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I.INTRODUCTION

Thin oxide films as well as their complex layered structures can be used in
numerous applications — e.g. in micro- and nanoelectronics as conductive, semi-
conductive or insulating media, in optics and optoelectronics as reflective and
antireflective (AR) coatings or light emitting layers, in (micro-) mechanical
devices as wear or corrosive resistant coatings, in resistive gas sensors as gas-
sensing layers and in catalysts as functional surface coatings.

Due to the wide application range of thin films, different materials and their
deposition methods are consistently studied to optimize film properties for cer-
tain applications. In some cases, fabrication method or process optimization has
a minor effect on the final performance of a thin film. However, exact control of
material deposition has crucial impact in the field of micro- and nanoelectronics
where in many cases the effective medium is only few nanometers thick. Up till
now planar substrates have mainly been used in integrated circuits (IC) but due
to the high packing density of modern microelectronic elements, three-dimen-
sional architectures and substrates are under extensive investigation [1-6].
Hence, besides precise thickness control and uniform composition of thin films,
deposition methods must fulfill tight requirements for conformal coating of non-
planar substrates. From the latter prospective, high-vacuum methods are some-
what disadvantageous as precursor transport to the substrate proceeds linear
route, allowing only planar substrates to be covered uniformly. Contrarily, flow-
type chemical vapor deposition (CVD) processes performed at markedly higher
pressures are more favored as, under these conditions, precursors are able to
travel into deep trenches and behind the edges. This results in formation of con-
formal layers, especially in the case of layer-by-layer growth mode, i.e. in the
case of atomic layer deposition (ALD) formerly also known as atomic layer
epitaxy (ALE) [7,8]. Atomic layer deposition is a special modification of thin-
film deposition using distinctive advantages of sequential cyclic supply of the
precursors to a substrate surface. At first the method was applied to prepare
polycrystalline and amorphous films for large scale thin film electro-
luminescence (TFEL) displays [9]. The present interest in the method is mainly
focused on the deposition of high permittivity (high-k) dielectrics for comple-
mentary metal-oxide—semiconductor (CMOS) logic devices and memory capa-
citors.

High permittivity dielectrics are extensively studied because conventional
Si0,, which is used in metal-oxide—semiconductor field effect transistors
(MOSFET) as a gate dielectric, has reached its application limits determined by
tunneling current that increase to unacceptably high levels with the further
reduction of the dielectric thickness required for development of new genera-
tions of IC [10,11]. Obviously, using of a high-k material instead of low-k SiO,
(k = 3.9) enables application of physically thicker oxide layers with lower
leakage current to obtain given capacitance of a memory capacitor or gate stack
of MOSFET. Furthermore, performance of these devices could be improved
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through enhanced capacitance, which is directly proportional to the dielectric
constant. The best candidates for high-k materials are III or IV group metal
oxides, silicates or oxynitrides in the form of single layers or laminated struc-
tures [10,11]. Still the biggest leap towards integration of high-k dielectrics into
modern CMOS logic has been made by taking into use Hf-based materials
[12,13].

As a thin film is formed through self-limited surface reactions in ALD, film
quality and properties may largely depend on precursors used [8]. For instance,
in ALD of oxide films, not only the metal precursor but also the oxygen pre-
cursor has great importance [14-16]. Besides that, surface activation and
regeneration after each ALD cycle must be sufficient to achieve steady state,
stable and well-controlled layer-by-layer film growth [8]. This requirement
might, however, not be fulfilled due to the insufficient energy (temperature) or
incorrect surface activation (low density of reactive sites) [8]. Therefore under-
standing the mechanisms of surface reactions, initial stage of growth, structure
and morphology development, etc. has a great importance since many tech-
nologically important film properties, e.g. permittivity, bandgap (E,), refractive
index (n), etc., are influenced by the mentioned parameters.

In this thesis, ALD processes were studied in connection of highly important
HfO, high-k material. Initial stage of growth and film structure evolution
together with morphology formation was under investigation.
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2. BACKGROUND AND OBJECTIVES

Robertson [10], Wilk [11], Iwai [17], Wong [18] and Thompson [19] have writ-
ten thorough reviews of different aspects connected with IC downscaling and
future challenges of IC-s. Therefore in this chapter, only a short review on
application of high-k dielectrics, particularly HfO,, will be given. Nevertheless,
all major factors needed to understand the importance and difficulties related to
high-k dielectrics will be outlined. Although HfO, has gained much interest as a
high-k material, it can also be exploited in various other applications that will be
shortly described as well.

Similarly, Ritala and Leskeld [8], Puurunen [20], George [21] and Kim [22]
have written extensive reviews on different aspects of ALD. Puurunen [20] has
concentrated on different ALD growth modes as well as on precursors, while
George [21] and Kim [22] have provided a more general description of the
actual state of the ALD research and the future prospects. In this chapter, ALD
processes are described concentrating on explanation of most important para-
meters. As inorganic precursor combinations like HfCly-H,O, Hfl,-H,O and
Hfl;-O; are used to deposit HfO, films in this work, the alternative metalorganic
precursor combinations are only mentioned. The latter precursor family covers
tens of compounds. Thus, detailed description of corresponding processes is a
demanding task [20,23,24] that exceeds the limits of this thesis.

2.1 Technological use of HfO,
2.1.1 Integrated circuits and CMOS scaling

Since invention of integrated circuits [25], enormous progress in terms of the
device performance and functionality has been made. Nevertheless, so far the
dominating architecture of the metal-oxide field effect transistor (MOSFET), a
key component in IC-s, has not been changed substantially although geo-
metrical dimensions have been continually reduced [26] to improve the
performance of electronic devices. Within the last 40 years this process can be
well described by the notorious Moore’s law [27]. However, as soon as the node
size was reduced below 100 nm and, correspondingly, SiO, gate oxide
thicknesses #,, < 2nm were used in the gate stacks, major issues related to the
ultrathin gate oxide were identified. The problems realized included direct
tunneling [28,29], oxide reliability [28], polysilicon depletion [30-32], short
channel effects (SCE) [33], etc. At 90 nm node size, technology of alternative
Si/Ge source/drain was introduced to achieve uniaxial strain in the channel
through lattice mismatch. This improvement was mainly connected with carrier
mobility while the leakage current issue remained still unsolved. The
subsequent decrease of the oxide thickness exponentially increased tunneling
current (~10 A/em” at 1V bias with ,, = 1.5 nm) [17], affecting severely
performance and power consumption of devices [10,11]. As silicon dioxide
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provides a high-quality i.e. low defect density (interface trap density
Dy ~ 10" em™eV™', oxide trap density D, ~ 10" ¢cm?) electrical contact with
silicon [18], further attempts to reduce tunneling leakage were based on
modification of SiO,. Solutions like heavily nitrided SiO, (SiO4Ny with k= 3.9—
7.9, E; = 5.9-9) or pure SisN4 (k = 7.9, E, = 5.3) provided higher dielectric
constant than conventional dielectric (Table 1) and, thus, allowed certain
reduction of the gate leakage (~1 A/cm? at 1V bias with 7,, = 1.5 nm) [17].

The benefit of high-k materials comes from higher permittivity that allows
application of physically thicker films and, thus, achievement of lower leakage
currents at the same value of the gate stack capacity:

C, = kf°A. (1)

ox

In Eq.1, k is the relative permittivity of the gate oxide, ¢ is the absolute
permittivity of the free space (vacuum), 4 is the area of gate electrode and 7,, is
the gate oxide thickness. This equation is also used to determine of equivalent
oxide thickness (EOT):

k, 3.9
EOT j—rt 5i0, *thigh*k = EOT =—— % th[gh*k . (2)

high—k high—k

Equation 2 represents the theoretical thickness of SiO; film that must be used to
achieve the same capacitance that is obtainable with the high-£ dielectric
material. Another parameter, a capacitance equivalent oxide thickness (CET), is
used when oxide thickness is determined only from the accumulation
capacitance.

Through the efforts described above, the usage of nitrided silicon (-oxide) ba-
sed dielectrics extended to the 65 nm generation node size electronics. Downside,
however, was lower quality of Si/dielectric interface (D; ~ 10"'-10"> cm2eV ™)
[83] and more complicated manufacturability as both, the dielectric film
thickness and nitrogen incorporation into the dielectric film, had to be very pre-
cisely controlled. In addition, nitrogen penetration through oxide and accumu-
lation at Si/dielectric interface during the post-deposition annealing [84] was a
reason for the recession of device performance. Moreover, the oxide thickness
had strong influence on the interface quality and, as a result, severe degradation
of the interfacial layer occurred at EOT values below 1 nm [85]. Accordingly,
scaling limit of Si;N4 has been reported to be at EOT of 0.65-1.13 nm [86].
Therefore materials with dielectric constant higher than 10 were needed for
further reduction of EOT.
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Table 1. Properties of SiO, and possible binary high-k dielectrics. All data have been
taken from experimental studies. Scattering of the results comes from the different
preparation and characterization methods used in reported studies.

. Dielectric | Band gap,
Material constant, k E, (eV) References Crystal structure
SiO, 3.9 9.0 [34] Amorphous
1_0 6?6 BZ} Amorphous
ALO; — 7.2 [36,37] o-phase
9 8.7 [37] y-phase
13-17 - 38
- 299 {3 9} Amorphous
Y,0; 2_0 5 _2 3 Eg} Monoclinic
15 — [41] .
— 5.38-5.75 [39,41] Cubic
25 — 42,43
— 598 L [44] ] Amorphous
Ta,05 55-65 - [42,43] Hexagonal d-phase
26:52 1943 E i ’jg Orthorombic B-phase
21:28 3T 2 [4[3?]7 1 Amorphous
. 75-160 - [46,49-55] .
TiO; - 3.0-3.16 [48,56,57] Rutile
33-37 - [47,51,52]
- 32335 [48.57] Anatase
16-26 - [58-60]
N 5759 [61-65] Amorphous
29:30 5_7 {g% Tetragonal
Hio: 22-25 — [68] Monoclinic
— 5.3-5.86 [62,64,69-71]
26-50 - [72,73] .
- 6.0 [73,74] Cubic
18 - [75]
- 4755 | [61,63,65,76,77] Amorphous
32-38 - [78,79]
- 5255 [76,80] Tetragonal
ZrOz
17-18 — [81] Monoclinic
5.16-5.28 [80,81]
32 — [82] .
- 5.8 [74] Cubic
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In the 45 nm node technology, the leakage current (~10~ A/cm® at 1V bias)
issue was solved with the insertion of Hf-based high-k materials as gate dielec-
trics [12]. Another important innovation in this node generation was connected
with replacement of doped poly-Si gate electrode with a metal electrode. Gate
depletion and other possible instability concerns were main driving forces to
find electrodes such as TiN, TiAIN, TaN and NiSi, etc. having appropriate work
function in contact with high-k dielectrics [87,88,89]. For the node generations
of 32 nm and beyond, the reduction of EOT in conjunction with enhanced
carrier transport as well as new device architectures are key points for the down-
scaling. For mobility enhancement, silicon-on-insulator (SOI) technology
[33,90,91], that displaces channel region compared to the conventional device
structure, has been studied. In SOI systems, easier insulation can be provided
while diminished drain and source junction areas reduce the parasitic capa-
citance. Via decreased doping concentration in channel region, improved
mobility can be achieved [92]. SOI technology also allowed developing new
device concepts like double gate [33,93], surrounding gate [33,94] as well as 3D
schemes like FinFET [33,87], multigate field effect transistor (MuGFET)
[87,95]. For the further advancement of FET-based devices, several high-mo-
bility materials in the channel region, such as Ge, [II-V compounds, carbon
nanotubes [96,97], nanowires [98—101] and graphene [102,103] have been con-
sidered. At present time, Ge seems to be most feasible as it is already used and
can be easily integrated into existing CMOS processing flow [104]. Certainly,
strain control along with substrate orientation effects in terms of mobility
enhancement is considered [32,33,105].

2.1.2. DRAM and nonvolatile memory capacitor structures

Another area of HfO, usage, which is closely related to IC, covers the develop-
ment of dynamic random access memories (DRAM). A dynamic random access
memory cell consists of a capacitor and access transistor to charge the capacitor
(Figure 1). The same kind of scaling trends and capacitance improvement as in
IC-s concern the development of DRAM-s [3]. Similarly the memory cell
charge storage can be improved either by decreasing the dielectric thickness,
increasing the dielectric permittivity and/or application of three-dimensional
structures. Therefore, similar or even more crucial EOT demands are considered
as in CMOS.

In modern DRAM-s, two basic three dimensional concepts are used to
increase the capacitance of a memory cell — a trench (Figure 1 (a)) and stacked
(Figure 1 (b)) capacitors. In the case of stacked capacitors (Figure 1 (b)), lower
thermal budget of annealing processes (~ 650°C) allows easier implementation
for existing CMOS technologies as well as accepting dielectrics with somewhat
lower thermal stability because capacitor structures can be prepared after the
transistors are formed.
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Access transistor

-
--------

—  High-k dielactric

(a) (b)

Figure 1. Three-dimensional (a) trench and (b) stacked capacitor schemes for DRAM.

In the trench version (Figure 1 (a)), higher density of cells can be achieved,
although higher thermal budget (>1000°C) and overall complexity of the fabri-
cation process sets restricted demands for dielectric precipitality and thermal
stability. Likely, every next generation uses trenches with higher aspect ratio
setting additional requirements for the dielectric preparation. This is highly
demanding task to provide necessary structural and thickness conformality in
those 3D structures. By now, a properly chosen ALD process seems to be the
acceptable solution for further progress in the case of this device architecture
[106-110].

In a metal-insulator-metal (MIM) structure of a modern DRAM capacitor,
band gap and work function requirements for the dielectric are not as strict as
for gate oxides because sufficient barrier against electron injection can be still
obtained when high work function metal electrodes are used [111]. Therefore
electrodes like Ru, RuO,, SrRuO;, Pt, Ir etc. have been studied [112—120].
Simultaneosly, ultrahigh-k perovskites like SrTiO; (k ~ 300) are also studied as
being ultimate long term solution [121-123].

