wavelength, then, we get excellent IQE 223
values. To choose an AR coating. this factor was 224
deliberated. 225
On comparing the values of refractive indices of 226
various AR coatings with the (/. at different 227
wavelengths, we got some AR coatings whose 228
refractive indices match the /n values and promise 229
good results in IQE. In figure 4, we can see the 230
comparison of HfO, coating’s refractive indices with 231
the square root values of Si refractive indices. There 232
is a very good matching which evidently explains 233
why this AR coating is used in designing the Gaia 234
AF CCDs. 235
On performing the same comparison with various 236
AR coatings, we got some promising results from 237
ZnS, AlLO,, ZrO; and Tay,Os, which can be seen in 238
figure 5. Figure 5a shows how similar the values of 239
V/n of Si and the refractive index of ZnS. Figure 5b 240
shows that the refractive index of Al,O; is also close 241
to the /i of Si values. Figure 5¢ and d show similar 242
results for ZrO, and Ta,0s. 243
While choosing the materials for AR coatings, their 244
imaginary refractive index, which is a complex optical 245
Dispaich - 74-2023 Page: 9
O LE O TYPESET
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30 < often referred to as the extinction coefficient
——Sq. root of Si refractive inde : : Py
284 _m;wh"‘v’:lmx“ nees has also begn consu!er_ed. Using l}?IS‘ we can yalculme
26¢} : the absorption coefficient (). which is the distance a
] photon can travel into the material before being
%247 absorbed. It is given by Equation (2):
E 224 4nk
P Absorption coefficient (a) = - (2)
B MWT— T
a,-é; 184 where 2 is the wavelength of incident light. We
& 16 calculated the values of a for whole wavelength
14 range of the Gaia astrometric field (AF) CCD using
SILVACO ATLAS with different AR coatings,
124 which are presented in figure 6(a—). It can be
10— T T T T T T concluded from these results that the AR coatings
04 05 06 07 08 09 M0 L1 pave no effect on the absorption coefficient of sil-
Wavelength (um)

Figure 4. Comparison of the refractive index of HfO:
with the square root of the refractive index of Si at different
wavelengths.

icon (Si).
Another factor that has been deliberated while
selecting the AR coating material is reflectivity (Rg).

0 an
S 10 o€ §1 refracive index 5. 100t 0f 34 refractive Dden
] @) ZnS refrctive index 4 (b) —— ALO, refractive e
6 24
144 - 244
I [
£ n 2 n
g 20 % ]
-é 18 & 1
< ]
o o N =
164 184
144 14
124 12
. T v T T T T T 10 T T T T T T T
[ us 06 a7 0K 0o .0 1 04 as s a7 a3 a3 1 L
Wavelength (pwm) Wavelength (pum)
10 an
— 5. roed of S refractive mndex S root of Si refractive ovdes|
154 (€) 210, sefractive index 4 (d) e 13,0, refractivg indhex
264
: Ly
g iu
£ % 7 =25
E i E o ~
S <
o [
164 15
144 &
124 12
10 T T T T T T w T T T T T T V
[ 0s 0o & () 0y 0 " 04 0 " 07 23 03 1 ]
Wavelength (pm) Wavelength (um)

Figure 5. Companson of the square root of the refractive index of Si with a ZnS, b AlLO;, ¢ ZrO; and d Ta,O; at

different wavelengths.
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Figure 6. Absorption coefficient of Si: a with AR coatings, b without AR coatings and ¢ with and without AR coatings.

