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ABSTRACT

ALD GROWN ZNO AS AN ALTERNATIVE MATERIAL
FOR PLASMONIC AND UNCOOLED INFRARED
IMAGING APPLICATIONS

Yunus Emre Kesim
M.S. in Electrical and Electronics Engineering
Supervisor: Asst. Prof. Dr. Ali Kemal Okyay
June, 2014

Plasmonics is touted as a milestone in optoelectronics as this technology can form
a bridge between electronics and photonics, enabling the integration of electronics
and photonic circuits at the nanoscale. Noble metals such as gold and silver have
been extensively used for plasmonic applications due to their ability to support
plasmons, yet they suffer from high intrinsic optical losses. Recently, there is
an increased effort in the search for alternative plasmonic materials including Si,
Ge, III-Nitrides and transparent conductive oxides. The main appeal of these
materials, most of them semiconductors, is their lower optical losses, especially in
the infrared (IR) regime, compared to noble metals owing to their lower number of
free electrons. Other advantages can be listed as low-cost and control on plasma
frequency thanks to the tunable electron concentration, i.e. effective doping level.

This work focuses on atomic layer deposition (ALD) grown ZnO as a candidate
material for plasmonic applications. Optical constants of ZnO are investigated
along with figures of merit pertaining to plasmonic waveguides. It is shown that
ZnO can alleviate the trade-off between propagation length and mode confinement
width owing to tunable dielectric properties. In order to demonstrate plasmonic
resonances, a grating structure is simulated using finite-difference-time-domain
(FDTD) method and an ultra-wide-band (4-15 pm) infrared absorber is compu-

tationally demonstrated.

Finally, an all ZnO microbolometer is proposed, where ALD grown ZnO is em-
ployed as both the thermistor and the absorber of the microbolometer which is an
uncooled infrared imaging unit that relies on the resistance change of the active
material (thermistor) as it heats up due to the absorption of incident electromag-

netic radiation. The material complexity and process steps of microbolometers
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could be reduced if the thermistor layer and the absorber layer were consolidated
in a single layer. Computational analysis of a basic microbolometer structure
using FDTD method is conducted in order to calculate the absorptivity in the
long-wave infrared (LWIR) region (8-12 pum). In addition, thermal simulations
of the microbolometer structure are conducted using finite element method, and
time constant and noise-equivalent-temperature-difference (NETD) values are ex-
tracted.

Keywords: Plasmonics, alternative plasmonic materials, transparent conductive
oxides, metal oxides, ZnO, atomic layer deposition, FDTD method, uncooled

infrared imaging, microbolometer, all-ZnO microbolometer.



OZET

PLAZMONIK VE SOGUTMASIZ KIZILOTESI
GORUNTULEME UYGULAMALARI ICIN

ALTERNATIF MALZEME OLARAK ATOMIK
KATMAN KAPLAMA YONTEMI ILE BUYUTULMUS

CINKO OKSIT

Yunus Emre Kesim
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Yoneticisi: Yrd. Dog. Dr. Ali Kemal Okyay
Temmuz, 2014

Elektronik ve fotonik arasinda bir koprii kurarak elektronik ve fotonik devrelerin
nano boyutlarda entegrasyonunu saglayabilecegi i¢in, plazmonik konusu optoelek-
tronik alaminda bir kilometre tagi olmustur. Altin ve giimiis gibi soy met-
aller plazmonik uygulamalarda siklikla kullanilsalar da yiiksek miktardaki optik
kayiplardan etkilenirler. Son zamanlarda; Si, Ge, III-Nitrrler ve saydam iletken
oksitler gibi alternatif plazmonik malzemeler iizerine ¢aligmalar yogunlagmistir.
(ogu yar iletken olan bu malzemelerin en c¢ekici yani, metallere nazaran daha
az sayida serbest elektronlar1 olmasi nedeniyle ozellikle kizilotesi (IR) dalgaboy-
larinda daha az kayiplarinin olmasidir. Diger avantajlar ise diigiik maliyet
ve ayarlanabilir elektron sayisi (efektif katkilama yogunlugu) sayesinde plazma

frekansinin kontrol edilebilmesi olarak siralanabilir.

Bu calismada atomik katman kaplama yontemi ile biyttilmis ZnO
malzemesinin plazmonik uygulamalara uygunlugu incelenmistir. Cinko ok-
sitin optik sabitleri ve plazmonik dalga kilavuzu basarim olgiileri arasgtirilmigtir.
(inko oksitin ayarlanabilir dielektrik ozellikleri sayesinde, yayilim uzunlugu ve
bicim hapsedilme genigligi arasindaki getiri-gotiirii dengesini ayarlayabilecegi
gosterilmigtir. Plazmonik rezonanslari gostermek icinse zaman alaninda sonlu
farklar yontemi (FDTD) kullanilarak bir optik 1zgara yapisimmin simiilasyonu
yapilmig, ultra-genig bant araliginda (4-15 pm) ¢aligan bir emici elde edilmistir.

Son olarak, elektromanyetik yayilimin emilmesinden kaynakli 1s1 artiginin

sebep oldugu direng degisikligine bagl olarak c¢aligan bir sogutmasiz kizilotesi
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goriintiileme birimi olan, ¢inko oksitin hem termistor hem de emici olarak kul-
lanildig1 tamamen ¢inko oksitten olusan bir mikrobolometre onerilmigtir. Ter-
mistor ve emici katmanlar tek bir katmanda birlegtirildigi takdirde, mikrobolome-
trelerin malzeme karigikligi ve iiretim stireci adimlar1 azalacaktir. Uzun dalga
(LWIR) kizil6tesi (8-12 pm) dalgaboylarindaki emilim miktarimin hesaplan-
abilmesi ic¢in basit bir mikrobolometre yapist FDTD yontemi kullanilarak ince-
lenmistir. Ayrica, sonlu eleman yontemi kullanilarak mikrobolometre yapisinin
termal simulasyonlar1 yapilmig, giirtiltiiye denk sicaklik farki (NETD) ve zaman

sabiti degerleri bulunmustur.

Anahtar sozcikler: Plazmonik, alternatif plazmonik malzemeler, saydam
iletken oksitler, metal oksitler, cinko oksit, atomik katman kaplama, FDTD
yontemi, sogutmasiz kizilotesi goriintiileme, mikrobolometre, tamamen ¢inko ok-
sit mikrobolometre.
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Chapter 1

Introduction

Developments in complementary-metal-oxide-semiconductor (CMOS) technology
provides microprocessors with tiny transistors. Intel’s Haswell series micropro-
cessors employ transistors with 22 nm channel length. 14 nm channel length
Broadwell series is announced. Such scaling down in the size of the microelec-
tronic components enabled us faster data processing at smaller volumes. Today’s

smartphones are employing quad-core processors and operating at over 2.5 GHz.

Although microelectronics is capable of processing vast data, transfer of in-
formation is becoming more difficult with increasing resistance of the smaller
electronic interconnects. The RC time constant sets the upper limit of the band-

width of information transfer in digital circuits.

On the other hand, photonics offer much higher data transfer rates. Google
Fiber offers its customers 1 Gbps internet connection. However, the disadvantage
of the optical interconnects are their larger size compared to electronic counter-
parts. Because of the diffraction limit, optical devices are at sizes comparable to
the wavelength they operate (at the um scale). The fiber optic communication

operates at 1.55 pm wavelength.

Under right conditions, incident light on an interface between a metal and a

dielectric can excite resonances in the mobile electrons (plasma) at the surface of



the metal. Such resonances are called the surface plasmons [1]. As the resonances
are taking place at an interface, plasmonics promise subwavelength confinement of
light, into nano dimensions. As a result, high speed data transfer rates of optical

interconnects can be achieved at nano-sized components similar to electronics.

Although first observed by Robert Wood in 1902 [2], plasmonics attracted
more interest since the Thomas Ebbesen’s paper in 1998 [3]. Potential of merging
electronics and photonics at nanoscale dimensions attracted interest of researchers
[4]. Confinement of field also results in very high electromagnetic enhancement
in the near field [5]. Therefore, plasmonics enables much stronger interaction
between light and matter and many applications can take the advantage of this
property. Today applications of plasmonics span a wide range including sub-
wavelength waveguiding [6], imaging [7] and lithography [8]; optical interconnects
[9] and photonic circuits [10]; chemical and biological sensors [11,12]; improved

photovoltaic devices [13,14] and perfect absorbers [15,16].

1.1 Alternative Plasmonic Materials

The metal is essential for plasmonic applications as it is the material that supports
the surface plasmons. Although noble metals such as gold and silver are widely
used in plasmonic applications [17], there is a significant drawback associated
with such metals:high optical loss due to the very high number of free electrons
and interband transitions [18]. Loss is associated with the imaginary part of the
relative permittivity of the metal (€). The smaller € yields lower loss. Relative
permittivity of some metals are given in Figure 1.1 (adapted from [19]). According
to Drude model, which will be discussed in Chapter 2 in more detail, imaginary
part of the permittivity of metal is given by
el = L%V (1.1)
" o)
where w, is the plasma frequency of the metal and ~ is the damping rate which

is on the order of a few THz. Therefore at optical frequencies (w < 7), (1.1) can
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Figure 1.1: Relative permittivity of Au, Ag, Al, Na and K in the visible and the
near-infrared. Although Na and K achieve lower losses, they are not preferred as
they react with water and air.

be approximated as
2

n_ Wpl

€ = ——

(1.2)

w3
Equation (1.2) shows that in order to reduce optical losses in plasmonic materials,
one should be able to reduce either the plasma frequency or the damping rate.
The latter is related to the electron scattering mechanisms in the metal [17] which
is a function of temperature. By cooling to cryogenic temperatures (< 100°K),
damping rate can be reduced and therefore lower loss could be achieved [20]. Yet,

this is not a practical solution for many reasons (need for coolers etc.).

