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Kurzzusammensassung
Optisch Stichten sind wesentliche Komponenten für optischen Systemen, um Licht zu
reflektieren oder transmittieren. Die Laserkomponenten erfordern komplexere
Eigenschaften von optische Schichten, wie z. B. genaue Dicke, Gleichmäßigkeit über
große Fläche, geringe Absorption, hohe LIDT (Laser Induced Damage Threshold),
kleine Spannung, hohe Filmdichte und so weiter.
Der ALD-Prozess wird untersucht, um Al2O3 und HfO2 Schichten abzuscheiden.
Die Filmeigenschaften wurden untersucht und mit IBS (Ion Beam Sputtering) Al 2O3
und HfO2 Schichten verglichen. Antireflexschichten für 1ω-4ω des Nd: YAG lasers
wurden mit ALD HfO2/Al2O3 Doppelfilmschichten hergestellt. Die Antireflexschichten
wurden charakterisiert und mit den Schichten verglichen, die mit IBS HfO2/Al2O3
hergestellt wurden.
Sowohl ALD HfO2 als auch Al2O3 haben Dicken mit hoher Auflösung aufgrund der
selbstbegrenzten Eigenschaft. Dünne Schichten können durch Zählen der Zykluszahl
gesteuert werden. Beide Schichten haben Gleichförmigkeit >99% in einem Bereich
von 60 mm. Bei 1064 nm zeigen die ALD Schichten geringe Absorption um 3.7 ppm
und ähnliche LIDT wie IBS-Filme. Annealing bei 300/400 °C erhöht die LIDT von ALD
Al2O3 um 30%, aber erhöht nicht die LIDT von ALD HfO2. Für 1ω-4ω des Nd: YAG
lasers haben die ALD Antireflexschichten im Allgemeinen höhere LIDT als IBS
Schichten. Die LIDT der Antireflexschichten ist durch die ALD HfO2 Filmschicht
begrenzt.

Die
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von

sowohl

ALD

Einzelschichten

als

auch

Antireflexschichten wird durch Defekte hervorgerufen.
ALD Filme, sowohl Einzelschichten als auch Mehrfachschichten, wiesen eine
starke Zugspannung auf. Ein Modell für den Ursprung der Filmspannung wird erstellt.
Unter Ausnutzung der hohen LIDT und Gegenspannng von ALD und IBS Schichten
wurde ein Konzept vorgeschlagen, um hohe LIDT und kompensierte Spannung mit
ALD Al2O3 und IBS SiO2 zu entwickeln. Nach diesem Konzept wurd eine aus 4
Schichten bestehende Antireflexschichten hergestellt. Die kompensierte Spannung
ist viel kleiner als entweder ALD Al2O3 oder IBS SiO2 Einzelschichten. Die LIDT der
Mehrfachschicht ist niedriger als die Einzelschichten aufgrund der Defekte, die
während der Fortbewegung zwischen den ALD und IBS Beschichtungskammern
eingeführt werden. Die Konzept hat Potenzial für Hochleistungslaserkomponenten,
wenn eine geeignete Beschichtungsanlage erfunden wird.
i

ALD Schichten haben eine hohe Dichte und könnten daher als Deckschicht gegen
Vakuum-Luft-Verschiebung in der Weltraumoptik verwendet werden, wenn sich die
Umgebung ändert. Der Capping-Effekt von ALD Al2O3 auf aufgedampften Ta2O5/SiO2
Multischichten wurde untersucht und diskutiert. Die Anwendung von ALD Schichten
in Nanolaminaten und gechirpten Spiegeln wird diskutiert. Die Studie in dieser Arbeit
zeigt

die

hohe

Vielseitigkeit

von

ALD

Schichten

für

Anwendungen

in

Hochleistungsbeschichtungen.

Stichworte:

atomic layer deposition, Al2O3, HfO2, Antireflexschichten, geringe

Absorption, laser induced damage, Spannung, Filmdichte
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Abstract
Optical coatings are essential components reflecting or transmitting light in optical
systems. Laser components demand more complex properties of optical coatings,
such as precise thickness, uniformity over large area, weak absorption, high laser
induced damage threshold (LIDT), low stress, high film density and so on.
ALD process is investigated to deposit Al2O3 and HfO2 thin films. The film
properties are studied and compared to Ion Beam Sputtering (IBS) Al2O3 and HfO2
single layer films. Anti-reflection coatings for 1ω-4ω of Nd: YAG laser are prepared
with ALD HfO2/Al2O3 double layers. The anti-reflection coatings are characterized
and compared to the coatings prepared by IBS HfO2/Al2O3.
Both ALD HfO2 and Al2O3 have thickness with high resolution due to the selfterminating feature. Thin films can be controlled by counting the cycle number. Both
ALD films have uniformity >99% in ϕ60 mm area. At 1064 nm, the ALD single layer
films show absorption as weak as 3.7 ppm, and similar LIDT compared to the IBS
films. Annealing at 300/400 °C promote the LIDT of ALD Al2O3 by 30%, but does not
promote that of ALD HfO2. For 1ω-4ω of Nd: YAG laser, the ALD anti-reflection
coatings have generally higher LIDT than IBS coatings. The LIDT of the ALD antireflection coating is limited by HfO2 film layer. The damage of both ALD single layers
and anti-reflection coatings are induced by defects.
ALD films, both single layers and multilayers, were found to have severe tensile
stress. A model for the origin of the film stress is established. Taking advantage of
the high LIDT and opposite stress of ALD and IBS films, a concept is proposed to
develop high LIDT and stress compensated coatings with ALD Al2O3 and IBS SiO2.
An anti-reflection coating consisting of 4 layers was prepared following this concept.
The compensated stress is much smaller than either ALD Al2O3 or IBS SiO2 single
layer. The LIDT of the multi-layer is lower than the single layers because of the
defects introduced during shift between the ALD and IBS coating chambers. This
concept has potential application in high power laser components if a proper coating
plant is developed to reduce the defects.
ALD films have high density, thus could be used as capping layer against vacuumair-shift when the environment changes. The capping effect of ALD Al2O3 on
evaporated Ta2O5/SiO2 multilayers was studied and discussed. The application of
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ALD films in nanolaminates and chirped mirror is discussed. The study in this thesis
indicates the high versatility of ALD films for applications in high-power coatings.
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1.1. Optical coatings

1. Introduction
1.1 Optical coatings
Optical coatings are nowadays essential components in most optical systems. An
optical coating is composed of one or more thin layers of material deposited on a
substrate, usually a lens or mirror, to form a component which alters the way in which
it reflects and transmits light.
Anti-reflection (AR) coating is one of the most widely used optical coatings. It
reduces unwanted reflections at certain wavelength or wavelength range from an
optical surface. According to the Fresnel’s laws [1], fused silica has refractive index
1.46 at visible wavelengths, resulting in 4% reflection at each interface. If the system
contains many transmitting optical elements such as a laser facility, applying an AR
coating on each interface will increase the throughput of the system and reduce
hazards caused by reflections.
More complex optical coatings are high-reflection (HR) coating, splitter, dichroic
optical filter, band pass optical filter, and so on, which exhibit certain transmission or
reflection over certain range of wavelengths.
The theory of optical coatings is based on Fresnel’s laws, which govern the
amplitude and phase of light reflected and transmitted at a single boundary [1].
Though thin metal films were known from very early times, optical coatings became
rapidly developed since the 20th century. The invention of photography, telescopes
and other optical systems brought a need for optical coatings. The introduction of oil
diffusion pump paved the way towards vacuum deposition of optical coatings. Since
then, tremendous strides have been made.
Modern optics without coating is unthinkable. It is almost impossible to imagine an
optical instrument that would not rely on optical coatings to ensure its performance.
Filters with more than 100 layers are not uncommon, and applications have been
found for them in almost every branch of science and technology.
1.2 Requirements on modern optical coatings
According to the Fresnel Equations, the spectral property of an optical coating is
dependent on the refractive index and optical thickness of each film layer composing
the coating. The extinction coefficient of common dielectric material is omitted. Most
1
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of the optical materials exhibit very good stability in terms of refractive index. It is
practical, therefore, for thin film designers to produce a design to meet a given
spectral specification, once the coating materials have been chosen and their
properties are known. However, there are still further difficulties to overcome in the
construction of modern optical coatings, as listed in Table 1.
Table 1. Requirements on optical coatings of modern applications.
Precise

High

Low

High

Low

High

thickness

Uniformity

absorption

LIDT

stress

density

1.2.1 Precise thickness
Precise thickness is one of the most important required properties as it determines
the optical thickness, dominating the transmittance and reflectance according to the
Fresnel equations. A systematic thickness error of several nm would lead to a shift of
the spectrum, and a random thickness error would result in unpredictable spectral
error.
Film thickness can be measured and controlled by different methods. The QuartzCrystal Monitor (QCM) is one of the most widely used methods for coating
depositions. QCM measures the change in resonance frequency of a slice of quartz
crystal as the film deposits on its face and changes the total mass. QCM has an error
about 2%, which is adequate for most optical coatings. Unfortunately, QCM
measures mass but not optical thickness, it must be calibrated separately for each
material used. Moreover, the sensitivity of the crystal decreases with increasing buildup of mass and the total amount of material is limited before the crystal becomes
exhausted [2].
Optical monitoring (OM) consists of a light source illuminating a test substrate and
a detector analyzing the reflected or transmitted light. It is the common method since
the very beginning of coating history. Single-point monitoring was used for multilayer
stacks where all the layers were quarter-waves, because the end of each layer
corresponds to an extreme value in transmittance or reflectance. The error is usually
5% or better. Moreover, multilayers with non-quarter-wave layers are difficult to be
monitored.
The modern method is made practical by advances in electronics and data
analysis, that is, measuring the spectral characteristic with broad band monitor (BBM).
2
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BBM could reach an accuracy as high as 0.5 nm [3][4]. High precision methods are
still under development, as more complex coating designs are in pursue.
1.2.2 Uniformity over large aperture
It is of undoubting importance to deposit uniform layer over the area of the substrate.
A flat plate held directly above the evaporating source, according to Holland and
Steckelmacher’s model [5], has a film thicker at the center than at the rim. The
difference could be as large as 40%. This uniformity is not suitable for any accurate
work unless the substrate is extremely small and in the center of the machine.
A number of techniques have been adopted to improve the uniformity.
In physical vapor deposition (PVD) processes, it is standard to maintain the
pressure within the chamber sufficiently low to ensure a large free path of the
evaporant molecules, which prevents the unpredicted collision of the evaporant
molecules with air. An arrangement where the substrates lie on the surface of a
sphere gives better uniformity. A higher degree of uniformity involves rotation of the
substrate carrier. As the surface rotates, the thickness deposited at any point will be
equal to the average of the thickness that would be deposited on a stationary
substrate around a ring centered on the axis of rotation, provided always that the
number of revolutions during the deposition is sufficiently great to omit an incomplete
revolution. Another option is to adjust the height of substrate holder during deposition.
It is possible to make corrections to distribution by careful use of baffles in front of
the substrates. The baffles are cut so that they modify the radial distribution of
thickness. A further degree of freedom was introduced by reference [6] in the form of
a rotating mask.
A synthetically application of the above techniques could produce uniformity larger
than 99% over 600 mm substrate.
1.2.3 Weak absorption
Absorption is one kind of optical loss as the light passes the component, usually
expressed in % or ppm (part per million). The lost energy is taken up typically by the
electrons of an atom, and transformed into internal energy of the absorber, mostly
thermal energy. Optical coatings consisting of dielectrics often have distinctively
weaker absorption than those containing metal layers. A typical dielectric mirror
working at 1064 nm has absorption on the scale of ppm.
3
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However, the remaining absorption might cause severe problems, thus extremely
low loss (below 1 ppm) is demanded in high-precision optical systems such as: the
gyroscopic ring laser [7], the laser interferometer gravitational-wave observatory
(LIGO) [8], the cavity ring-down spectroscopy [9], atomic clock [10], and so on.
1.2.4 High LIDT
Since the very beginning of laser history, scaling the laser output has been one of the
main goals of laser development. Nowadays, a typical CO2 laser working at
wavelength 10.6 μm has power up to 20 kilowatt [11]. As to fiber lasers at wavelength
1080 nm, output power as high as several kilowatt is commercially available [12]. By
use of pulse compressing techniques, commercial fiber lasers can output
femtosecond pulses with peak power over 50 megawatt [13]. The largest and most
energetic laser in the world today, the NIF (National Ignition Facility), is configured to
deliver nanosecond pulse with an energy of 1.8 mega Joule into a 600 μm target [14].
The growing laser power has contributed to a number of industries such as: cutting
and welding materials, 3D-printing, fiber-optic and free-space optical communication,
laser surgery and skin treatments, etc. The pursuit of higher laser power is far from
coming to an end.
However, the continuously growing power causes damage problems in the optical
components that compose or deliver the laser. Optical coatings are one of the most
fragile components that set an upper-limit of the laser power. A large number of
papers have been reported studying the laser induced damage of optical thin-films
[15]. An annual symposium dedicated to laser induced damage is held in Boulder,
Colorado since1968.
The laser resistant capability of a coating is usually described by laser induced
damage threshold, expressed in J/cm2. The cause of laser damage in optical thin
films is complex. Factors such as film stoichiometry, microstructure, crystalline
structure, composition, defects from electronic to micron size, and band gap energy
can all play a role in laser damage [16]-[19]. Promoting the laser resistance of optical
coatings is a continuing challenge, because as new laser-damage resistant optical
materials and fabrication technologies are developed, laser designers increase the
system operating energies and powers to the limits of the components.

4

1.2. Requirements on modern optical coatings
1.2.5 Low stress
Stress is the force σ per unit area that is acting on a surface of a solid, more
commonly expressed in Pascals (Pa) or N/m2. Optical coatings are generally in a
state of elastic mechanical stress during and after deposition. Without the application
of externally imposed forces, the coating stress is characterized as an internal or
residual stress. Residual stress can be compressive, which makes the film expand
parallel to the surface, or tensile, which makes the film shrink. The substrate,
however, prevents the expansion or shrink of the film. The equilibrium of forces and
bending moments causes the substrate to bend convex or concave, which will be
discussed in chapter 8 in detail.
The bending of optical components would cause distortion to the wave-front of
beam passing through it, which is not favored in high-precision systems [20][21].
Apart from the wave-front distortion, cracking of a film or layer is possible when
tensile stress develops, while buckling-driven delamination can occur if compressive
stress accumulates [22]. Coatings with little stress or ways to mitigate the stress are
desired.
1.2.6 High film density
Optical coatings with high density are desired as the porous microstructures are often
found in traditionally evaporated films. The pores adsorb H2O from the environment
atmosphere, leading to a shift of the spectral response of the coating if the
environment changes, named as vacuum-air-shift. The impacts caused by the
vacuum-air-shift can be significant on instruments such as Doppler Wind Lidar
[23][24]. The adsorption of H2O in porous coating is also accompanied by changes in
the stress level [25] and laser induced damage threshold [26]. It is clear that coatings
in space should be fully densified to avoid the vacuum-air-shift.
1.2.7 Summary
The requirements on optical coatings of modern applications are summarized in
Table 1. In particular applications, one or several among the requirements are
demanded. For example, precise thickness and uniform film layers are generally
required by most optical systems. The high power lasers need components with LIDT
as high as possible, and low stress is always needed simultaneously for a better
wavefront [27][28]. The space-borne applications emphasize on high density and
5
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high LIDT specifically [23]. The gravitational wave detectors need coatings with
extremely low absorption [8]. It is promising to study all the characteristics concerning
a new coating process.
In this thesis, the mechanism of optical coatings and general coating techniques
are described in chapter 2. Atomic layer deposition (ALD) is studied to deposit Al2O3
and HfO2 in chapter 3 and 4. The film properties concerned in Table 1 are studied in
chapter 5 and compared to the IBS Al2O3 and HfO2 single layer films. Anti-reflection
coatings for Nd: YAG laser are prepared with ALD Al2O3/HfO2 and studied in chapter
6 in comparison with IBS coatings. The application of ALD Al2O3 as capping layer is
analyzed in chapter 7. A novel concept for developing high LIDT and compensated
stress coatings is proposed in chapter 8.
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2. Background
2.1 Mechanism of optical films
Optical materials are different from free space because they have a certain refractive
index. The refractive index is defined as the ratio of the velocity of light in free space
c and the velocity of light in that material v, denoted by N.