Possible applications of HfO, thin films cover also nonvolatile memory
(NVM) applications in which each memory cell resembles a gate stack of a
standard MOSFET (Figure 2). The basic operating principle behind the NVM
devices is the ability to charge/discharge the gate insulator of the MOSFET
while the charge is retained in these devices when the external power is
removed. Storage can be realized in two ways. The first one is based on the
storage of charge on a floating gate (FG) that is a conducting or semi
conducting layer completely surrounded by a dielectric layer (Figure 2 (a)). As
FG is electrically isolated, electrons can be trapped and, under normal
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conditions, will stay there for a long time (retention time ~10 years with
discharge of ~0.2-0.5V/decade) therefore floating gate MOSFET
(FGMOSFET) is considered also as the basic building block of the flash
memory [123—125]. In the second case the charge is stored in discrete trapping
centers of an appropriate dielectric layer (Figure 2 (b)). In this concept memory
effect can be achieved because of trapping of charge either by the defects of a
dielectric layer (Figure 3) or by segregated (metallic)nanocrystals [127-129].
Nevertheless, in both cases the polarizability should retain several voltages wide
hysteresis (memory window) to provide necessary write, erase and read steps of
the device.
Charge trapping layer:

Floating gate (FG) Dielectric,
Nanocrystals or
Control gate (CG) their hybrid
Dielectrics

lvG

Tunnel oxide Ve
dielectric
(@ (b)

Figure 2. Schematics of (a) floating gate and (b) charge trapping nonvolatile memory
device.

2.1.3. Challenges for high-k preparation and integration

Although first high-k studies reach back to the early 1980s [11] successful
implementation of Hf-based dielectrics into devices has been done about 20
years later [12,13]. Notably, high-k integration into a CMOS manufacturing
process flow has not been a straightforward task. While SiO, could be grown by
thermal oxidation of silicon substrate, high-k materials needed different
approach. With strict EOT demands, the deposition techniques suitable for this
application should allow thickness and uniformity control at the nanometer-
level on complex 3D structures. Therefore layer-by-layer growth like ALD has
major advantage. Besides, proper dielectric material choice to provide necessary
electrical properties is demanding task as many oxides noted in Table 1 have
their pros and cons. In general, the key guidelines for selecting high-k
dielectrics can be listed as follows;
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permittivity and band gap,
thermodynamic stability,

film structure and morphology,
interface quality,

process compatibility.

D,— Oxide trapped Remote surface roughness

charges f 2 Phase-separation crystallization:
tlt.m'-k
]

k, — k for amorphous region
k,— k for crystallized grain

<

J

D,, — Mobile ionic charge
/ Remote phonon scattering
Interfacial layer:
foSiy; HfSi,0 M Si0, — non-stoichiometric
mixtures

EOT ‘

or < Yhigh

8
CET 8 1

Interfacial dipoles

lows | | 200 il

| Surface roughness
Source /2 e E Drain
Channel

D, — Fixed interface charges

Figure 3. Possible defects, charge traps and interfaces associated with high-& MOS
stack.

Permittivity and band gap: For long-term solutions, considerably higher per-
mittivity compared with that of SiO, in conjunction with sufficient band gap is
needed. It has been observed, however, that the dielectric constant decreases
with the increase of the band gap [10,126,130]. In addition, k and E, values can
be largely varied by changing the crystal structure of the thin film (Table 1).
Therefore all these characteristics should be optimized jointly. To reduce the
leakage current, the conduction band (CB) offset should be preferably more
than 1.0 eV [10]. Even though Al,O; offered acceptable CB offset value, it was
soon detached from the list of long-term solutions because of only minor
improvement in permittivity (Table 1). HfO, and ZrO, provide well-balanced
permittivity, E, (Table 1) and CB offset properties in contact with silicon, espe-
cially if cubic or tetragonal crystal phase can be achieved.

Thermodynamic stability: According to the CMOS processing recipes, the
high-t material should be stable at temperatures up to 1000°C. In that sense
Al,O; proved to be thermally stable [131-133] and a good diffusion barrier
[134,135] forming abrupt interface with silicon [137]. Oppositely, TiO, and
Ta,Os are unstable in direct contact with silicon forming defective interfacial
layers [138—140]. Similarly, under high-temperature thermal treatment, HfO,
and ZrO, form interfacial layers on silicon surface. Although the former oxide
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shows relatively high thermal stability [141,142], high temperature processing
of HfO,-based MOS structures may result in inter-diffusion that leads to the
formation of low-k region near the metal gate (Figure 3) as well [153,154]. As
these low-k regions reduce the effective dielectric permittivity of the system
(see Figure 3 and Eq. 3), it is essential to choose a material that is stable enough
to allow at least proper control of the IL formation during the growth process or
post-deposition annealing. Another option is to deposit a barrier layer on silicon
and/or a cap layer on the dielectric to suppress the interface layer formation In
both cases, the total EOT is increased and effective permittivity values reduced
because of these additional (usually low-k) regions (Figure 3):

EOT = EOT,,, , + Y EOT,, , . 3)

Nevertheless, Al,O; is actively used as an additional component of high-k mix-
tures [143,144] or laminate structures [145,146] together with HfO,. Other addi-
tives such as Si and N are also used to increase temperature stability and control
IL properties to meet acceptable leakage current and carrier mobility demands
[147].

Film structure and morphology: 1t is desirable to select a material that predomi-
nantly occurs in an amorphous phase because polycrystalline dielectrics contain
grain boundaries (GB) that are possible charge leakage paths. However, most of
the metal oxides of choice form polycrystalline films. For instance HfO, depo-
sited at low temperatures can initially be amorphous but crystallizes during
post-deposition annealing at temperatures exceeding ~500°C [148-152]. It is
possible to increase crystallization temperature by choosing appropriate compo-
sition and annealing time parameters. Optimal Al (HfALO,), Si (HfSi,Oy) and N
(HfSiONy or HfO,Ny) incorporation can stabilize (semi)amorphous phase for
temperatures close to 1000°C. However, permittivity in the mixtures containing
Si and Al is lower than the permittivity of pure HfO,. Besides, depending on the
doping method, added atoms may induce oxide charge traps as well (Figure 3).
The traps formed can cause occurrence of fixed interface charge, oxide mobile
charge and oxide/dielectric trapped charge.

Interface quality: Proper optimization of the interface states is one of the most
significant tasks as this would preserve the capacitance gain obtained by using a
high-t material. Interface state density at Si/metal oxide interface is usually
higher than that at Si/SiO, interface and hence considerable losses in the charge
carrier mobility in silicon occur. However, with properly chosen processing
parameters, mobility in structures with high-£ films can be enhanced up to
>90% of that in structures with SiO, dielectric [98]. The trapped charges change
also the occupancy with gate bias. This is, in turn, detrimental for the device
power consumption. For mobility enhancement, a well-known solution is to
increase the interface oxide thickness, but this comes at the expense of
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increasing EOT. In order to meet device performance requirements, it is
essential to have sufficiently low EOT values, however. Therefore, a
compromise between achieving low EOT and maintaining high mobility has to
be made. In addition, the interface roughness has a certain influence to the
mobility of the carriers as the rough interface causes an additional mobility loss
due to carrier scattering. Thus, the interfaces must be as smooth as possible.

Process compatibility: 1t is necessary that any new materials and preparation
methods could be incorporated into the existing process flow. In micro- and
nanoelectronics where the film uniformity and thickness control are essential,
techniques like ALD are more favored as reaction kinetics, precursor chemistry,
surface damage, impurities etc. can be more easily optimized by properly
chosen setup than in the case of other deposition methods.

According to Eq. 2 and Table 1, HfO, physical thickness (#,,) required in the
CMOS process flow and in memories obviously depends on the appropriate
permittivity and EOT values. For instance, if EOT of 0.5 nm is needed, 7,.
should not exceed 6.4 nm for cubic and 3 nm for monoclinic film. Within such
thickness range, all the above mentioned criterias for the dielectric must be
fulfilled.

2.1.4. HfO, as a high-n material

Besides being an efficient high-k material, HfO, can be used as a high-n
material in optical and optoelectronic devices. For HfO, films, refractive index
values of 2.02-2.17 at A = 550 nm have been reported dependently on the
growth methods and deposition process parameters used and material structure
obtained [155,156]. Furthermore, a wide transparency range (of about 0.22—12
um) extending from ultraviolet (UV) to far infrared (IR) and high laser damage
threshold (LDT) have increased the interest to adapt HfO, as a low-loss material
[156-159]. Typical applications include antireflective coatings of UV laser
components and/or dielectric mirror designs where hafnia is the high-index
component combined with low-index SiO, layers [160-162]. HfO, has been
used also in AR multilayer coatings for night vision devices [163]. In addition,
application of HfO, as a host material of Er-activated waveguides has been
considered [164].

Either in AR coating or mirror design, exact film thickness and proper
refractive index value is needed to provide conditions for destructive or
constructive interference. This is achieved by choosing optimized refractive
index profile for the whole stack. For instance, when light reflects from a
higher-n medium (n, > ny) reflected waves experience a 180° phase shift (half a
wavelength), whereas no phase shift occur when reflecting from a medium with
lower refractiive index (n, < n;). The simplest AR structure consists of single
layer of material with the thickness of ¢,, = A/(4n;) and refractive index profile
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ng < n; <ny where A is the center wavelength, n, is the refractive index of the
propagation medium, #n, is the refractive index of the coating, and 7, is the
substrate refractive index. Ideally, the reflection can be completely eliminated
when the thin film is a quarter wave thick and the refractive index is equal to the

square root of the indices of the material on either side i.e. n, =4/nyn, . Such

single layer AR coatings can reduce surface reflectivity for a particular
wavelength range. Thus, more sophisticated multilayer structures are often
applied for broadband solutions. In this case, high-index (ny) and low-index (n;)
layers are alternately stacked to minimize the index change at the first and last
boundary. Opositely, in dielectric mirror design, ny and n; periodic structure is
used to maintain in phase reflection cumulative at every second interface of the
layer structure. In this way, light transmission through the periodic structure
gets smaller, whereas the high reflective region can be increased via refractive
index contrast (4n = ny — n;) of the layers. Although these mirrors can provide
very high reflectance, preparation of high-reflective HfO,/SiO, coatings with a
reflectance of only 97-99% has been reported for the 250-350 nm spectral
range. This is mainly because of optical losses that cause major issues
[160,162]. The optical losses are related to the absorption and/or light scattering
due to the structural inhomogeneity, density fluctuation, surface roughness,
impurities, etc [165]. Therefore besides precise thickness and refractive index
profile control, more complex optimization of film parameters is needed to
prepare high-quality dielectric mirrors.

2.1.5. Other applications of HfO,

Due to hardness and thermal stability of HfO,, this material can be used in wear
resistant coatings of micromechanical devices [166]. In this connection, it is
worth mentioning that tetragonal HfO, formed at high pressure has been
described as a material that is potentially harder than diamond [167,168]. HfO,
has also been applied as a gas sensor material with reasonable sensitivity to CO
[169] and C;Hg (propane) [170]. A possible solution for solar cell systems with
selective HfO,/Mo/HfO, multilayer coatings has been reported too [171].

2.2. Atomic layer deposition
2.2.1. Principles of atomic layer deposition

ALD is a deposition technique that was patented in Finland in 1970s by Suntola
and Antson [172]. The method relies on alternating saturative surface reactions
where each precursor is pulsed into the reaction chamber sequentially and the
pulses are separated by purging periods (Figure 4). Due to saturation of surface
reactions at properly chosen growth conditions, the film growth is thereby self-
limiting. This offers accurate and simple thickness control at nanometer level,
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and excellent conformality over large areas, complex shapes of surfaces and on
3D nanostructures [8,20,173,174].
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Figure 4. Simplified mechanisms for one ALD cycle of HfO, in HfCl,—H,O process.

In the simplest version of ALD, the growth process consists of four steps
forming one complete ALD cycle. For instance, HfO, can be grown from HfCl,
and H,O using cycles that start by introducing volatile HfCl, precursor into the
heated reaction chamber where the precursor molecules can react preferably
with OH-terminated surface [8,20,175,176]. During the exchange reaction
chemical bond between precursor and substrate is established while HCI as a
by-product is simultaneously released. This reaction continues until the surface
gets saturated with chemisorbed HfCl, (x < 4) species. Due to the HfCl,
immunity towards the formed Cl-terminated surface, the reaction stops when the
surface is covered by chlorine. After the metal precursor pulse the excess of
precursor and by-products are purged with an inert carrier gas. The purge period
has a great importance to avoid gas-phase reactions (CVD-like growth) with the
upcoming second precursor. After purging, H,O injected into the reaction
chamber reacts with chemisorbed HfCIl,. HCI is again released and the Cl-ter-
minated surface is transformed into OH- and O-terminated one. In this way, part
of HfO, monolayer is deposited and the surface sites susceptible for HfCl, che-
misorption in the next ALD cycle are recovered. Within the second purge, the
reaction byproducts and excess water vapor are removed with inert carrier gas.
After the complete cycle the surface is covered by the same functional groups as
in the beginning of the ALD cycle and, thus, is ready for the cycle repetition.
The nature of the exchange reaction mechanism in ALD process is highly
determined by the substrate and film surface, precursor combination and growth
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temperature (7). For instance, it has been proven that silicon surface may be
hydrogen terminated (Si-H) or covered by terminal (Si-OH), bridged (Si-OH-Si)
and/or geminal (Si-2(OH)) OH-sites and/or bridged oxygen (Si-O-Si) sites
whereas their concentrations depend on the reactor temperature (Figure 5) and
time elapsed from the set-up of a certain temperature level [177-179].
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Figure 5. Possible water desorption and hydroxyl group transformation upon the
increase of 7. Dehydroxylation at elevated temperatures is influenced by 7 as well as
substrate orientation.

Reactions through ligand exchange occur most likely through OH-terminated
surface when at least one of the precursor ligands combines with the H-atom
and the formed by-product desorbs from the surface. Dissociation may occur
while oxygen bridges are available, i.e. at elevated temperatures. In that case, an
oxygen bridge is splitted into two surface sites that are terminated with the pre-
cursor ligands after adsorption. Likewise, these bridges can vice versa initiate
formation of terminal OH-sites during H,O pulse [176] (Eq. 4):

T,°C
i, sec
2(Si-OH) < Si-0-Si + H,0 @

However, due to the insufficient energy, precursor molecule may adsorb
through association. In that case, no ligand release occurs. Instead, a coor-
dinative bond is formed. For HfCl,—H,O process, the ligand exchange has been
accepted to be the main reaction mechanism [175,180-182,185].

2.2.2 Growth per cycle in ALD

In order to characterize the growth rate in an ALD process, the film growth per
cycle (GPC) is usually determined. This parameter shows how thick layer is
formed in every cycle. In a self-saturative ALD process, all available surface
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sites must be occupied, i.e. pulses must be long enough to provide steady-state
saturation of the GPC versus pulse length dependence (Figure 6). Depending on
the precursor reactivity and transport efficiency, the pulse duration needed to
achieve saturation can strongly vary. Slow saturation (Figure 6 dotted line), if
this is due to low partial pressure of a precursor, improves precursor utilization
as longer dosing allows all reactant species to be chemisorbed. However, longer
pulses needed to obtain saturation extend overall deposition time. Fast satu-
ration (Figure 6 dashed line) on the other hand reduces deposition time but may
lead to the precursor waste, when massive overdosing is applied. Therefore cha-
racterization of the self-saturation mode is needed not only for understanding
the behavior of different precursor combinations, but for increasing the pre-
cursor utilization and reactor efficiency as well.