A better approach would be trying to reduce the plasma frequency which is
given by
Ne?

€M

(.Up:

(1.3)

where N is the free electron concentration of metal, €, is vacuum permittivity,
e and m are electron charge and effective mass, respectively. (1.3) shows that
plasma frequency is only a function of the free electron density. However, N
depends on the material and therefore cannot be adjusted for metals. On the
other hand, for semiconductors it is trivial (to some extent) to adjust the electron

density via doping. This is the main motivation behind employing semiconductors



in plasmonic applications and this study.

Besides lower loss, there are other advantages of semiconductors over metals.
First of all, since the plasma frequency is a function of doping concentration, the
dielectric constant of semiconductors can be tuned depending on the application.
For example, two important figures of merit defined for plasmonic materials are
the plasmon propagation length and the mode confinement width. As it will be
shown theoretically in Chapter 2, there is a trade of between these two figures.
Although for a certain metal they are constant, it is possible to fine tune when

the plasmonic material is a semiconductor [21].

Another advantage of semiconductors in plasmonic applications arises from
their compatibility with well established CMOS processes. Gold and silver dif-
fuses into Si and these impurities introduce acceptor/donor levels within the
bandgap of Si [22]. As a result, the electronic performance of Si based devices are
affected. On the other hand, semiconductors like TaN and TiN are demonstrated
as plasmonic materials and their usage as gate materials in CMOS devices is also

reported [23].

The reasons discussed above encouraged scientists to seek alternative plas-
monic materials. Although various metals, metal alloys and intermetallics are
examined as well, research focused on transition metal nitrides, semiconductors

and graphene [19].

1.1.1 Transition Metal Nitrides

TiN, ZrN, HfN and TaN shows metallic properties [19] and they are shown as al-
ternative plasmonic materials in the visible and the near infrared (Figure 1.2 [24].
The main advantage of these materials, as mentioned above, is their compatibility
with the CMOS procedures, which makes them prime candidates for the integra-
tion of plasmonics with Si electronics. Also, they can be grown under either
nitrogen rich or metal rich conditions and the latter results in films that show

more metallic properties. Hence, the plasma frequency can be tuned.
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Figure 1.2: Relative permittivity of metal nitrides: TiN, TaN, ZrN, HfN in the
visible and the near infrared. Since € < 0, they are possible plasmonic materials
in this wavelength range.

1.1.2 Semiconductors

To employ semiconductors as plasmonics materials, heavy doping is required since
the plasma frequency depends on the electron density. Therefore, only semicon-
ductors with high solid solubility levels can be used as plasmonic materials. Also,
as the interband transitions causes absorption and results in loss, semiconductors

with high bandgap energies are more advantageous.

1.1.2.1 Silicon

Today’s CMOS technology depends on Si. Using Si as a plasmonic material would
be a big step towards integrating electronic and photonic circuits. Also, with a
bandgap energy of 1.12 eV, interband transitions are not allowed for A > 1.1 um.

Due to these properties, silicon plasmonics drew interest [25-28].

Using (1.3), carrier density levels (N) required in order to achieve plasma
frequencies (f) that correspond to various wavelengths are calculated (Table 1.1).

Note that the plasma frequency is given as the ordinary frequency in Hz, not the



radial frequency (rad/s). The electron effective mass in Si is 1.18 x m,, where m,

is the electron mass [29].

¢’ < 0 for wavelengths larger than that corresponding to the plasma frequency.
Therefore, in order to achieve a plasmonic material that will operate in mid
infrared (A > 5um), required doping density is on the order of 10 and it is
larger for near infrared and visible regimes (Table 1.1). Most commonly used n

3 and

type dopants in Si are P and As with solid solubility of 1.82 x 102! em~
1.56 x 102! ¢m ™3, respectively [30]. Although these values seem to be sufficient
compared to Table 1.1, as the dopant concentration gets closer to the solubility
limit, defect densities increases which results in more scattering. Therefore, Si
can be an effective alternative plasmonic material only at the mid-infrared and

beyond.

1.1.2.2 Germanium

Ge is getting more and more integrated to Silicon technology as it serves as
absorber with 0.66 eV bandgap energy. Monolithic Ge/Si avalanche photodiodes
with large gain/bandwidth products are reported [31]. On the other hand, low

bandgap energy is not preferable for plasmonic applications as it increases loss.

Required doping densities for plasmonic applications of Ge is about half of
that of Si due to the lower effective electron mass in Ge (Table 1.1) [29]. However,
solid solubility limits for antimony, which is the most common n type dopant, in
Ge is around 1.56 x 10' ¢m™3 [30]. Therefore, Ge can be a plasmonic material

only at the far infrared.

1.1.2.3 GaAs

GaAs is widely used both for optoelectronic and power electronics applications.
It has a much lower electron effective mass (0.066 x m,, [29])compared to Si and
Ge which results in an order of magnitude lower carrier concentration that is
required (Table 1.1).



Si is commonly used for n type doping, but it has also an acceptor level within
the bandgap of GaAs. Although the solid solubility limit is higher, effective n
type doping of GaAs using Si can reach 10 em~3. Beyond this level, amphoteric
property of Si causes the compensation as some of the Si impurities behave as
acceptors [19]. Therefore, similar to Si, GaAs can be used as a plasmonic material

only at the mid-infrared and beyond.

Table 1.1: Carrier density levels (in ¢m™2) required to achieve various plasma
wavelengths. The values were found using the equation for plasma frequency

(1.3).

A 500 (nm) 1550 (nm) 5000 (nm)

Si 5.27 x 1021 548 x 10?° 5.27 x 10
Ge 2.45 x 10*1 2,55 x 102 2.45 x 10
GaAs 2.94 x 102 3.06 x 102 2.94 x 10'®

1.1.2.4 Transparent Conductive Oxides

Transparent conductive oxides (TCOs) show metallic properties as they can be
doped at very high levels [19]. Also, having a large bandgap energy makes them
transparent in the visible region. Therefore, interband transitions are very low

which in turn yields lower loss.

Indium-tin-oxide (ITO) is widely investigated as an alternative plasmonic ma-
terial both in near and mid infrared [24,32-36]. The concentration of oxygen va-
cancies affect the optical properties of ITO: oxygen rich films have higher carrier
densities yielding in a more metallic behavior [19]. Therefore, by annealing ITO
under oxygen rich or deficient atmosphere, one can adjust the free carrier density
and in turn the plasma frequency. Such tuning of plasma frequency is desirable
as it gives an upper hand while balancing the trade off between surface plasmon

propagation length and mode confinement width.

Zn0 is also widely investigated as a candidate plasmonic material. Aluminum
doped zinc oxide (AZO) [37] and gallium doped zinc oxide (GZO) are shown to

have similar properties with I'TO as seen in Figure 1.3 which is adapted from [24].
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Figure 1.3: Relative permittivity of common transparent conductive oxides: ITO,
AZO and GZO

Similar to ITO, zinc oxide also employs oxygen vacancies as n type dopants.

Therefore, by changing the growth conditions the material can be tuned.

This work also investigates atomic layer deposition (ALD) grown ZnO as a

candidate plasmonic material.

1.1.3 Graphene

Graphene and plasmonics, two very interesting subjects in the field of photonics
have overlapped. Several groups demonstrated plasmonic resonances in graphene
at THz and infrared regimes [38-42].

Unlike the materials discussed so far, graphene employs 2D electron plasma
which results in different physical phenomena and optical properties. Even the
plasmon dispersion relation is different [42]. As the case for 2D materials is
completely a new discipline, further discussion of graphene plasmonics is out of

scope of this thesis.



1.2 Thesis Organization

In this first chapter, the field of plasmonics and its promises are briefly introduced.
The need for the alternative plasmonic materials is discussed and a literature

review of alternative plasmonic materials is presented.
The organization of the rest of the thesis is as follows:

In Chapter 2, the theoretical electromagnetic background will be given. Start-
ing with Maxwell’s equations, wave equation and surface plasmons will be derived.
Also, the physics behind the response of materials to electromagnetic fields will

be described. Lorentzian and Drude models are going to be presented.

In Chapter 3, ALD grown ZnO will be investigated as an alternative plasmonic

material. ALD growth and ellipsometer characterization of ZnO will be presented.

In Chapter 4, finite-difference-time-domain (FDTD) simulations regarding
two distinct applications of ALD grown ZnO will be presented. First one is
an ultra-wide band infrared absorber that utilizes ZnO plasmonic gratings. The
main motivation of this work is computationally demonstrating the plasmonic res-
onances at ZnO. Finaly, an all-ZnO microbolometer for uncooled infrared imaging
will be computationally demonstrated. Optical and thermal simulations of this

microbolometer will be described.