N  c / v  n  ik

(1)

Where n is the real part of refractive index (or often simply refractive index for most
dielectric materials), and k the extinction coefficient. N is a function of wavelength.
Light can be described as electromagnetic wave. A plane, monochromatic light
wave can be expressed as:

 2 k
E  exp  
 


2 n  

z  exp i  t 
z
 



(2)

Where z is the distance along the direction of propagation, E the electric field and λ
the wavelength of that light in free space. The extinction coefficient k is a measure of
absorption in the medium. It is related to absorptance in the form  =4 k /  .
At a boundary between two media, denoted by suffix 0 for the incident medium and
by suffix 1 for the exit medium, the light beam can be either reflected, transmitted or
lost by absorption, as indicated in Fig. 1. Scattering is a loss due to the roughness of
the boundary, not considered here.

Fig. 1. Plane wavefront incident on a single surface.
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The incident angle θ0 and refractive angle θ1 are governed by Snell’s law.

N0 sin 0  N1 sin 1

(3)

The optical admittance of a material is defined as the ratio of the magnetic and
electric fields. For the oblique incidence, the light is usually split into two linearly
polarized components, TM for transverse magnetic field (p-polarized) and TE for
transverse electric field (s-polarized). The tilted optical admittance η is given by:

Ny0
cos 
s  Ny0 cos

p 

(4)

Where y0 is the optical admittance in free space, with value y0=2.6544×10-3
A2s3/kgm2, and N and θ denote either N0 and θ0 or N1 and θ1 as appropriate.
The reflection coefficient ρ and transmission coefficient τ of electric field on the
boundary surface are governed by Fresnel Equation:



Er 0 1

Ei 0  1

(5)

E
20
 t 
Ei 0  1

The phase shift experienced by the wave as it propagates a distance d normal to
the interface is given by:



2



Nd cos 0

(6)

For optical coatings with an assembly of interfaces, the reflectance is calculated
through the concept of optical admittance. The multilayer is replaced by a single
surface, which presents an admittance Y that is the ratio of the total tangential
magnetic and electric fields and is given by:

Y C/B

(7)

Where B and C are calculated by the characteristic matrix:

B 
 q  cos  r
C    i sin 
  
r
 r 1  r

 i sin  r  / r   1
cos  r


   

 m

(8)

ηm is the optical admittance of the substrate, q is the number of film layers.
Provided the real η0 of the incident medium, the reflectance and transmittance are:
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*

  B  C  0 B  C 
R 0


 0 B  C  0 B  C 
40 Re(m )
T
0 B  C 0 B  C *

(9)

Equations (3)-(9) are essential to calculate the spectrum of a multilayer coating,
and the fundamental for an optical coating design. Despite the apparent simplicity of
the characteristic matrix, numerical calculations without some automatic aid are
tedious in the extreme. Extended calculations are carried out with a program in this
dissertation.
2.2 Current coating techniques
There are a considerable number of processes for the deposition of optical coatings.
The most common processes take place under vacuum and can be classified as
Physical Vapor Deposition (PVD). In these processes, the thin film condenses
directly in the solid phase from vapor. The PVD processes can be further classified
by the methods for producing the vapor phase. Another technique complementary to
PVD is named as Chemical Vapor Deposition (CVD), in which the growing film is
formed by a chemical reaction between precursors. The typical coating techniques
are summarized in Table 2 followed by a description.
Table 2. Assessment of optical coating techniques.
thickness

uniformity

deposition

monitor

correction

rate

dependent

dependent

EBE

√

√

1-10 nm/s

tensile

poor

IAD

√

√

1-10 nm/s

controllable

good

IBS

√

√

0.1-1 nm/s

compressive

high

MS

√

√

0.5-1 nm/s

compressive

high

tensile

poor

controllable

good

Sol-gel
PECVD

process
dependent
√

√

~100
nm/cycle
5-10 nm/s

stress

film
density

Electron beam evaporation (EBE) is presently the most popular technique for
optical coatings, in which the vapor is produced by heating the film material (or
evaporant) locally with electron beam. The typical energies of evaporated molecules
9
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are a few tenth of electron volt (eV). A large number of materials can be EBE
deposited. The deposition rate can be 1 nm/s to several tens nm/s. The film thickness
is monitored by either OM or QCM, and each layer is ended by shielding the
evaporating source. The error of thickness depends on the monitor as well as the
stability of evaporation. Usually an error within 5 nm is achieved. The uniformity over
99% on meter-scale flat substrates is guaranteed by lying them on the surface of a
sphere, rotating the substrates, adjusting the height of substrates and further
corrected by careful use of baffles in front of the substrates.
The main restrictions of EBE coatings are the stress and the columnar
microstructures caused by the limited surface diffusion rate of the film molecules [29].
The columnar pores are adsorptive to moisture, therefore leading to vacuum-air-shift
when environmental conditions are changed.
Ion beam assisted deposition (IAD) is a technique which combines the
evaporated films with bombardment of a beam of energetic ions. The major benefit of
the IAD energetic process is an increase in film molecule energy. It makes the film
more bulk-like, improves film adhesion, reduces the moisture sensitivity and reduces
the sometimes quite high tensile stress in the layers. The main disadvantage with
IAD is the many processing parameters that must be controlled [30]-[34].
Magnetron Sputtering (MS) is another vapor deposition process, in which the
target material is negatively charged and bombarded by the positively charged ions.
The ions strike the target with energies hundreds of eV and eject atoms from it. The
adatoms form the vapor and condense on surfaces that are placed in proximity to the
magnetron sputtering cathode. The MS films have higher density than EBE coatings.
The main disadvantage is “target poisoning”. The metallic target surface is oxidized,
storing charge like a capacitor and breaks down as an arc. This arcing tends to
produce molten droplets of material that are often embedded in the film [35].
Ion Beam Sputtering (IBS) uses a separate chamber to generate the ions that are
then extracted and directed toward the target. It does not have the “poisoning”
problem as in magnetron sputtering. The mobility of the IBS adatoms is as high as
several 10 eV [36]. The IBS adatoms have large diffusion rate, forming an
amorphous film with low loss, high density and stability. High reflecting mirrors
produced with the IBS process can reach total losses about 1 ppm corresponding to
a reflectivity of 99.999% at 1064 nm [37][38]. The IBS coatings were found to have
10
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superior LIDT to EBE for 355 nm ns laser according to the damage competition held
by SPIE in 2017 [39].
A further advantage of IBS process is the stable and rather slow rate compared to
EBE. The depositing rate of IBS is typically 0.1 nm/s, therefore enables a precise
control of film thickness if the monitor has enough precision. Complex coating
designs such as rugate filters could be achieved by IBS [40]. IBS, however, is
restricted in large components applications due to its non-uniformity and compressive
stress problems [36].
Sol-gel process is a wet-chemical technique in which the sol (or solution) evolves
gradually towards the formation of a gel-like network containing both liquid and solid
phase. Sol-gel porous SiO2 has lower refractive index (n=1.22 at 1064 nm) than
substrate, and rather high LIDT among the available optical coatings [41]. Therefore,
Sol-gel SiO2 is mainly used as single layer anti-reflection coatings in high power
lasers [41]-[44]. Sol-gel high-reflectors are not often used, though ZrO2 can be Solgel fabricated. The main reason lies in the severe tensile stress of the Sol-gel
process. Sol-gel films thicker than 500 nm are often reported to craze [45]. The film
thickness of Sol-gel ZrO2 is difficult to control, and the LIDT decreases tremendously
as the layer number increases [46].
Plasma enhanced chemical vapor deposition (PECVD) produces coatings
through chemical reaction amongst components of the vapor that surrounds the
substrates. The binding of film molecules are enhanced by plasma so that the film is
tough, hard and dense [47]. The film stress can be decreased from tensile to
compressive as the ion bombarding energy increases. The main disadvantage of
PECVD is the non-uniformity and un-precise thickness control, resulting in a spectral
error when applied in optical coatings [48].
In general, PVD generates film adatoms or molecules through energy transfer
while Sol-gel and PECVD produce film molecules by chemical reaction. The PVD as
well as PECVD depositions are consecutive and most times inhomogeneous,
therefore the film thickness needs to be monitored and the uniformity needs to be
corrected. The film density and stress are highly related to the kinetics of the film
molecules, and this would be further analyzed in chapter 8.
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2.3 State of the art of Atomic layer deposition (ALD)
2.3.1 Introduction of ALD
Atomic layer deposition (ALD) is a film depositing technique based on the sequential
use of self-terminating gas-solid reactions. The film layer is formed through exchange
reactions between functional groups of precursors as illustrated in equation (10):

 M  OH  ML2   M  O  M  L  HL
(10)
 M  O  M  L  H 2O   M  O  M  OH  HL
Where M represents metal and L ligand, respectively. MO such as Al2O3, HfO2, TiO2,
SiO2 are the film molecules. The ligands can be –CH3, -CH2CH3, -Cl, amino, and so
on. ML2 is usually called precursors. H2O, O3 or other oxidants are called reactants.
The growth of ALD film is illustrated in Fig. 2.

Fig. 2. Schematic of an ALD cycle. (1) exposure of precursor; (2) purging; (3)
exposure of reactant; (4) purging.
One typical cycle of ALD consists of the following four steps:
(1) Exposure of the precursor ML2;
(2) Purging;
(3) Exposure of the reactant;
(4) Purging.
Each cycle adds a certain amount of material to the surface, referred to as the
growth per cycle (GPC). To grow a material layer, hundreds of reaction cycles are
repeated until the desired amount of material has been deposited.
12
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Due to the finite number of surface sites, each of the half reactions can only
deposit a finite number of surface species, which is the self-terminating feature of
ALD. One advantage of ALD resulting from the self-terminating feature is the precise
thickness control at sub-nanometer level without thickness monitoring. The excessive
precursors will desorb from the surface areas where the reaction has reached
completion. Another advantage is the uniform and pinhole-free films over large
substrate. The ALD precursors are gas phase molecules, and they fill all space
independent of substrate geometry and do not require line-of-sight to the substrate.
ALD films remain extremely smooth and conformal to the original substrate, because
the reactions are driven to completion during every reaction cycle.
The main disadvantage of ALD is its slowness. In terms of a thickness increment
per time unit, the growth rate of 0.01 nm/s is typically achieved by ALD, much smaller
than other techniques listed in Table 2.
2.3.2 Mechanism of ALD
The film growth of ALD is based on the adsorption of precursor molecules.
Adsorption can be generally divided into two classes on the basis of the strength of
interaction between the adsorbing molecule and the solid surface: Physi-sorption and
Chemi-sorption.
Physi-sorption originates from weak interactions, with minimal changes in the
structure of the adsorbing molecule-surface pair. The fundamental interacting force of
physi-sorption is caused by the Van-der-Waals force, the interaction energy of which
is about ~0.01-0.1 eV. Van-de-Waals forces originate from the interactions between
induced, permanent or transient electric dipoles. Physi-sorption is always reversible,
because the thermal energy at room temperature is about 0.026 eV.
Chemi-sorption, in turn, involves the creation and optional breaking of chemical
bonds. New chemical bonds are generated at the adsorbent surface. Chemi-sorption
is characterized by much higher binding energies than the environmental thermal
energy, and is therefore in general irreversible.
The chemi-sorption is essential for a stable ALD film, though both physi-sorption
and chemi-sorption may be involved in the process. It is desired to annihilate the
physi-sorption, as illustrated in the kinetics in chapter 4.
One of the studies that verify the chemi-sorption in ALD is the work of Ferguson
[49]. In the experiment, the ALD deposition of Al2O3 using TMA (Al(CH3)3,
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trimethylaluminium) and H2O was monitored with an in-situ Fourier transform infrared
spectroscopy (FTIR). The FTIR measured the transmission in a wavenumber range
500-4000 cm-1 (wavelength 2,500-20,000 nm). After the exposure of TMA, the H-O-H
feature at 3000-3711 cm-1 was found to decrease, and the C-H feature at 2800-3000,
1464 and 1216 cm-1 was found to increase. The opposite was observed after the
exposure of H2O. The consumption and introduction of reactive ligands certified the
chemi-sorption as in equation (10), to be more specific, as following:

 Al  OH  Al (CH 3 )3   Al  O  Al  CH 3  CH 4
 Al  O  Al  CH 3  H 2O   Al  O  Al  OH  CH 4

(11)

The work of Tsai verified the importance of functional groups on substrate surfaces
in ALD Al2O3 deposition [50]. In the experiment, Si substrates terminated with –H, –N,
and –OH were used for depositing Al2O3 film. A smooth, conformal atomic layer was
found on the –OH terminated surface. In contrast, 30-40 cycles were required before
the nucleation of ALD occurred on the –H or –N covered substrates. These
experiments indicated the importance of chemi-sorption in ALD.
Widjaja investigated the thermochemistry and kinetics of the TMA and H2O half
reactions on the Al2O3 surface [51]. According to the potential energy surface of his
results, the reaction of TMA and H2O was about 1.5 eV exothermic. Chen
investigated the kinetics of the TEMAH (tretraehtylmethylaminohafnium, Hf[N(CH3)2]4)
and H2O half reactions on the HfO2 surface [52]. The conclusion was that the
reaction of TEMAH and H2O was about 1.1 eV exothermic. These studies supported
the chemi-sorption in ALD.
2.3.3 ALD history and application in microelectronics
According to the commonly acknowledged origin, ALD was developed under the
name “atomic layer epitaxy (ALE)” in Finland by Suntola and co-workers in 1977 [53].
In the patent [54], ALD growth was demonstrated for Zn/S process to grow ZnS,
Sn/O2 process to grow SnO2, and Ga/P process to grow GaP [55][56]. Not until
1990s was the name “Atomic layer deposition (ALD)” commonly adopted over the
world.
The original application of ALD was to control the precise growth of dielectric
oxides

for

thin

film

electroluminescent

(TFEL)

displays

[53][57].

The

electroluminescent material emitted light in response to a strong electric field. ALD
produced TFEL showed outstanding electrical and optical characteristics. The high
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dielectric strength of the dielectrics, with an intrinsic pinhole-free feature, allowed
effective excitation of the light-emitting ZnS: Mn layer. Reasonably high productivities
could be achieved in spite of the low growth rates because of the large-batch/largearea capability [58].
Following the successful introduction of ALD, a great deal of research effort has
been devoted to extending its use to other materials and applications such as
MOSFET (metal oxide semiconductor field effect transistor) devices. ALD Al 2O3 had
suitable properties as a gate material such as high dielectric constant, low leakage
current, high thermal stability and good interfacial property with Si, therefore gained
promising application on miniaturizing the size of MOSFET [59]-[64]. Other high
dielectric constant materials such as ZrO2, HfO2, Y2O3, HfSi have been studied for
applications as future CMOS (complementary metal oxide semiconductor) gate
dielectrics [65]-[73].
Reference [55] has summarized the inorganic materials grown by ALD. Oxides
have been grown for alkaline-earth metals, transition metals including lanthanoids,
and group 13-15 elements. The reactants in oxide deposition has most typically been
H2O, or somewhat less often O2, O3, alcohols ROH, or O created through oxygen
plasma. Nitrides have analogously most often been manufactured from the metal
compound and ammonia NH3; sulphides from hydrogen sulphide H2S; selenides from
hydrogen selenide H2Se; and tellurides from Te. Some successes have also been
booked in the deposition of pure elements, such as Tungsten.
2.3.4 ALD for optical coatings
Optical coating is one of the applications where the benefits of ALD make it a
potential alternative to the presently used techniques. The basic requirements for
optical films, precise thickness and sharp parallel interfaces, are well met by ALD.
The fundamental properties of some ALD films have been reported, and summarized
in Table 3. The materials are listed in decreasing order of refractive index. The
transmittance region, precursors involved, growth temperature as well as the
reported crystallinity are given. The properties of thin films are highly influenced by
the deposition processes and the growth temperature. Therefore refractive indices
given in Table 3 are meant only as guidance values. Detailed information is found
from references included in the table.
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Table 3. Part of ALD materials for optics.
Material

Transmit

Precursor

Growth

Refractive

Film

range (μm)

+ reactant

T (°C)

index

Structure

from Ref.[1]

Ref.