Precursor decomposition —_—

elf-saturative growth -

GPC

etching process

Pulse Length

Figure 6. Growth per cycle as a function of precursor pulse time in different ALD
processes.

Theoretically, ALD may proceed by one atomic layer per cycle. In practice,
however, only a fraction of a monolayer (ML) is deposited due to the limited
number of the surface sites and steric hindrance. In the latter case, the ligands of
a chemisorbed molecule cover more adsorption sites than needed for adsorption
of one molecule. Thus, other incoming reactant molecules are unable to link to
the surface and are flushed away. This would suggest that small ligand size can
result in higher GPC. However, it has been shown that monolayer deposition is
impossible even for precursors as HfCl, [176,186—188]. Therefore low GPC is
obtained, although the concentration of adsorption sites available on the surface
would allow obtaining of markedly higher value. Besides latter effect, GPC is
greatly affected by the precursor self-decomposition and gas-phase reactions
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that lead to CVD-like process (Figure 6). On the other hand, at the continuous
precursor flow etching processes (Figure 6) can cause GPC decrease [8,189]. In
general, GPC of any ALD process is a function of the growth temperature,
substrate and film material and precursor combination.

Effect of growth temperature

Growth temperature affects GPC through the temperature-dependent con-
centration of active surface sites and sizes of surface species adsorbed on these
sites. In addition, modification of the reaction mechanisms might also be tem-
perature-dependent (Figure 7). At too low temperatures, increased GPC is
obtained, when reactants or formed by-products condense on the growing film.
Opposite effect is observed, when insufficient activation energy limits the rate
of the surface reactions. Introduction of additional energy can enhance reactivity
at low-temperatures. For instance, more reactive oxidant like Os instead of H,O
[15,16] or supplementary plasma source have been employed to improve depo-
sition and properties of material at lower 7 values [190]. Besides, plasma-
enhanced ALD (PE-ALD) can effectively be used to reduce the surface rough-
ness of metal films [191].
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Figure 7. Possible dependencies of GPC on growth temperature.

Relatively strong dependence of GPC on T can be observed also at too high
temperatures. Enhanced GPC can be obtained because of decomposition of pre-
cursors and/or chemisorbed complexes (Figure 6), while inhibited GPC is
induced by desorption of chemisorbed species. In between these two tempera-
ture regions, the ALD process should proceed in the self-limiting mode. In this
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temperature range, GPC is controlled by the steric hindrance of adsorption or by
density of the reactive surface sites. In both cases, dependence of GPC on T,
can be observed (Figure 7).

Effect of substrate

In the ideal case, constant amount of a film material is deposited in every ALD
cycle, allowing film growth with a rate that is independent of the number of
cycles applied (Figure 8). In this case, the same number of reactive sites should
contribute to the deposition process in the initial deposition stage and during the
following growth while the reaction mechanism should also remain unchanged.
In real processes, however, different reactivity of the substrate surface com-
pared to that of the film surface may cause deviations from linear growth
(Figure 8).
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Figure 8. Dependence of film thickness on the number of ALD cycles: linear growth,
substrate-inhibited, substrate-enhanced and crystallization-enhanced growth.

There are two basic phenomena that account these fluctuations: substrate
enhanced (SE) and substrate inhibited (SI) growth [20]. In the case of SE
growth, the starting surface exhibits more reactive sites than the growing film.
Therefore GPC is higher in the beginning of the ALD process. More common
situation is SI growth, where the GPC is gradually increased with the number of
cycles until the steady-state growth rate is obtained. The substrate-inhibited
growth is most likely connected with the nucleation problems on the substrate.
After complete covering of the substrate with the film material the further
growth continues with a constant rate. In addition to the above mentioned
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phenomena, enhanced GPC can occur during the film growth, when crystalli-
zation related processes contribute to the growth (Figure 8 dash-dot line). For
example, the growth rate can increase with the film thickness, when initial
growth of the amorphous phase is turned into crystal growth, whereas the
growth of the crystalline phase proceeds with a higher rate than the growth of
the amorphous phase does.
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Figure 9. Simplified schemes of the different growth modes in ALD: (a) island growth,
(b) two-dimensional layer-by-layer growth and (c) mixed growth.

SE and SI growth can be related to the growth mode that defines how the depo-
sited material is arranged during the ALD process (Figure 9). The growth mode
may influence the film properties like surface roughness, density, defectiveness
etc. In principle, three general growth modes can be distinguished [192,193].
Island-like growth (Figure 9 (a)) is obtained when one of the precursors
chemisorbs preferentially on the already grown material instead of starting
surface i.e. reactivity towards substrate is lower than that towards the surface of
growing film. In such growth mode, the initial growth stage is a highly non-
uniform until the islands coalesce [195]. Two-dimensional growth (Figure 9 (b))
can be achieved when the precursors preferentially chemisorb on the lowest
unfilled states covering all available sites. The last growth mode is a mix of the
first two (Figure 9 (c)). In the initial growth stage, the material deposits with
equal probability on both onto the starting surface and onto the already grown
layer. Afterwards the initial 2D growth is switched to 3D growth due to the
crystallization processes (or strain) in the growing film. Consequently, the
dependence of the film thickness on the number of ALD cycles applied in the
initial growth stage (Figure 8) implies how efficiently the substrate is covered,
and is the first indication of possible growth mode.
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Choice of precursors

Proper choice of precursors is the most important factor in terms of successful
and optimized ALD process. Accordingly, suitable ALD reactants must fulfill
certain requirements [8]. ALD precursors should be sufficiently volatile to
ensure convenient and efficient transportation of those to the substrates in the
gas phase. Besides gaseous precursors, liquid and solid precursors with rea-
sonably high vapor pressure can be considered for application in ALD as well.
The precursors should be highly reactive towards the chemisorbed species to
achieve fast and complete saturation. Fast reaction completion contributes not
only to the possible reduction of the ALD cycle duration but also to the purity
of the film. Both the precursor and reactive surface species formed by this pre-
cursor have to be thermally stable to maintain the self-limiting growth mecha-
nism. Otherwise, the precursor decomposition might lead to the CVD-type
growth (Figure 6) and/or non-stoichiometry of the film material. Besides men-
tioned requirements, the chosen precursor combination and by-products should
not etch the substrate and/or the growing film. In addition, the by-products
formed should be inert and sufficiently volatile for easy removal. Metal
precursor suitable for ALD can be divided into two basic classes, inorganic and
metalorganic precursors [8]. The former class covers halide precursors such as
HfCl,, Hfl,, while the latter includes alkoxides like (HffOC(CH;),CH,OCHj;]y),
alkylamides like (CH; = Me; C,Hs = Et; Hf(NEtMe),, Hf(NEt),, Hf(NMe),),
cyclopentadienyl like (Cp = CsHs; Cp2HfMe,) etc. [20,106,196,197] that all
have widely been used for ALD of HfO,. Both precursor classes have their
advantages and disadvantages. For instance, halides possess good thermal
stability and high reactivity together with their small ligand size. Unfortunately,
many halides have low vapor pressure i.e. reactor must allow heated precursor
delivery system. There have also been concerns with residual chlorine
impurities when HfCl, is used as a metal precursor. However, application of
proper deposition techniques can reduce chlorine concentration in the dielectric
to levels that are much more tolerable [180,198]. Liquid metalorganic
precursors on the other hand exhibit higher vapor pressures. In some cases,
reasonably high vapor pressure can be obtained already at room temperature.
Unfortunately, metalorganic precursors are often applicable for ALD in a
narrower 7¢ window compared with halide precursors [197,199].

2.3. ALD of HfO,

Wide range of precursor combinations can be applied to deposit HfO, via ALD
[20,197]. The first and most widely studied HfCl,—H,O process [200,201]
exhibits extremely wide ALD-window. The reported self-limiting growth can be
obtained in the range of 150-940°C [175,202,203], whilst the growth rate first
continuously decreases upon 7 increase and then remains constant in a T
range of 600-940°C. For this process, however, different growth rate values

29



ranging from 0.05 to 0.17 nm at the same 7 [152,175,202-209] and varing e.g.
from 0.06 to 0.09 nm even in the same type of reactors at 300°C [203,207] have
been reported. This variation of the results might come from the difference in
precursor doses [203,207,210,211] and/or deviation in carrier gas flow condi-
tions that may lead to the overlapping of pulses. Nevertheless, the growth rate
decrease in conjunction with 7 increase clearly correlates to the decreasing
contribution of surface exchange reactions taking place [175] and low density of
the favored OH-reaction sites at higher temperatures [177—-179]. Latter effect is
of great importance since ligand exchange has been proposed as the main reac-
tion mechanism [175,180,181,182,185] for HfO, formation.

Low thermal activation of the precursor chemisorption at lower temperatures
leads to highly disordered films [204] with unreasonably high impurity
concentration. For instance, films deposited at 226°C in the HfCl,—H,O process
contained 2.4+0.3 at% of residual chlorine and 5.1+£0.5 at% of hydrogen,
whereas with the increase of T; to 400°C, the concentration of chlorine
decreased down to 0.1 at% and the hydrogen concentration stabilized at a level
of 0.2 at% [202]. Other precursor combination like Hfl,-H,O offer slightly
lower halide content at 300°C but the difference is not significant [206]. In the
films deposited in the Hfl4-O, process, the concentration of residual iodine did
not exceed 0.1 at% at T > 500°C [213,214]. However, for acceptable growth
rate of about 0.11-0.12 nm, relatively high 7¢ (500-750°C) was needed.
Halogen-free films with growth rate of about 0.09 nm can be achieved via
alkylamides—water (e.g. Hf(NEtMe),-H,0) but considerable impurity content of
C and H (e.g. 0.3-0.6 at—% of C and 2-3 at-% of H at 250°C) have been
reported [215]. Post-deposition annealing (800°C) slightly reduced
contamination in the films but the impurity concentration still reached higher
values than those corresponding to HfCl4-H,O process performed at 300°C
[216]. Similarly, Ferrari et al [217] have applied high temperature (£1050°C)
post-deposition annealing to the films grown using the HfCly-H,O precursor
combination. It was revealed that chloride is rather stable in the film and
difficult to remove, while interface impurities can more easily be outdiffused.
Likely, indiffusion of oxygen or water accelerated chlorine outdiffusion and
initiated an interfacial layer growth. In the as-deposited films, the chlorine
concentration is more pronounced in the regions that are closer to the substrate
[218]. During the annealing process, the impurities may cause etching and void
defect formation [219,220]. Thus, the initial film composition achieved in the
as-deposited state influences the properties of annealed films too, making the
studies of the as-grown films very important.

Lower concentration of chlorine impurities obtained at elevated temperatures
[181,182] is an evidence of more complete hydrolysis reaction that might be
related to lower stability of oxychloride-like surface species. In addition,
increased H,O dose and/or longer pulse can provide better initial crystallinity
[210,211,212] and lower impurity content [180]. Accordingly, Delabie et al.
[180] have determined about 10 times lower chlorine concentration in the films
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deposited at 300°C when H,O pulse was increased from 0.3 sec to 10 sec.
Although the thickness of the interfacial layer did not depend on the H,O pulse
time, the D; was slightly reduced. Another way is to replace oxygen precursor
in the HfCl, process to more reactive Oz, which can reduce concentration of Cl
residues in a film and improve dielectric properties [15,16]. However, ozone
process produces thicker IL, which naturally causes higher CET values and
therefore modest scaling possibilities when compared with conventional H,O
process [15,16].

2.3.1. Nucleation and interfacial layers

HfO, growth from HfCl, and H,O can be initiated through the ligand exchange
reactions while the effectiveness and uniformity of nucleation correlate to the
density of favorable surface sites. Therefore different pretreatment techniques
are applied either to retard or provoke nucleation. In the case of most optimal
nucleation (Figure 8, linear dependence), the HfCl;-H,O precursor combination
results in initiation of HfO, growth through Si-OH (silanol) surface sites
[176,187,188,221-225]. Most commonly the silicon surface is pretreated by
using hydrofluoric acid (HF) and deionized H,O or by HF and deionized
H,0/0O5 solution. The surface layer obtained in this way has been referred to as
wet oxide [187,188,223]. Oxygen bridges (Si-O-Si) are mainly generated by
thermally grown silicon oxide formed by rapid thermal oxidation (RTO) in O,
enviroment after etching the substrate in HF [188,223]. Hydrophobic (Si-H)
sites are introduced simply by etching the native oxide in HF solution. In the
latter case, H-terminated surface clearly inhibited nucleation [151,187,188,
221,222] and caused non-uniform island-like growth. On the H-terminated
surface, the Hf atom density was about of 0.3-0.4 Hf/nm? after one HfCl,-H,0O
exchange reaction, i.e. after the first ALD cycle, while on fully hydroxylated
wet oxide, the Hf atom density up to 3.9 Hf/nm®> was achieved [223].
Accordingly about 5 cycles is needed to form a monolayer of HfO, on Si-OH
surface, while more than 20 cycles must be applied on Si-H surface [222] at T
of 300°C. Somewhat less significant impact of surface pretreatment has been
observed when Hf(NEtMe), (Tetrakis-EthylMethylAmino hafnium, TEMAH)
[209,226-228] and Hf(N(Me),)s (Tetrakis(dimethylamino)hafnium, TDMAH)
[229] were used as the metal precursors. Thus, reactivity of the latter precursors
towards dehydroxylated surfaces is obviously higher than that of HfCl,. In the
TEMAH-based process, islandic-type growth has been observed during about
20 cycles (¢, ~ 1.2 nm) while in corresponding chloride process, 50 cycles
(t,» ~ 3 nm) were needed to achieve film continuity on HF-last Si surface [209].
In the HfCl4-H,0O based process, the Hf-atom density depends on the thick-
ness and uniformity of wet oxide layer being highest at an oxide thickness of
1.2 nm [223]. The steric hindrance of the adsorbed —HfCl; (Figure 4) limit the
Hf-atom density to 2.9 Hf/nm?. However, if HfCl, reacts with two OH surface
sites (-HfCl, is formed in the adsorbate layer), the Hf-atom density increases to
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4.4 Hf/nm® [223]. It has been reported that the latter reactions are dominant at
lower T [175]. In the first cycles, chemisorbed Hf is likely bonded to O atoms
originated from OH surface sites as well as O atoms belonging to SiO, covering
the Si substrate. Accordingly, adsorption of the Hf precursor follows com-
petitive route between both bridging O atoms from the first HfO, layer and OH
surface sites [105,223,230]. While complete HfO, has been formed, nucleation
and growth proceeds via the Hf-OH surface sites allowing one to suggest dif-
ferent reactivity than on Si-OH sites. For unifrom HfO, growth, density of Hf
species remains, however, well below the steric hindrance limitation, possessing
Hf-atom density value of about 1.2—1.5 Hf/nm” [223] and being clearly depen-
dent on regeneration of favorable OH sites. The density of OH groups decreases
with increasing T [175] because of easier dehydroxylation at elevated tempera-
tures. Nevertheless, reactions over oxygen bridges insignificantly should contri-
bute to the film growth at temperatures below 400°C [175].