Chapter 5 concludes this thesis and discusses potential future directions.



Chapter 2

Background

In order to understand plasmonics, it is very important to comprehend the fun-
damental concepts in electromagnetics and optics. Therefore, in this chapter we
start by reviewing Maxwell’s equations. We investigate a material’s response to
incident electromagnetic field and explain the physics behind it. Finally, plasma

oscillations of metals under electric field i.e. plasmons are presented.

2.1 Maxwell’s Equations

The relations and variations of the electric and magnetic fields, charges, and
currents associated with electromagnetic waves are governed by Maxwell’s equa-
tions [43]. In a source-free medium, the electric and magnetic field vectors satisfy

the following equations:

oD

oB
V.D=0 (2.3)
V.B=0 (2.4)
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where &£ is electric field, H is magnetic field, D is electric flux density and B is

magnetic flux density. Flux density vectors can be expressed as:
D=¢E+P (2.5)

B = poH + poM (2.6)

where €, and p, are the permittivity and permeability of free space, respectively.
P is polarization density and M is magnetization density. In non-magnetic
medium, M = 0. In linear, nondispersive (memoryless), homogeneous and

isotropic media £ and P are parallel and proportional and are related by:
P =ex€ (2.7)

where y is a material dependent scalar named electric susceptibility. Substituting
(2.7) into (2.5), D = €,€ + €,xE we find:

D=¢€ (2.8)

B = pu.H (2.9)

where € is defined as the electric permittivity of the medium. Ratio of electric
permittivity of medium to that of free space is called dielectric constant (relative

permittivity) of the material and denoted by e,
€=¢€,(1+x) (2.10)
& =1+ (2.11)
Substituting (2.8) and (2.9) into (2.1)-(2.4) we end up with the Maxwell’s

equations in source free, non-magnetic, linear, nondispersive, homogeneous and

isotropic media:

o0&
VxH =€ (2.12)
OH
VXxE= —MOE (213)
V.E=0 (2.14)
VoH =0 (2.15)
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First applying curl on both sides of (2.13) then substituting (2.12) into (2.13)
and using vector identity V x V x £ = V(V - £) — V2, one can reach the wave

equation :
1 0%¢
VE=S— 2.16
c 0%t ( )
where ¢ is the speed of light in the medium and can be written as
1
c= (2.17)

VElo
In free space, speed of light is ¢, = 1/,/€,ft, which roughly equals 3 x 108 m/s.
The ratio of the speed of light in a medium to that of in free space is called the

refractive index of the material and denoted by n:

n="< =/ (2.18)
Co
n=+1+yx (2.19)
So far we assumed that the medium is fully transparent i.e. not absorbing the

incident light. If the medium is absorbing, the optical constants defined above

are not purely real numbers. The imaginary part of the constants are related to

absorption:
€ =€, — jer (2.20)
x=x"—jx" (2.21)
i=n—jk (2.22)

where €, and X’ are the real parts of the dielectric constant and the susceptibility
of the medium, respectively. Similarly, €/ and x” are the imaginary counterparts.
Notation is different for refractive index: n denotes the complex refractive inde,
n and k denotes the real and imaginary parts, respectively. The relationship

between dielectric constant and refractive index becomes:
e =n*—k? (2.23)
el = 2nk (2.24)

Although we came up with several optical constants regarding the behavior of
electromagnetic fields in a medium i.e. €., x, n ..., they are all related to each
other and each of them is sufficient to describe a material’s response to incident

electromagnetic fields.
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2.2 Plane Wave

In the previous section, the equation describing the waves in a medium is found
(2.16). Electromagnetic waves in a medium have both time and space dependence.
If we assume that the wave is a time-harmonic wave and the space dependence

is only along the z axis, it can be written in the form
E(z,t) = Re{E(z)e’"} (2.25)

If this equation is substituted into the wave equation, what we find is called the

Helmholtz equation which describes the amplitude of the waves in a medium:
ViE(2) —k*E(2) =0 (2.26)

k=w/c (2.27)

where k is called the complex wavevector of the wave.
The simplest solution that satisfies the Helmholtz equation is given by
E(2) = E,e ¥ (2.28)

where F, is a complex number and defined as the complex envelope of the wave.

The elecromagnetic wave defined by (2.28) is called the plane wave:
E(2,t) = Re{E,e % ei*"} (2.29)

Using (2.18) and (2.27), we can define k, = k/n as the wavevector in the air or

vacuum. Subtituting k = nk, and therefore k = ko (n — jk) into (2.29), we find
E(z,t) = Re{E,e Moz inkozpjwty (2.30)

Propagation constant () and absorption coefficient («) are defined as

2
B=nks=n (2.31)
Ao
4
a = 2kk, = )\—Wk (2.32)
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where )\, is the wavelength of the wave in vacuum or air. (2.30) can be written

as
E(z,t) = Re{E e/ 1Pciwt} (2.33)

Beer’s law is related to how much the intensity of light is absorbed as it travels

through a medium:
I(z) = I,e ** (2.34)

Note that the intensity is the absolute square of the complex amplitude of the

wave.

We shall end this section by analyzing what happens when a plane wave is
normally incident at a plane boundary. Assume that a plane wave in a transparent
medium 1 with n; = ny is normally incident to the planar boundary of medium
2 with ny = ny — jko. When an electromagnetic wave is incident at a boundary,
a portion of the wave will be transmitted through the boundary while a portion
will be reflected (Figure 2.1).

Eit HO

<EI,T H®

1n

Figure 2.1: Normally incident light onto planar boundary: The incident, reflected
and the transmitted waves are denoted with the obvious subscripts.

The boundary conditions require that the tangential component of the electric
and magnetic field accross the boundary should be equal as there is no surface

current. Therefore;
E,+FE.=FE, (2.35)

H; — H, = H, (2.36)
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The impedance of a medium is defined as Z = E/H where E and H are the

complex amplitudes of the field within. Using Maxwell’s equations, we can find
7 = g (2.37)

Therefore we can write (2.36) as
E; — E, = mE, (2.38)

where m = ny/ny. We define reflection coefficient r = E,./E; and transmission

coefficient t = E;/E; and therefore using (2.35) and (2.38)

1—m
= 2.39
T=1tm (2.39)
2
t=——— 2.40
1+m ( )

Reflectance (R) and transmittance T are defined as the ratios of the power flow

of the reflected and transmitted waves to that of incident wave and given by
R=r|? (2.41)

T=1-R (2.42)

Assuming medium 1 is air (77 = 1) for simplicity and removing the subscripts as
they are no longer needed, the reflectance of a material in air or vacuum can be
expressed as
g (-1 +k (2.43)
(n+1)2+ k2
Equation (2.43) states that a material is highly reflective if n > 1 or n < 1 or

k> 1.
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2.3 Physical Origin of Optical Constants

In Section 2.1, we solely concentrated on the case where the medium is nondis-
persive. However, generally this is not the case. For a dispersive medium, the
optical constants are functions of the frequency of the incident field, w. Therefore,

the relationship between P and £ becomes:

P(w) = eox(w)€(w) (2.44)

@) o[ exig [P,

Figure 2.2: Linear system description of a material’s response to applied electro-
magnetic field. Input is the incident electric field, transfer function is defined by
the susceptibility. The output is polarization vector.

From a linear system perspective, this equation describes the frequency do-
main response P(w) of a system with transfer function H(w) = €,x(w) to an
input £(w). In time domain, the response becomes the convolution of impulse

response of the system with the input:

P(t) = e x(t) * E(t) (2.45)
P(t) = e /OO x(t—tEW)dt (2.46)

Note that the arguments of P and &£ are different (¢ and ¢') which means that the
response of the system is not instantaneous. Therefore, the response of a material
to the incident electric field is not instantaneous. In this section, we investigate

the physics behind this phenomenon.
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2.3.1 Classical (Lorentzian) Electron Oscillator Model

Figure 2.3: Classical electron oscillator model depicts the nucleus (red) and the
electron (violet) as two masses connected by a spring.