(λ ~ 550640 nm)
amorphous

TiO2

0.35-12

TiCl4 + H2O

100-600

2.3-2.8

(<140°C)

[74]-

polycrystalline

[82]

(>140°C)
Nb2O5

0.38-8

Nb(OC2H5)5
+ H2O
ZrCl4 + H2O
Zr[OC(CH3)3]4

ZrO2

0.34-12

+ H2O
ZrI4 +
H2O/H2O2

ZnS

0.38-25

ZnCl2 + H2S

150-300

2.2-2.4

amorphous

[83]

150-500

2.2

amorphous

[84]

150-300

2.0

crystallized

[85]

250-500

2.1-2.2

crystallized

[86]

320-500

2.3

crystallized

[87]

amorphous
Ta2O5

0.3-10

TaCl5 + H2O

80-500

1.9-2.2

(<300°C)
crystallized

[88]

(>300°C)
Si3N4

0.32-7

SiCl4 + NH3

227-627

2.0

-

[89]

HfCl4 + H2O

500

2.1

monoclinic

[90]

amorphous
Hf[NCH3C2H5]4
HfO2

0.22-12

+ H2O

150-325

2.1

(<200°C)
monoclinic

[91]

(>200°C)
Hf(OCMe2CH2
OMe)4 + H2O

275-425

1.8-2.0

Sc(C11H19O2)3
Sc2O3

0.35-13

+ O3
(C5H5)3Sc

monoclinic

[92]

crystalline
175-500

2.0

[93]
crystalline

+ H2O

amorphous
Y2O3

0.25-12

Y(C11H19O2)3
+ O3

200-425

1.7-1.9

(<250°C)
monoclinic

[94]

(>250°C)
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ITO

0.4-1.5

La2O3

0.35-2

Al2O3

0.2-7

InCl3 + SnCl4
+ H2O
La[N(SiMe3)2]3
+ H2O
Al(CH3)3
+ H2O

[95]

300-500

1.8-1.9

crystallized

150-250

1.6-1.9

amorphous

[97]

100-300

1.6

amorphous

[98]

200

1.46

amorphous

[99]-

porous

[101]

300-450

1.43

crystallized

[102]

250-400

1.34-1.42

column structure

[96]

HSi[N(CH3)2]3
SiO2

0.2-8

+ O2 plasma
HSi[N(C2H5)2]3
+ O2 plasma

CaF2

0.15-12

MgF2

0.21-10

Ca(C11H19O2)2
+ TiF4
Mg(C11H19O2)2
+ TiF4/TaF5

[103]
[104]

The deposition of Al2O3 is one of the most representative processes for ALD,
because of the high volatility and reactivity of precursors Al(CH3)3/H2O, the thermally
stable reaction and the rather safe by-product methane.
HfO2 is a widely used material in laser applications due to its high refractive index
and power handling capability. Aarik has investigated the influence of substrate
temperature on ALD HfO2 films, concluding that the film grown at 225 °C was
amorphous, and that grown at 500 °C was monoclinic, had about 5% higher
refractive index but more than an order of magnitude higher optical losses [90][105].
HfO2 films grown at 880-940 °C had cubic phase due to crystallization [106].
ALD growth of TiO2 has been studied by using various precursors [75]-[81], among
which TiCl4 was mostly reported. In TiO2 ALD using TiCl4 and H2O, the by-product
HCl was corrosive and toxic. TiO2 films grown below 140 °C were amorphous while
above 165 °C were anatase crystallized. Films containing anatase as well as rutile
were grown at temperatures above 350 °C while containment of rutile was
significantly increased with increasing growth temperature [77][82].
Ta2O5 is another widely studied material with high dielectric constant and chemical
stability [107]-[109]. Kukli has studied ALD Ta2O5 film deposited with TaCl5 and H2O
at different substrate temperatures [110]. The films deposited below 300 °C were
predominantly amorphous, whereas those grown at higher temperatures were
polycrystalline. The optical band gap was close to 4.2 eV for amorphous films.
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SiO2 was a desirable material for optical application, but only was grown
successfully through ALD recently [99]-[101]. The precursors were HSi[N(CH3)2]3 and
O2 plasma. The 300 nm SiO2 film exhibited absorptance as low as 1.5 ppm at
wavelength 1064 nm, however, the film seemed to have porous structure. Details are
still under investigation.
The first ALD experiments on optical multilayers were ZnS and Al 2O3, which were
grown from the corresponding chlorides ZnCl2/AlCl3 and reactants H2S/H2O [58][87].
ZnCl2 and AlCl3 were evaporated from open boats held at 350 °C and 90 °C
respectively, inside the reactor. They were pulsed by means of inert gas valving. The
films were grown on glass substrates at 500 °C using 0.2 and 0.5 s exposure and
purging sequences respectively. A high reflection coating with nine-layer structure
(HL)4H/glass and a Fabry-Perot filter with 20-layer structure (HL)5-(LH)5/glass were
prepared. The measured reflectance spectra of the high reflection coating matched
the calculation well, while severe differences were observed between the measured
and ideal spectra in the side band regions of the Fabry-Perot filter. The deviations
were analyzed to be caused mainly by thickness variations in the uppermost layers.
They attributed the thickness variation to the decreasing vapor pressure as the
precursors were consumed.
Szeghalmi et al. has investigated ALD TiO2/Al2O3 Narrowband Pass Filters (NBPF)
centered at adjacent wavelengths [111]. The precursors applied were Al(CH3)3,
Ti[OCH(CH3)2]4, and H2O. The filter was made of 15 layers of the H(LH)3(2L)(HL)3H
type. Several conclusions have been drawn in their report. (1) Precise thickness
control without in-situ control and good uniformity could be achieved with ALD, and
further improvement was also possible; (2) The substrate material had a significant
effect on the initial “seed” film, therefore the linear fit (t=y+N*g) of the film thickness (t)
versus number of cycles (N) showed a considerable variation as large as 5 nm for the
y-intercept values; (3) The bottom layers had a lower thickness than the
corresponding upper ones, indicating the influence of the seed material on the growth
rate.
Pfeiffer et al. deposited a double-sided broadband anti-reflection coating on N-SF8
glass with ALD HfO2/SiO2 [99]. The precursors involved were Hf[N(CH3)2]4 + H2O,
and HSi[N(CH3)2]3 + O2 plasma. An average transmittance of 97% in a wavelength
range from 390-1100 nm was demonstrated. Taking advantage of the uniformity of
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ALD, they deposited anti-reflection coatings on hemispherical lens and aspherical
lens [112]. The average reflectance was less than 0.3%. These results demonstrated
that ALD was a promising technology for deposition of uniform optical layers on
strongly curved lenses without complex in situ thickness monitoring.
Wei has studied anti-reflection coatings deposited with ALD TiO2 and Al2O3 [113].
TiCl4, Al(CH3)3 and H2O were used as precursors. Crystallinity was proven with the
coatings deposited at 280 °C. The Nd:YAG laser damage was characterized at 1064
nm. The LIDT was found to be about 6.5 J/cm2 with mainly peeling off morphology.
Li has presented the idea of depositing rugate Notch Filter using ALD TiO2 and
Al2O3 [114]. The main concept was to equivalent three thin layers as a single layer
according to Herpin’s theorem [115]. The refractive index could be adjusted by the
thickness of the single layers. A rugate notch filter has been fabricated, though not
much characteristics were discussed.
Jensen et al. has studied the power handling capability of ALD coatings consisting
of TiO2 and Al2O3 [116]. The precursors were TiCl4, Al(CH3)3 and H2O, the process
temperature was 280 °C, which was above the crystallizing temperature [77]. Both
the high-reflection coatings and TiO2 single layers exhibited large scattering and
absorption (>900 ppm). Al2O3 single layer had much better optical characteristics with
absorption 10-20 ppm (1064 nm laser) and LIDT of more than 20 J/cm2. In contrast,
TiO2 has LIDT of about 6 J/cm2. While crystallization might be one of the main
causes of poor power handling capability, TiO2 was considered not proper for high
power laser applications. Wei has studied the laser damage property of ALD
HfO2/Al2O3 anti-reflection coating at 1064 nm, which was 14-18 J/cm2 [117][118].
2.3.5 Summary
ALD has been successfully applied since its invention to fields such as
microelectronics. The main advantage lies in its self-terminating process, which leads
to thickness control without in-situ monitor and uniformity over large area, even on
curved surfaces. It has also potential in optical applications. A number of papers have
reported the fundamental properties such as refractive indices of ALD materials.
However, the application of ALD coating in high power lasers is rarely reported.
Among the materials mentioned in Table 3, Al2O3 and HfO2 have great potentials
due to the safe by-products and controllable process. A full investigation is needed to
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clarify their properties concerned in Table 1 and the application probabilities in high
power lasers.
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3. Experiment
3.1 Film deposition
ALD Al2O3 and HfO2 were studied. The precursors involved were H2O, TMA
(Trimethylaluminum,

Al(CH3)3,

Dock

Chemicals,

Germany),

and

TEMAH

(Tetraethylmethylaminohafnium, Hf[N(CH3CH2CH3)2]4, Pegasus, UK). The deposition
was carried out in a system (Aviza Pantheon Mainframe CVD304) illustrated in Fig. 3
(a). Two modules have been used in the experiments. The 1st module was built for
ALD Al2O3 only, while the 2nd was built for depositing Al2O3 and HfO2 simultaneously.
The Al2O3 deposited in the 1st module was used for characterization and GDD study,
while in the 2nd module was used for multilayer studies.
The precursors were in the bubblers and carried into the chamber by Ar. Ar was
used as both carrier gas and purging gas. High-precision valves were employed to
control the Ar flow rate, flow time, and flow path, either through precursor bubblers or
directly into the chamber. The chamber pressure was maintained at 140 Pa by
keeping the gas flow constant. The gas flow of the four steps in an ALD cycle
(Exposure, purging, exposure and purging) for Al2O3 or HfO2 is illustrated in Fig. 3 (b).
The valve systems for H2O and TEMAH are illustrated in Fig. 3(c). TMA has similar
valves to TEMAH and is therefore not displayed here for clarity. A different
composition of valves was open in each step to form a gas flow path. The detailed
composition for each step is listed in Table 4. The design of composition could keep
the chamber pressure unchanged during step shift, which is essential for a stable
ALD process. The Ar flowed into the chamber through the pipes. A shower head
allocated the flow symmetrically onto the substrate surface.
Table 4. Valve recipes for an ALD HfO2 cycle.
Open valves
purging
TEMAH exposure
H2O exposure

V1, V4, V5, V7, V13, V10, V12, V23
V29, V31, V32, V4, V5, V7, V13, V10, V12, V23
V1, V4, V5, V7, V13, V9, V11, V12, V23

Single layers were deposited on Si substrate for thickness measurement and
elemental characterization. Fused silica substrates were used for characterizations
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including transmission and reflection spectrum, deep-UV spectrum, stress, laser
absorption and laser damage.

Fig. 3. (a) Schematic of ALD system; (b) Schematic of gas flow during one ALD
cycle. The pressure was kept constant in the chamber. (c) Valve systems for H2O
and TEMAH.
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3.2 Film characterization
The films were characterized by different methods. The reflectance and transmittance
spectra were measured with lambda 1050 UV/Vis Spectrophotometer (PerkinElmer,
MA, USA). The measured accuracy of transmittance was about ±0.2%. The refractive
indices and extinction coefficients of single layers were determined by fitting the
indices of refraction and film thickness using the thin film software Spektrum (LZH,
Hannover, Germany).
The film thickness was characterized with Ellipsometry (Sentech 800, Berlin,
Germany). The error of thickness measurement was ±0.5 nm, estimated by
measuring the same sample several times, as illustrated in Fig. 4.

Fig. 4. Measuring the same sample with Ellipsometry.
The

elemental

composition

was

assessed

by

energy-dispersive

X-ray

Spectroscopy (FEI, OR, USA). H cannot be detected by this method due to the only
one electron shell.
The Tauc plot method was used to determine the band gap of the single layer films.
By measuring the transmittance and reflectance in the deep UV range, the absorption
coefficient α around the absorption edge could be obtained. The Tauc plot shows the
quantity hν (the energy of photon) on the abscissa and the quantity (αhν)1/2 on the
ordinate [119][120]. The band gap energy of a film was determined by extrapolating
the linear region of the Tauc plot to the abscissa.
The profile of fused silica substrate was measured on interferometry (Zygo,
Ametek, USA) both before and after coating, and the stress values were calculated
following the Stoney’s law [121][122].
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Weak absorption was characterized using Laser Calorimetry according to ISO
11551 [123][124]. Absorptance below 1 ppm could be discriminated. The error was
about 13%, mainly attributed to the uncertainty of the laser power.
S-on-1 LIDT values were measured with a test bench setup according to ISO
21254 [125]. The pulse width was adjusted to 10 ns, the repetition frequency was
fixed to 100 Hz, and the beam was focused to an effective diameter of about 300 μm.
Overall 154 sites were tested on each sample. Together with each site, the beam
energy and detected scattering of each pulse were recorded. Damage was confirmed
if the detected scattering exceeded a threshold value and reconfirmed by Nomarski
microscope inspection after the test.
The LIDT was determined by extrapolating the fit of damage probability to the
abscissa. The absolute error was about 20% and mainly governed by the fluence
measurement [125].
Damage morphologies were characterized with either differential interference
contrast (DIC) microscopy or confocal laser scanning microscopy (LSM).
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4. Deposition of ALD Al2O3 and HfO2
The deposition of ALD Al2O3 with TMA/H2O has been widely reported as one of the
most representative ALD processes. However, the ALD HfO2 using TEMAH and H2O
in references distinctively differ from each other [126]-[133]. It is necessary to
understand the growth kinetics of ALD before the trial experiments.
4.1 Growth kinetics of ALD
The ALD chamber and bubbler are concisely illustrated in Fig. 5. During an exposure
step, the precursor molecules are vaporized from the liquid in the bubbler and carried
by Ar into the chamber, where adsorption and desorption occur. During a purging
step, the molecules in the chamber are being evacuated by the pump.

Fig. 5. The trace of precursor molecules.
The amount of precursor molecules Nt in the chamber can be expressed by
equation (12). In a unit time, the variation of Nt equals the vaporized molecules from
the bubbler (Nvap), minus the adsorbed molecules onto the surfaces such as chamber
walls and substrates (Nads), plus the desorbed molecules from the surfaces (Ndes).

dNt dNvap dNads dNdes
(12)
=


dt
dt
dt
dt
It is convenient to separately study the two processes: vaporization,
adsorption/desorption.
The symbols used in this chapter are illustrated as follows:
Nt

The total number of molecules in the chamber

Nvap

number of molecules vaporized from the liquid

Nads

number of molecules adsorbed onto the surfaces

Ndes

number of molecules desorbed from the surfaces

Pv

vapor pressure
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Pp

partial pressure in the chamber

S1

cross section of the precursor bubbler

S2

the area of substrate surface

V

volume of the chamber

T1

bubbler temperature

T2

chamber temperature

k

Boltzmann coefficient, 1.38×10-23 m2kg/s2K

m

molecular mass, molecular number ×1.67×10-27 kg

Q

surface coverage

ρ

density of adsorbent sites on surface

Cd

desorption rate

The physical properties of the precursors are summarized in Table 5.
Table 5. Physical properties of TMA, TEMAH and H2O.
TMA

TEMAHf

H2O

40

212

18

15 °C

<20 °C

0 °C

6.85 Torr

0.56 Torr

12.8 Torr

@ 15 °C

@ 80 °C

@ 15 °C

125 °C

248 °C

100 °C

-

~140 °C

-

molecular number
melting point
vapor pressure
boiling point
decomposing point

4.1.1 Vaporization
The rate of vaporization is described by the Langmuir’s evaporation equation (13).

dNvap
dt



V dPp  Pv  Pp  S1

kT dt
2 mkT1

(13)

Solving the above equation, the partial pressure Pp in the chamber is determined
by:


 S
kT1 
(14)
Pp  Pv 1  exp  t 1

V
2

m



The partial pressure increases gradually with time t, approaching the vapor
pressure Pv of the precursor. The time for a saturate vaporization is mainly
dependent on:


S1 , Cross-section of the bubbler;
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V , volume of the chamber;



T1, temperature of the bubbler.

The vaporization might also be influenced by the diffusion rate of molecules into
the chamber, therefore affected by the flow of the carrier gas.
For the precursors TMA, TEMAH and H2O in this experiment, the partial pressure
versus time during vaporization is shown in Fig. 6. The saturation of partial pressure
occurs after less than 0.06 s.

Fig. 6. Partial pressure during vaporization of different precursors.

4.1.2 Adsorption and desorption
The potential well on the substrate surface for an incident precursor molecule is
depicted in Fig. 7. The incident molecule is adsorbed to the surface first, then it might
be trapped in the potential, or diffused to a deeper potential, or desorbed from the
surface. The chemi-sorption has much larger potential energy than physi-sorption.
Though chemi-sorption is essential for the growth of ALD film, physi-sorption is a key
role in determining the film thickness and uniformity.
Arrhenius equation (15) is often used to calculate the desorption rate, though it is
an empirical equation. The desorption rates of typical physi-sorption and chemisorption on a 200 °C substrate are calculated, as shown in Table 6.