In addition to the aforementioned, the crystallographic orientation of the
substrate or growing film can determine how effectively OH sites are
(re)generated [105,231]. Nyns et al. [105] have shown that oxidation is slower
on Si (1 0 0) than on the corresponding Si(1 1 0) due to the lower number of
surface atoms, which inherently are able to form OH-sites. In the case of HfO,,
the (-1 1 1) surface of the monoclinic phase retains higher coverage of OH sites
than the (0 0 1) surface does at T values below 300°C [231]. However, above ~
400°C the (-1 1 1) surface gets completely dehydroxylated. Meanwhile at
elevated temperatures (0 0 1) surface sustain reasonable OH coverage and com-
pletely dehydroxylates above 530°C [231]. Notably the adsorption energy of
H,O0 is significantly higher on the (0 0 1) surface than on the (-1 1 1) surface.

Besides efficient nucleation, optimal HfO,/Si interface formation is a key
factor to reduce D; and improve carrier mobility in silicon covered by the high-
k gate stack. Many research groups have provided several routes of how the IL
is formed either already during the film growth or after post-deposition
annealing (Figure 10) [15,232-234].

Bulk HfO, HfO, HfO,
Bulk HfO,
Hf-O, Si-O si¥ Hfsi,0,
- , IL P IL Hf silicate
Si-0, Hf-Si yHf[ o | Hsi, sio, si L
AF-Si SiO, Si Hf silicide
Si substrate Si substrate| Si substrate Si substrate

(a) (b) (©)

Figure 10. Possible HfO,/Si interface formation routes through (a) mixed layer [233],
(b) interdiffusion with different starting layer [232] and (c) over two step mixing reac-
tion [234].
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Nevertheless, IL formation and composition depends on the Hf, O and Si dif-
fusion and their ability to be (re)combined before bulk HfO, is formed.
Compared with other elements, oxygen diffuses more easily either due to its
release from Si/SiO, or through grain boundaries present in polycrystalline
HfO, [232,235,236]. In the latter case, oxygen can diffuse up to 10" times faster
than through bulk material [237]. The effect can be clearly seen when PDA
processes are performed in the O, enviroment [236-240]. However, low con-
centration of O, or usage of O; at temperature below 800°C can provide more
reliable control over the IL formation [236,238,241,242]. In the case of opti-
mized ozone treatment, stronger Hf-O bonding together with low concentration
of oxygen vacancies obtained can reduce leakage current by more than two
orders of magnitude compared to that obtained in the case of the oxygen treat-
ment [241]. Obviously, at temperatures above 800°C, regrowth of the interfacial
layer and changes in film morphology appear. In the case of high vacuum
treatment, oxidation to SiOy like layer is efficiently retarded but above 800°C
HfO, is transformed to HfSi; [243,244]. Even more, in oxygen-deficient
ambient, two step silicide/silicate like IL layer formation (Figure 10 (¢)) [234]
without the possibility to invoke SiO, layer may take place during HfO, depo-
sition. However, silicide-like IL layer is disadvantageous as Hf-Si, bonds are
confirmed to be metallic resulting effective channels for electron transport.
These bonds can also reduce effective band gap and band offset with silicon
[232].

2.3.2. Structure of HfO,

At room temperature and atmospheric pressure, HfO, forms stable monoclinic
crystal phase that transforms to tetragonal phase at about 1300 K and into cubic
phase at about 2700 K [250,251]. Although in ALD processes, growth rate and
structure of films depend on the growth temperature, precursors and substrates
used, it has been proven that HfO, tends to form dominantly polycrystalline
monoclinic phase [201,206; 212,214,252,253] with some preferential orien-
tation (i.e. film texture) on silicon as well as silica substrate [202,254]. Besides
T, reactor setup and precursor chemistry seem to influence the texture forma-
tion [206,255,256]. In the case of low thermal activation, certain film thickness
is often needed to start crystallization. For instance, such behavior has been
reported at 300°C where crystallization has become detectable after formation
of ~ 5-30 nm thick amorphous HfO, film [175,205].

At T of 880-940°C, metastable cubic phase has been obtained in the sur-
face layer of about 10 nm in thickness [254]. Formation of the latter phase
highly depends on HfCl, and H,O dose being most developed at higher HfCl4
and low H,O doses. Metastable cubic phase has also been obtained at 600°C in
films with thicknesses up to 4 nm [257]. Furthermore, formation of orthorhom-
bic or tetragonal phase has been reported at certain film thicknesses and tem-
peratures as well [175,212]. Metastable high-temperature phases can be addi-
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tionally stabilized at lower temperatures via incorporation of dopant atoms
and/or controlling the dimensions of crystallites. For instance in ZrO,, which
has similar properties and growth behavior as HfO,, tetragonal phase can be
stabilized when particle size is less than 30 nm [258]. From technological point
of view, cubic and tetragonal phases offer higher dielectric constant than corres-
ponding monoclinic phase does (see Table 1). This inherently allows further
EOT scaling. It has been shown that the stabilization of tetragonal HfO, by Si
addition [260] and cubic HfO, by Y doping [261,262,263] is feasible. Further-
more, with proper deposition process and post-deposition annealing parameters,
cubic HfO, can be stabilized without any additional dopants [73].

Due to possible optical applications, some studies have been focused on
crystallization of HfO, on transparent quartz substrates [201,202]. Expectedly,
changes in the film structure have influenced optical properties of the films,
partially because of the corresponding changes in the surface roughness, par-
tially because of variation of the refractive index and light scattering inside the
films due to the polycrystalline nature of the films. As noted before, changes in
the crystal structure and increasing surface roughness may also lead to a marked
growth rate increase in ALD processes which has been reported for instance for
TiO, [264,265], ZrO, [266] and Cr,0; [267].

2.3.3. Topography

HfO, surface topography and surface roughness is highly determined by the
initial nucleation and further structure evolution. Mitchell et al. [247] and Haus-
mann et al. [255] have clearly shown formation of separated conical grains at
low T that may originate either already from the starting surface or from the
growing film. In thicker films or at higher deposition temperatures, these grains
coalesce and form polycrystalline layer. HRTEM studies of the films with
thicknesses around 80—100 nm have shown lateral grain size decrease from 60
to 35 nm upon T increase from 225 to 450°C in the HfCl;-H,O process [247].
In the case of about 100 nm thick HfO, films deposited from Cp,Hf(CHj3), and
H,0, surface RMS roughness have decreased from 4.3 to 2.9 nm when 7 was
increased from 350 to 400°C [23]. Similar effect has been seen for the precursor
combination Hf[N(CHj3)(C,Hs)],—H,O. RMS roughness values of 7.9 and 3.9
nm have been measured for 132 and 170 nm thick films deposited at 200 and
300°C respectively [215]. Another work that has compared as-deposited films
grown in different halide-based process at 300°C has reported RMS values of
2.3 nm and 1.8 nm for 62 and 54 nm thick films deposited from Hfl,-H,O and
HfCl,—H,0O processes, respectively [206]. Replacement of H,O with Os in
HfCl,-based ALD process has resulted in more than than 2 times smoother sur-
faces [15]. At deposition temperatures exceeding 450°C, columnar structure
[247,253] is likely formed as crystallites grow preferably in thickness [202]
rather than laterally [247] at these temperatures. It is obvious that structure for-
mation and crystallite growth both influence the surface roughening. Due to
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crystallization of initially amorphous films, post-deposition annealing has also
enhanced film roughness [152,268]. Crystalline films are, on the other hand,
more stable in PDA processes.

2.4. Research objectives

When the studies described in this thesis were initiated in 2003, some experi-
mental and theoretical studies on the effects of substrate temperature on the
composition, growth mechanism and structure of HfO, films grown by ALD
had been published [175,176,182,203,254]. In this thesis, the effect of structure
development on growth rate and related surface roughness evolution of the
HfO, films was taken under systematic consideration. Due to the various appli-
cations of HfO,, including those in optical devices, transparent (quartz) sub-
strates were supplemented to these studies. Initial nucleation [187,188] was of
great importance as islandic growth severely degrades film properties, espe-
cially in terms of interface and defect state formation. Consequently, different
substrate pretreatment was studied to obtain more uniform nucleation. As
growth per cycle has very distinct temperature-dependent feature in the HfCly-
H,O process [175,247], the initial stage of film growth was investigated at dif-
ferent temperatures. At higher temperatures, different ALD chemistries were
used to study possible variations in structure and nucleation [L,II].

Effect of structure evolution on growth per cycle has a great importance
when exact thickness and film properties are essential for certain application.
Therefore relatively wide thickness range as well as customized metrology for
accurate thickness measurements was applied to understand this effect and its
influence on film properties [LIII-V].

Besides, influence of the reactor set-up on the growth rate and film structure
was of particular interest. Latter study was initiated because of controversial
results obtained from different research groups while dissimilar growth rates
had been obtained in similar reactors [203,207,210,211]. For that reason,
influence of the carrier gas pressure and flow rate on the growth rate and struc-
ture was carried out. This topic is described in paper [IV]

The effect of the reactor setup and corresponding structural changes on
density, refractive index and light absorption of the film was essential task of
the research. The measurements were important as these thin film parameters
also influence electrical properties that were not directly characterized in this
thesis. Selected film properties are closer discussed in papers [LIILIV].
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3. EXPERIMENTAL METHODS

3.1. Film growth

All films studied in this work were grown in a flow-type hot-wall ALD reactor
[175,202]. For real-time (in—situ) growth monitoring experiments substrate
holder was replaced with quartz crystal microbalance [175,269,270]. Usually
growth experiments [I-IILV] were carried out at a pressure of 2 mbar in the
growth zone. Pressures of up to 4.5 mbar and linear gas flow rates ranging from
0.7 to 7.6 m/s (determined at 7 = 300°C) were used in some studies [IV]. Solid
precursors were volatilized inside the reactor. Pulsing of the precursors was
accomplished by changing the carrier gas flow direction through the precursor
source. Depending on the precursor chemistry either vapor of distilled H,O or
0, (AGA 99.999 %) was used as an oxygen precursor. Oxygen precursors were
introduced into the reactor from external reservoirs whereas the flow rates of
these precursors were adjusted with a needle valve. Nitrogen (AGA 99,999 %)
was used as a purging and carrier gas. Before deposition Si substrates were
cleaned in HF and afterwards rinsed in deionized water, if not stated otherwise.
Quartz substrates were ultrasonically cleaned in ethanol. All films described in
this thesis were studied in “as-deposited” state i.e. no additional post-deposition
treatment was made.

3.2. Quartz crystal microbalance studies

The quartz crystal microbalance (QCM) technique was introduced for charac-
terization of ALD processes at elevated temperatures by Aarik et al [270]. The
essence of quartz crystal microbalance (QCM) technique is based on pie-
zoelectric properties of quartz crystal [271] that allow precise recording mass
increase of the sensor through its resonant frequency variations:

B 21 Am

Aup

In Eq. 4, Af is the quartz crystal frequency change, fj is the resonant frequency
of the unloaded quartz, 4m is the mass change, 4 is the surface area, u is the
shear modulus of the AT-cut quartz (2.947*10"" g cm™'s ), p is the density of
quartz (2.648 g cm™), and C is a crystal dependent parameter. Due to the dif-
ficulties of direct conversion of frequency to film thickness, raw data of fre-
quency is often used [136]. Alternative route is to record period of quartz crystal
oscillation instead of frequency [175,269,272]. Such experimental setup pro-
vides better sensor signal linearity and thereby more reliable results.

Af = =—CAm. (4)
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QCM signal fluctuation caused by the instabilities of the heaters is major
concern at higher T [273]. Slow temperature drifts can be corrected by using
QCM signal that was recorded before and after ALD process studied [274,275].
This allows baseline extrapolation to take into account these slow drifts. Fast
temperature fluctuations caused by precursor pulsing, on the other hand, can not
be determined and corrected reliably because they influence the QCM signal
simultaneously with mass changes. To diminish the effect of these temperature
fluctuations, optimum dose of precursors, well-balanced gas supply and care-
fully chosen temperature profile in the growth zone were used.

Considerable amount of film material was usually deposited before any
QCM measurements in order to avoid influence of the silver electrodes of a
quartz crystal on the results. The thickness of this buffer layer was usually about
5—10 nm [175]. Due to this buffer layer QCM studies presented in this thesis
were not affected by possible initial growth limitations.

With QCM, the mass increase per growth cycle (4my in Figure 11) can be
monitored. Furthermore, using the Amy/4Am, ratio, it is possible to estimate the
ligand to metal ratio in the chemisorbed layer formed during metal precursor
pulse. The latter ratio gives an estimation of how many ligands are released in
each reaction step during the film formation. The shape of the QCM signal also
provides valuable information on the adsorbate layer stability as well as on the
precursor decomposition, inefficient precursor transportation, reactivity of
precursors etc.
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Figure 11. QCM signal recorded for HfCl,-H,O ALD process.

The measurement of 4m, enables one to determine surface self-saturation effi-
ciency of new precursor combinations and/or to optimize reactor setup also in
the cases when the effect of temperature fluctuations related to the precursor
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pulses can not be excluded. In the studies described in the thesis, this approach
was used to investigate the effect of carrier gas pressure and flow rate on ALD
of HfO, (and ZrO,) [IV]. In these QCM studies the duration of precursor pulses
and purge times were varied to see, if and when the ALD process is self-
limiting. Corresponding dependencies were recorded at different substrate tem-
peratures, and carrier gas pressures and flow rates. In the QCM studies [IV],
high frequency crystals with a resonant frequency of around 30 MHz were used
to maintain acceptable sensor sensitivity and count resolution. With these crys-
tals, sensitivity that was better than 0.1 monolayer was achieved.

3.3. Film characterization
3.3.1. Structure studies

X-ray diffraction

X-rays are used to study the internal (crystalline) structure of materials since
their wavelength is in the range 0.05-0.25 nm which is of the same order of
magnitude as the inter-atomic distances in solids. The X-ray diffraction (XRD)
method that was explained already in 1912 by Max Laue [276] relies on the
constructive interference of X-rays scattered from a crystal lattice (Figure 12).
The condition for the constructive interference, i.e. for the strongest signal that
can be recorded when the angle of the incident beam fulfils Bragg law, is:

mA =2dsing. (5)

In Eq. 5, m is an integer number, 4 is the wavelength of the incident beam, d is
the distance between the crystalline planes i.e. interplanar distance, and 8 is the
angle between the incident beam and crystal surface.