Lorentzian electron oscillator model handles the field-material relation at a
very simple, purely classical yet elegant and accurate way [44]. It depicts the
nucleus and the electron as two masses connected to each other by a spring (Figure
2.3). The nucleus is large and immobile compared to the electron. When an
external electric field is applied, the electron moves from its equilibrium position
by a displacement vector z(t) due to the force (F.,; = e£(t)) arising from the
interaction between the electric field and the charge of the electron. This is
modeled as stretching of the spring (or compression, depending on the direction
of the external field). Therefore, there is a restoring force of the spring obeying
Hook’s law (Fipring = —kx(t)) where k is the spring constant. In addition, there
is a velocity dependent damping force (Fuamping = —my2'(t)) since the electron
will lose energy over time. The sum of these forces gives the net force exerted on

the electron and according to Newton’s second law:
ma” (t) + myz'(t) + kx(t) = eE(t) (2.47)

where m and e are the mass and charge of electron, respectively and ~ is
damping rate. For a time harmonic electric field £(t) = Re{&(w)e’™'} and
z(t) = Re{xe’*'}, in phasor domain, (2.28) takes the form:

—mw?r + jwymz + wimz = e€(w) (2.48)

where w, = \/k/m is the resonance frequency. (2.29) can be solved for x:

& 1
i) : (2.49)
m w2 —w?+ jwy

17



Microscopic polarization is defined as p = ex:

_e*E(w) 1

p= (2.50)

m w2 —w?+ jwy

Sum of microscopic polarization for individual electrons in a material where elec-

tron concentration is N(cm™2) gives the macroscopic polarization, P(w):

Ne?&(w) 1
= 2.51
Plw) m w2 —w?+ jwy (251)
Recalling (2.25) P(w) = €,x(w)E(w), susceptibility can be found:
2
) R — (2.52)

w? —w? + jwy

where w, is the plasma frequency of the particular material. Plasma frequency is
defined as:

, Ne?
w. =
p

2.53
o (2.53)
Finally, recalling that dielectric constant ¢, and susceptibility are related by

(2.11) i.e. €. =1+ x, we can express dielectric constant as follows:

2
wp
2 24 4
Wi — w + Jwy

6 =1+ (2.54)

Real and imaginary parts of dielectric constant can be found according to (2.20):

¢ =1 + Wg(wg - w2)
" (W2 — w?)? 4 w22

(2.55)

wiw
e = it (2.56)

(W2 — w?)?2 + w242
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Figure 2.4: (a) Relative dielectric permittivity (b) refractive indices vs frequency
according to Lorentzian model

e, €/, n and k are plotted according to (2.55) and (2.56) on Figure 2.4. There
are a few results that could be inferred: as w increases € also increases except for
Wo—7/2 < w < wy+7/2, which is called the normal dispersion. Near resonance, €’
reduces with the increasing frequency and this is called the anomalous dispersion.
Normal and anomalous dispersion is valid for n, as well. ~ gives the full width at

half mazimum (FWHM) of the resonance peak of €.

2.3.2 Drude Model

Metals have up to three valence electrons which are not bound to any particular
atom. Instead, these electrons are free to roam throughout the metal forming an
electron cloud [45]. As a consequence of these free flowing electrons, metals are
good conductors of both electricity and heat. Also, as there are many available
states in the conduction band of metals, electrons can easily absorb low energy
photons (visible and infrared) via intraband absorption or free carrier absorption
[44].
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The presence of free electrons also determine the optical properties of metals
for which the Lorentzian model derived in the previous section is not valid. In-
stead, y and € are given by the Drude model. As the electrons are free i.e. not
bound to the nuclei, the amendment to be made in the Lorentzian model is re-
moving the spring. We do this by setting the spring constant £ = 0 on Equation
(2.47).

ma” (t) + mya'(t) = e£(t) (2.57)

Similar to the Lorentzian model, one can easily show that susceptibility is given

by the Drude model is:

w.
=——Fr 2.58
X(w) =~ (2.5%)
Therefore, dielectric function is given by:
2
w
w= — Jwry

The imaginary and real parts of dielectric constant can be found as:

w2

€. =1-— = _:72 (2.60)
p_ W

The plasma frequency and the damping ratio of some metals are given in
Table 2.1 below [46,47]. Note that the plasma frequency is given as the ordinary
frequency in Hz, not the radial frequency (rad/s).

Table 2.1: The plasma frequency and the damping ratio of some metals

Metal Plasma frequency (THz) Damping ratio (Thz)

Au 2183 6.46
Ag 2180 4.35
Pt 1244 16.73
Al 3570 19.79
Cu 1914 8.34
Na 1381 6.67

K 889.6 4.45

e, e/, n and k are plotted according to (2.60) and (2.61) on Figure 2.5.

Ty oTr?
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(a)

Figure 2.5: (a) Relative dielectric permittivity, inset is the zoomed version i.e. y
axis is rescaled (b) refractive indices vs frequency according to Drude model

At frequencies much lower than the damping ratio and the plasma frequency,
le. w < v,w <K wy; €. is negative and €. > € in terms of magnitude. Also,
n > 1 and k£ > 1. Recalling the result found in Section 2.2, i.e. a material is
highly reflective if n > 1 or n < 1 or k > 1; we can state that metals are highly

reflective at low frequencies. At these frequencies, metals are very conductive.

For w > v, (2.60) can be simplified as

w2

e =1- w—g (2.62)
Therefore we can simply state that at the plasma frequency €/ = 0. Indeed, the

inset of Figure 2.5(a) confirms this.

When w > v and w < wp; €

' is again negative but €. > € in terms of

magnitude. Therefore we can state that the dielectric function is practically real.
Figure 2.5(b) shows that, at such frequencies n < 1 therefore the material is

again reflective.

When w > w,, €. becomes positive, €. and k are approaching 0. Therefore,
at these frequencies, metals become transparent and allows the transmittance of

electromagnetic field through.

Although some metals like Na and K are well modeled using the Drude model
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as they are dominated by the free electrons; for most metals including Au and Ag
the contribution of bound electrons is not negligible [48]. To represent such di-
electricity of these metals, Drude model is extended by adding an extra dielectric
constant named the background permittivity, €.

w? , wﬁv

L —j
w2 + 2 w(w? 4+ ~?)

(2.63)

€r = €so —

2.3.3 Multi-oscillator Lorentz-Drude Model

For many materials, there are more than one resonance condition such as
electron-nucleus vibration, molecular vibration (symmetic stretching, asymmetric
stretching etc). Nevertheless, all of these phenomena can be modeled using the
Lorentzian and the Drude oscillators. In such a case, the dielectric function of

the material is given by the superposition of the individual resonances at different

frequencies.
p,0 Dy
€ = €o — —— 20 4 _ 2.64
w? — jwyo Z w2 — w? 4 jwy (264)

i=1
Subscripts denote different oscillators. Note that, 0* order oscillator is the Drude

oscillator.

2.4 Surface Plasmons

Surface plasmons are electromagnetic excitations confined to the interface be-
tween a dielectric and a conductor [49]. The field is evanescent in the perpendic-
ular direction and propagates at the interface. Wood was the first to observe this
phenomenon while he was working on metallic diffraction gratings [2]. In this
section, first the surface plasmons are derived starting from the wave equation.

Then, the excitation of surface plasmons via grating coupling is discussed.
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2.4.1 Derivation of Surface Plasmon Equations

P Evanescent field |E,| along z

dielectric medium '[z
X

Figure 2.6: The propagation geometry for surface plasmon. It propagates along
the interface but evanescent in the z direction.

As stated before, surface plasmons are electromagnetic waves propagating at
the dielectric/metal interface. Therefore, we seck solutions to the wave equation
(2.16) for the geometry given in Figure 2.6 (adapted from [50]). The field propa-
gates in x direction along the interface which is at z = 0. For z < 0, the medium

is the metal with relative permittivity €, and for z > 0, the medium is dielectric

(€a)-

For a time-harmonic wave (% = jw) propagating in x direction with wavevec-

tor 3 (% = —jf) and constant in y direction (8% = 0), the curl equations i.e.
(2.3) and (2.4) reduces to two sets of equations:
oE, .
+ jBE, = —jwu.H, (2.65)
0z
1 0H,
e =Jj— 2.66
we 0z ( )
Bo--Pp (2.67)
we Y
0oH, . .
+ jBH, = jwek, (2.68)
0z
1 OF
H,=— Y 2.69
L (2.69)



H.— E, (2.70)

Whto

The mode defined by (2.65) to (2.67) is called the transverse magnetic or
TM polarization. Equations (2.68) to (2.70) defines the transverse electric (TM)
polarization. However, TE polarization does not satisfy the boundary conditions
at the metal/dielectric interface [49]. Therefore, surface plasmons only exist for

TM polarization and this is demonstrated below:

The wave equation for TM mode can be derived by substituting (2.66) and
(2.67) in (2.65):

82Hy

022

where k, is the wavevector in vacuum.

+ (ke — B*H,) =0 (2.71)

Since the wave is propagating in the x drection and evanescent in the z direc-

tion, inside the dielectric (¢ > 0), we can define H, as
H, = e IPrehiz (2.72)

where kg is the wavevector in the z direction inside the dielectric. Therefore,
inserting permittivity €4 of the dielectric into (2.66) and (2.67), the electric field

components in the dielectric can be written as

1

b, = —jw—wkde_jﬁwe_kdz (2.73)
E, = _w%leﬂ'ﬁxe’fdz (2.74)

The boundary conditions require that the tangential components of magnetic
field should be equal on both sides of the interface. Therefore, inside the metal
(i.e. 2 <0), H, can be defined as

H, = e IPrehm= (2.75)

where k,, is the wavevector in the z direction inside the metal. Note that the sign

before the wavevector has changed, compared to (2.72). This is required for the
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evanescent wave nature since inside the metal z < 0.The electric field components

inside the metal (€,,) are

1 )
E, = jIkzme’Jﬁxekmz (2.76)
E, = —%e‘jﬁxekmz (2.77)

The boundary conditions also require that the tangential components of elec-
tric field (E,) should be equal on both sides of the interface. Therefore, for z = 0,
(2.73) and (2.76) should be equal. This results in

ke & (2.78)

[ €m

Note that, for this equation to be satisfied, one of the dielectric constants should
be negative. Therefore, in the quest for searching alternative plasmonic materials,

one should seek materials with negative dielectric constants.
Inserting (2.72) and (2.75) into the wave equation i.e. (2.71) yields
K3+ k2eg— B2 =0 (2.79)

k2 + ke — 2 =0 (2.80)

Combining these two equations and (2.78), the dispersion relation for surface

plasmons propagating at the interface between a metal and dielectric is found:

B = kpy | —2Em (2.81)

€4+ €m

Plasmon dispersion relation at a planar metal/dielectric interface is given on
Figure 2.7. The part of the plasmon dispersion line that is to the right of the
light line gives the surface plasmon polariton modes. The part above the plasma
frequency gives the bulk plasmons i.e. fields propagating in metal. The transition

between is caused by the damping.
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Figure 2.7: Plasmon dispersion relation at a metal/dielectric interface (blue line).
The red line is the so called light line. The part of the plasmon dispersion line that
is to the right of the light line gives the surface plasmon polariton modes. The
part above the plasma frequency gives the bulk plasmons i.e. fields propagating
in metal. The transition between is caused by the damping.