Cd  exp(

E potential
kT

(15)

)

Table 6. Desorption rate in case of physi-sorption and chemi-sorption.

potential depth

Epotential

desorption rate

Cd

Physi-sorption

Chemi-sorption

0.01-0.1 eV

1 eV

13%-81%

1.37×10-9
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Fig. 7. The potential on the substrate surface.
The following conclusions can be drawn through analysis of Table 6 and the
mechanism of adsorption:


The adsorbent sites for chemi-sorption are limited, because the reactive
adsorbent sites are consumed after the chemi-sorption, and not regenerated
until the next cycle of ALD;



The adsorbent sites for physi-sorption are limited. The desorption rate of
physi-sorption is quite large, overlapped molecules have much smaller survival
probabilities.

The coverage of adsorbent sites Q on the surface for each precursor can be
expressed as in equation (16). In the exposure step, both adsorption and desorption
occur, while in the purging step only desorption exists.

 dQ Pp (1  Q)
  QCd
  dt 
2

mkT
2


Q t 0  0

 dQ  QCd
 dt


exposure
(16)

purging

The solution of equation (16) is:
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Q  C  C 1  exp  (C0  Cd )t 

0
d

Q  C0 exp  C t 
d

C0  Cd

exposure
(17)

purging

In which, C0  Pp /  2 mkT2 is applied for clarity.
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For physi-sorption, the coverage increases gradually, approaching the saturate
value in the exposure step, and returns to zero in the purging. For chemi-sorption, the
coverage increases gradually to 100% in the exposure step, and keeps constant in
the purging, as illustrated in Fig. 8(a). In an actual ALD half cycle, both physi-sorption
and chemi-sorption exist, resulting in the coverage curve in Fig. 8(b).

Fig. 8. Schematic of the surface coverage in an ALD exposure step. (a) physisorption and chemi-sorption; (b) actual adsorption.
The time for a saturate adsorption or desorption is important for determining the
pulse length of the steps in an ALD cycle. The following conclusions can be drawn
analyzing equation (17).


The saturating time of adsorption is shorter for a larger partial pressure;



The saturating time of desorption is determined by the substrate temperature
T2 and adsorptive potential energy E.

The time scale of a saturate adsorption is much longer than that of a saturate
vaporization, as illustrated in Fig. 6 and Fig. 8. The partial pressure Pp can therefore
be treated as constant during adsorption.
The chemi-sorption is essential for a film growth. As to the chemi-sorption, in which
Cd is zero, the relative saturating time for the adsorption of different precursors is:

t TMA : t TEMAH : t H O 
2

m
m
m
:
:
Pp TMA Pp TEMAH Pp

 3: 78 :1

(18)

H 2O

Equation (18) provides a clue finding the proper exposure time of a new precursor.
The deposition of ALD Al2O3 could be easily reproduced on a new plant. The
exposure time of TEMAH could be estimated according to equation (18).
However, equation (18) is not precise because some other factors impacting the
exposure time are not considered, such as flow rate of carrier gas Ar. Therefore,
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certain trial experiments are still in need to determine the final exposure time of each
precursor.
4.2 Parameters for the growth of ALD Al2O3 and HfO2
4.2.1 Bubbler temperature
The vapor pressures of TMA, TEMAH and H2O are plotted in Fig. 9. Compared to
TEMAH, TMA and H2O have much higher vapor pressure at room temperature. The
exposure time of TMA and H2O can be quite short. However, a shorter than 0.2 s
duration is difficult to be controlled due to the sensitivity limit of the valves. The
temperature of TMA and H2O bubbler is thus cooled down to 15 °C, in order to
decrease the vapor pressure.
TEMAH has about 10 times lower vapor pressure than TMA, and therefore much
longer exposure time. Increasing the bubbler temperature could reduce the exposure
time. However, TEMAH is found instable at temperatures above 100 °C [134]-[135].
In these experiments, TEMAH was heated up to 80 °C.

Fig. 9. Vapor pressure of the precursors. (a) TMA; (b) TEMAH; (c) H2O.

4.2.2 Exposure and purging time
In the first stage, ALD Al2O3 was reproduced. The exposure time of TEMAH was then
estimated according to equation (18). A number of trial experiments were then
carried out to determine the optimum parameters for ALD HfO2. GPC (growth per
cycle) of the film was studied to evaluate the process parameters. It was obtained by
dividing the thickness by the cycle number.
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Fig. 10. GPC of an ALD Al2O3 cycle plotted versus pulse durations. (a) TMA
exposure; (b) TMA purging; (c) H2O exposure; (d) H2O purging.

Fig. 11. GPC of an ALD HfO2 cycle plotted versus pulse durations. (a) TEMAH
exposure; (b) TEMAH purging; (c) H2O exposure; (d) H2O purging.
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The GPC of ALD Al2O3 is plotted versus the pulse durations of TMA/H2O in Fig. 10.
The GPC saturates gradually by nearly 0.11 nm/cycle as the exposure time of TMA
or H2O increases. As the purging time increases, GPC decreases gradually until
about 0.1 nm/cycle. The GPC and pulse durations could be approximately fit with
equation (17). The same trend of Fig. 10 and Fig. 8(b) verifies the coexistence of
physi-sorption and chemi-sorption of the precursors.
The GPC of ALD HfO2 versus pulse durations of TEMAH/H2O is plotted in Fig. 11.
Similar to that of TMA and H2O, the GPC and pulse duration of TEMAH could also be
fit with equation (17). The exposure time of H2O is nearly the same for ALD HfO2 and
ALD Al2O3, while the purging time of H2O is distinctively different in the two
processes.
A combination of pulse duration should be set for an ALD film deposition, that is,
‘precursor exposure / purging / reactant exposure / purging’. The saturation of
exposure and purging is necessary in order to control the film thickness by use of the
self-terminating feature. The cost of the precursor should also be considered
appropriately.
4.2.3 Chamber pressure
The chamber pressure impacts the partial pressure of precursors, therefore affects
the exposure time. The necessary exposure time of TEMAH at chamber pressures of
140 Pa and 20 Pa is compared in Fig. 12. The exposure time at low chamber
pressure is much longer than that at high chamber pressure. This is consistent with
equation (17).

Fig. 12. Exposure time for saturate adsorption of TEMAH at chamber pressure 110
Pa and 20 Pa.
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In this study, the chamber pressure was kept at 140 Pa, with the pumping valve
aperture as small as 7%. The pumping valve should not be smaller because a flow of
Ar should be guaranteed in the chamber.
4.2.4 Substrate temperature
The substrate temperature affects the ALD process significantly. The desorption rate
and surface diffusion rate is low at low temperature, resulting in quite long purging
time. On the other hand, the film might be crystallized at high temperature. More
importantly, the precursor might be decomposed in the gas pipe and shower head if
the substrate temperature is high [135]. According to the reference, the substrate
temperature should not exceed 200 °C in order to obtain stable amorphous HfO2 film
[91].

Fig. 13. Impact of substrate temperature on ALD Al2O3. 400 cycles were deposited.
(a) Transmittance; (b) GPC; (c) Refractive index.
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4.3. Discussion
ALD Al2O3 layers were deposited at substrate temperatures varying from 25 to
200 °C. The combination of pulse durations was set to 0.6-2-0.4-8 s, and 400 cycles
were deposited on each substrate. The transmittance spectra, growth per cycle (GPC)
and refractive indices are shown in Fig. 13.
The 25 °C temperature resulted in GPC as large as 0.5 nm/cycle, however, the
refractive index is much lower than a conventional Al2O3 film. It is caused by the
massive precursor residuals at low temperature. Especially the residual of H2O
decreases the refractive index of the film.
The desorption rate of residual precursors is distinctively larger at substrate
temperatures higher than 80 °C. As the substrate temperature increases further, the
chemi-sorption reactivity increases gradually, leading to increasing GPC and
refractive index in the UV wavelength range simultaneously.
200 °C was selected as the substrate temperature, for the deposition of both Al 2O3
and HfO2.
4.3 Discussion
The desorption rate of the precursors could be evaluated by fitting the GPC plot in
Fig. 10 and Fig. 11 with equation (17). The fitting results are listed in Table 7. H2O
has different desorption rate on the surface of Al2O3 and HfO2, indicating the different
physi-sorption energies on different surfaces. The physi-sorption energies are
calculated according to the Arrhenius equation (15).
TMA has both low physi-sorption energy and high vapor pressure, making it an
excellent precursor for ALD. TEMAH and H2O have much higher physi-sorption
energy, therefore needs longer purging time. TEMAH has also low vapor pressure,
needing also a longer exposure time.
Table 7. The inferred physi-sorption energy.
TMA

H2O

TEMAH

Desorption rate

65%

2.6-37%

17%

Ephysi (eV)

0.018

0.041 - 0.149

0.073

The adsorption of precursors could be accelerated by increasing the partial
pressure according to equation (17). This could be achieved by heating the precursor,
or increasing the flow rate of Ar. However, there is no good way to accelerate the
desorption of physi-sorbed precursors. Increasing the substrate temperature might
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help, but the crystalline structure induced by high temperature of the substrate is not
preferred.
Several options could be considered to obtain a higher ALD growth rate:
1. unsaturate purging.
A shorter purging time could be adopted to reduce the duration of an ALD cycle. In
this case, the film thickness is less determined by the self-terminating feature, but
more dependent on the valve sensitivity.
2. to change a precursor with lower physi-sorption energy.
O3 and O2 plasma have been reported to replace H2O in some ALD processes,
which is a promising trend due to the lower physi-sorption energies [99][100].
4.4 Problems encountered and solved
There were mainly two problems regarding the deposition of HfO2 in this experiment.
Firstly,

TDMAH

(Tetrakisdimethylaminohafnium,

Hf[N(CH3)2]4,

Strem,

Massachusetts, USA) was once used as the precursor of HfO2. However, no film was
gained before the precursor was used up, leaving a lot of HfO 2 particles in the pipes
and shower head.
Secondly, the shower head was found necessary to be cleaned after each
deposition of HfO2, otherwise, pollution would be introduced in the film in the next
deposition. The typical pollution is displayed in Fig. 14, with small particles scattered
in area of about 3×4 mm2.

Fig. 14. The typical pollution caused by decomposition of TEMAH. The polluted
area is about 3×4 mm2.
Both problems were actually caused by the decomposition of precursors. In this
system, the shower head was about 20 mm in height above the substrate holder. As
the substrate was kept at 200 °C, the shower head should have temperature
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between 100 and 200 °C due to heat transfer. TDMAH was decomposed at this
temperature in the showerhead. TEMAH had higher decomposing temperature than
TDMAH [135], however, certain decomposition might still happen and result in HfO2
particles in the showerhead [134].
The pollution problem was solved by cleaning the shower head.
To avoid completely the above problems, the substrate and gas pipes should be
kept at lower temperature. However, this might result in the residual of H2O and lead
to unpredicted film thickness, therefore was not adopted in this experiment.
4.5 Summary
The molecule kinetics has been studied to instruct the ALD technique. Several key
points are summarized from the analysis:


The exposure time is determined mainly by the vapor pressure of precursor;



The purging time is determined by the physi-sorption energy and substrate
temperature.

An ideal self-terminating process should have both saturate adsorption and
desorption. However, the amount of time should also be considered and balanced.
The standard parameters for ALD Al2O3 and HfO2 in this dissertation are listed in
Table 8.
Table 8. The parameters for this ALD experiment.
ALD Al2O3

ALD HfO2

TMA

H2O

TEMAH

H2O

bubbler T (°C)

15

15

80

15

exposure time (s)

0.5

0.5

7

0.5

purging time (s)

10

10

60

60

Chamber pressure

140 Pa

Substrate T (°C)

200 °C
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5. Characterization of ALD Al2O3 and HfO2 single layers
The single layers of ALD Al2O3 and HfO2 were deposited and characterized. As IBS
is nowadays one of the most widely used coating techniques, it is desirable to
compare the ALD single layers with the IBS layers.
5.1 Comparison of ALD and IBS Al2O3 single layers
5.1.1 Stability
ALD Al2O3 was deposited in both different modules of the coating system. Different
cycles of Al2O3 films were deposited in each module. The film thickness was
characterized with ellipsometry, as shown in Fig. 15 (a) and (b).
In each of the figures, the thickness could be fitted linearly versus the cycle
number, indicating a rather stable self-terminating feature of ALD. No in-situ monitor
has been used. The GPC of ALD Al2O3 in the 1st module is 0.105 nm ± 4%, while in
the 2nd module is 0.110 nm ± 8%. The error of GPC indicates the not strictly
saturated precursor adsorption and desorption. The gas pipes, shower head, valves
and so on may cause variations of the deposition environment, and induce the error
of the film thickness.
The GPC about 0.11 nm is the smallest film thickness resolvable by ALD, and
difficult to be achieved by other coating techniques. In application of films thinner
than 10 nm, ALD is advantageous in thickness control than other coating techniques.
However, for thicker films, a monitor is indispensable.

Fig. 15. ALD Al2O3 thickness plotted versus cycle number. (a) deposited in 1st
module; (b) deposited in 2nd module.
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5.1.2 Uniformity
The film thickness at different positions was measured to evaluate the uniformity, as
shown in Fig. 16, in which r is the distance to the chamber center. The uniformity of
films deposited with different pulse durations and substrate temperatures was
compared. 1000 cycles of Al2O3 film were deposited on each sample. The exposure
time of 0.2 s was insufficient to saturate the adsorption, and purging time 1 s was
insufficient for the complete desorption.

Fig. 16. Uniformity of Al2O3 films deposited with different parameters.
The insufficient exposure to precursors leads to poor growth and uniformity. The
insufficient purging leads to thicker films while poor uniformity. The films are uniform
if both the exposure and purging are saturated. The 100 °C substrate temperature
leads to lower reactivity of precursors. In this dissertation the substrate temperature
is set to be 200 °C. Further increasing the temperature does not improve the film
quality of ALD Al2O3.
5.1.3 Elements
The elemental composition of ALD Al2O3 was characterized with EDX as shown in
Fig. 17. Aside from Al and O, the element C was also detected. As H is not
detectable by EDX, C exists probably as –CH3 ligand from the excessive precursor,
and excessive O exists probably as –OH ligand.
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Fig. 17. Elemental composition characterized by EDX.

5.1.4 Dispersion
There is little difference on the film dispersion between system modules. The
refractive index and extinction coefficient of the ALD Al2O3 film deposited in the 1st
module are compared to that of IBS Al2O3, as shown in Fig. 18.

Fig. 18. Dispersion comparison of ALD Al2O3 and IBS Al2O3 film. (a) Refractive
index; (b) Extinction coefficient.
ALD Al2O3 has refractive index 1.619 at wavelength 1064 nm, slightly lower than
IBS Al2O3. It reveals the comparable density of ALD Al2O3 with IBS Al2O3 film. The
extinction coefficient of ALD Al2O3 is smaller than IBS Al2O3, though both are quite
small above wavelength 200 nm.
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5.1.5 Band gap energy
The tauc plot of ALD Al2O3 film is shown in Fig. 19, in which the band gap energy
Egap is found to be 6.5 eV. In comparison, the band gap energy Egap of IBS Al2O3 and
fused silica substrate are 6.5 eV and 8.3 eV, respectively [136]. ALD Al2O3 has the
same large band gap energy as IBS Al2O3, indicating the potential use for UV and
high power lasers.

Fig. 19. Tauc plot of ALD Al2O3 and extrapolation toward the abscissa.

5.1.6 Stress
The surface profile of ALD Al2O3 layer is concave, as shown in Fig. 20(a),
corresponding to a tensile stress. Different samples, however, exhibit different
stresses, varying from 350-600 MPa. The stress variance is partly caused by the
error of measurement, about 10%. Another origin of error is the un-flat substrates,
which would be discussed in chapter 9.

Fig. 20. (a) Surface profile of ALD Al2O3 film (104 nm);
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The stress of ALD Al2O3 is potentially dangerous for laser components. It would
cause cracking or peeling-off when the layer is thick. In comparison, the investigated
IBS Al2O3 has compressive stress between -300 and -500 MPa [137].
5.1.7 Absorption
The absorptance of ALD Al2O3, IBS Al2O3 and fused silica substrate are shown in Fig.
21 for comparison. The measurement was carried out with Laser Calorimetry at 1064
nm. The thickness of the substrate was 1mm, and the film thicknesses were about
320 nm. Both ALD Al2O3 and IBS Al2O3 have absorption as small as 3-4 ppm,
indicating their potential for high power laser applications. Basically, the used fused
silica substrates contribute 1-2 ppm absorption. Therefore, the film absorption can be
estimated to range between 1 and 2 ppm.

Fig. 21. Absorption comparison of ALD and IBS Al2O3.