Depending on the sample under investigation, two different scan modes can
be applied (Figure 12). A symmetric or standard Bragg-Brentano (6/20) scan is
used to determine the crystal planes parallel to the sample surface (Figure
12(a)). In this measurement setup, the angle 8 of the incoming beam with
respect to the sample surface is varied, simultaneously keeping the detector at
an angle of 28 with respect to the incoming beam. The angle 6, at which a dif-
fraction peak is observed, can then be inserted into Eq. 5 to give the interplanar
distance. Besides the diffraction peak angle, the full width at half maximum
(FWHM) of that peak contains information about the film structure. In the case
of a perfect crystal, the FWHM is inversely proportional to the thickness of the
crystalline layer while, in the case of polycrystalline films, FWHM allows
determination of the mean crystallite size. Usually Bragg-Brentano mode is
used for thick (poly-) crystalline films.
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Figure 12. Schematic presentation of (a) symmetrical Bragg-Brentano 6-26 and (b)
fixed grazing incidence angle X-ray diffraction scan.

In thinner films, particularly in those where crystallization is weak, i.e. in
predominantly amorphous films with small amount of crystalline phases, fixed
angle grazing incidence X-ray diffraction (GIXRD) should be used instead of
standard XRD (Figure 12(b)). The benefit of the latter geometry relies on its
enhanced surface sensitivity (Figure 13) as small angle of incidence (in our stu-
dies w = 0.4-0.5°) drastically reduces penetration depth. Therefore, structure
evolution with the film thickness increase can be easily studied even for the
mainly amorphous regions as the substrate signal is dramatically reduced. In
contrast to the Bragg-Brentano geometry, the lattice planes, which are not
parallel to the sample surface, are analysed by GIXRD. Similarly to Bragg-
Brentano geometry, the detector is placed at an angle of 26 with respect to the
incoming beam but the crystallographic plane contributing to signal has offset
of 8 — w compared to the film surface.
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Figure 13. XRD signals of HfO, film recorded at different geometries. Reflections of
cubic, monoclinic and orthorombic phase are denoted by ¢, m, o after Miller indices.

In the study this thesis is based on, XRD analysis was used to detect the crys-
talline phases as well as sizes of crystallites in the films [IILIV]. The measure-
ments were made by using both scanning methods to improve both the accuracy
and sensitivity, because the films studied were of very different thickness and
structure.

The equipment for Bragg-Brentano XRD analysis was based on a diffracto-
meter DRON-1 (Nauchpribor, Russia) having a symmetrical coupled 6/26 step
scanning system and a X-ray tube with CuKa (A = 0.15 nm) radiation. For
GIXRD and X-ray reflection (XRR) measurements, a reconstructed diffracto-
meter URT-1 (Nauchpribor, Russia) was applied. All XRD, GIXRD and XRR
data were analyzed by AXES software package [277]. The crystallite sizes were
estimated by using Voigt decomposition method for fitting the diffraction
peaks.

Reflection high energy electron diffraction

The reflection high energy electron diffraction (RHEED) method (Figure 14) is
similar to the GIXRD because glancing incidence is constant and does not
exceed few degrees [278]. The small incidence angle ensures that electrons
penetrate only through a very thin surface layer (<10 nm) making this technique
extremely surface sensitive.
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Figure 14. Simplified scheme of RHEED measurement setup.

Depending on the surface morphology, crystallite orientations and surface
reconstruction, different types of RHEED patterns can be collected from the
crystalline surface (Figure 15). Single crystal with atomically flat surface
produces a set of sharp diffraction spots (Figure 15 (a)). However, when
terraces decrease in size i.e. increase in density, the diffraction spots transform
into streaks while the streak width is inversely proportional to the terrace size
(Figure 15 (b)). In the case of single crystal film with rough surface, trans-
mission pattern is produced i.e. electron beam penetrates through the crystallites
and set of broad spots are generated (Figure 15 (c)). Polycrystalline or textured
films produce a set of concentric circles or arcs (Figure 15 (d)).

The RHEED method is frequently used for in-situ monitoring of the film
growth in high vacuum reactors [279]. In our studies, however, ex-situ measure-
ments were carried out to characterize the surface structure of thin films [I].

(b)

(d)
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Figure 15. RHEED diffraction patterns of (a) single crystal film with atomically flat
surface, (b) single crystal film with small terraces, (c) single crystal film with rough
surface and (d) polycrystalline film.
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RHEED patterns were recorded with an electron diffractometer EMR-100
(SELMI, Ukraine). The energy and current of the primary beam were set to
75 keV and 20-30 pA respectively, while the impingement glancing angle was
<10'. These measurement parameters enabled obtaining the structural infor-
mation from a surface layer with a thickness of less than 5 nm.

3.3.2. Film thickness and composition measurements

For thickness and growth rate measurements, combination of different charac-
terization methods was exploited because of the accuracy limitations [280-282]
of the techniques in the wide thickness range used in this study [I-IV]. XRR
was chosen because in addition to thickness, film density and roughness can be
determined by this method. In XRR, the reflectance of the sample is measured
as a function of the grazing incidence angle of X-rays. Due to interference
effects of the radiation reflected from the film surface and that reflected from
the film/substrate interface, oscillations depending on the film thickness occur
in the reflectance curve. The X-ray beam undergoes total reflection from the
film surface at incident angles lower than the critical angle for reflection. At
angles higher than the critical angle, the incident beam penetrates into the film,
and the intensity of the reflected X-rays decreases significantly. The density of
the material can be determined on the basis of the critical angle value [283,284].
From the period of oscillations that are formed due to the X-ray interference,
one can estimate the film thickness [283,284]. The surface roughness of the film
can be determined from the decrease of the oscillation amplitude in the reflec-
tivity curve (Figure 16). In the XRR curves of the films with high surface
roughness, no oscillation can be observed and, thus, the thickness of these films
can not be determined from the XRR data (Figure 16, blue line).
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Figure 16. XRR curves of HfO, films with different thickness and surface roughness.
RMS values are taken from AFM measurements.
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The thicknesses of thicker films deposited on quartz substrates were calculated
from optical transmission spectra, using envelope method for fitting oscillation
curves and Swanepoel homogeneous single layer approximation [285]. These
calculations yielded also the refractive index and extinction coefficient values
that were under investigation in this work [LIILIV]. The extinction coefficient
values determined in this way depended on absorption as well as scattering of
the light in the films. The uncertainty of thickness determination from optical
measurements markedly increased with the decrease of the film thickness below
100-150 nm. In such thickness range, accurate fitting of the transmission
spectra (Figure 17) turns out to be a complex task because of limited number of
oscillations.
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Figure 17. Optical transmission spectra of HfO, films with different thicknesses.

In order to overcome the limitations of the XRR and spectroscopic techniques,
the films were also measured by X-ray fluorescence (XRF) method to determine
relative mass thickness of the films [280]. The method gives accurate values of
the mean film thickness independently of surface roughness. However,
reference samples with known density are desirable in XRF studies. In our
experiments, two films deposited on Si and SiO, substrates with known thick-
nesses measured by XRR and optical method were used as the reference
samples.

For some samples [LIILIV], thickness and composition was calculated by
using electron probe microanalysis (EPMA) [280]. However, quantitative X-ray
microanalysis of highly insulating media is very complicated task because elec-
tron beam irradiation can cause sample charging effects that increase
uncertainty in thickness and composition determination [V]. It was found that
HfO, film thickness value obtained from EPMA studies strongly depended on
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the primary electron energy (£, = 540 keV), X-ray lines (Hf Ko, Hf La) used
in analysis and substrate conductivity [V]. These effects were less pronounced
at lower E, and thinner films, however. Besides, primary electron scattering
seemed to be affected by the local electric fields in HfO, that were possibly
related to the rechargeable defects. Therefore, film quality was also crucial.
Nevertheless, by using Hf La lines and smaller energies, accurate thickness
determination of HfO, thin films was possible [V]. For composition measure-
ments, Ka lines were used for other elements. To convert the film mass deter-
mined by EPMA to the thickness, film densities measured by XRR were used.
In our studies, this approach allowed accurate measurement of HfO, films with
thicknesses up to ~100 nm. In the case of thicker films our density determi-
nation was not accurate enough and probably for this reason, the thickness
values diverged from those measured by other methods [280,V].

3.3.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) studies were carried out to characterize
the initial stage of the HfO, growth in terms of nucleation efficiency and
possible interface formation [LII]. In this method, X-rays or synchrotron radia-
tion beam is focused on the sample surface and the energies of the scattered
photoelectrons are recorded. The technique relies on the photoelectric effect that
is described by the following relationship:

Ekin = h V= Ebind - ¢sample (6)

The kinetic energy of a photoelectron outside the sample, Ey;,, is determined by
the photon energy, 4v, of the incident monochromatic radiation, binding energy,
Eyina, of the electron in atom and the potential barrier present at the surface, i.e.
the sample work function, @p. Usually, Ey;,q that is a measure of the energy
required to release an electron from its atomic or molecular orbital is the
measure of interest. In a spectrometer, however, the electron kinetic energy is
measured. Therefore the binding energy can be determined, if sample work
function and photon energy is known.

The escape depth of an electron depends on the photon energy. Thus, surface
sensitivity can be easily varied. Furthermore, the photo-ionization cross-section
is a function of photon energy. This allows enhancing or suppressing photo-
emission from different core levels. In XPS, information depth is determined by
the inelastic mean free path (IMFP), which is a distance that an electron can
pass through in a solid before losing a part of its energy. It turns out that 95% of
the photoelectron signal comes from the surface region with a thickness of 3
IMFP values. The remaining 5% comes from deeper regions. In our studies,
photon energy of 131 eV was used and the corresponding kinetic energy of Hf
4f photoelectrons was about 110 eV. The IMFP value of these electons was
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estimated to be ~0.5 nm. Hence, information originated from the thickness of
about dsprp = 1.5 nm. That is up to four outermost atomic layers.

It is known that the core level energy depends slightly on the chemical state
of the atom. The change of a photoemission line position due to different
chemical environments is known as a chemical shift. Although in a solid, the
core electrons are localized at the atom and valence electrons are responsible for
the chemical bonding, the local environment influences the binding energies of
the core electrons as well. A chemical shift depends on the number, type and
oxidation state of neighboring atoms and on the crystal structure of the film that
all cause changes in the valence charge of the atom. This feature is used to
understand the formation of an interfacial layer between a substrate and a film.
For instance, Hf 4f doublet peak (Hf 4f;, and Hf 4f;,) position in Hf-silicate is
shifted 0.4-0.7 eV to the higher binding energies than that in pure HfO,
[286,287]. In the case of Si 2p peak analysis (Figure 21), the main Si’ peak is
located at about ~99.3 eV while the components corresponding to higher oxi-
dation state (Si*" ~103 eV, Si’ ~102.5, Si*" ~102 eV etc.) are close to that
making interpretation a very complicated task. Therefore, for exact IL com-
position analysis, angle-resolved XPS and synchrotron radiation is often used to
understand the spatial formation of interface and possible diffusion processes
[233,245,246].

All our XPS measurements were carried out in MAXlab synchrotron center
in Lund, Sweden, at beamline 31 [288]. This beamline can be used either to
record photoelectron spectra from selected areas on the sample surface or to
scan the sample to obtain an image showing the lateral distribution of XPS
signal [288,289]. In our studies, mainly spectroscopic measurements were
carried out. Application of image mode (Figure 18) was limited by too low
lateral resolution.

Figure 18. 120 x 120 um Hf4f scans of HfO, films deposited with (a) 15 cycles (¢,, =
1.2 nm) at 300°C and (b) 100 cycles (¢, = 1.0 nm) at 600°C. Image pixel size is
2x2 um.
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3.3.4. Atomic force microscopy

Atomic force microscopy (AFM) measurements were used to study surface
topography and roughness of films. All AFM experiments were carried out in
intermittent-contact AFM (IC-AFM) mode while the films under investigation
were exposed to the air. IC-AFM was needed to reduce possible artefacts caused
by the adsorbate species on top of the film surface. In this mode of operation,
the cantilever is oscillated close to its resonance frequency and the tip taps the
surface only periodically, unlike the contact mode where tip is continuously in
contact with the sample surface [290]. The surface topography is monitored
through the changes of oscillation amplitude as tip-to-sample spacing fluctuates
when surface is scanned. To improve resolution, Ultralevels™ probes with typi-
cal tip curvature of less than 10 nm were used. The equipment available for
experiments described in this thesis was Autoprobe CP-1I (Veeco), which was
used for roughness measurements and imaging of surface structures. All rough-
ness data were collected from the area of 5 x 5 pm’ at least at three different
regions of the sample surface. Surface root mean square (RMS) roughness and
grain sizes were analyzed by Veeco SPMlab NT v6.0.2 software package.
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4. RESULTS AND DISCUSSION

This chapter summarizes the ALD studies based on HfCl;-H,O [I-V] and Hfl,-
H,O [I], Hfl4-O, [I-1I] chemistry routes.

4.1. Nucleation

The initial stage of HfO, growth studied at the substrate temperatures 300 and
600°C significantly depends on the silicon surface activation and halide che-
mistry used (Figure 19). It was revealed that due to the low number of favored
adsorption sites, HfCl, nucleation onto hydrophobic Si-H surface (Figure 19 (a),
HF-last) and on dehydroxylated silicon (Figure 19 (b)) is fairly limited. At
300°C, minimum growth delay of about 3—4 ALD cycles on HF-etched silicon
substrate was determined [I], while after 4 cycles, weak Hf 4f peak was
observed (Figure 19 (a)). In this case, the valence band (VB) structure was
mainly determined by silicon substrate [291] and indicated islandic formation of
HfO,. Other studies have reported incubation periods reaching up to 10-20
cycles at similar conditions [187,188,222]. To achieve continuous film, more
than 50 cycles i.e. ~3 nm of HfO, has usually been needed [209]. By contrast,
attenuated substrate signal and clear Hf 4f doublet peak was observed in our
experiments on hydroxylated Si-OH surface already after 4 ALD cycles (Figure
19 (a)) [LII]. After 7 cycles substrate signal was already insignificant and
allowed us to conclude that the growth was predominantly two-dimensional on
the hydroxylated surface. These results are in agreement with studies of other
authors noting that wet oxide is sufficient to enhance chemisorption of HfCl, at
300°C [187,188,221,222,224,225].