2.4.2 Excitation of Surface Plasmons

As seen on Figure 2.6, surface plasmon modes have larger wavevector than the
incident light (light line) in the medium. In quantum theory, the wavevector
of light is related to the momentum of the photons (p = hk). Therefore one
can state that the momentum of incident light is not enough to excite surface
plasmons and it is impossible to generate surface plasmons by directly applying

electromagnetic field to a planar interface.

Nevertheless, there are several methods for exciting surface plasmons includ-
ing very common Kretschman prism coupling [51], grating coupling and impact
coupling etc [49]. However, here only grating coupling will be discussed as this is
the method that is used in this study. There is a very good discussion of other
methods in [49].

When the surface of the metal is periodically corrugated as in Figure 2.8,
the incident radiation will scatter from the gratings and the x component of its
wavevector will be increasing or decreasing by integer multiples of the wavevector

of the grating structure. If the wavevector of one of such mode is higher than that
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of the incident light, surface plasmons can be excited as the wavevector mismatch

can be overcome.

Figure 2.8: Periodic grating geometry used to generate surface plasmons. The
red line represents the incident radiation, making an angle # with the normal.
The period (P) is defined as the center to center distance of the gratings.

The x component of the wavevector of the incident radiation is k, = ksinf.
The wavevector of the grating structure is defined as G = %’T where P is the pe-

riod. Therefore, the phase matching condition is given by the following equation:
B = ksinf +mG (2.82)

where [ is the surface plasmon wavevector and m is any integer.

For normal incidence, # = 0 and for first order resonance, m = 1. Using the
plasmon dispersion equation (2.81) and substituting A\ = 27”, first order resonance

wavelength for normal incidence can be found:

A= p, | Sdm (2.83)
€qt €m

2.4.3 Plasmonic Figures of Merit

There are two important figures of merit (FOM) regarding the performance of
plasmonic materials in terms of performance for various applications: Mode con-

finement width (Dw) and propagation length (Lp).
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Free electron damping and interband transitions in metals results in complex
dielectric constants where the imaginary part is nonzero. This corresponds to
loss (absorption) in metals. Therefore, while propagating surface plasmons are
damped with the propagation length, Lp = 1 / Im{B}. Inserting the dispersion
equation (2.81) into (2.84) yields

€d€m
Lp=1/1 ko 2.84
P / m{ €d+€m} ( )

For most metals, propagation length is between 10 and 100 gm in the visible

wavelengths [49].

Due to the evanescent nature of the surface plasmons, field is confined in
the perpendicular direction. Plasmonics allow the confinement of electric field
into volumes smaller than the diffraction limit. This high confinement results
in enhancement of field which is why plasmonics is preferred for most applica-
tions. The decay length into the metal is é,, = 1/k,, and into the dielectric it is
dq = 1/kq where k,, and k, are wavevectors of the suface plasmon in the perpen-

dicular (z) direction in metal and the dielectric, respectively. Wavevectors in the
perpendicular direction are k, = /f3? — ek? . Therefore, the decay lengths can

be found as
1 / Re{k:o Ed_ﬁzm} (2.85)
2
04 = 1/Re{k0 €d+im} (2.86)

For plasmonic waveguiding applications, confinement width is expressed by

Om

the following equation [52]:

5@2’7‘ |€m| Z €
Dy = (2.87)

5azr+5m(1_ln(|€m|)) |€m| <e
In surface plasmon waveguides, there is a trade-off between the propagation length
and the confinement width. The better the confinement, the shorter the propaga-
tion length. While choosing a material (i.e. a metal or an alternative plasmonic

material), one should balance this trade-off.

28



Chapter 3

ALD Grown ZnO as a Plasmonic
Material

Zn0 is a II-VI compound with a substantial ionic character which results in a
high bandgap energy of 3.37 eV (368 nm). Although it can assume wurtzite,
zinc-blende and rocksalt crystal structures, under ambient conditions the ther-
modynamically stable phase is the wurtzite symmetry. Applications of ZnO in
electronics and photonics include LEDs, lasers, photodiodes, solar cells, field ef-

fect transistors and piezoelectric devices [53].

In this chapter, atomic layer deposition (ALD) growth and optical character-

ization of ZnO is presented. Also, plasmonic properties of ZnO are discussed.

3.1 Growth

ALD is a monolayer level deposition technique which is based on sequential expo-
sure of reactants called the precursors. As it depends on surface reactions, growth
at the surface is self limiting which increases the uniformity and conformality of

the grown layers.
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There are 4 steps forming each cyle of ALD growth: (i) exposure of first
precursor and reactions at the surface reactive sites, (ii) purging in order to
remove excess precursors and by-products, (iii) exposure of the second precursor
and reactions (iv) purging to remove excess precursors and by-products. This is
called one cycle and growth of a film at desired thickness can be achieved after
N cycles.

%°Ho \‘ Zn(CH), [ eCH,

: *
..:.' :

|
'

$3%3 35 éL& é &é

(i) (i)

Figure 3.1: Steps of the ALD cycles of ZnO growth: (i) Exposure of H,O and
reactions at the surface (ii) Purging in order to remove excess water and by-
products, (iii) Exposure of Diethyl Zinc (DEZ) and reactions (iv) Purging to
remove excess precursors and by-products.

ALD growth of ZnO films are carried out using Cambridge Savannah 100 Ther-
mal ALD system at UNAM Cleanroom Facility. The precursors are diethylzinc
(DEZ) and milli-Q water (H20) and the substrate is n-type (100) Si wafer. The
growth is conducted at temperatures of 120°C', 200°C' and 250°C' for 300 cycles.
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The chemical reactions governing the ALD growth of ZnO are as follows [54]:
in the DEZ phase, i.e. when DEZ is exposed:

surface — O — H + Zn(CyHs)s — surface — O — H — Zn — CoHs + CyHg
After this step, excess DEZ and CyHg is removed by purging. In the H,O phase;
surface— 0O —H — Zn—CyHs+ HyO — surface— O —H —Zn—0 — H+ CyHg

Excess HyO and C5Hg is removed by purging. The growth continues by repeating
these steps.

3.2 Optical Characterization

Optical characterization of grown films is conducted using spectroscopic ellipsom-

etry technique.

3.2.1 Spectroscopic Ellipsometry Technique

Ellipsometry is a technique that is used to extract the optical constants of a film

by measuring the change in the polarization of a light beam reflected from the

film.

The polarization of light is determined by the route the direction of electric
field follows over time. The electric field can be written in terms of two compo-
nents, one is parallel and the other is perpendicular to the plane of incidence and

they are called the p and s polarization, respectively (Figure 3.2).

If the two components are in phase, the light is linearly polarized. 1f there is
a phase difference of 7/2 and the amplitudes of the two components are equal,
the light is circularly polarized. Except these two extreme conditions, the electric

field of the wave draws an ellipse over time (The name ellipsometer derives from
here.).
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plane of
incidence

Figure 3.2: Reflection at the boundary of two different media. If the electric field
is perpendicular to the plane of incidence, it is called the s polarization. If it is
parallel, the light is p polarized.

In Section 2.2, reflection coefficient at a boundary for normal incidence was de-
rived. For normal incidence, the polarization of light does not affect the reflection
coefficient. However, when the angle of incidence is nonzero, s and p polarized
components reflect with different reflection coefficients. These coefficients are

given by the Fresnel equations:

nq1c0s6; — nycosh,

s = 3.1
n1cos6; + nocosbs (3.1)

for s polarized light and

n9c0s0; — nycosts
Ty =

3.2
nocosty + nicosts (3:2)

for p polarization.

An ellipsometer system (Figure 3.3) uses a light source and a polarizer to
generate the incident beam [55]. The linearly polarized light is reflected from the
surface and its polarization after reflection is determined by the rotating analyzer.
By comparing the polarization states of the incident and the reflected beam, what
ellipsometer measures (p) is the ratio of 7, /rs. It can we written in terms of two
angular variables, A and W.

p= :—p = tan(¥)e'® (3.3)
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Figure 3.3: A basic scheme for an ellipsometer system. The randomly polarized
light generated by the light source is linearly polarized by the polarizer and the
incident beam is formed. After reflection, the polarization of the reflected beam
is determined by the rotating analyzer and the detector.