5.1.8 LIDT and damage morphology
The LIDT of the single layers were tested at 1064 nm. The film thickness of ALD
Al2O3 was 102 nm, of IBS Al2O3 was 320 nm. The total pulse number of 104 was
divided into 10 segments to plot the characteristic damage curve. In each segment,
the damage threshold was obtained by constructing a plot of damage probability
versus energy density. The damage probability plots of ALD Al 2O3 and IBS Al2O3 film
irradiated by different numbers of pulses are shown in Fig. 22.
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Fig. 22. Damage probability plots. (a)-(d) ALD Al2O3; (e)-(h) IBS Al2O3.
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For 10 pulses irradiation (Fig. 22a), the first observed damage of ALD Al2O3 occurs
at 34 J/cm2. As the fluence becomes larger, the damage probability grows gradually.
The highest fluence that the film could survive is 65 J/cm2, which indicates the
potential of improving the LIDT if the defects are eliminated.
For 10,000 pulses irradiation (Fig. 22d), the fluence of first observed damage does
not change. However, the highest survival fluence is 45 J/cm2, smaller than that
irradiated by 10 pulses. It indicates a fatigue effect as massive pulses irradiate the
same site.
The IBS Al2O3 has similar LIDT to ALD Al2O3, about 30 J/cm2. The highest survival
fluence is also close to that of ALD Al2O3, about 52 J/cm2 for 10 pulses irradiation
and 40 J/cm2 for 10,000 pulses irradiation, respectively.

Fig. 23. Characteristic damage curves of fused silica substrate, ALD Al2O3 and IBS
Al2O3. (a) 50% LIDT; (b) 0% LIDT.
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The characteristic damage curves of ALD Al2O3 and IBS Al2O3 are compared in Fig.
23. The 50% LIDTs are plotted in Fig. 23(a), which means the damage probability
equal to 50%. The 0% LIDTs are plotted in Fig. 23 (b), which means 0% damage
probabilities. ALD Al2O3 has the same 0% LIDT as IBS Al2O3, but slightly higher 50%
LIDT. However, the LIDT of ALD Al2O3 might be overestimated as the defect density
might be lower in a thinner film. The characteristic damage curves of the fused silica
substrate are listed for comparison, which are much higher than the films.
The typical damage morphologies are displayed in Fig. 24. The stripes on LSM
images are not topologies on the sample surface, but interferences from the
substrate rear surface.
The morphologies in the 1st row are defect-induced pits caused by relatively low
fluence pulses. These defects originate either from the coating process or from the
substrate-film interface.
Scalds become typical morphologies as the laser fluence grows higher. The scalds
have irregular shape in spite of the Gaussian laser spot, indicating the influence of
defects.

Fig. 24. Damage morphologies of ALD and IBS Al2O3 film layer.
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5.2 Comparison of ALD and IBS HfO2 single layers
5.2.1 Stability
As discussed in chapter 4, the pulse durations of ALD HfO2 for both saturated
adsorption and desorption should be 7/60/0.5/60 s. However, it costs too long time to
deposit a film layer for optical application. It is reasonable to sacrifice the thickness
precision to some extent to save the time cost. The shorter pulse durations 5/5/0.2/30
s was eventually selected for the following study. The film thicknesses of both pulse
durations are studied, as shown in Fig. 25.
For both pulse durations, the film thickness could be fitted linearly versus the cycle
number, indicating a rather stable self-terminating feature. The average GPC of the
films prepared by shorter pulse durations is 0.106 nm ± 7%, while of the films
prepared by longer pulse durations is 0.107 nm ± 3%. The fitting of the shorter pulse
durations has standard error 1.04, also larger than the 0.16 of the longer durations. It
indicates the not strictly saturated precursor adsorption and desorption. The pulse
duration and the instable depositing environment (gas pipe, shower head, etc)
contribute mainly to the error of the film thickness.

Fig. 25. Thickness of different cycles of ALD HfO2 layers. (a) pulse durations
5/5/0.2/30 s; (b) pulse durations 7/60/0.5/60 s.

5.2.2 Uniformity
1248 cycles of ALD HfO2 were deposited on a Si substrate, and the film thickness at
different positions was measured. As shown in Fig. 26. The uniformity is above 99%
over a range of 120 mm.
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Fig. 26. Uniformity of ALD HfO2 film.

5.2.3 Elements
The elemental composition of ALD HfO2 was characterized by EDX, as shown in Fig.
27. Aside from Hf and O, the element C is detected. The same as that of ALD Al2O3,
C exists probably as precursor residuals –NCH3CH2CH3, and excessive O is in form
of -OH. N is undetected because of the little amount.

Fig. 27. Elemental composition of ALD HfO2 characterized by EDX.

5.2.4 Dispersion
The refractive index and extinction coefficient of ALD and IBS HfO2 films are
compared in Fig. 28. The refractive indices of ALD and IBS HfO2 films are quite close
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to each other, 1.991 and 1.995 respectively at wavelength 1064 nm. It indicates the
similar high density of the films.
The extinction coefficients of both films, however, are quite high in the UV range
compared to ALD Al2O3. ALD HfO2 exhibits smaller extinction coefficients than IBS
HfO2.

Fig. 28. Dispersion comparison of ALD HfO2 and IBS HfO2 film. (a) Refractive
index; (b) Extinction coefficient.

5.2.5 Band gap energy
The tauc plot of ALD HfO2 film is shown in Fig. 29. The band gap energy Egap is
found to be 5.5 eV, higher than the 5.1 eV of IBS HfO2 [136].

Fig. 29. Tauc plot of ALD HfO2 and extrapolation toward the abscissa.
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5.2.6 Stress
The surface profile of ALD HfO2 film is concave, as shown in Fig. 30 (a), in contrast
to the convex profile of IBS HfO2 film in Fig. 30 (b). The stress of ALD HfO2 is tensile,
about 800-1000 MPa, while of IBS HfO2 is compressive, about (-)300-(-)600 MPa.

Fig. 30. Surface profiles. (a) ALD HfO2 film (125nm); (b) IBS HfO2 film (133 nm).

5.2.7 LIDT and damage morphology
The LIDT of the films were tested at 1064 nm. The damage probabilities of ALD and
IBS HfO2 films irradiated by different number of pulses are shown in Fig. 31.
The first observed damage of ALD HfO2 occurs at 14.5 J/cm2 for the 10 pulse
irradiation, and at 14.1 J/cm2 for 10,000 pulses irradiation. As the fluence increases,
the damage probability grows gradually. However, the growth cannot be fitted linearly.
The first few damage probability data are used to determine the LIDT. The highest
survival fluence of the film is 37.5 J/cm2, which can be viewed as the potential
improvement of the LIDT if the defects are eliminated.
The IBS HfO2 has almost the same LIDT with ALD HfO2, 12.9 J/cm2 for 10 pulses
irradiation and 10.7 J/cm2 for 10,000 pulses irradiation, respectively. The highest
survival fluence is the same of that of ALD HfO2, 37.5 J/cm2.
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Fig. 31. Damage probability plots. (a)-(d) ALD HfO2; (e)-(h) IBS HfO2.
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The characteristic damage curves of ALD and IBS HfO 2 are compared in Fig. 32.
ALD HfO2 has higher LIDT than IBS HfO2, especially when irradiated with more
pulses. The LIDT decreases to lower fluences due to the fatigue effect.

Fig. 32. Characteristic curves of ALD HfO2 and IBS HfO2.
The typical damage morphologies are listed in Fig. 33. The depicted damages are
caused by fluence near the damage threshold.
ALD HfO2 exhibit pits when damaged by single pulse, and scalds when damaged
by multiple pulses. IBS HfO2 reveals morphologies connected by pits. The damage of
both ALD HfO2 and IBS HfO2 are initiated by defects.
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Fig. 33. Damage morphologies of ALD and IBS HfO2 film layer.

5.3 Annealed ALD Al2O3 and HfO2 single layers
ALD Al2O3 and HfO2 single layer films were annealed at 300 °C, 400 °C and 500 °C,
respectively for further studies. The films annealed at 300 °C were studied in
comparison with the unannealed films.
5.3.1 Dispersion
As shown in Fig. 34, the refractive index of ALD Al2O3 increases no more than 0.01
after annealing at wavelength 1064 nm. The extinction coefficient of Al2O3 film
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remains a low value. As for ALD HfO2, the refractive index increases by 0.03 at 1064
nm after annealing. The extinction coefficient increases tremendously after the
500 °C annealing, due to probably crystallization.

Fig. 34. Dispersion of the annealed ALD films. (a) Refractive indices of annealed
ALD Al2O3; (b) Extinction coefficients of annealed ALD Al2O3; (c) Refractive indices of
annealed ALD HfO2; (d) Extinction coefficients of annealed ALD HfO2.

5.3.2 Stress
After annealing at 300 °C, the stresses of both ALD Al2O3 and HfO2 films remain
tensile, but increase about 7-8%, as shown in Fig. 35.

Fig. 35. Stress of the annealed ALD films.
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5.3.3 Band gap energy
The band gap energy of ALD Al2O3 does not change after 300 °C annealing, while
that of ALD HfO2 increases from 5.5 to 5.6 eV after 300 °C annealing.

Fig. 36. Tauc plots of the 300 °C annealed films. (a) ALD Al2O3; (b) ALD HfO2.

5.3.4 Absorption
The absorption was measured with Laser Calorimetry at 532 nm. As illustrated in
Table 9, the absorption of both films do not change distinctively after 400 °C
annealing, but increase tremendously after 500 °C annealing.
Table 9. Absorption of ALD Al2O3 and HfO2 after annealing.
not annealed

400 °C

500 °C

ALD Al2O3 (ppm)

3.5

5.4

871.2

ALD HfO2 (ppm)

13.2

19.1

1800

5.3.5 LIDT
The damage probabilities of the ALD Al2O3 single layer films annealed at different
temperatures are displayed in Fig. 37. The film thicknesses are between 100 and 200
nm.
The LIDT of ALD Al2O3 is increased by 30% after 300 °C and 400 °C annealing,
however, decreased tremendously after 500 °C annealing. This is consistent with the
absorption characterization, which is probably induced by the crystallization at high
temperature.
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Fig. 37. Damage probabilities of ALD Al2O3 annealed at different temperature. (a)(b): not annealed; (c)-(d): 300 °C annealed; (e)-(f): 400 °C annealed; (g)-(h): 500 °C
annealed.
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Fig. 38. Damage probabilities of ALD HfO2 annealed at different temperatures. (a)(b): not annealed; (c)-(d): 300 °C annealed; (e)-(f): 400 °C annealed; (g)-(h): 500°C
annealed.
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5.4. Comparison of ALD Al2O3 and HfO2 with commonly used films
The damage probabilities of the ALD HfO2 single layers after annealing are
displayed in Fig. 38. The film thicknesses are about 100 nm.
The LIDT of ALD HfO2 is not increased by annealing. Moreover, the highest
survival fluence decreases distinctively after 300 °C annealing. The LIDT decreases
tremendously

after

500

°C

annealing,

is

consistent

with

the

absorption

characterization.
The characteristic damage curves of the annealed films are shown in Fig. 39.
Annealing at 300 °C /400 °C would lead to the LIDT promotion of ALD Al2O3 by 30%,
while it does not benefit the LIDT of ALD HfO2. Annealing at 500 °C is detrimental to
the LIDT of both films.

Fig. 39. Characteristic damage curves of ALD single layer films annealed at
different temperature.

5.4 Comparison of ALD Al2O3 and HfO2 with commonly used films
For an overview of the ALD film properties, it is necessary to compare the most
commonly used optical films in laser applications, such as Ta2O5, SiO2, HfO2 and
Al2O3. Ta2O5 and SiO2 were prepared by IBS.
The dispersion curves of the films are displayed in Fig. 40. In optical coating usage,
ALD Al2O3 could be used as either high refractive index material in combination with
SiO2, or as low refractive index material in combination with HfO2 and Ta2O5. ALD
HfO2 can be used as high refractive index material in the coating design.
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Fig. 40. Dispersion of different film materials.

Fig. 41. Extinction coefficient of different film materials.
The extinction coefficients are displayed in Fig. 41. Al2O3 and SiO2 have
absorption edge below 200 nm, while Ta2O5 has absorption edge at about 300 nm.
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5.4. Comparison of ALD Al2O3 and HfO2 with commonly used films
The Band gap energies of the films are compared in Table 10. Both ALD HfO2 and
Al2O3 are large gap materials. The absorption was tested with Laser Calorimetry at
1064 nm. Both ALD Al2O3 and HfO2 have absorption 3-4 ppm, in which the substrate
contributes about 1 ppm. The extinction coefficients are calculated and listed in Table
10. The ALD films are proper materials for low loss laser applications. IBS SiO 2 and
Al2O3 have also small absorption. IBS HfO2 has higher absorption probably because
of stoichiometric mismatch.
Table 10. Band gap energies (reference [136]) and extinction coefficients (at 1064
nm) of different film materials.
Material

IBS Ta2O5

IBS HfO2

ALD HfO2

IBS Al2O3

ALD Al2O3

IBS SiO2

Egap (eV)

3.8

5.1

5.5

6.5

6.5

8.3

k1064

3.3×10

-6

3.4×10

-5

2.6×10

-6

1.0×10

-6

9.6×10

-7

6.7×10-7

The characteristic damage curves of different materials are compared in Fig. 42.
IBS SiO2 and the 300°C annealed ALD Al2O3 have the highest LIDT among the
available materials. The LIDT of ALD HfO2 is distinctively lower than Al2O3, but still
higher than Ta2O5, EBE or IBS HfO2.

Fig. 42. Characteristic damage curves of different film materials (1ω).
The damages of the films are induced by defects. The morphology detectable by
500× Nomarski Microscopy has dimension about 10 μm. The IBS films have stronger
adhesion, leading to damage morphologies with unclear border.
The tensile stress of ALD Al2O3 and HfO2, however, is as high as hundreds of MPa.
For thick coatings, the stress would lead to cracking or peeling off. One of the
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substrates coated with about 5 μm ALD film is shown in Fig. 43. The films are peeled
off from the substrate as fragments. The stress has to be carefully treated in an
optical application.
Peeling off

Fig. 43. Peeling off of the thick ALD films (5μm).

5.5 Summary
ALD Al2O3 and HfO2 single layers are compared to IBS Al2O3 and HfO2, respectively.
The detailed characteristic is summarized in Table 11. The ALD films are distinctive
for the following features:


High thickness resolution, able to deposit film as thin as about 0.11 nm;



Uniform without baffle correction;



Large band gap energy and low absorption;



Tensile stress;



Rather high damage threshold.
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Table 11. Characterization of ALD Al2O3 and HfO2 compared to IBS single layers.
Fused

ALD Al2O3

IBS

ALD

IBS

silica

(300°C anneal)

Al2O3

HfO2

HfO2

1.46

1.62

1.65

1.99

1.99

GPC
(nm/cycle)

/

0.110
± 8%

/

0.106
± 7%

/

Uniformity
(60mm)

/

>99%

/

>99%

/

Egap (eV)

/

6.5

6.5

5.5

5.1

Stress
(MPa)

/

Tensile
350-600

Compressive
(-)300-(-)500

Tensile
800-1000

Compressive
(-)300-(-)600

Extinction
coefficient
1ω

1.3×10-10

9.6×10-7

1.0×10-6

2.6×10-6

3.4×10-5

LIDT, 1ω,
10 pulses
(J/cm2)

77

41

33

14

13

n (1ω)
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6.1. Coating design

6. ALD anti-reflection coatings for harmonics of Nd: YAG
lasers
Nd:YAG (neodymium-doped yttrium aluminum garnet; Nd:Y3Al5O12) is one of the
most common types of laser crystals, and is used for many different applications. Nd:
YAG typically emits light with a wavelength of 1064 nm (1ω). The high-intensity
pulses may be efficiently frequency doubled to generate laser light at 532nm (2ω),
355nm (3ω), 266nm (4ω) or higher harmonics.
In this chapter, ALD Al2O3 and HfO2 are used to compose anti-reflection coatings
for different harmonics 1ω, 2ω, 3ω and 4ω of the Nd: YAG laser. The properties of
anti-reflection coatings are qualified using the 1ω, 2ω, 3ω and 4ω lasers,
respectively, and compared to those of IBS anti-reflection coatings.
6.1 Coating design
Double layer anti-reflection coatings composed of ALD HfO2 and Al2O3 were
designed. The characteristic matrix of the design was in the form of equation (8), in
which the layer thickness d1 and d2 were the variants. The transmittance for a
combination of [d1, d2] was calculated according to equation (9). The proper [d1, d2]
combination was optimized by annealing method.
The GPC of ALD HfO2 and Al2O3 listed in Table 11 was used to calculate the film
cycles.
6.2 Spectral characterization
The transmittance of the 1ω, 2ω, 3ω and 4ω anti-reflection coatings are shown in Fig.
44. The measured spectra of ALD coatings match the designed curves very well, and
the spectra have the transmittance peaks at the specific wavelengths. The measured
1ω, 2ω and 3ω transmittance including rear-surface reflection approximates the ideal
value 96.5% for fused silica substrates with a single-side anti-reflection coating. It
indicates a precise control of the ALD film thickness without in situ monitoring.
However, the measured and designed spectra do not overlap precisely.
Recalculation shows an error of 6 nm in the HfO2 layer thickness in the 1ω antireflection coating, while errors less than 2 nm in the other film layers. This experiment
indicates that ALD is advantageous over IBS in precise thickness control when the
film is thin, but shows disadvantage in thick films without an in-situ monitor.
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6.2. Spectral characterization
1ω AR

2ω AR

3ω AR

4ω AR

Fig. 44. Transmittance of ALD and IBS anti-reflection coatings.
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6.3. Stress
6.3 Stress
The ALD anti-reflection coatings have concave profiles, and the IBS coatings have
convex profiles, as shown in Fig. 45. This is consistent with the tensile stress of ALD
single layers and the compressive stress of IBS films.
The coatings have individual stress, different from each other. While the error is
one of the factors, it also indicates the complex relationship of stress and film
thickness. The error is contributed mainly by the flatness of substrate, about 10%.