At elevated temperatures, the starting Si-OH surface is likely turned to Si-O-
Si surface because of the H,O desorption discussed previously (Figure 5).
Accordingly, HfCl, adsorption on silicon is not favoured at 600°C. Even after
50 cycles only substrate signal [291] is determined (Figure 19 (b)) while the Hf
signal becomes significant after 100 cycles [LII]. In the processes using Hfl, as
a precursor, improved nucleation achieved (Figure 19 (b)) is most probably
because of higher reactivity of Hf precursor towards Si-O-Si terminated surface.
For instance, a marked rate of HfO, growth can be revealed already after 30
cycles when HfI,—O, precursor system is used [I]. As a result, both iodide-based
processes studied provide more two-dimensional growth than the chloride
process does.
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Figure 19. Hf 4f XPS spectra of HfO, films deposited (a) at 300°C on H,0O-last and HF-
last silicon, (b) at 600°C on H,O-last silicon from different precursor systems and (c) in
two-step (300/600°C) processes on H,O-last silicon at different seed layer thicknesses.

As HfCl, chemisorption at 600°C is more efficient on HfO, than on Si, a two-
temperature ALD process was also studied. In this process, a low-temperature
seed layer was deposited at 300°C to initiate HfO, growth at 600°C (Figure 19
(c)). Expectedly, nucleation at 600°C depended on the thickness and uniformity
of the seed layer (Figure 19 (¢)). Comparing Figure 19 (a) and (c), one can see
that the HfO, layer deposited by applying 4 ALD cycles at 300°C covers Si
more uniformly than the layer deposited by successive applying 5 cycles at
300°C and 40 cycles at 600°C. This result enables one to conclude that the seed
layer that was deposited at 300°C by applying 5 cycles became non-uniform
after heating the sample to 600°C. At somewhat greater thickness (15 cycles
applied at 300°C), however, the seed layer remained uniform during heating
because it resulted in uniform substrate coating after applying of only 20 cycles
at 600°C (Figure 19 (¢))

Two dimensional initiation of growth in the HfCl-H,O process can be
achieved by using hydroxylated starting surfaces and lower deposition tem-
peratures or two-temperature deposition sequence completed at elevated tem-
peratures. In the latter process, nucleation is improved but no advancement of
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electrical properties appeared at the film thicknesses up to 10 nm [253]. Both
leakage current and trap densities were higher than in the films deposited at
300°C noting that films were more defective either because of the interface
structure or increased void density related to the crystallization and surface
roughening.

HfCl, - H,0 (a)
T,=300°C 7 cycles
sseissasies:
Hfl, - H,0 ‘ (b)
T,=600°C S ¥ 30 cycles

HfC, - H,0
T,=600°C

Intensity, arbitrary units

(c)

21 20 19 18 17 16
Binding energy, eV
Figure 20. Fitting of Hf 4f peaks for HfO, thin films deposited at (a) 300°C from HfCl,

and H,O process, (b) at 600°C from Hfl, and H,O and (c) at 600°C from HfCl, and
H,0.

Fitting the Hf 4f doublet of the films deposited by applying 7 ALD cycles at
300°C (Figure 20 (a)) revealed contribution of only the main components.
Consequently, HfO, is formed without any interfacial layer between growing
film and the substrate material [II]. This result is in agreement with other
reports as well [245,247]. Very thin HfO, films deposited at this temperature are
still amorphous. Therefore oxygen diffusion via grain boundaries is limited.
According to Miyata et al [239], the substrate oxidation is slow at deposition
temperatures below 400°C and is influenced by the oxygen pressure and film
thickness. In our studies, the water dose (pulse length) was possibly not high
enough to reoxidize the substrate and/or the film was sufficiently uniform to
block molecular oxygen diffusion. Low oxygen precursor pressure, on the other

49



hand, initiates formation of oxygen deficient HfO,, which inherently can con-
sume some of the oxygen from the SiO, starting surface [235,236,241].

Contrarily, films deposited at T = 600°C (Figure 20) either from HfCl4-H,O
or Hfl4-H,O precursor systems, resulted in formation of silicate-like interfacial
layer, as the main Hf 4f component contained additional high-energy doublet
line [II]. This is in agreement with other reports noting that, at higher
temperatures (exceeding 350°C), interfacial layer is formed [247,253].

From the contribution of the fitted doublet-line areas in Figure 20 one can
note that the silicate component was more significant in the case of films depo-
sited in the iodide-based processes than in the case of those grown from HfCl,
and H,O. Similarly, a series of Si 2p measurements of films deposited at T; =
600°C from HfCly and H,O revealed interfacial layer formation (Figure 21).
However, interperetation of the IL composition from these data is somewhat
more complicated. In the Si 2p spectrum, several suboxide peaks appear
between the main Si and SiO, peaks. These additional peaks may be related to
the formation of Si-O-Hf bonds. Another possible explanation is that the band is
composed of a Si*" component of SiO, along with three intermediate compo-
nents of the suboxide species, Si'"-Si**, at the interface without invoking the
possibility of the silicate formation. Anyway, suboxide shoulder clearly
appeared at all film thicknesses studied, noting that non-stoichiometric SiOy or
silicate-like interfacial layer was formed during the deposition. Possibly, both
silicate and SiOy part is present in the IL because Si oxidation is very fast at
these temperatures [239]. Due to low reactivity of HfCl, towards Si surface, the
surface is non-uniformly covered with the metal precursor and HfO, film
material in the initial stage of deposition and the silicon substrate can be easily
oxidized during the H,O pulse.
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Figure 21. Si 2p XPS spectra of SiO, and HfO,/Si structures with HfO, thin films depo-
sited at 600°C by applying 10-150 cycles.
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The increase of the silicon substrate signal that seems to take place during the
first 10 cycles (Figure 21) is likely an artifact connected with the inhomogeneity
of the deposited layer and dissimilar SiO, thicknesses on the different Si
substrates used. Following deposition of additional film material resulted in the
decrease of signals from both pure silicon substrate and suboxide. This result is
an indication of further oxidation of silicon substrate, at least in its uncovered
regions.

4.2. Growth rate

4.2.1. Influence of substrate temperature and
carrier gas flow on growth rate

HfCl4-H,O ALD process followed the self-limiting nature over a T range 180—
750°C [IV,175,269] studied in this work. In this range, the growth rate
decreases on silicon as well as on quartz substrates with increasing 7T¢
[LIILIV,202,247], most probably due to decreasing concentration of the
surface hydroxyl groups and corresponding changes in possible reaction
mechanism [175]. Constant growth rate observed in the 7 region of 600-750°C
indicates that at higher temperatures, the concentration of adsorption sites and
the mechanism of exchange reactions are independent of temperature. An
explanation for this behavior is dehydroxylation of surface with the increase of
temperature to 600°C and terminating the H,O treated surface by bridged
oxygen at higher temperatures [231]. At all temperatures studied, somewhat
higher growth rate was obtained on quartz substrates, especially at elevated
temperatures allowing one to suggest different film structure and/or surface
roughness compared to those of films deposited on silicon substrates.

Somewhat more surprising result is the dependence of the growth rate on the
carrier gas pressure and flow under conditions that ensure selflimited ALD-type
growth. QCM studies carried out at 225-300°C indicated that increased carrier
gas flow expectedly improved precursor transportation as saturation of Am, was
obtained at shorter precursor pulses. At the same time the saturation level also
depended on the carrier gas flow and decreased with the increase of that (Figure
22).
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Figure 22. QCM studies of the impact of growth temperature, carrier gas flow rate and
water dose to the HfCl;-H,O ALD process.

The saturation level depended also on the partial pressure of H,O varied from 8
to 20 Pa. The impact of H,O pressure on Am, was more distinguished at 300°C
than at 225°C. However, the increase was only 8—10 % when the pressure was
increased from 8 to 20 Pa (Figure 22). This change is smaller than the corres-
ponding decrease caused by the increase of v. In order to understand possible
role of overlapping the precursor pulses and corresponding CVD-type reactions,
both purge periods were varied from 1 to 10 s. Overlapping was an issue at short
purge periods (0.2—1 sec), lower v and lower T (particularly at T < 225°C). At
lower carrier gas flow rates, short purge periods resulted in increased growth
rate that was most likely connected with mixing the precursors in the gas phase.
The highest changes in 4m, were caused by the reduction of the purge following
the HO pulse. At higher v values and purge periods exceeding 2 sec, the
contribution of precursor overlapping was negligible [IV]. In further studies that
were carried out to investigate the effect of carrier gas on the growth rate, only
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these process parameters were used that ensured ALD growth with negligible
contribution of CVD-type processes.

Ex-situ measurements confirmed a significant effect of v and chamber pres-
sure, p, on the growth rate of HfO,. The increase of v from 2.6 to 5.4 m/s at
constant p reduced the growth rate from 0.12 to 0.087 nm while at constant v, an
increase of p from 200 to 740 Pa reduced the growth rate from 0.15 to 0.085 nm
[IV]. Analysis of the results of QCM and ex-situ measurements allowed a
conclusion that at 7 < 350°C, v and p have more significant impact on the
surface reactions during and/or after H,O pulse influencing dehydroxylation of
the surface and desorption of H,O from the surface [IV].
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Figure 23. Growth rate as a function of 7 for different precursor combinations and
different carrier gas flow rates.

It is worth noting that the increase of substrate temperature as well as carrier gas
flow and pressure result in a decrease of growth rate (Figure 23) possibly due to
faster dehydroxylation of the surface after H,O pulse [IV]. Usually an increase
in T results in more complete exchange reactions i.e. also in lower concentra-
tion of impurities that can remain in the film. The increase of the carrier gas
flow rate and pressure provides a similar effect. For instace, chlorine concentra-
tion can be well diminished by choosing either higher v or p in the growth zone
[IV]. At 300°C, the chlorine concentration decreased from 0.34 + 0.04 to 0.18 +
0.03 mass % when v was increased from 2.6 to 5.3 m/s. The increase of cham-
ber pressure from 330 Pa to 730 Pa reduced the chlorine content from 0.34 +
0.04 to 0.24 + 0.03 mass% [IV].
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4.2.2. Influence of film thickness on growth rate

In the HfCl;—H,O process, HfO, started to grow without noticeable incubation
period at substrate temperatures of 300°C and below [LIII]. Fairly constant
slope of the thickness versus number of cycles dependence was determined at
T of 180°C. Marked nonlinearity appeared, however, for the films grown at
225-450°C. At 225°C, growth rate of 0.14 nm per cycle was determined for the
thickness range 0—100 nm while for thicker (100-350 nm) films, the slope of
the thickness versus number of cycles curve reached 0.19 nm per cycle. At T of
255-300°C, such transition appeared already in the range of 40—50 nm, while at
450°C, a growth rate increase was observed after reaching the thickness of 10—
12 nm. As a result of these changes the mean growth rate determined as the
ratio of the film thickness to the number of cycles applied also depended on the
film thickness (Figure 24). It should be noted that these changes caused in the
growth rate by the increase of film thickness are in correlation with the thick-
ness values at which crystallization starts in HfO, films deposited by ALD from
HfCly and H,O [175,212,247].
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Figure 24. Mean growth rate as a function of the number of ALD cycles for HfO, films
deposited on Si(1 0 0) and SiO, (fused silica) substrates at various temperatures. Partial
pressure of H,O was 8 Pa.

In the T range of 600—750°C, incubation periods up to 100-200 cycles were
observed for the HfCl,—H,O process while further the thickness increased
without nonlinearities, which would exceed the experimental uncertainty.
Clearly the reactivity of HfCly towards dehydroxylated Si-O sites is limited at
these temperatures, as the same process on HfO, buffer layer [I] induced growth
rate of about 0.03 nm already at the very first cycles. Markedly faster growth
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obtained on HfO, is evidently due to higher abundance of hydroxyl groups on
the surface of HfO, or higher reactivity of HfCl, towards the dehydroxylated
surface of HfO, when compared with the reactivity towards dehydroxylated SiO,.

At T of 600°C, Hfl,—H,O and HfI,—O, [I] processes started without any
incubation period and showed higher growth rate in following deposition
process than the HfCl,-H,O process did. Likely, differences in reaction
mechanisms [231] may induce higher growth rate in the iodide process. Most
probably, partial decomposition of iodide precursor on substrate surface [292] is
a reason for why at these temperatures, Hfl; species could be adsorbed even
without the exchange reactions that have been observed and considered to be
responsible for ALD at lower temperatures [292].

4.3. Phase composition and structure development
4.3.1. Influence of substrate material on structure of films

Somewhat surprisingly, GIXRD studies revealed differences in the crystallite
orientations obtained in relatively thin films deposited on Si(1 0 0) and Si(1 1 1)
substrates at 300°C (Figure 25) whereas at higher temperatures, no obvious
differences occured.

In the film grown at 300°C to a thickness of 50 nm (500 ALD cycles
applied) on Si(1 1 1) substrate, the 11 1 reflection was the most intense while on
Si(1 0 0), the 1 1 1 reflection showed the highest intensity (Figure 25 (a)). This
indicates that at least some of the crystallites were nucleated at the substrate
surface and the orientation was partially determined by the crystallographic
orientation of the substrate, although amorphous phase dominated in the films in
their very initial growth stage [I]. After 700 ALD cycles (Figure 25 (a)) the dif-
ference in orientation of crystallites became weaker and the 0 0 2 reflection
obtained the highest intensity independently of substrates used.

These data well correlate to the HRTEM [247] and XPS [II] results con-
firming that formation of HfO, on silicon without any interfacial SiO, or Hf-
silicate layer can be achieved at T of 300-350°C. As mentioned earlier, initial
nucleation largely depends on the hydroxyl group density at the starting surface,
while different orientation of the substrate may either invoke or supress
substrate oxidation during initial film growth. Therefore, in the T range of 300
to 350°C nucleation differences provoked orientation change, possibly, due to
the different starting layer as well as by uneven film formation. The latter
explanation applies also for the growth at somewhat higher temperatures where
non-uniform nucleation, which is more significant on silicon substrates, pro-
motes agglomeration and supports development of preferential (0 0 1) orien-
tation [III]. Indeed, films deposited in a T range of 400-500°C on silicon
showed more developed texture compared to the films deposited on SiO,
substrates (see Section 4.3.3).
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Figure 25. GIXRD patterns of films deposited at (a) 300°C, (b) 350°C and (c) 500°C
with various numbers of ALD cycles applied. Films were deposited at p,, =8 Pa.
Reflections of cubic and monoclinic phases are denoted by ¢ and m, respectively, after
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According to our studies, the effect of substrate orientation on the growth rate
did not exceed the experimental uncertainty at any deposition temperature used.
This was somewhat anticipated result as the overall changes in orientation of
crystallites related to substrate orientation were relatively weak compared with
those caused by the development of the (0 0 1) orientation with increasing film
thickness [1II].
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4.3.2. Influence of film thickness and growth temperature
on phase composition and texture development

GIXRD studies of films deposited at 225, 255 and 300°C showed clear depen-
dence of the crystallinity on the film thickness. Indeed, no crystalline phases
were detected in the films with the thicknesses up to 50 nm deposited at 225°C.
Cubic phase was found in the outer layers of about 100 nm thick films, in clear
correlation with earlier HRTEM studies [247]. With the further increase of the
film thickness, pronounced monoclinic phase with preferred (0 0 1) orientation
was formed in these films (Figure 26(a)).
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Figure 26. GIXRD patterns of films deposited at different temperatures and numbers of
ALD cycles applied. Films were deposited at p,, = 8 Pa. Reflections of cubic and
monoclinic phases are denoted by ¢ and m, respectively, after Miller indices.
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In the films deposited at 255°C and higher temperatures, monoclinic HfO, as
the main crystalline phase was detected (Figure 26 (b) and (c)). The —1 1 1 ref-
lection was most intense in the case of films deposited at 300°C on Si(1 1 1)
substrates while the 1 1 1 reflection was most intense one for the films
deposited on both SiO, and Si (1 0 0) substrates. Thus, some crystallites
nucleated at the substrate surface and their orientation was at least partially
determined by the substrate orientation, as discussed in previous section. The
effect of substrate expectedly became weaker with the increase of the film
thickness and the 0 0 2 reflections started to dominate in diffraction patterns of
thicker films deposited on all substrates studied in this work.