In spectroscopic ellipsometry, data analysis is conducted by a software by
fitting theoretical models to the measurement result. The theoretical model can
consist of multi-oscillator Lorentz-Drude model (as described in Section 2.3.3)
in the absorptive wavelength ranges. The transparent wavelength ranges are

modelled by the Cauchy dispersion equation [56].

When thin films are characterized by ellipsometry, multiple reflections at the
air/film and film/substrate interfaces causes an infinite series (Figure 3.4). In this
case, the thickness of the film becomes a fit parameter to be determined along

with the optical constants.

air

substrate \

Figure 3.4: Multiple reflections at an air/thin film/substrate structure causes an
infinite sum of the reflected components
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3.2.2 Optical Properties of ZnO

Optical characterization of grown films is conducted using J.A. Woollam V-Vase
(0.4-1.7 pm) and IR-Vase (1.8-15 pm) ellipsometers. In order to minimize fit
errors, the measurements are conducted at two different angles of incidence, 57°
and 67°.

The bandgap of ZnO corresponds to 368 nm. ZnO films are transparent from
this point up to the near infrared [57]. Hence, the measurements taken with

V-Vase (0.4-1.7 um) are modelled with the Cauchy dispersion equation:

n(\) = A+ % + % (3.4)
k(\) = AyelZe (5 —E0) (3.5)

where A, B, C, Ay, and E}, are fit parameters and E|, is the band gap energy (3.37
eV). The fit parameters used for the ZnO films are given on Table 3.1.

Table 3.1: Caucy dispersion model fit parameters used for the optical character-
ization of ZnO films in the 0.4-1.7 wm range

Growth Tthk
Temp. (nm) A B C Ay By (eV)

120 °C 4547 1.816 5.05x107% 3.920 x 107" 4.685 x 107> 0.999
200 °C  44.86 1.813 4.74x 1072 2836 x 107" 2.821 x1072 0.2
250 °C  34.62 1.786 3.03x 1072 2.844x107° 2175 x 1072 0.229

The measurements taken with IR-Vase (1.8-15 pum) are modelled with the
multi-oscillator Drude-Lorentz model described in Section 2.3.3 since absorption
of light by the films are not negligible anymore due to the existence of free carriers.
Equation (2.64) can be rewritten for i = 1 as follows:

FO F177/("-)0
A A
ha)? + jTohw | (hwsg)? — (hw)? — jT 17

(3.6)

€(w) = €5 —

Note that the term with subscript 0 arises from the Drude oscillator and the one
with subscript 1 arises from the Lorentz oscillator. h is the reduced Planck con-
stant, Ag and A; are the amplitudes of the oscillators, I'y and I'; are broadening

and w, is the resonance frequency of the Lorentz oscillator.
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The fit parameters of the multi-oscillator Drude-Lorentz model used for ZnO
films are given on Table 3.2. Note that, this time the film thickness is not a fit

parameter as it is found in the previous measurement and entered to the software.

Table 3.2: Multi-oscillator Drude-Lorentz model fit parameters used for the op-
tical characterization of ZnO films in the 1.8-15 pum range

Growth
Temp‘ (OC) €00 AO FO Al Fl Wo
120 3.71 51.20 4830 1694 8468 397.3
200 3.65 51.59 52.74 8109 2024 397.0
250 3.25 55.77 60.98 14886 2241 396.5

The measured optical constants of the ZnO films are given on Figure 3.5.

3.3 Plasmonic Properties of ZnO

As seen on Figure 3.5 (a), the real part of the relative permittivities (€') are given.
For ZnO film grown at 200 °C, ¢ < 0 for A > 8 pwm and for the film grown at 250
°C, ¢ < 0 for A > 4.08 um. Therefore, these two films show metallic properties

for these wavelengths and can be used for plasmonic applications.

Using the plasma wavelengths mentioned above, the plasma frequencies can
be calculated as 2.35 x 10 and 4.62 x 10 rad/s, respectively. Using the
equation given in (2.53) and inserting the effective electron mass in ZnO as
m = 0.23m, where m, is the electron mass [58]; carrier densities can be cal-
culated as 4.056 x 10'® em ™3 and 1.542 x 10! em™=3. The increase in the carrier
density with increasing growth temperature is due to the increased oxygen vacan-
cies which acts as n type doping in ZnO. Finally, these numbers are sufficiently
close to the reported values in the literature [54]. The slight difference can be

attributed to different growth conditions.
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Figure 3.5: Optical constants of ZnO layers grown at different temperatures. In
all plots, the z axis is the wavelength (um). (a) Real and (b) Imaginary part
of the relative permittivity. (c) Real and (d) Imaginary part of the complex
refractive index.

In Figure 3.6, permittivity of ZnO and Au are given for comparison [59]. It
can be seen that €, , < €,, and €%,, < €},. Therefore, one can state that

optical loss is much lower in ZnO compared to gold.
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Figure 3.6: a) Real and b) Imaginary parts of permittivity of ZnO and Au for
comparison. The left axis is the permittivity of ZnO (blue lines) and the right
axis is the permittivity of gold (red lines).

Plasmonic figures of merit (FOM) such as confinement width (Dy ) and prop-
agation length (Lp) were given in Section 2.4.3. Here, these FOM are calculated
both for ZnO and Au and given on Figure 3.7. It is seen that gold enjoys a longer
propagation length. Since the real permittivity of gold is much larger than that
of ZnO as shown on Figure 3.6 a), electromagnetic field penetrates less into gold
compared to ZnO. This results in more absorption in ZnO and a shorter prop-
agation length compared to gold. Therefore, gold is more advantageous when a

longer propagation length is needed, such as in waveguiding applications.

On the other hand, ZnO films allow a better confinement of the field. Better
confinement leads to higher enhancement of the electromagnetic fields. A higher
field enhancement is desirable in localized surface plasmon applications such as

biosensors. Therefore, ZnO is superior to gold in this kind of applications.

There is a trade-off between the propagation length and the confinement
width. As mentioned before, while choosing a material (i.e. a metal or an alter-
native plasmonic material), one should balance this trade-off. Since the optical
parameters can be easily tuned by changing the growth temperature, ZnO gives
a higher degree of freedom by offering control of the parameters that determine

the figure of merit and allow their effective optimization.
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Figure 3.7: Comparison of Au and ZnO grown at 200 °C and 250 °C in terms
of a) surface plasmon propagation length and b) mode confinement width at the

air interface.

Gold offers higher propagation length, yet ZnO provides higher

confinement of the electromagnetic field. Also, ZnO allows to fine tune these
figures as there is a small difference between the performances of ZnO grown at

200 °C and 250 °C.

In the end, we can state that ZnO is a promising alternative plasmonic mate-

rial.
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Chapter 4

Applications of ALD Grown ZnO

Computational simulations are the cheapest experimental setup in terms of cost
and time. Therefore, in photonic applications, making simulations is desirable be-
fore fabricating devices. First presented by Kane Yee in 1966 [60], FDTD method
is able to simulate a variety of electromagnetic problems which include inhomoge-
neous, dispersive, and anisotropic media with applications ranging from scattering
to antenna simulation [61]. It solves the Maxwell’s equations by approximating
the partial derivatives using discrete difference equations (thus finite-difference).
The problem is discretized both in time and space. The simulation scheme is
divided into a grid and at each time step, electric and magnetic field components
are calculated by using the values found in the previous step. Therefore, the fields
propagate along the simulation scheme and evolve in time (thus time-domain).
Although this algorithm requires intensive computation power, it is not a problem

with today’s fast computers available at affordable prices.

To conduct the FDTD method, a commercial software package named FDTD
Solutions by Lumerical Inc is used [62]. It has a user-friendly interface, intuitive

scripting language and it is well acknowledged by the scientific community [63,64].

In this chapter, two different applications of ALD grown ZnO are computa-
tionally demonstrated: An ultra-wide-band absorber and a new generation mi-

crobolometer.
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4.1 Ultra-Wide-Band Infrared Absorber with

Zn0O Plasmonic Gratings

In Chapter 3, it is shown that ALD grown ZnO can be used as a plasmonic ma-
terial in the infrared. To demonstrate plasmonic resonances in ZnO, an infrared
absorber with ZnO grating structure is designed (Figure 4.1 a,b). The parameters
defining the structure are width (w), height (h) and period (P) of the gratings.
Si is chosen as substrate since it is common. Also, for comparison, a reference
simulation setup is formed where a slab of ZnO which does not utilize gratings is

placed on Si substrate (Figure 4.1 ¢,d).

a) c)
{ ¥

X

Figure 4.1: Simulated structures: Plasmonic grating structure, a) 3D and b) 2D
side view. TM polarized EM wave has electric field along x axis. Reference
structure, c¢) 3D and d) 2D side view. Note that, the thickness of ZnO film is the
same for the reference and the grating structure.

A 2-D simulation setup is configured with the periodic boundary conditions
on the z axis and perfectly matched layers (PML) on the y axis (Figure 4.2).
The periodic boundary condition make the grating appear as an infinite array
along the x axis. The PML boundary condition works by artificially adding lossy
terms such that the impedance going from the background medium to the PML
is intact. Therefore, there is no reflection. Using PML boundary immediately
after Si causes the substrate to be infinite in extend. The mesh grid around and

inside ZnO region is set such that the mesh steps in x and y directions are 25 nm.
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Figure 4.2: Simulation setup used for the ZnO grating structure.