Fig. 45. Stress of the anti-reflection coatings.

6.4 Absorption
The 1ω, 2ω, 3ω and 4ω anti-reflection coatings are characterized by 1ω, 2ω, 3ω and
4ω Laser Calorimetry, respectively. The results are shown in Table 12. For 1ω and
2ω, the ALD films have smaller absorption than IBS anti-reflection coatings, while for
3ω and 4ω, the ALD films have larger absorption than the IBS coatings.
Table 12. Absorption of the anti-reflection coatings.
1ω

2ω

3ω

4ω

ALD AR (ppm)

~1

9.3

597

6900

IBS AR (ppm)

4.5

32.8

65

590

6.5 LIDT
The LIDT of 1ω, 2ω, 3ω and 4ω anti-reflection coatings are characterized by the 1ω,
2ω, 3ω and 4ω Laser, respectively. The damage probabilities of the ALD and IBS
coatings irradiated by 10 pulses are compared in Fig. 46.
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Fig. 46. 10 pulse damage probabilities of ALD and IBS Anti-reflection coatings at
different harmonics of Nd:YAG laser.
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6.6. Damage Morphology
The coatings have lower LIDT at higher harmonics of the laser due to the larger
photon energy. The ALD anti-reflection coatings have generally higher LIDT than the
IBS coatings. Moreover, the highest survival fluences of the ALD coatings are much
larger than of the IBS coatings, indicating the potential of promoting the LIDT of ALD
coatings.
The damage probabilities of the ALD anti-reflection coatings are similar to those of
the ALD HfO2 single layer film. It indicates that the LIDT of the AR coatings is mainly
restricted by the HfO2 film.
The characteristic damage curves of the ALD and IBS anti-reflection coatings are
compared in Fig. 47. The ALD coatings have generally higher LIDT than IBS coatings.
The 3ω IBS and ALD AR have similar LIDTs, though 3ω IBS AR has much lower
absorption than ALD AR. It indicates the dominance of defects on LIDT.

Fig. 47. Characteristic damage curves of ALD and IBS anti-reflection coatings.

6.6 Damage Morphology
The morphologies of the damage sites were characterized with Nomarski Microscopy,
as shown in Fig. 48. The damages are caused by single pulse unless notified
exceptionally.
The morphologies of either ALD or IBS anti-reflection coatings are mainly pits
scattered irregularly within the laser spot. The pits are about 1-10 μm in diameter. At
higher fluences, the morphologies exhibit scalds and pits connected with each other.
It indicates that the damages of the coatings are induced by defects, which have
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6.7. Discussion
much lower damage threshold than the inertial film materials. At higher fluences,
more material is burnt around the defects.
The morphologies of the coatings irradiated by higher harmonic laser have smaller
but denser pits than the lower harmonic laser. It indicates that more defects are
included in the films that interact with radiation of the higher harmonic laser.

Fig. 48. Damage morphologies of ALD and IBS anti-reflection coatings at different
harmonics of Nd: YAG laser.

6.7 Discussion
The damage of both ALD single layers and anti-reflection coatings are induced by
defects according to the damage morphologies. This is consistent with the general
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opinion of damage mechanisms of ns laser pulses [138]. This text provides findings
on how these mechanisms also apply for ALD films.
The LIDT of both the ALD and IBS anti-reflection coatings can be linearly fitted
with the photon energy of the testing laser, as shown in Fig. 49. Extrapolation of the
fit to abscissa is about 5.5 eV, the band gap energy of ALD or IBS HfO2. As
discussed in the above section, the LIDT of anti-reflection coating is limited by the
HfO2 film layer.

Fig. 49. LIDT plot with irradiating photon energy. (a) ALD anti-reflection coating; (b)
IBS anti-reflection coating.

Fig. 50. Model of intra-band defects.
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6.8. Summary
The defects have probably the intra-band energy levels between valence band and
conduction band shown in Fig. 50. The electrons on the defect energy levels can be
excited by the incident photons, forming free electrons that promote local absorption.
The gradient absorption would induce laser damage either by local temperature or
thermal tension. This assumption, however, needs to be certified by more
experiments.
6.8 Summary
Anti-reflection coatings at different harmonics of Nd: YAG laser are prepared by ALD.
The ALD process exhibits excellent film thickness control by the self-terminating
feature. For thin film stacks, the ALD technique saves the expense largely without insitu monitoring. The error of the film thickness is about 1%. For thicker film stacks
such as filters, however, the error might cause deviation of the spectrum, and the insitu monitoring might be indispensable.
Compared to IBS coatings, the ALD anti-reflection coatings have mainly the
following features:


ALD coatings have tensile stress;



ALD coatings have low absorption and rather high LIDT.

The detailed properties of the anti-reflection coatings are summarized in Table 13.
Table 13. Summary of the properties of ALD and IBS AR for different harmonics of
Nd: YAG laser.
Transmittance

Absorption

10 pulse LIDT

Stress

2

(%)

(ppm)

(J/cm )

1ω ALD AR

96.5

~1

11.97

2ω ALD AR

96.9

9.3

9.18

Tensile

3ω ALD AR

96.6

597

4.91

300 - 500 MPa

4ω ALD AR

95.9

6900

3.57

1ω IBS AR

95.2

4.5

8.02

2ω IBS AR

96.0

32.8

6.47

3ω IBS AR

96.0

65

5.02

4ω IBS AR

95.3

590

2.34

Compressive
(-)50-(-)200
MPa
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7.1. Experiment

7. ALD Al2O3 acting as capping layer against vacuum-airshift
ALD Al2O3 has been reported as gas diffusion barriers for organic light-emitting
devices [139]-[144], field effect transistors [145], solar cells [146][147], and food
packaging industry [148]. In optical application, ALD Al2O3 was reported to stabilize
the refractive index of nano-porous SiO2 [149]. ALD Al2O3 could be used as moisture
barrier because of the high film density, which was however not clarified. In this
chapter, ALD Al2O3 is studied as capping layer to protect optical coatings from
environmental influences. It is demonstrated with the example of the vacuum-air-shift
of an EBE dual-wavelength high-reflector. Thermal-shift is studied to further validate
the high density of ALD coatings.
7.1 Experiment
A dual-wavelength high reflector (DWHR) for 532 nm and 1064 nm was deposited by
Electron beam evaporating Ta2O5 and SiO2, which are commonly used materials in
dielectric optical coatings.
Four samples numbered with M1, M2, M3 and M4 were prepared simultaneously in
a deposition run. The substrate temperature was kept at 200-300 °C. Sample M1 and
M2 were used to verify the vacuum-air-shift without a protective overcoat, while M3
and M4 were capped with 100 nm of ALD Al2O3. The ALD film was added in a
chamber with a temperature of about 200 °C and a pressure about 1.1 mbar. The
samples were kept in the chamber for 5 minutes.
The vacuum-air-shift was tested with a broad band optical monitor (BBM)
developed in Laser Zentrum Hannover [4]. The BBM was calibrated with a
spectrometer, able to measure the transmittance spectrum in vacuum 3×10-6 mbar
[150]. Sample M4 was then dipped in water for 60 hours to expose the multilayer film
to a maximum of water and to verify the protective function of the capping layer. The
vacuum-air-shift of capping layers with different thicknesses was tested.
The surface of each sample was characterized with a laser scanning microscope
(LSM) under 500× magnification to determine the surface roughness in an area of
240×180 μm2. The film structure of M4 was characterized by a Scanning Electron
Microscope (SEM) under 120,000× magnification.
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7.2. Results
For further analysis of the capping effect, the vacuum-air-shift of DWHR protected
by 3 nm, 10 nm and 20 nm ALD Al2O3 was compared to the unprotected multilayer.
The temperature-shift of ALD films was tested by measuring the spectrum of an ALD
HfO2/Al2O3 anti-reflection coating at different temperatures.
7.2 Results
The transmittance spectra of M1 (without capping layer) measured in atmosphere
and vacuum are shown in Fig. 51(a). Compared to that in atmosphere, the spectrum
of the DWHR in vacuum shows a vacuum-to-air blue shift of 22 nm near wavelength
1000 nm. M2 has the same spectrum and vacuum-air-shift as M1, revealing a
reproducibility of the experiment.
The spectra of M3 (with capping layer) are shown in Fig. 51(b). The spectrum
measured in atmosphere overlaps with that in vacuum. It indicates the moisture
isolation of the ALD capping layer as the optical thickness is not influenced by
environmental variation.
M3 shows the same high-reflection bands at 490-540 nm and 950-1200 nm with
M1 in vacuum, indicating the desorption of moisture in ALD vacuum chamber before
deposition. In the wavelength range 700-900 nm, M3 has a different spectrum
compared to M1, due to the optical influence of the Al2O3 overcoat.
The spectra of M4 (with capping layer) measured before and after dipping in water
for 60 h are shown in Fig. 51(c). The spectrum after dipping does not shift to the red,
but overlaps with that before dipping completely. The capping Al2O3 layer does not
degrade but prevents the adsorption of moisture over time, indicating the
sustainability of the capping layer.
Surface characterization shows that the DWHR without capping layer has average
roughness 23.5 ±1 nm, while the DWHR with capping layer has roughness 16.8 ±1
nm. It indicates the denser film structure of ALD Al2O3 layer than EBE multilayers.
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Fig. 51. Spectra of samples. (a) M1 (without capping layer) measured in
atmosphere and vacuum; (b) M3 (with capping layer) measured in atmosphere and
vacuum; (c) M3 (with capping layer) measured in atmosphere before and after
dipping in water.
71

7.2. Results
The capping effect of ALD Al2O3 with different thickness is displayed Fig. 52(a).
The unprotected sample has the largest vacuum-air-shift, about 22 nm at wavelength
1000 nm, while the 20 nm Al2O3 protected sample has no vacuum-air-shift. 10 nm
ALD Al2O3 is found to have a good capping effect against vacuum-air-shift. The
capped mirrors show spectra blue shifted, indicating that moisture was lost in the
ALD chamber before deposition. The effect of capping layer with different
thicknesses against vacuum-air-shift is plotted in Fig. 52 (b).

Fig. 52. Vacuum-air-shift of DWHR protected by ALD Al2O3 of different thickness.
(a) The spectra measured in air and vacuum; (b) The Vacuum-air-shift plot versus
capping layer thickness.

Fig. 53. Temperature shift test of the ALD HfO2/Al2O3 anti-reflection coating.
The spectra of the ALD anti-reflection coating deposited with HfO2 and Al2O3 at
different temperature are shown in Fig. 53. There is no discriminable shift of the
spectrum at different temperature, verifying the dense structure of the ALD films.
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Fig. 54. Film structure of EBE multilayer capped by ALD Al2O3 layer. (a) overview;
(b) pores of EBE multilayers.
The SEM images of the film structure are shown in Fig. 54. The overview of the
ALD Al2O3 layer and the EBE DWHR can be seen in Fig. 54 (a). The pores of ALD
layer are hardly recognizable compared to those of EBE stacks. The grains and
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pores in the DWHR can be observed clearly in Fig. 54 (b). The pores in SiO2 layers
have width between 10 and 20 nm, in comparison to the 100-200 nm size of grains.
7.3 Analysis
The different deposition mechanisms of EBE and ALD contribute to the different film
densities. The kinetics of coating species after transportation to the substrate include:
adsorption on the surface of the substrate or growing coating, diffusion over this
surface, chemical reaction with local reactive ligands, and their release from the
surface by thermal desorption.

Fig. 55. Schematic diagram showing molecule in different adsorption sites and the
corresponding potential energy E as a function of relative distance z to the surface
molecule. (a) Ta2O5 or SiO2 molecule in EBE; (b) TMA or H2O molecule in ALD.
The energy potentials of different sites are illustrated in Fig. 55. During EBE
coating growth, the Ta2O5/SiO2 molecules condense onto the substrate or growing
coating forming covalent bonds (position 1 in Fig. 55a), followed by diffusion or
desorption. In the ALD process, the precursor molecules are physi-sorbed firstly by
way of hydrogen bonding and van-der-Waals attraction (position 1 in Fig. 55b), which
are much weaker than covalent bondings, and then switch to diffusion, desorption, or
chemi-sorption through reaction with reactive ligands (-OH or –CH3) on the surface
(position 3 in Fig. 55b). The reactive ligands will not regenerate once consumed until
the next precursor exposing half cycle.
The surface diffusion rate rdiff of a specific molecule could be expressed by
Arrhenius law [139]:
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rdiff  exp   Ediff / kBT 

(19)