RHEED studies of films deposited at 300°C revealed, in agreement with the
GIXRD measurements, formation of the amorphous phase at thicknesses up to
8-10 nm [I]. Thicker films grown at this temperature contained detectable
amounts of monoclinic phase according to RHEED [I] as well as GIXRD
(Figure 26) data. In the thinnest films deposited at 600°C, RHEED detected
face-centered cubic phase [I]. With the increase of the thickness to 10-15 nm,
the monoclinic phase also appeared while after increasing the film thickness
above 30 nm only monoclinic phase was observed by the surface-sensitive
RHEED method. When comparing different chemistries, most developed crystal
structure was obtained in the case of HfCl,—H,O process, while iodide process
yielded reasonably high amount of amorphous phase in the initial stage of
deposition. Still, comparing different iodide processes, somewhat better
crystallinity was observed in the Hfl,—O, process than in the Hfl,—H,O process.

Lower concentration of crystalline phases in the films deposited at substrate
temperatures below 300 °C is obviously connected with the high impurity con-
tent and kinetic factors, which limit the structure formation during the growth
process. At low T, the stability of the intermediate oxychloride-like surface
species evidently increases causing higher amount of residues in the films [182].
In order to achieve higher degree of crystallinity and lower impurity contcen-
tration, increased H,O dose has been usually applied [210-212]. In our case,
increase of p,, from 8 to 20 Pa caused diminishing of the chlorine content from
4.1 at% to 3.4 at%, respectively, for T = 300°C [III]. At higher temperatures,
nucleation processes evidently influenced crystallization in the initial stage of
deposition. HfCl,—H,O process showing the most non-uniform nucleation [I]
resulted in more crystalline films compared with those obtained in the Hfl4-
based processes.

According to the standard Bragg-Brentano XRD studies, all films that were
deposited in the T range of 300—750°C and were thicker than 30 nm, contained
mainly polycrystalline monoclinic phase [IILIV]. Comparison of the crystal
structures in the 100-250 nm thick films deposited on single crystal silicon and
fused silica substrates can be found in Figure 27.
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Figure 27. Bragg-Brentano XRD patterns of (a, b) 100 + 10 nm and (c, d) 250 + 25
nm thick HfO, films grown on (a, c¢) Si(1 1 1) and (b, d) SiO, at different temperatures.
Films were grown at p,, = 8 Pa. Reflections of monoclinic phase are denoted by m after
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Largest differences in the textures of films deposited on different substrate
materials were revealed for 7 = 300°C (Figure 27). HRTEM [247] and XPS
[IV] studies indicated that at 300°C, HfO, film was formed on silicon without
any interfacial layer. This suggests that initial stage of the growth could be
different, as the very first cycles on Si substrate greatly depend on the surface
pretreatment i.e. on the surface activation [I]. As can be seen in Figure 27 (a)
and (b), 100 nm film on Si(1 1 1) was primarily (1 1 1)-oriented, while that
deposited on SiO, substrate showed preferential (0 0 1) orientation. In the films
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with the thickness of about 250 nm deposited at the same temperature, (0 0 1)
orientation was dominant in both cases. However, in the case of films deposited
on silicon substrates, the 1 1 1 reflection was still relatively strong, while in the
films grown on quartz, the intensity of this reflection is very low. Relative peak
calculation [III] showed similar intensitiy ratios Igp/I;;; for 250 nm thick films
deposited on silicon and 100 nm thick films deposited on quartz. Thus, initially
the film orientation was evidently determined by the crystalline Si(1 1 1)
substrate as already discussed but after reaching at certain thickness the orien-
tation of preferential growth (i.e. (0 0 1) orientation) started to dominate. This
assessment is also based on comparison of #-26 XRD patterns with the GIXRD
data (Figure 26), indicating that preferential (0 O 1) orientation is more
developed in upper layers of the films grown on silicon substrate. As
amorphous SiO, substrate initially lacks such guiding force, films tend to grow
with preferential (0 0 1) direction from the the very beginning of deposition. No
major differences in XRD and GIXRD results were revealed in that case.
Expectedly, no marked effect of silicon substrates on the film texture has been
observed, when films with a thickness of about 400 nm have been studied [202].

However, some studies have shown clearly preferred (0 0 1) direction on
silicon [255] already for about 30 nm thick films. In the latter work, a short
ALD cycles with time parameters of 0.4-0.5-0.5-0.5 s were used for deposition
while the pressure was around 1 kPa in the reaction chamber [255]. Unfor-
tunately, no information about the carrier gas flow rate was reported in the
publication describing that work. Difference in the carrier gas flow rate may
explain faster formation of (0 0 1) texture, as our studies have revealed more
significant development of this texture at higher carrier gas pressures and flow
rates [IV] whereas according to our studies [IV], most significant dependence
of crystallite orientation on the gas flow parameters occurred in the films depo-
sited at 300°C. Hausmann et al. [255] reported most dominant (010) reflection
of monoclinic phase for about 100 nm thick HfO,, but they used adifferent
precursor system and also lower pressure (33 Pa) in the reaction zone, although
the linear flow rate was comparable (3.0 m/s) to that used in our experiments.

In thicker films deposited on Si(1 1 1) at 450°C, additional (0 1 0) orien-
tation clearly appeared (Figure 27), although the intensity of the 0 1 0 peak was
still 2 times lower than that of the 0 0 1 peak. In the films deposited on quartz,
the 0 1 0 peak was also noticeable but minor compared to that of the films depo-
sited on silicon substrates. In thinner films deposited at 500°C, the 1 1 1 reflec-
tion was of marked intensity, while in thicker films deposited at this tempera-
ture relatively intense 0 1 0 peak was present again. At temperatures of 600—
750°C polycrystalline films without well-developed texture were formed. In
thinner films deposited at 600°C, the 1 1 1 peak was the most intense one and
the relative intensities of the peaks were very similar for the films deposited on
Si and SiO, substrates. This was an expected result, as at this temperature, SiO,
interfacial layer is formed on silicon substrate in the initial stage of deposition
[I1].
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Strongest influence of the carrier gas flow rate and pressure on the structure
of HfO, films was observed at 300°C [IV]. As mentioned already, higher
chamber pressure at constant flow rate caused preferential growth of thin films
with (0 0 1) orientation. Similarly higher gas flow rate supported dominating of
(0 0 1) orientation. For comparison, at 7 of 450—750°C, changes in carrier gas
flow rate and pressure did not have marked influence on the film structure and
texture any more.

Returning back to the effect of the film thickness on the growth rate, one can
summarise that at the deposition temperatures studied, the largest variations in
the growth rate with increasing film thickness occurred in the thickness ranges
where transition from the amorphous to crystalline phase was observed. There-
fore, one can note that crystallization influences the growth rate. The influence
of the further phase transistions on the growth rate that could have appeared at
Te = 225°C, where transistion from cubic phase to monoclinic one was
observed, did not exceed uncertainty of our experimental methods. Instead, the
texture development that was due to faster growth of (0 0 1)-oriented crystallites
caused a noticeable increase of the growth rate at temperatures 400—450°C.

4.4. Topography

4.4.1. Nucleation uniformity and surface roughness of HfO,
thin films

Surface roughness of the films in the initial stage of their growth was studied in
detail at the deposition temperatures of 300 and 600°C. As shown above (Figure
19 (a) and Figure 24), HfO, deposition starts without delays at 300°C. This
result indicates that nucleation is uniform. Data of AFM measurements well
supported this conclusion as after applying 7-15 ALD cycles (Figure 28, Figure
29), i.e. deposition of films with the thicknesses up to 1.7 nm, the surface RMS
roughness value that equaled to 0.2 nm only slightly exceeded that of the pure
substrate, which was 0.1-0.15 nm.

With increasing thickness of the HfO, layer, the absolute value of the surface
roughness gradually increased (Figure 29) while the ratio of the surface rough-
ness to the mean film thickness, i.e. the relative roughness, continuously
decreased (Table 2). It is clear that this kind of growth does not differ sig-
nificantly from the two-dimensional one because the surface roughness value
remains small compared to the film thickness (Figure 29). Most probably, rela-
tively high amount of amorphous phase formed in the films under these deposi-
tion conditions suppressed crystallization and possible grain boundary for-
mation and, in this way, also limited the surface roughening.
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Figure 28. 1x1 um IC-AFM topography patterns of HfO, films deposited at 300 and
600°C by applying 7 to 200 ALD cycles.
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Figure 30. IC-AFM topography images of films after 100 ALD cycles (a),(c),(d) at
600°C and (b) 300/600°C by applying (a),(b) HfCl,—H,O0, (c) Hfl,—O, and (d) Hfl,—H,O
chemistry routes. Films were deposited at p,, = 8 Pa and using 2.6 m/s flow rate.

Contrarily, at T = 600°C, nucleation is nonuniform in the HfCl,-H,O ALD
process [I-III] resulting in films with high surface roughness from the
beginning of growth (Figure 29). Correspondingly, the RMS surface roughness
of thinner films was close to the mean thickness (Table 2) and the growth of
HfO, was clearly three-dimensional under these conditions.

In order to improve the uniformity of film growth at higher temperature we
used an HfO, buffer layer that was deposited at 300°C (Figure 30(b)). As a
result, at similar film thickness, we were able to reduce the relative roughness
significantly (Table 2). Even better results were achieved when Hfl,—O, and
Hfl,—H,0 processes were used for deposition of HfO, films (Figure 30 (¢), (d),
Table 2).
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Table 2 AFM results of the films deposited at different temperatures and precursor
systems used.*

Process Tg, °C |Substrate| No of | Thickness, RMS Relative
ALD nm roughness, | roughness,
cycles nm %

HfCL,-H,O 300 Si 7 0.8 0.2 25

HfCL,-H,O 300 Si 15 1.7 0.2 12

HfCL,-H,O 300 Si 50 5.6 0.5 9

HfCL,-H,O 600 Si 100 1.0 1.2 120

HfCL,-H,O 600 Si 150 24 1.6 67

HfCL,-H,O 600 Si 200 8.3 2.2 27

HfCl,-H,O | 300/600 Si 15+90 54 0.9 17

Hfl,-H,0 600 Si 100 6.0 0.7 12

Hfl,-0, 600 Si 100 8.0 1.0 13

*N, flow used corresponded to linear flow rate of 2.6 m/s at T; of 300°C.

4.4.2. Influence of crystallization processes
on surface roughness

In Figure 31, thickness and RMS roughness are plotted to better understand
topography development related to the thickness increase in the range where
most significant changes in crystallinity appear in the films deposited at 225°C.
In a region of 0—700 cycles (0—100 nm), predominantly amorphous films were
obtained while the growth rate was 0.14 nm/cycle. It is noteworthy that surface
roughness was nearly proportional to the film thickness increasing up to 3.1 nm
with the increase of the film thickness to 100 nm.
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Figure 31. Thickness and RMS roughness of HfO, films deposited at 225°C on Si(1 0 0)
as a function of ALD cycles. Indication of the average AFM grain size is denoted as d,.
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This dependence significantly differs from the one observed for films deposited
at 300 and 600°C. Afterwards, in the range of 700-2000 cycles (100-350 nm)
where marked amounts of cubic and monoclinic polymorphs were formed in the
films (Figure 26 (a)), the growth rate increased to 0.19 nm/cycle but the surface
roughness continued to increase with much lower rate than earlier. As a result of
these changes, the RMS roughness value increased only from 3.1 to 4.5 nm with
the increase of film thickness from 100 to 240 nm (Figure 31).

AFM images (Figure 32) as well as results of HRTEM studies [247] allow a
conclusion that initial relatively fast roughening is connected with the evolution
of crystallites in an amorphous layer. These crystallites, which are relatively far
from each other in thinner films and randomly distributed, grow faster than the
amorphous phase does and, in this way, start to increase the surface roughness
(Figure 32). Further decrease in the rate of roughness development is likely con-
nected with the coalescense of those grains. Similar amorphous-to-crystalline
growth transition takes place also at 300°C but usually in a thickness region of
0-35 nm and is highly dependent on the process parameters such as H,O dose,
surface pre-treatment, N, flow rate, precursor combination etc. In our studies,
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Figure 32. 1x1 pm IC-AFM topography patterns of HfO, films deposited at 225°C by
applying 200-1500 ALD cycles. Films were deposited using HfCl,—H,O chemistry
routes, water partial pressure of 8 Pa and carrier gas flow rate of 2.6 my/s.
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marked amounts of crystalline phase were recorded by GIXRD for the films
with thicknesses ~ 20 nm and greater (Figure 26 (c)). Correspondingly, an
increase of the growth rate can be observed starting from similar film thick-
nesses. Still, contribution of crystallization to overall growth rate and surface
roughness was less obvious at 300°C than at 225°C, probably also due to the
smaller sizes of crystallites (Figure 34). At 600°C, crystalline phases were
formed already from the very beginning of the growth process, at least in the
HfCl4-H,0 proccess. Therefore, no phase transitions influencing the growth rate
occur at this temperature. Instead, nonuniform nucleation related to low reac-
tivity of precursors towards silicon substrates and the formation of bigger crys-
tallites [III] invoke three dimensional film growth, which results in surface
RMS roughness that is comparable to the mean film thickness in the initial stage
of deposition.