The structure is illuminated with a plane wave source where the wavelength
range of the light is 4-15 um. Also, the plane wave is TM polarized, i.e. the
electric field is along the x axis, which enables the generation of surface plasmons
in the grating structure. Si substrate is modelled with a constant refractive index
n = 3.42 and extinction coefficient k = 0, within the wavelength range of interest.

The ZnO film is modelled using the optical parameters of ZnO grown at 250 °C.

In order to investigate resonant conditions, absorption in the ZnO film is
calculated using the difference of power transmission through two field monitors,
one located on top of gratings and another at the ZnO/Si interface (y = 0). The
power transmission through the top monitor is P = 1 — R, where 1 denotes the
incident light and R is the reflection from the grating structure. The transmission
through the monitor at y = 0is P, = T where T' is the power transmitted through
the ZnO film. The absorbed power (A) can be calculated using A =1—R—T
which equals A = P, — P,.

For demonstration purpose, the period is chosen P = 5 pum, width of the
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Figure 4.3: a) Comparison of the absorption spectra of the reference structure
and the plasmonic structure. b) Electric field intensity profile around the gratings
(A =115 um).

grating is chosen as w = 4 pum and the grating height is A = 1.5 um. The base
thickness of ZnO is chosen as 1 pum, in order to de-couple the resonances in the
gratings from the effects of the substrate, as we are aiming to generate plasmons

at the air/ZnO interface.

The absorption spectra for both the reference and the plasmonic structure are
given on Figure 4.3. A resonance peak is observed at a wavelength that is very
close to the grating periodicity of 5 um. This resonance can be attributed to the
excitation of surface plasmon polaritons. In Section 2.4.2, it was shown that first

order resonance wavelength in plasmonic grating structure is

A= P, dm (4.1)
€4+ €m

When the dielectric is air, ¢, = 1. When ¢, > 1, the equation (4.1) reduces to
A=~ P (for ZnO, €, = —0.797 + j4.162 at A = P =5 pm).

In addition, a stronger broadband resonance is observed at A = 11.5 pum. Since
the separation between the gratings are much lower than the grating width, the
structure can be treated as a truncated MDM slot waveguide and supports a
fundamental edge mode [65,66]. In Figure 4.3b, the intensity profile at A = 11.5
pm is given and field intensity is maximum at the edges. This can be attributed

to the singular behavior of electric field near sharp edges. That the field intensity
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is 0 in the base ZnO and the Si substrate shows that the incident light is not
coupled into the substrate layer through the grating waveguide effect.
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Figure 4.4: Absorption spectra for different structures. As other plasmonic de-
vices demonstrated using conventional metals, ZnO absorber allows the spectra
to be tuned.

Finally a parameter sweep is conducted in order to investigate the structural
dependence of the absorption spectra (Figure 4.4). When P = 5 um, there is a
resonance at 5 um as expected and when P = 4.4 um, the resonance shifts to
4.4 pm. Also, Figure 4.4 shows that the wavelength of the broadband resonance
is affected both by w and h. The grating width (w) determines the plasmon
wavevector along the slot waveguide [67] and the height of the grating affects the
supported mode [66]. As other plasmonic devices demonstrated using conven-

tional metals, ZnO absorber allows the spectra to be tuned [15].

In Figure 4.3, the significant contribution of plasmons to the absorption spec-
tra is clear. Also, Figure 4.4 shows that the resonances can be tuned. Therefore,
the structure can be tailored to achieve maximum absorption in a desired spectral
range. An optimum design is sought in order to maximize the average absorption
in 4-15 pm band. The period of the structure is varied from 1 um to 5 pm, and
the height of the gratings are swept from 0.5 pum to 1.5 um. For each of these two
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Figure 4.5: a) Comparison of the absorption spectra of the reference structure
and the plasmonic structure when h = 1.4 ym, P = 1.8 pm and w = 1.2 pm. b)
Absorption enhancement is the ratio of % absorption of plasmonic structure to
the % absorption of the reference structure.

parameters, the width of the gratings is also varied where the minimum width is
100 nm and the maximum width is the 80% of the corresponding period. The
base thickness of ZnO was kept constant, i.e. 1 um. For each structure, reference
structures are also created where a slab of flat ZnO that has the same thickness
is placed on Si substrate. For both sets of structures, absorption in the 4-15 um
band are calculated. When the grating has a height of 1.4 um, a period of 1.8
pm and a width of 1.2 pm; the absorption is maximized. The absorption spectra
of this structure is given on Figure 4.5. For the entire spectrum, absorption is

over 70% and the average absorption in this spectrum is ~ 85%.
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4.2 7ZnO for Uncooled Infrared Imaging

Vision is humankind’s dominant sense as it is where most of the information
about the surrounding environment is derived from [68]. Therefore, the desire to

see under darkness is obvious.

The visual spectrum (VIS) is a narrow band in the entire electromagnetic spec-
trum of optical frequencies. Some IR wavelengths can also be used for imaging
purposes if necessary devices are designed. The transmittance of the atmosphere
surrounding our world is a function of the wavelength. Due to the vibrational
modes of the gases, atmosphere is only transparent at a number of bands in the
IR and these bands are where imaging can be achieved. These are short-wave
IR (SWIR, 0.7-2 pm), mid-wave IR (MWIR, 3-5 pm) and long-wave IR (LWIR,
8-12 um).

Imaging in the SWIR is similar to VIS since at these wavelengths imaging
depends on light that is reflected from the objects. However, imaging in MWIR
and LWIR depends on the detection of light that is emitted from the objects.
Any object that is not at absolute zero temperature (0 °K) emits light and this
emission depends on the temperature of the material. The peak wavelength of
emission of the Sun, which is around 6000 °K, is at around 500 nm, i.e. roughly
the center of the visible spectrum. This peak wavelength is around 10 pm for
objects at near room temperature and at shorter wavelengths for hotter objects.
This fact makes the imaging in the LWIR (8-12 pum) favorable.

As mentioned before, special detectors need to be designed for imaging in
the IR. These detectors can be classified under two types: cooled and uncooled

photodetectors.

The cooled photodetectors are semiconductor optoelectronic devices that op-
erate on photogeneration and collection of electrons and holes. Although these
devices can be simple diodes fabricated using low bandgap semiconductors like
mercury cadmium telluride (HgCdTe) and indium antimonide (InSb), there are

also more complex structures like quantum well infrared photodetectors (QWIP)
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and type-II superlattice photodiodes. These photodetectors offer high perfor-
mance (higher resolution, higher signal-to-noise ratio, faster response) compared
to the uncooled counterparts. But, they need to be cooled to cryogenic tempera-
tures because the thermal generation of electrons and holes at room temperature
is much greater than the photogeneration. This increases the cost of cooled pho-

todetectors which hinders the integration of IR imaging with the civilian life.

The working principle of the uncooled detectors is different. They sense the
temperature change due to the absorption of the IR radiation and there is no
need for cooling. Uncooled detectors offer cost effective solutions targeting the
competitive high volume low-end user market. With the development of new
and cheaper detectors, IR imaging market is shifting from defense to civilian
sectors with the introduction of new commercial and high volume markets such as

automotive, surveillance, thermography, and IR imaging in smartphones (Figure
4.6) [69].

(million units)

o o = =
(e} oo o N
| | | ]

o
SN
|

Market Size

1 =—a—— = w»n = = —= =

I I I I I I I I
2011 2012 2013 2014 2015 2016 2017 2018

0.0

—&— Military —@— Commercial

Figure 4.6: Global uncooled thermal camera market size forecast in units
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Among uncooled detectors such as thermopiles, pyroelectric detectors, and

microbolometers, the latter are more popular for infrared imaging purposes [70].

A microbolometer pixel consists of an absorber layer, an active detector mate-
rial (thermistor), and the support arms as given in Figure 4.7 [71]. The absorber
layer and the thermistor are free-standing for thermal isolation. The absorption
of the incident radiation causes an increase in the temperature of the thermis-
tor. This temperature increase changes the resistance of the thermistor, and this
change is converted to electrical signal by the read-out integrated circuit (ROIC).
The percentage of change in the resistance of the thermistor per kelvin is given

by the temperature coefficient of resistance (TCR) of the thermistor material.

Absorber Active material

Contacts

Figure 4.7: Schematic of a conventional microbolometer

The key figure of merit indicating the performance of a microbolometer is the
noise equivalent temperature difference (NETD) which is defined as the change

of temperature of the scene that will cause an increase of signal-to-noise ratio by
unity. NETD is given by [72]

4F*V,
TOAR(AP/AT))\l_)\Q

NETD = (4.2)

where F' is the focal ratio of the optics, V,, is the total electrical noise, 7, is the
transmittance of the optics, A is the area and R is the responsivity of the pixel,

(AP/AT)y,—», is the change of power per unit area radiated by a blackbody at
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temperature T, measured within the spectral band of (A; — A2). The responsivity

can be expressed as
AV . nIdOéRd

Po Gth

where 7 is the absorption coefficient, I; is the detector current, a is the TCR,

R:

(4.3)

Ry is the detector resistance, Gy, is the thermal conductance. Another impor-
tant parameter affected by the thermal conductance is the time constant of the

detector which is given by
_ Cy

" Ga
where (Y, is the thermal capacitance. The time constant is a measure of the

T (4.4)

response time of the microbolometer, and a smaller time constant is desirable
for faster sensors. For imaging applications based on 30 Hz frame rate, a time
constant of 10 ms is tolerable and that for 60 Hz frame rate should be less than
7 ms [73].