Where kB is the Boltzmann constant, T the substrate temperature, Ediff the potential
energy difference in the equilibrium adsorption site (position 1 in Fig. 55 a and b) and
in the transition saddle point (position 2 in Fig. 55 a and b). Ediff is related to melting
point Tm. The ALD precursors TMA/H2O or TEMAH have much smaller Ediff than
Ta2O5/SiO2 in EBE process.
The diffusion rate of Ta2O5/SiO2 is about 0.5%. The film molecules will thus
essentially stick close to where they arrive, shadow the subsequent molecules, and
lead to the porous film structure.
In case of ALD precursors, TMA/H2O have diffusion rates as high as 40%. The
molecules are therefore more likely to diffuse into the neighbor physi-sorption site,
leading to weaker shadowing effects and therefore a dense film structure when the
film grows layer by layer. The refractive index at 550 nm of ALD Al 2O3 is 1.635,
compared to 1.620 of the Al2O3 evaporated at 300°C [152].
When the TMA/H2O molecules interact with the native pores in the EBE stacks
with high depth-width ratio, more molecules and a longer exposure time are needed
for the diffusion to cover the entire inner-wall surface. In this experiment, the
precursor exposure pulse duration is set for growing a dense film on flat substrate,
but insufficient for a deeper penetration of the pore structures. Therefore, the top
portion of the pores is coated as the capping layer grows, closing the pore aperture
gradually, and isolating the EBE stacks from the atmosphere moisture. In this context,
the capping layer should have a thickness exceeding half of the pore width to achieve
complete isolation of the underlying EBE-structure from the environment.
Consequently, the thickness of the capping layer reaches a range that influences the
coating spectrum. However, this effect can be pre-compensated in the coating design.
7.4 Summary
Vacuum-air-shift is a typical effect observed in many coatings with porous film
structure deposited by conventional thermal evaporation. In the present study, a
conventional Ta2O5/SiO2 coating stack is covered by an ALD Al2O3 layer to isolate the
grain pores in the columnar structure from atmospheric moisture. It is analyzed
whether an ALD capping layer can be applied to a multilayer thin film structure to
provide a protection from environmental changes or instabilities. Transmission
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spectra in vacuum and atmosphere are compared to evaluate the vacuum-air-shift
effect. The film structure of the coating capped with the ALD layer is characterized.
Results indicate good performance of the ALD Al2O3 capping layer for the intended
purpose. Both reproducibility and sustainability are verified, indicating a high potential
of ALD Al2O3 as capping films. The capping effect of ALD Al2O3 with different
thickness is evaluated. The temperature shift of an ALD anti-reflection coating is
tested to verify the dense structure of the ALD films. Although IBS or IAD coating
have also high film density [153], the high diffusion of ALD precursor enables an
advantageous application of ALD Al2O3 as capping layer for objects with complex
surfaces.
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8. Stress compensated high power antireflection coatings
8.1 Introduction
Since the very beginning of laser technologies, one main subject is the development
of laser systems operating at high power levels and improved beam quality [154][155].
The obstacle towards high power laser is the limitation in the power-handling
capability of optical components. Among the various components for Nd: YAG lasers,
optical coatings that form mirrors and polarizers are most easily to breakdown [156].
Improving the laser resistance of optical coatings is a continuing challenge.
On the other hand, wave-front specification of optical components are demanded
in order to obtain sub-mm focused laser [157]-[159]. The stress of coatings needs to
be carefully set, as the coating stress can either bend the glass substrate and change
the wave-front or cause the coating to crack. Coatings with little stress are desired
Nowadays, the most widely used coatings for high power laser mirrors are electron
beam evaporated (EBE) HfO2/SiO2 compositions [160]. HfO2 is more resistive than
the traditional high-index material TiO2 [161], and laser conditioning could increase
the HfO2/SiO2 damage threshold by 2× to 3× [162]. The stress of coatings could be
adjusted by ion assisting deposition (IAD). It is rather difficult to promote the
resistance further without damaging the wave-front.
Ion beam sputtering (IBS) is an enabling technology for modern thin film coatings
[163]. IBS coatings exhibit superior properties such as: precise thickness control,
high packing density, low absorption and high LIDT. A recent damage competition
indicates that IBS has larger damage threshold than EBE or other techniques [164].
However, its application is inhibited in large optics of high power laser due to the
severe compressive stress. Though post annealing is reported to release part of the
IBS coating stress [165][166], it is difficult for a precise control.
Atomic layer deposition (ALD) coatings are also competitive in uniformity, low loss,
high LIDT and precise thickness control. However, the severe tensile stress of ALD
coatings sets an obstacle towards the application in large-size high power lasers.
In this chapter, a novel idea is presented to take advantage of the power handling
abilities and opposite stress of IBS and ALD coatings. With ALD Al2O3 and IBS SiO2
selected as high and low refractive index materials, coatings with compensated
stress as well as high LIDT could be designed. IBS SiO2 and ALD Al2O3 have been
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individually well studied, possessing rather high LIDTs among a variety of optical
materials. Moreover, precursors Al(CH3)3 and H2O are prominent for ALD processes
due to the high reactivity, thermal stability and rather safe reaction product.
In the following section, the derivation of the opposite stress in IBS and ALD
coatings is analyzed at first. In section 8.3, the coating design concept taking
advantage of IBS SiO2 and ALD Al2O3 is depicted. In section 8.4 and 8.5, an antireflection coating composed of ALD Al2O3 and IBS SiO2 is prepared and
characterized. This chapter describes a coating concept with high LIDT as well as
low stress, which might promote the output of solid state laser to a new level.
8.2 Stress analysis of IBS and ALD coatings
As it approaches the substrate, each film molecule exerts a force on the existing
molecules on the substrate, either attractive or repulsive. The molecule cannot freely
move in the horizontal direction due to limited diffusivity. The intermolecular forces
would eventually reach a balance. In other words, the film layer is formed with a
shrinking or expanding trend, as shown in Fig. 56. The substrate, however, prevents
the shrinking or expansion of the film.

Fig. 56. Intermolecular force induced stress. (a) attractive force leading to tensile
stress; (b) repulsive force leading to compressive stress.
The equilibrium requires that both forces and bending moments be balanced at
any point of the interface. Take the attractive force in Fig. 56(a) for an example. The
substrate is under the expansion force of the film, and balances it with repulsive force.
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The bending moment is compensated by elastically bending of the substrate. Thus,
attractive intermolecular force bends the substrate concave upward, named as
tensile stress, and repulsive intermolecular force bends the substrate convex outward,
named as compressive stress.
The intermolecular force is approximately described by Lennard-Jones function
[167].
12
6
U LJ (r )    rm / r   2  rm / r  



(20)

Where r is the distance between the molecules, ε is the depth of the potential well, rm
is the balance distance at which the inter-particle potential is minimum and the interparticle force is zero. The potential is composed of a repulsive term and an attractive
term. The repulsive term at short range describes the Pauli repulsion due to
overlapping electron orbitals, while the attractive term at long range depicts attraction
such as covalent bonding, hydrogen bonding, Van der Waals force and so on.
In order to develop a simplified mathematic model, the harmonic oscillator potential
is used to approximate the intermolecular potential.

1
U ( r )  ke r 2  
2

(21)

Where ke is the elastic constant. ke is determined by ε and rm in Lennard-Jones
function. The balance position is reset here as 0 for convenience, as illustrated in Fig.
57.

Fig. 57. Intermolecular potential. The bottom part could be approximated as
harmonic oscillator potential.

79

8.2. Stress analysis of IBS and ALD coatings
During the coating process, the film molecule approaches the potential well from
infinity with initial velocity v0, and then oscillates in the potential well. The interaction
with the large number of molecules in substrate would damp the kinetic energy until a
thermal oscillation. However, the thermal oscillation has much smaller amplitude,
thus is not considered here. The movement equation of the molecule in the harmonic
oscillator potential could be written as following:

 d 2r
dr
 2  20  02 r  0
dt
 dt

r t 0  r0

 dr  v
 dt t 0 0

(22)

0  ke / m
  cd / 2 mke
Where r0 is the initial position at which potential equals zero, and v0 is the initial
velocity of the coating molecule. ω0 is the angular frequency determined by the
elastic constant ke and molecule mass m, ζ is the damping ratio. It is assumed that
the damping force is proportional to the molecule velocity:

F  cd  dr / dt

(23)

Solving equation (22), the mean position <r> can be expressed by equation (24).
The detailed calculation is in Appendix I.

r t  

v0  2r00
1  e0t
2
t  0





(24)

The mean position could be either positive or negative, depending on the initial
velocity v0. There are three cases as illustrated in Fig. 58.


v0  2r00 . The molecule has large velocity, leading to an intermolecular
distance smaller than balance distance. In this case, the repulsive force
dominates;



v0  2r00 . The intermolecular distance is exactly the balance distance, and the
average force is zero;



v0  2r00 . The molecule has small velocity, leading to an intermolecular
distance larger than balance distance. In this case, the attractive force dominates.
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Fig. 58. (a) The trace of an impinging molecule with different initial velocities; (b)
The mean position of an impinging molecule with different initial velocities.
In order to estimate the value of item 2r00 of Al2O3 and SiO2, further assumption
has to be made to the parameters.
1. The damp ratio is a variable between 0 and 1, depending on the damping force.
It is rather difficult to clarify how fast the substrate damps the oscillation of the
incoming molecule. The damp ratio 0.1, 0.5 and 1 are adopted in the calculation
in Table 14.
2. The potential depth is assumed to be 1-3 eV. The exact potential depth of an
amorphous film is hardly available, though some elements are reported [168][170]. The potential depth 0.1eV, 1 eV and 3 eV are adopted in Table 14.
Table 14. Estimation of the 2r00 of Al2O3 and SiO2.
m (g/mol)

50 (Al2O3)

30 (SiO2)

2

2
(m/s)
m

ε (eV)

ζ

1

0.1

1

1

3920

1

0.5

1960

3

0.5

3394

0.1

0.5

620

1

0.1

1

1

5060

1

0.5

2530

3

0.5

4381

0.1

0.5

843

392

506
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The typical parameters are calculated as in Table 14. Based on the above
assumptions, Al2O3 and SiO2 have 2r00 probably between 400-5000 m/s.
In an IBS process the film molecules are emitted with kinetic energies as high as
several 10 eV through the momentum transfer from impinging ions to the target. In
EBE process, the film molecules are evaporated with kinetic energies few tenth eV
through energy transfer from impinging electrons to the target. In ALD process, the
precursor molecules arrive at the substrate at rates of hundreds of sccm carried by Ar.
The initial velocity v0 in each case are listed as Table 15. Compared to the average
value of 2r00 , IBS is believed to produce compressive stress, EBE and ALD
coatings should have tensile stress.
Table 15. Stress induced by molecule velocity in different coating process.
IBS

EBE

ALD

initial velocity v0

4

~10 m/s

10 m/s

0.1 m/s

Intermolecular force

Repulsive

Attractive

Attractive

Compressive

tensile

tensile

Stress

Importantly, this model developed in this text provides a general insight of how
stress occurs. The model is based on assumption and the parameters are far from
precise values. After all, the conclusion can be drawn that though the temperature in
each coating process might cause external stress, the intermolecular force plays the
key role in determining the total stress.
8.3 Design of the stress-compensated AR coating
Of all the possible applications, anti-reflection coatings have had the greatest impact
on technical optics. Double-layer coatings are essential for AR design. Varying the
thickness of each layer, a combination could be found giving lowest reflectance. The
characteristic matrix of a typical double-layer design is described in equation (8).
The strain of the layers exerted on substrate could be expressed by peak-to-valley
value:

4 Es d s2
PV   1d1   2 d 2
3(1  vs ) D 2

(25)

Where Es, vs, ds, D are Yong’s modulus, Poisson ratio, thickness and aperture of the
substrate, respectively. σ is the stress of the film layer.
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As could be seen in equation (8) and (25), varying the thickness of each layer by

i di   would not change the characteristic matrix, but would affect distinctively the
peak-to-valley value. Theoretically speaking, if a pair of integers x, y could be found
meeting equation (26), both the reflection and stress would be zero.

1 (d1  x



)   2 (d 2  y )  0
1
2

(26)

x, y  0,1, 2,3....
Normally, the suitable x and y would be very large, leading to a very thick coating
design, which is not practical. However, there is usually a tolerance for error in an
actual requirement. Besides, more than two layers could also be used as an initial
design. The algorithm searching for suitable x and y is based on the simulated
annealing method [171], as illustrated in Fig. 59.

Fig. 59. Algorithm for designing a stress-compensated coating.
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8.4 Experimental details
An anti-reflection coating at 980 nm was designed with compensated stress.
According to previous experiment, ALD Al2O3 has tensile stress varying from 350-600
MPa, while IBS SiO2 has compressive stress 400-470 Mpa. In this experiment, the
average value of the film stress was adopted, that is, 414 Mpa of ALD Al 2O3, and ()415 Mpa of IBS SiO2. The design was Sub/135 H 182L 178H 134L/Air.
The SiO2 was deposited in an IBS machine. The film thickness was monitored with
a broad band monitor. ALD Al2O3 was deposited without in-situ monitoring. The
substrate was transferred between the IBS machine and ALD machine to be coated
with IBS SiO2 and ALD Al2O3 layers.
The transmittance at 980 nm was designed to be 100% excluding rear surface
reflection. The stress was designed to be -3 MPa. The LIDT of the anti-reflection
coating and single layers were measured at 532 nm according to ISO 21254. The
beam frequency was 100 Hz. The beam diameter at 1/e2 of the maximum intensity
was about 300 μm.
8.5 Results and analysis
8.5.1 Spectrum

Fig. 60. The measured and designed spectra.
The transmittance in wavelength range [500, 2000] nm was measured and compared
with the design, as shown in Fig. 60. The peak position is at 980 nm, consistent with
the design. The peak transmittance is 96.57%, which is quite close to the designed
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value including a rear surface reflection. The accordance of measured and designed
spectra indicates the rather controllable film thickness. However, the spectra do not
overlap. The recalculation indicates a thickness error of 8% in the ALD Al2O3 film
layers. The GPC of the 1st Al2O3 layer is 0.112 nm/cycle while of the 2nd is 0.102
nm/cycle.
8.5.2 Stress

Fig. 61. Surface profile of the single layers and anti-reflection coating.
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The surface profiles of the single layers as well as the anti-reflection coating are
shown in Fig. 61. The profile at the rim is truncated to avoid obvious error, which is
valid in principle if the substrate is flat. The anti-reflection coating has much smaller
peak-valley value than the single layers in spite of the much larger film thickness. The
stress values calculated according to Stoney’s equation are listed in Table 16.
Both Al2O3 and SiO2 single layer have stress several hundred MPa, while the antireflection coating has (-)38 MPa stress. Though much thicker than the single layers,
the anti-reflection coating has much smaller stress due to the compensation.
The compensation is not perfect, residing certain stress to some extent. This is due
to the error of the single layer stress. The single layers do not show the same stress
as in the design, as listed in Table 16.
Table 16. Stress comparison of single layers and anti-reflection coating.
Film thickness (nm)
Diameter (mm)
ΔPV (nm)
Stress (MPa)

ALD Al2O3
148
12.5
63
302

IBS SiO2
182
12.5
-114
-450

ALD Al2O3
178
12.5
85
343

IBS SiO2
135
20
-152
-315

AR coating
628
12.5
-34
-38

8.5.3 LIDT
The damage probabilities of IBS SiO2 (135 nm), ALD Al2O3 (178 nm) and the stress
compensated anti-reflection coating are displayed in Fig. 62. The damage
probabilities are plotted versus fluence and fitted linearly. The extrapolation to the
abscissa is defined as 0% LIDT, indicating the highest fluence that causes no
damage.
For 10 pulses irradiation, IBS SiO2 has LIDT about 35 J/cm2, and the highest
survival fluence is over 45 J/cm2. For 10,000 pulses irradiation, the LIDT of IBS SiO 2
decreases distinctively till 15 J/cm2, and no site survives the 30 J/cm 2 fluence. It
indicates the fatigue effect of SiO2 under the 2ω laser irradiation.
ALD Al2O3 has LIDT 15 J/cm2 under irradiation of both 10 and 10,000 pulses.
However, the highest survival fluence decreases distinctively when the film is
irradiated with more pulses.
The anti-reflection coating has an LIDT of 10 J/cm2 under irradiatin of both 10 and
10,000 pulses, lower than the single layer films. The LIDT is probably induced by the
defects at the film interfaces. The samples were moved between the ALD chamber
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and IBS chamber, during which much more defects were expected. The defects are
supposed to have higher absorption.

Fig. 62. Damage probabilities. (a)-(b) IBS SiO2, 135 nm; (c)-(d) ALD Al2O3, 178 nm;
(e)-(f) compensated anti-reflection coating.
The characteristic damage curves of the stress compensated anti-reflection
coating is compared with ALD and IBS anti-reflection coatings, as shown in Fig. 63.
Though much more defects are introduced during the movement between coating
chambers, the stress compensated anti-reflection coating has the same LIDT as the
ALD anti-reflection coating, and larger than IBS anti-reflection coating.
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The 50% characteristic damage curves give more hint on the potential of higher
LIDT. If the additionally introduced defects are eliminated, theoretically speaking, the
LIDT of the stress-compensated anti-reflection coating could reach that of the ALD
Al2O3 single layer.

Fig. 63. Characteristic damage of the anti-reflection coatings as well as the single
layers.
The typical damage morphologies are illustrated in Fig. 64. IBS SiO2 exhibits small
and dense pits, while ALD Al2O3 exhibits pits around the damage centers. The antireflection coating shows damage pits scattered irregularly within the laser spot.
However, the damage pits of the anti-reflection coating are more like peeling-off pits,
different from the single layers. The stress mismatch of ALD Al2O3 and IBS SiO2
might account for the different appearance of the pits. The damage morphologies
indicate that the damage of the anti-reflection coating is induced by the defects
introduced externally. There is much potential for improvement of the LIDT, if the
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defects concentration could be reduced. For example, it would be helpful to deposit
the IBS SiO2 and ALD Al2O3 in the same chamber.

Fig. 64. Damage morphologies of the single layers and the stress compensated
anti-reflection coating.

8.6 Discussion
It is a promising trend to design optical coatings meeting the spectrum, stress as well
as high LIDT requirements by use of ALD Al2O3 and IBS SiO2. According to the
results in this text, the LIDT may probably be further enhanced by depositing the two
materials in the same chamber. The film thickness needs higher precision in order to
design the spectrum with less error. Though ALD is advantageous in thickness
resolution, the precision is lower than BBM controlled IBS when the film thickness
reaches 100 nm.
It is rather difficult to set the stress of single layers fixed in the design stage. The
stress of Al2O3 film, as shown in Fig. 65, varies from 300 to 600 MPa. There are
probably several reasons for the stress instability.
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For one thing, the stress of the ALD films might be influenced by the precursor
residual. The intermolecular potential energy of physi-sorption is much smaller than
of chemi-sorption, leading to a different intermolecular force. The film stress might be
thus affected by the not strictly saturated precursor adsorption and desorption.
For another, different thickness might also induce different stress, according to
references [172][173]. In this experiment, the stress has a decreasing trend as film
thickness increases from 30 to 150 nm, as in Fig. 65. It might be induced by the
attenuation in the transfer of intermolecular force as the film thickness increases.
However, more experiments are needed to support this inference.