Equation (3) is used to calculate the reflectivity of a  studied AR coating materials, and reduces the reflec- 280
surface using the real refractive indices: tivity substantially. Hence, it can be concluded that 281
S TaOs can be proven to be the best AR coating 282
Reflectivity(Ry) = e (3) material for our case. Although AlLO; reduces the 283
ni +m reflectivity to the least value compared to all the 284
where n; and n» are the real refractive indices (at a studied AR coatings. as presented in figure 7. its 285
specific wavelength) of the medium from which the ~fespective refractive indices are not very close to the 236
light is incident and the AR coating material, Square root of the respective refractive indices of Si 287
respectively. The reflectivity of the Si-air interface is  (figure 5b), which might hinder its performance. 288
largely affected by the optical properties of AR
coating materials. The effect of AR coatings on the
reflectivity of the Si-air interface is presented in fig- 3, Results and discussion 289
ure 7, which has been calculated using the SILVACO
ATLAS software. While simulating the pixel structure with the HfO; AR~ 290
For an AR coating to perform well, its respective  coating, Equation (1) deduces the thickness of the 291
refractive indices of the AR coating material also  coating to 0.085 pm. We identified the EQE for this 292
should be in approximate agreement with the square  setup to benchmark our simulations against the pre- 293
root of the respective refractive indices of the sub-  viously published EQE values by Walker er al. (2008). 294
strate material (\/n). as per Lesser (1987). Ta;Os The simulation results are comparable to the experi- 295
satisfies this condition. is the best among all the mental results, which can be visualized in figure 8(a). 296
Any differences in the values of EQE might be 297
—— = because of the absence of ABD in our structure. as the 298
10+ | parameters required for its simulations were not 299
e published in the current literature. 300
08} ] On calculating IQE for the Gaia AF CCD without 301
applying any AR coating, it was discovered that they 302
> have a maximum IQE of 0.65 at the wavelength of 0.7 303
5 L g um. Comparing the IQE of the CCDs with and without 304
g the HfO, coating, we clearly observed an average 305
< 04r increment of about 37.2% in the whole wavelength 306
~ range. Figure 8b coveys this increment graphically. 307
02k As per our study of AR coating materials, we 308
choose four AR coatings to test our device. One of 309
o | P T T them is ZnS. Application of 0.069 um thick single- 310
04 0.6 08 1.0 layer coating of ZnS, centered at (.65 um, unfolds that 311
Wavelength (um) it is not very suitable for our device. The IQE curve in 312
figure 8c outlines that there is an average decrementof 313
Figure 7. Reflectivity of the CCD surface without any AR~ ~3.5% when studied parallel to the Gaia AF CCD 314
coating and with different AR coatings. with a HfO, AR coating in the whole range. 35
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Figure 8. a EQE of the Gaia AF CCDs derived from our simulations and the actual EQE reported by Walker er al.
(2008). The 1QE versus wavelength graph for Gaia AF CCD, b without an AR coating and with a HfO, coating (centered at
0.65 pm), ¢ ZnS coating (centered at 0.65 pm), d Al;O; coating (centered at 0.65 pum), e ZrO; coating (centered at (.65
pm), f ZrO; coating (centered at 0.625 pm). g Ta>Os coating (centered at 0.65 pm) and h TaxOs coating (centered at 0.625

pm).

Our next choice was Al,O3. Therefore, we applied a
single layer of it with a thickness of about 0.098 pm
(calculated as per Equation 1), centered at 0.65 um.
The Gaia AF CCD with HfO, AR coating still pro-
vides better results for most wavelengths as compared
to AlOs. It is also observed that Al,O; coating pro-
vides an average improvement in IQE of about 1.3%
in the 0.35-0.425 pm range and an average decrement
of about 1.9% in the rest of the wavelength range.
These results are compiled in the graph presented in
figure 8d.

The next alternative that we analysed was a single-
layer coating of ZrO, centered at 0.65 pum. The
thickness of the coating was set as per Equation (1)
close to 0.073 um. After observing the graphical data
presented in figure 8e. we infer that there is an average
increment in the IQE of around 0.8% in the range of
0.4-0.525 pum when analogized with the IQE values
when HfO, coating was applied. For the rest of the
wavelengths, the AR coating of HfO, offers an aver-
age increment of almost 1.1%. when compared to
Zr0,.

Inspired by the improvements shown by ZrO,, we
adjusted its thickness to an approximate value of
0.071 pm, which allows for a peak absorbance of the
light of wavelength of 0.625 pm. Our experimentation
on this, yields an average increment of nearly 4% for
the wavelength range of 0.375-0.575 pum when
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compared with HfO,, with an average compromise of 344
around 2% in the wavelength range of 0.575-1.05 pm. 345
This data is visualized in figure 8f. 346
We concluded our studies with Ta,0s, which is a 347
promising AR coating. A single layer of Ta;Os, cen- 348
tered at 0.65 um with a thickness of ~0.09 pum (cal- 349
culated using Equation 1), permits almost the same 350
performance as HfO,. It is evident from figure 8g that 351
the two curves virtually overlap each other in the 352
whole range. We did not obtain such promising results 353
for any other AR coating. Hence, to improve the IQE 354
in the low wavelength region, we deposited a 0.086 355
pum thick layer of TayOs to the center of the AR 356
coating at 0.625 um. The IQE of the Gaia AF CCDs 357
with an AR coating of Ta)Os shows an average 358
increment of about 2.8% compared to the CCDs with 359
HfO, AR coating in the wavelength range of 360
0.375-0.6 pm. There is an average decrease of around 361
1.2% in IQE of the wavelengths ranging from 0.6 pm 362
to 1.05 um, which is clearly evident in figure 8h. 363
A comparative study has been drawn to analyse, 364
which AR coating best suits the Gaia AF CCDs. Itis 365
observed that a single layer coating of ZrO> and 366
TayOs gives similar or better results as compared to 367
HfO, for most wavelengths lying in Gaia’s AF CCD 368
range (330-1050 nm) (Seabroke er al. 2008). Table 3 369
summarizes the comparison among the IQE of CCDs 370
for different AR coatings. 371
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Table 3.
HfO, AR coating.