In order to maximize the responsivity of the microbolometer and reduce the
NETD, new materials or sensors architectures that provide higher TCR and ab-
sorptivity and lower thermal conductivity are desirable. However, when thermal
conductance, Gy, is lower, the time constant increases. Due to the trade-off
between NETD and time constant, a new figure of merit is defined [74], NETD-

thermal time constant product

FOM = NETD x T (4.5)

In terms of thermistor materials, most of the commercially available mi-
crobolometers employ vanadium oxide (VO,) and amorphous silicon (o — S7)
with TCR values between -2 %/K and -3 %/K [70,71]. In addition, alternative
active materials reported include but are not limited to thin film metals such
as titanium (0.35 %/K) [75] and platinum (0.14 %/K) [76], and YBaCuO (-3.3
%/K) [77]. Also, recently, researchers in our group demonstrated atomic layer de-
position (ALD) grown ZnO as a candidate thermistor material with a TCR value
of -10.4 %/K [57]. While the most widely used absorber layer is Si3N; [78-80]
there are also reports on the use of alternative CMOS compatible dielectrics [81]

and thin metals [72,76] as the absorber layer.
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Figure 4.8: Schematic of the proposed single layer all-ZnO microbolometer struc-
ture

The material complexity and process steps of microbolometers could be re-
duced if the thermistor layer and the absorber layer were consolidated in a single
layer. Recently, Yoneoka et. al. suggested replacing the thermistor and absorber
layers with a thin ALD grown Pt layer [76]. It was mentioned that the TCR value
of ALD grown ZnO (grown at 120 °C) was measured to be -10.4 %/K [57]. Also,
the optical properties of ZnO was already extracted in this thesis. Therefore, an
all-ZnO microbolometer, where ALD-grown ZnO layer is employed as both the
thermistor and the absorber as shown in Figure 4.8 is computationally analyzed
using FDTD method in order to calculate the absorptivity in the long-wave in-
frared (LWIR) region (8-12 um). The results of the optical simulations are fed

into thermal simulations and time constant and NETD values are extracted.

4.2.1 Optical Simulations

For simplicity, a 2D simulation setup is chosen in which the arms and anchors
features of a standard microbolometer are neglected as can be seen in Figure
4.9. On the x-axis, periodic boundary conditions are assumed. On the y-axis,

metal boundary condition is chosen at the bottom, to represent the metallic
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Figure 4.9: Simulation setup for the all-ZnO microbolometer structure

Metallic boundary

reflector beneath the gap. Metal boundary conditions are perfectly reflecting and
do not allow electromagnetic energy to escape the simulation area. On the top,
a perfectly matched layer (PML) is assumed. The mesh step in the y direction
is 25 nm. In the x direction, only one mesh is used due to the periodicity. The
structure is illuminated with a normally incident plane wave where the wavelength
range of the light is 3-15 pum. A field monitor is placed behind the plane wave
source in order to calculate the absorption in the microbolometer structure. Since
all energy incident at the bottom boundary is reflected back, total absorption
can be calculated using P,ps=(1 — P,.f) where P, s is the ratio of the power
transmitted through the field monitor to the power radiated by the plane wave

source. Therefore, P, gives the ratio of absorbed energy to incident energy.

A parameter sweep is conducted to find the optimum structure for which the
average absorption in the 8-12 um band is maximized. The thickness of the ZnO
film (¢) is varied from 50 nm to 2 um and the gap height (g) is varied from 100
nm to 4 um. Average absorption in the LWIR band is calculated by equally
weighing absorption at all wavelengths in the 8-12 um band (Figure 4.10).
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Figure 4.10: Average percent absorption in the LWIR (8-12 pm) band vs simu-
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According to Figure 4.10, it can be stated that; in general, as ¢ increases, the
average absorption increases as expected. Average absorption is maximized when
t is between 1.25-2 pm. This is due to the Fabry-Perrot resonance inside the ZnO
film. The resonance condition for the Fabry-Perrot cavity is fulfilled when the
cavity length is one fourth of the wavelength of the incident light. When the
incident light is in the LWIR band (8 um < A\, < 12 um), the wavelength inside
the ZnO film is in the 4.5-8 pum range since A = \,/n where n is the refractive
index of ZnO at the corresponding wavelength (Figure 4.11). Therefore when the
film thickness is in the 1.25-2 pum range, the resonant wavelength is between 8-12

pm and this leads to an efficient absorption in the LWIR band.

Besides the film itself, the resonant cavity can be formed by the gap beneath.
Here, the medium is vacuum and therefore the resonance occurs when the gap
height is between 2-3 pum (\,/4). Adjusting the gap height between 2-3 pm,
more than 40% absorption is achieved even with ZnO films as thin as 100 nm.
In Figure 4.10, note that, absorption is almost zero for very thin (< 100 nm)
absorbing layers if the gap height is below 2 pm. Finally, the results show that

maximum absorption (95.6%) occurs when ¢ = 1.1 um and g = 0.8 pm.
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Figure 4.11: On the left axis, real (n) and imaginary (k) parts of refractive index
of ZnO (grown at 120°C) in LWIR region is given. On the right axis, wavelength
of light in ZnO film is given (A = \,/n).

4.2.2 Thermal Simulations

In order to extract the figures of merit of the all-ZnO microbolometer, thermal
simulations are conducted by Dr. Yusuf Tanrikulu at Adana Science and Tech-
nology University. For the simulations, the density of ZnO is assumed as 5.6
g/cm? [82] and thermal conductivity is assumed to be 90 W/mK [83]. For the
specific heat of ZnO, the value given on [84] is used, 40.25 J/mol.K (0.49.J/¢K).
Table 4.1 shows the thermal simulation results for different pixel structures with
varying ZnO film thickness and gap height. Also, in some of the simulations, the
arm thickness of the microbolometer is thinner than the ZnO film. The aim is
reducing the thermal conductance and therefore increasing the responsivity, R.
Increased responsivity results in lower NETD as can be seen in equations (4.2)
and (4.3).

The highest performing detector (NETD of 171 mK) can be obtained with a
body thickness of 1.1 um and an arm thickness of 50 nm. The fastest detector
(7 = 0.32 ms) is achieved with a ZnO thickness of 150 nm both on the body and
the arms. The rows representing these detectors are highlighted on Table 4.1.
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Table 4.1: NETD and thermal time constant calculation for different pixels using
the results of the optical and thermal simulations.

Arm Thickness Film Thickness Gap Height NETD Time constant FOM

(i) (o) (o) (mK) (ms) (mK.ms)
1.10 1.10 0.8 3575 0.33 1180
0.05 1.10 0.8 171 6.60 1129
0.15 0.15 2.1 940 0.32 301
0.05 0.40 1.7 198 2.50 495
0.05 0.25 2.0 239 1.70 406
0.05 0.15 2.1 325 0.92 299

In conclusion, an all-ZnO microbolometer is introduced and two distinct pixel
designs are presented: The detector design with the highest absorption offers an
NETD value of 171 mK with a thermal time constant of 6.6 ms, and FOM (NETD-
time constant product) of 1129 mK.ms. Although the thermal time constant is
compatible with 60 Hz frame rate imaging, this detector is outperformed by the
highest performance microbolometers available in today’s technology that achieve
< 50 mK NETD. Nevertheless, such a microbolometer can be used in low-end

applications such as thermography and automotive.

The fastest detector design shows 0.32 ms thermal time constant with an
NETD of 940 mK and FOM of 301 mK.ms. This detector is suitable for appli-
cations where the speed is of the primary importance such as missile tracking.
This application does not require a very low NETD value since the object to be

tracked (a missile nozzle in this case) is a lot hotter than the scene.
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Chapter 5

Conclusion and Future Directions

In conclusion, ALD grown ZnO is introduced as an alternative plasmonic mate-
rial in the infrared. The dielectric permittivity values of ZnO grown at different
temperatures are extracted and it is shown that the plasma frequency of ALD
grown 7ZnO depends on growth temperature. The ability to tune the optical
properties enables effective optimization of propagation loss and mode confine-
ment width of plasmonic devices. Furthermore, a plasmonic grating coupler is
simulated using FDTD method and plasmonic resonances at the ZnO/air inter-
face are demonstrated. The absorption spectrum of the simulated device show
exceptional performance enhancement over reference device in the 4-15 um wave-
length band. The future work will be fabricating grating structures using focused
ion beam (FIB) and experimentally demonstrating the plasmonic resonances at
ALD grown ZnO.

Consolidating absorber and thermistor layers within a single ZnO layer, the
main advantage of the all-ZnO microbolometer is the reduced material complexity
and number of fabrication steps. This advantage leads to higher yield and taking
into account the simple growth technology offered by ALD, all-ZnO microbolome-
ter appears as a low cost alternative. The future work about ZnO bolometers will

be the realization of this microbolometer.
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