Fig. 65. Stress of ALD Al2O3 with different thickness.
Most importantly, the unflat substrate surface contributes largely to the stress error.
The measurement of stress is based on Stoney’s equation, as the PV expression in
equation 27. The stress is determined by the change of peak-valley value ΔPV
induced by the coating. This applies well to an ideal flat substrate surface, as in Fig.
66(a). ΔPV approximates the change of curvature. This approximation also works
well if the surface is truncated by certain mask to avoid the obvious error. For
example, the rim of an IBS film surface is often less coated due to the shielding of the
jig, and there is often some film at the rim on the rear surface of an ALD coating, due
to the high diffusivity of precursors.
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(27)

Fig. 66. Influence of un-ideal surface on stress measurement.
As to an imperfect surface, however, extra error might be introduced into the stress
value. Take the saddle surface in Fig. 66(b) for an example, due to the miss of
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concave apex, the measured PV difference is ΔPV-ΔPV’, leading to an
underestimated stress. On the other hand, If the apex is not at the sample center, as
in Fig. 66(c), the measured PV difference becomes larger than the actual ΔPV,
resulting in an overestimated stress value. The decentralized apex would also result
in different stress value if the surface is tailored by a mask.
In summary, the measured stress has a large error, making it challenging in
eliminating the residual stress completely with this compensating method. To further
compensate the residual stress, the stress of single layers needs to be measured
with higher precision. The error might be diminished by the use of larger flat
substrates. Besides, the relationship of stress and film thickness needs to be
investigated in more detail.
8.7 Conclusion
Both ALD and IBS can deposit coatings with high density, few structural defects and
rather high LIDT. However, their stress problems inhibit their application in large
aperture high power lasers. Their stress levels originate probably from the molecule
kinetics during deposition. A model based on the intermolecular potential is proposed,
concluding that IBS coatings have compressive stress and EBE/ALD coatings have
tensile stress.
In this study, an anti-reflection coating based on ALD Al2O3 and IBS SiO2 is
designed and fabricated. The resulting spectrum matches the design well, and
residual stress is much less than that of single layers. The LIDT of the anti-reflection
coating at 532 nm is less than both single layers, probably due to the introduction of
additional defects. However, it indicates the promising development of low stress
high LIDT coatings for future high power lasers.
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9. Other applications
9.1 Nanolaminates
9.1.1 Introduction of nanolaminates
The ultra-fast laser applications impose high demands on optical coatings in terms of
film thickness, refractive index and LIDT. The LIDT in subpicosecond pulse regime is
found linearly scaling with band gap energy [136]. In general only a limited amount of
materials are available in nature. In order to achieve further progresses, novel design
techniques are required to adjust the optical band gap values and refractive indices
of optical materials. According to the RISED (Refractive Index Stepped Down)
concept, a new class of composite materials was made available to optimize the
LIDT of high reflection mirrors by co-sputtering two materials in ratio [174][175]. As
an alternative to the co-deposited layers with homogeneously distributed atoms,
nanolaminates can be considered for a study of the electronic properties of mixed
material phases.
The concept of nanolaminates was used in reference [176], in which the structural
sizes of the nano layers were not chosen small enough to generate new electronic
states in the structure. In the work of Willemsen, IBS Ta2O5 or HfO2 was embedded
in a matrix SiO2 layers to form nanolaminates [177]-[179]. The band gap energy was
controlled by the thickness of the quantum well through the electron confinement
between the barriers. The smallest thickness of the quantum well was 0.5 nm, which
approaches the limit of the IBS coating monitored by BBM.
In this context, ALD is applied to deposit nanolaminates, which has film thickness
resolution 0.11 nm. The refractive indices and band gap energies are studied.
9.1.2 Experimental results
Four different HfO2 and Al2O3 stacks (LH)nL were manufactured by varying the layer
thickness of the HfO2 (low gap material) down to 0.21 nm and keeping the thickness
of the Al2O3 barriers as well as the total design thickness of HfO 2 constant. The
sample information and properties are listed in Table 17.
The transmission and reflection spectra of each nanolaminate were measured.
Sellmeier equations are applied to calculate the equivalent refractive index. As shown
93

9.1. Nanolaminates
in Fig. 67, a growing trend of refractive index can be observed as the thickness of
HfO2 layer increases.
Table 17. Properties of the manufactured nanolaminates.
Layer thickness

Layer thickness

HfO2 (nm)

Al2O3 (nm)

8.5

5.5

2.1

5.5

0.5
0.2

5.5
5.5

Design

Tauc Band

Refractive index

gap (eV)

(1064 nm)

(LH)3L

5.65

1.87

(LH)12L

6.00

1.74

6.13

1.66

6.25

1.64

48

(LH) L
120

(LH)

L

Fig. 67. Equivalent dispersion of the nanolaminates.
A clear blue shift in the band gap is obvious for the manufactured nanolaminates
as the thickness of HfO2 layer decreases, as shown in Fig. 68. One nanolaminate
with HfO2 layer thickness 8.5 nm was prepared for TEM inspection (Fig. 69). The
thickness determined by TEM of HfO2 was about 8.5 nm. However, the thickness of
the Al2O3 layer adjacent to the substrate is about 4.9 nm while that amid the HfO 2
layers is about 4 nm, showing a thickness error larger than 4%. It might be caused by
the different initiation of ALD Al2O3 on Si/SiO2 surface and HfO2 surface, which was
not detectable by spectral measurements such as ellipsometry.
This experiment reveals the promising application of ALD films in nanolaminates,
which might gain application in complex coating, or in RISED high power coatings.
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Fig. 68. Band gap energies determined by Tauc plot.

Fig. 69. TEM cross-section of (LH)3L nanolaminate showing the alternating layer
structure of HfO2 (dark area) and Al2O3 (bright area).
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9.2 GDD film
9.2.1 Introduction
The rapid development of ultra-fast laser applications requires a precise phase
management to counter the natural dispersion of light [180][181]. Chirped mirrors
offer the possibility to gain HR mirrors with minus Group Delay Dispersion (GDD)
around the reference wavelength [179]. Chirped mirrors provide a more compact
solution to control the dispersion in comparison to prism pairs [182].
In the current design, the last layer has a thickness of several nanometers, which is
difficult to be controlled with QCM or BBM monitor. What’s more important, it is the
thickness of the last layer that influences the GDD significantly. The thickness error of
1 nm would cause distinctive GDD deviation, but almost no transmittance difference.
It is therefore of great importance to realize the last layer with more precise thickness.
Before the invention of phase BBM, which monitors the online GDD directly, ALD
was a promising method to solve the thin layer problem of chirped mirror. ALD
coating has thickness resolution as high as 0.1 nm. The thickness was controlled by
counting cycles instead of in-situ monitoring. Besides that, ALD Al2O3 has large band
gap, low absorption and high LIDT. This experiment was to deposit ALD Al 2O3 as last
layer of the chirped mirror, minimizing the GDD error.
9.2.2 Experiment
The complete design is composed of 58 layers, the last of which is 10.9 nm Al2O3.
The first 57 layers were accomplished by IBS. The measured GDD curve of the 57
layers matched the designed very well.
The last Al2O3 layer was deposited by ALD in the 1st module. The GPC was
measured to be 0.1045 nm ± 4%. The required 10.9 nm corresponded to 104 cycles.
9.2.3 Results and discussion
The reference sample (Si substrate) indicated that the thickness of ALD Al 2O3 layer
was 11.34 nm, which was 0.44 nm thicker than expected. Such small deviation was
supposed to cause GDD difference not larger than 20 fs2.
The measured result and the calculated GDDs with different last layer thickness
are shown in Fig. 70. According to the measurement, the sample ended with ALD
Al2O3 has a GDD deviation of about 70 fs2 (including about 20 fs2 average shift),
much more than the prediction of design. In comparison, the phase BBM controlled
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sample has a GDD deviation less than 10 fs2 (excluding the average shift), and the
BBM controlled sample has about 200 fs2 deviation. The measured GDD indicates
the thickness of the last layer is about 16 nm, much larger than 11.34 nm of the
reference sample.

Fig. 70. Measured GDD and the calculation by varying last layer thickness.
There are probably two explanations for these results:


The ALD growth on Ta2O5 and Si (SiO2) substrate was different;



The heating during ALD changed the GDD of the first 57 layers.

(1) Growth difference on Ta2O5 and Si(SiO2) substrates
The first 57 layers in this experiment were ended with Ta2O5, thus only Ta2O5 is
discussed here.
An experiment was carried out depositing ALD Al2O3 on IBS Ta2O5 single layer.
The GPC was determined to be 0.1045 nm/cycle by measuring the film on Si
substrate. After 1000 cycles deposition, the measured and calculated spectra match
well with little error, as shown in Fig. 71. For comparison, the spectra calculated with
error ± 4% are displayed. The result indicates that the GPC of ALD Al2O3 on Ta2O5
was almost the same as that on Si substrates.
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Fig. 71. Measured and calculated spectra of IBS Ta2O5 + ALD Al2O3.
(2) Influence of heating or storage on the first 57 layers.
Another GDD coating sample ended with ALD Al2O3 was heated in ALD chamber
for 20 minutes after 2 weeks storage. As shown in Fig. 72, the heating influences
distinctively the GDD of the first 57 layers. This is probably the reason of the failure of
experiment – the influence of ALD heating was not considered in the coating design.

Fig. 72. GDD before and after heating at 200 °C, 20 min.
The solutions would thus be:


To study ALD film at room temperature;
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Or to study the influence of heating on GDD.

It seems impractical to deposit ALD Al2O3 at room temperature, since the gas
pipes are heated, and the heat would be transferred to the substrate holder. The
substrate temperature would reach 78 °C eventually after the film deposition.
9.3 Conclusion
ALD is advantageous in film thickness resolution, therefore it can deposit coatings
about 10 nm with little error. Nanolaminates with tailored refractive index have been
prepared with ALD HfO2 and Al2O3. A clear blue shift in band gap energy is detected
as the HfO2 thickness decreased from 8 nm to 0.2 nm. The nanolaminates have
promising application in promoting LIDT of femtosecond components following the
RISED concept.
ALD Al2O3 was used as the last layer of the chirped mirror in this text. However,
the GDD does not match the design due to probably the influence of heating the first
57 layers. This experiment points out the development of ALD in future: ALD at room
temperature, and ALD with in-situ monitoring.
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10. Summary and Conclusions
As potential candidates for laser coatings, ALD Al2O3 and HfO2 have been studied in
this thesis in aspects of thickness precision, uniformity, stress, weak absorption, laser
induced damage threshold, film density and so on.
ALD is based on the sequential chemi-sorption of reactive precursor molecules
onto the substrate. Each precursor has its own vapor pressure, molecule mass and
physi-sorption energy. Therefore the exposure time and purging time of each
precursor has to be determined separately. It is sensible to estimate the relative ratio
of the parameters and instruct the trial experiments to find out the proper process for
each precursor.
The self-terminating feature is derived from the limited reactive sites in each ALD
cycle. Due to the self-terminating and large surface diffusion rate, the ALD films have
good uniformity and thickness with high resolution. Both ALD Al2O3 and HfO2 have
stable growth rates, with GPC about 0.11 nm ± 8%. Both ALD films have
uniformity >99% without compensating baffle in ϕ60 mm area.
The characteristics of ALD Al2O3 and HfO2 concerned in high power components
are compared to those of IBS Al2O3 and HfO2 single layer films. The ALD films have
comparable refractive indices, band gap energies and LIDT with IBS films. ALD films
have lower extinction coefficients than IBS films. The 1064 nm Laser Calorimetry
measurements show smaller absorption of ALD films than IBS films. Both ALD films
have severe tensile stress, in contrast to the compressive stress of IBS films.
The annealing of ALD films at 300 °C, 400 °C and 500 °C has been studied. The
annealing at 300 °C does not affect the stress or band gap energy distinctively, but
enhances the LIDT of ALD Al2O3 by nearly 30%. However, the LIDT of ALD HfO2 is
not improved at this temperature. The effect of 400 °C annealing is the same with
300 °C. The 500 °C annealing is detrimental to the ALD films, both increasing the
absorption and decreasing the LIDT distinctively.
Anti-reflection coatings for different harmonics of Nd: YAG laser were deposited
with ALD and IBS Al2O3/HfO2, respectively. The film thickness was well controlled by
counting the cycle number. The ALD anti-reflection coatings have tensile stress while
the IBS coatings have compressive stress. ALD coatings have generally higher
LIDTs than IBS coatings for the harmonics of the Nd: YAG laser. The LIDT is mainly
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restricted by the ALD HfO2 layer. The damages of both ALD and IBS anti-reflection
coatings are induced by defects.
ALD coating have high density, and have potential applications as capping films. A
conventionally evaporated Ta2O5/SiO2 coating stack was covered by an ALD Al2O3
layer, to isolate the grain pores in the columnar structure from atmospheric moisture.
Results indicate good performance of the ALD Al2O3 capping layer against the
vacuum-air-shift. The spectrum of an ALD anti-reflection coating was measured at
different temperature, revealing no thermal shift of the ALD films.
The severe tensile stress of ALD film makes it not suitable for thick components
alone. The opposite stress of ALD and IBS coatings are probably contributed by the
different molecule velocity. A novel concept was proposed to deposit stresscompensated, high LIDT coatings by using IBS SiO 2 and ALD Al2O3 as low and high
refractive index materials. An anti-reflection coating was prepared following this
concept. The measured spectrum matches the design very well. The anti-reflection
coating has much smaller stress than either IBS or ALD single layer films. However,
extra defects were introduced as the sample was shifted between the IBS and ALD
chamber. The anti-reflection coating has therefore lower LIDT than both single layer
films. This concept of combing ALD and IBS coatings has potential in future for
development of low stress high LIDT components provided the extra defects could be
inhibited.
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Appendix I – Damped harmonic oscillator
1. Solution of damped harmonic oscillator
A simple harmonic oscillator consists of a mass m, which experiences a single force
F. The force pulls the mass in the direction of the point r=0 and depends only on the
mass’s position and a constant k. Balance of forces for the system is:

d 2r
 kr
dt 2

(28)

r (t )  A  cos 0t   

(29)

F  ma  m
The solution is described by:

Where 0  k / m is the angular frequency of oscillation, the phase  determines the
starting point on the sine wave, A is determined by the initial condition.
A damped harmonic oscillator is slowed down by friction, or damping. Due to the
friction force, the velocity decreases in proportion to the acting frictional force. The
frictional force Ff can be modeled as being proportional to the velocity v of the object:

Ff  cd v , where cd is called the viscous damping coefficient. Balance of forces for
damped harmonic oscillators is then:

F  ma  m

d 2r
dr
 kr  cd
2
dt
dt

(30)

This equation can be rewritten into the form:

d 2r
dr
 20  02 r  0
2
dt
dt

(31)

Where 0  k / m is the undamped angular frequency of the oscillator, and

  cd / 2 mk is the damping ratio. The solution is described by:
r  t   A  e0t  sin

 1   t   
2

0

(32)

Where Φ and A are determined by the initial condition mentioned in chapter 8:

r t 0  r0
dr
 v0
dt t 0

(33)

The potential as well as the initial conditions are illustrated in Fig. 73. The solution
is:
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r (t ) 

v0  r00

0 1  

2

e0t sin

 1   t   r e
2

0

0

0t

cos

 1   t 
2

0

(34)

The traces of the oscillator with different initial velocities are illustrated in Fig. 74.

Fig. 73. The damped harmonic oscillator with initial conditions.

Fig. 74. Solution of the damped harmonic oscillator. The initial velocity plays a key
role in the trace of the oscillator.
There are several features about the oscillation:


The initial velocity v0 plays a key role in determining the amplitude of the
second peak. The larger the initial velocity v0, the larger amplitude the
molecule oscillates.



The oscillating amplitude damps from the second peak, and reaches
eventually zero.
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2. Mean position of the oscillator
It is more sensible to consider the mean position of the oscillator during damping
rather than the transient position. The mean position after time t could be expressed
as:
t

1
r (t )dt
t 0

r t  

(35)

In which the two important integrals are:
t

e

0t

e
0

2

2

0

2
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(36)
The mean position is deployed as:

r t  

 1   t     e  sin  1   t 
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2
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(37)
It is reasonable to choose t as integer multiples of the oscillating cycle for intuitive
explicity.

0t 1   2  nosc  2

(38)

Equation (37) is therefore:

r t  

v0  2r00
1  e0t
2
t  0





(39)

Notice that v0 is minus as illustrated in Fig. 73. The sign of mean position is
dependent on the initial velocity v0. If the absolute velocity is small, v0  2r00 , the
mean position is positive, otherwise, the mean position would be negative, as
illustrated in Fig. 75.
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Fig. 75. Mean position of the damped harmonic oscillator.
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