4.4.3. Influence of growth temperature and
carrier gas flow rate on surface roughness

Films with thiknesses of 90-250 nm were used to study the effect of 7 and
carrier gas flow rate on the surface roughness of HfO, films deposited on
Si(1 0 0) and SiO, substrates. To reduce the effect of the thickness variations on
the roughness [201,267], relative roughness values (Figure 33(a)) interpolated
to constant thickness were used [III]. Obviously, relatively high surface rough-
ness of films deposited on Si and SiO, substrates at 225°C (Figure 33 (a), III)
was mainly due to the presence of conically shaped proto-crystallites, which
grew faster than alternatively smooth amorphous phase between the crystallites
(Figure 32) [247]. In the T; range of 300—450°C higher surface roughness
clearly correlated to the film texture [III].

Higher flow rates of carrier gas did not influence the roughness in the 7¢
range of 500-750°C (Figure 33(a)). In this range, the effect did not exceed
experimental uncertainty whereas at lower temperatures, a significant influence
of the carrier gas flow rate on the surface roughness occurred. Particularly,
higher v reduced roughness in the 7; range of most preferential texture for-
mation. In the range of 225-300°C, by contrast, films with rougher surfaces
grew at higher v values.

In the 7¢ range of 300—450°C, higher surface roughness clearly correlates
with the texture [III]. For instance, films deposited on silicon had rougher
surfaces as well as more developed texture compared with the films of similar
thickness deposited on quartz. Although faster growth of (0 O 1)-oriented
crystallites was observed [III], sizes of these crystallites reached only 36 nm in
about 100 nm thick HfO, films deposited on silicon (Figure 34 (a)). With the
increase of film thickness to 250 nm crystallite sizes increased to about 70 nm
(Figure 34 (b)). Similar tendency was observed for films deposited on quartz
substrates. However, in thinner films, the crystallites were about 30% smaller

66



on SiO; substrates than those formed in the films deposited on silicon. At those
temperatures crystallites with the (1 1 1) orientation possessed even smaller
sizes, staying between 12-20 nm on both substrates at the thicknesses 100-250
nm. AFM studies of about 100 nm thick films determined grain sizes of 40—54
nm in the lateral direction (Figure 34 (c)). These values are comparable to grain
sizes of ~35 nm determined for similar films by HRTEM [247]. With the
increase of the film thickness to 250 nm the grain sizes measured by AFM
increased to 54—63 nm.
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Figure 33. (a) Relative roughness and (b) grain size as a function of growth temperature
of the films deposited on SiO, substrate at different carrier gas flow rates. Roughness
data is collected from the scanning area of 5x5 pm.
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Figure 34. (a,b) XRD crystallite size and (c) AFM grain size as a function of growth
temperature of films deposited on SiO, and Si (1 0 0) substrate.

Roughness decrease observed with the increase of Ty from 450 to 500°C is
consistent with less developed texture of the films deposited at higher tempera-
tures [III]. Further increase of the surface roughness at temperatures above
500°C is evidently related to monotonic increase of grain sizes determined from
AFM images as well as crystallite sizes measured by XRD. Grain analysis of
about 100 nm thick films indicated that lateral crystallite sizes were
systematically lower on quartz than on Si. An exception is the range of medium
temperatures, especially around 400°C.
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Figure 35. 1x1 um IC-AFM topography patterns of HfO, films with thicknesses of 100
to 250 nm deposited at 300, 450 and 750°C. Films were deposited using HfCl,—H,O
chemistry routes, H,O partial pressure of 8 Pa and carrier gas flow rate of 2.6 m/s.

4.5. Optical properties of HfO,

It is known that refractive index is related to the density of a film material [294].
Therefore in addition to refractive index, the density as a function of 7; was
studied in this work (Figure 36). At the temperatures up to 500°C, the refractive
index clearly correlated to the density of HfO, films. Transition from
amorphous phase to the polycrystalline one caused a significant increase of both
parameters (Figure 36). In our predominantly amorphous films (7¢ = 225°C),
densities of 8.8 to 9.1 g/cm® upon different process parameter were obtained.
These value are slightly higher than the theoretical value of 8,6 g/cm’ calculated
for amorphous phase [298]. This difference is in good agreement with the result
that our films contained some amount crystalline phases (Figure 26, III). The
refractive index values of 1.98-2.01 obtained in our experiments were well
comparable to those reported for amorphous HfO, films earlier [155].

With the increase of T; from 500 to 750°C, the refractive index of the films
deposited in the HfCl,—H,O process markedly decreased while no changes were
observed in the density. At these temperatures, the sizes of randomly oriented
crystallites (Figure 34) [III] as well as the surface roughness (Figure 33(a))
markedly increased with deposition temperature. Such structure can cause light
scattering not only at the rough surface but also inside a film due to the grain
boundary formation and corresponding inhomogeneity of the film material.
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Figure 36. Effect of deposition temperature on density calculated from XRR data for
HfO, films deposited on Si(1 0 0) and SiO, and on HfO, buffer layer, and on refractive
index determined for wavelengths of 500 nm from transmission spectra of HfO, films
deposited on SiO, substrates. Films were deposited at p,, = 8 Pa.

Higher refractive index of films deposited in the Hfl,—H,O process at 600°C can
be explained by higher uniformity of these films compared with those deposited
in chloride-based process. This difference is not surprising because one can
obtain smoother surfaces and more homogeneous material for the films
deposited in the Hfl;-based processes due to the uniform nucleation in the initial
growth stage [ILII]. A significant influence of the film structure on the refractive
index has been noted also in several earlier reports [216,295,296]. Similarly to
our studies demonstrating that the highest refractive indices can be obtained
with textured films of (001) orientation (Figure 36), Ni et al [155] have shown
refractive index increase with texture development in polycrystalline film.
Structure formation is closely related to the film composition i.e. concentration
of impurities that remain in the films especially at lower temperature. Thus,
high residual chlorine and hydrogen concentration may lead in lower densities
and refractive indices in these films. Indeed, higher water dose reduced
concentration of halogen residues and stimulated crystallization which resulted
in an increase of the refractive index too [III].
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Figure 37. Refractive index and relative roughness as a function of carrier gas linear
flow rate. Refractive index was determined for a wavelength of 500 nm from trans-
mission spectra of HfO, films deposited on SiO, substrates. Films were deposited at
pw =38 Pa.

Similar effect can be seen when higher carrier gas flow rate is used (Figure 37).
Simultaneous increase in refractive index and relative roughness correlate with
the improvement in structure development and decrease in the contcentration of
residues inside the film. Besides, higher flow rate enhances texture development
[IV], which was already mentioned as a factor causing increase of refractive
index and surface RMS roughness.

Usually a polycrystalline film has a higher extinction coefficient than an
amorphous one does. This is mainly because of the loss of light by random ref-
lections at the rough surface of the polycrystalline sample and at the interfaces
between crystallites i.e. at grain boundaries. In that sense, one can conclude that
in our films, the surface roughness as well as crystallite sizes influenced the
scattering losses. As can be seen, this influence clearly appeared with increasing
film thickness and with increasing deposition temperature. In both cases, one
can see that the greater the sizes of surface features and crystallites inside the
films, the higher the level of optical losses. For comparison, relatively low
values of the extinction coefficient were determined for amorphous films depo-
sited at 180-225°C. In the case of films deposited at 225°C, one can also see a
marked increase of the extinction coefficient with the increase of film thickness
from 100 to 160 nm. In this thickness range, growth of crystallites in predo-
minantly amorphous matrix became significant although no remarkable surface
roughening could be observed (Figure 31) [III]. In the case of films grown at
higher temperatures, one can note that, due to the increase of the carrier gas
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flow, optical losses are pretty much suppressed through improved structure. At
lower deposition temperatures, however, the increase of the carrier gas flow
results in deposition of film with stronger absorption, most probably because of
increased surface roughness of these films (Figure 33 (a)). Hence, in our
measurements, the extinction coefficient determined from the transmission
spectra of the films included contribution from the absorption of light in the
film material as well as from the scattering of light caused by the surface
roughness and material inhomogeneity [293]. As demonstrated, the refractive
index can be optimized and optical losses can be reduced by appropriate choice
of the precursor system, deposition temperature as well as carrier gas flow
parameters used in the ALD process.
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Figure 38. Extinction coefficient as a function of growth temperature for films with
different thicknesses. Films were deposited at p,, = 8 Pa and carrier gas flow rates
shown on the graph.
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5. SUMMARY AND CONCLUSIONS

In this study, properties of HfO, thin films deposited in a wide substrate
temperature range of 180-750°C were investigated as a function of ALD
process parameters. For the chloride-based process, our studies revealed marked
influence of the substrate temperature as well as film thickness on the growth
rate on both, silicon and fused silica substrates. Non-linear dependence of the
film thickness on the number of ALD cycles applied was observed in the case of
relatively thick films. The studies performed allow one to conclude that this
effect was related to crystallization processes, development of preferential
orientation and increase of the surface roughness.

It was found that the reactivity of metal precursors towards the silicon sub-
strate significantly depended on temperature. At high substrate temperatures
non-uniform three-dimensional nucleation with easily detectable growth delays
was observed. Incubation periods before steady state growth emerged in
chloride-based process from growth temperatures exceeding 400°C and became
longer at higher temperatures. At temperatures up to 300°C, the chloride-based
process allowed uniform nucleation and smooth two-dimensional growth in our
experiments. Differently from the chloride-based process, Hfl;-H,O and Hfl;-O,
processes resulted in relatively uniform nucleation and initialization of film
growth without marked incubation periods also at substrate temperatures up to
600°C.

It was demonstrated that the growth rate and structure of films as well as
concentration of residues in the films depended on the linear flow rate and
pressure of carrier gas as well. Higher carrier gas flow rates resulted in a
markedly lower growth rate but also lower concentration of residues in the
films. The effect was obviously related to the influence of carrier gas flow
parameters on the adsorption and desorption processes, composition of the
adsorbate layer and mass exchange between the surface layer and gas phase.

As expected, crystallization processes caused densification of HfO, films
with increasing deposition temperature and film thickness. Most significant
changes in the material density were observed at deposition temperatures up to
300°C. With the further increase of the deposition temperature to 750°C, no
significant density changes were observed. By contrast, the refractive index of
films deposited from HfCl, and H,O that increased together with density at
lower temperatures, decreased with the increase of deposition temperature from
500 to 750°C. Thus, the highest refractive index values i.e. the highest optical
density was obtained for the films with most developed texture, whereas for
these films, the highest values of RMS roughness were also recorded. Increase
of carrier gas flow rate resulted in some increase of refractive index in predomi-
nantly amorphous films deposited at lower temperatures. Simultaneous increase
in the surface roughness indicated that higher refractive index values were
evidently due to more preferential initiation of crystallization processes at
higher carrier gas flow rates.
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Optical losses studied were due to the absorption of light in the film material
as well as scattering caused by the surface roughness and structural inho-
mogeneity inside the films. The highest values of optical losses were deter-
mined for the films with most developed texture deposited at 400-450°C and
for the films with the greatest grain sizes and high surface roughness obtained at
highest deposition temperature used i.e. at 750°C. Expectedly, relatively low
values of the extinction coefficient were determined for amorphous films. At
higher deposition temperatures, somewhat lower optical losses were obtained
for the films deposited at higher carrier gas flow rates.
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SUMMARY IN ESTONIAN

Hafniumdioksiidi aatomkihtsadestamine -
nukleatsioon, kasv, ja struktuuri muutused kiledes

Kéesolev viitekiri holmab tehnoloogiliselt tdhtsa kilematerjali, hafniumdi-
oksiidi (HfO,), aatomikihtsadestamise ja omaduste uurimist soltuvalt sadestus-
protsessi parameetritest. Uurimistoos kasutatud ldhteainete kombinatsioonid
(HfCl4-H,0, Hfl4-H,0 ja Hfl4-O,) ning lai sadestustemperatuuride (180—750°C)
ja kilepaksuste vahemik (0-320 nm) vdimaldas uurida HfO, kasvukiiruse sdltu-
vust kile paksusest, kristallisatsioonist, tekstuurist, kile pinnakaredusest ja alus-
materjalist.

Toos selgitati vélja, et korgetel temperatuuridel on HfO, kasv rénialustele
kloriidil pohinevas protsessis oma algfaasis ddrmiselt ebaiihtlane ja kolme-
dimensionaalne. Aeglasem kasv kile moodustumise algfaasis oli selgesti ndhtav
kasvutemperatuuridel, mis iiletasid 400°C, ning selle mdju tugevnes tempera-
tuuri tdusuga. Eelistatult kahe-dimensionaalne kasv ja tunduvalt {ihtlasema pak-
susega HfO, kiled saadi sadestustemperatuuridel kuni 300°C. Erinevalt kloriidil
pOhinevast protsessist, voimaldasid t60s kasutatud Hfl,-H,O ja Hfl;-O, ldhte-
ainete kombinatsioonid sadestada tihtlase paksusega kilesid juba kasvu algfaasis
temperatuuridel kuni 600°C.

Kandegaasi voolu kiirus ja rohk kasvukambris mdjutasid kasvukiirust, kile
struktuuri ja puhtust. Selgus, et suurem kandegaasivoog pohjustas viiksema
kasvukiiruse, kuid samas voimaldas kilest efektiivsemalt eemaldada jaak-
produkte.

Ootuspéraselt sdltus HfO, tihedus kristallisatsiooniprotsessidest, mis aval-
dusid kasvutemperatuuri tdusu ja kile paksuse kasvuga. Suurimad muutused
toimusid amorfse faasi {ileminekul kristalliliseks (monokliinseks) faasiks tem-
peratuuridel kuni 300°C. Edasine temperatuuri tdus kile tihedust oluliselt ei
mdjutanud. Kuni temperatuurideni 500°C jérgisid murdumisnditaja muutused
tiheduse muutusi, kuid kasvutemperatuuri edasisel tousul 750°C-ni hakkas
murdumisnditaja erinevalt tihedusest vdhenema. Korgeimad murdumisnéitaja
véartused saadi kiledel, mis omasid kdige tugevamat kristalliitide eelisorientat-
siooni ehk tekstuuri. Madalamatel kasvutemperatuuridel pShjustas suurem kan-
degaasi voolukiirus samaaegse murdumisnditaja ja kareduse suurenemise, mis
on tdendoliselt tingitud efektiivsemast kristallisatsioonist.

Optiliste omaduste uuringustest selgus, et optilised kaod kilematerjalis on
tingitud valguse neeldumisest ning hajumisest kiles, kusjuures viimane soltub
nii pinnakaredusest kui ka struktuuri ebaiihtlusest kile sees. Leiti, et suurimad
kaod esinevad kiledes, millel on suur pinnakaredus ja tugev tekstuur voi milles
on tekkinud suuremad kristalliidid. Suhteliselt vdikesed olid optilised kaod sile-
dates amorfsetes kiledes, mis olid valmistatud madalamatel temperatuuridel.
Optilisi kadusid kdorgematel temperatuuridel valmistatud kiledes oli vdimalik
vihendada kasutades kilede sadestamisel suuremaid kandegaasi voolu kiiruseid.
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