J. Astrophys. Astr. SRESEREEEERNREREREYE

Percentage increment and decrement in QE of the Gaia AF CCD with different AR coatings as compared to the

S. Wavelength
no. AR coatings range (um)  Percentage increment/decrement in IQE  Average increment/decrement in IQE
1. HfO, 0.33-1.05 Increment (2.6-53.3%) as «« dtoa I (37.2%) as compared to a
CCD without any AR coating CCD without any AR coating
2. ZnS (centered at 0.35-1.05 Decrement (0.3-12.2%) as compared to Decrement (3.5%) as compared to
0.65 um) HfO, HfO,
3. AlLO; (centered 0.35-0.425 Increment (0.1-2.3%) as compared to Increment (1.3%) as compared to
at 0.65 um) HfO: HfO:
0425-1.05  Decrement (0.09-2.8%) as compared to  Decrement (1.9%) as compared to
HfO, HfO,
4. ZrO, (centered at  0.4-0.525 Increment (0.04-1.35%) as compared to 1 (0.8%) as compared to
0.65 pum) HfO, HfO,
0.525-1.05 Decrement (0.19-1.4%) as compared to Decrement (1.1%) as compared to
HfO, HfO,
5.  ZrO: (centered at 03750575 Increment (0.63-6.85%) as compared to  Increment (4%) as compared to HfO:
0.625 pm) HfO,
0.575-1.05  Decrement (0.38-2.72%) as compared to  Decrement (2%) as compared to HfO,
HfO,
6. Ta,Os (centered  0.35-0.9 Decrement (0.64% and less) as compared  No prominent change as compared to
at 0.65 um) to HFO, HIO,
0.9-1.05  Increment (0.04% and less) as compared No p change as c« d to
to HfO: HIO:
7. Ta,Os (centered  (.375-0.6 Increment (0.17-5.15%) as compared to 1 (2.8%) as compared to
at 0.625 pm) HfO, HfO,
0.6-1.05 Decrement (0.19-1.57%) as compared to  Decrement (1.2%) as compared to
HfO, HIO,

4. Conclusions

We tested our Gaia AF CCD pixel model against the
actual EQE values reported by Walkerer al. (2008).
which indicated the accuracy of our simulations. We
presented our studies of the Gaia AF CCDs with
various AR coatings to enhance the QE values. Any
deviations in the results might be attributed to the
absence of SBC and ABD in our structure since these
features are proprietary to e2v. The performance of an
AR coating can also be determined using a simple Si
wafer. But, to validate our results for astronomical
CCDs, we used an electrical model in SILVACO
ATLAS. This allows our results to be more accept-
able to the astronomical community.

Our simulations establish that AR coatings are an
important factor in improving the IQE and EQE of
astronomical CCDs. They also elucidate that Ta,0s
and Z10, are better materials for astronomical CCDs
than HfO,, mainly in the spectrum region from 0.330
um to 0.575 pum. Hence, this work has important
implications for the development of astronomical

CCDs. which will help them to obtain the best pos-
sible data from satellites and telescopes. Multi-layer
AR coatings can be deliberated for this purpose in the
future, which might enhance our knowledge of the
milky way even more.
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Abstract

All astronomical missions use charge-coupled devices (CCDs) as vital organs. Usually, silicon (Si) is
szlected to build them which does not perform well without enhancements such as anti-reflection (AR)
coatings. Such devices exhibit poor perfonmance in the high (> 800 nm) and low (< 500 nm) wavelength
ranges even with AR coatings. We present studies that signify zallium nitride (Gady) as a replacement for
silicon (Si) in astronomical CCDs that operate in 3 wide wavelength range. For this purpose, SILVACO
TCAD softwara has been employad, which has been usad for simulating and comparing 2 Gaiy, CCD pixel
with a Gaia aswometric field (AF) CCD pixel. Our obsarvations demonstrate that the optical performance
of the Galy-based CCD pixel is remarkably better than the Si-based AF CCD pixel. These findings can
prove to be the bedrock of future zstronomical exploration and wide-range astronomical CCDs, as they

allow for an exceptionzlly high quantam efficiency (QE) even without any reinforcements.
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