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shown in Figure 3.24 (c) shows 3D islands (Black line) with a height of 0.35 nm and 2D islands (Red
line) with height of 0.15nm.

(c) | 05nm
;N

1.5nm

Onm

Figure 3.25: Constant-current STM images in different scales showing island growth during the ALD
of AI(OH); on HOPG: (a) Field of view: 210nm X 210nm. Black and white arrows
indicate islands. b) Field of view: 20nm X 20nm and c) Field of view: 7.5nm X 7.5nm.
Here, the region indicated by the black square in panel (a) is scanned with nano-

resolution. The direction of AI(OH); is indicated by green and blue arrows in panel (c).

The STM nano-resolution scan (Figure 3.25) show that the latter are indeed two dimensional
structures generated from Al,O; molecules arranged in a (5x5) lattice with a lateral distance L of ~
0.5nm. The distance between the molecule and the first neighbor atom is about 0.1nm as it can be seen

in the magnified picture (Figure 3.25 (c)).

Small Terraces

Step edge Ste{jedge \ 72 .
Step edge
57nm 57nm

Figure 3.26: STM images (285 X 285nm) for small terraces in two different spot showing island
growth during the ALD of Al(OH); on HOPG. 2D domain formed on the terraces in (a) of
IML between two steps edges and (b) 2D structure formed on the bottom of the steps.
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The interesting part that in small terraces with widths (<300nm) the growth is more homogeneous in
2D structures. First this 2D (2ML) with height of 0.6nm, extended in some large domain near to the
dimension of the terraces width (Figure 3.26 (a)). The growth start from the steps edges toward the
bulk on the terraces. On the bottom of the terraces, a second nucleation sites the ALD reactant, 2D
with lower height that is about 0.3nm (1ML). The islands are arranged in smaller homogeneous
domain starting from the bottom of the steps and extend to the bulk of terraces ,i.e. are observed in the

Figure 3.26 (a) and (b).
e Fifth cycle
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Figure 3.27: Constant-current STM image (700nm X 700nm) field of large terraces (b)
(150nmx150nm) of the small terraces and steps shows steps decoration but the formation
of large domain of materials (red arrows) with formation of nano-island with the

dimension of 0.1nm and ~4nm of width.

The STM image of the ALD film/HOPG surface after the 5™ ALD cycle (Figure 3.27) displays lower
islands distribution (indicated by the black arrow) than after the 3™ cycle and the surface coverage
decreases to 18 %. However, the RMS roughness is 1.8nm. This is due to the height of those islands
which becomes much larger, i.e. 3- 6nm. Therefore, those values indicate that the growth is no longer

ALD model-like. The widths of different islands increase from 40nm in the 3™ cycle to maximum of
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120nm in 5th. The increases in the widths of islands are related to the diffusion over the surface of the
coming precursors that nucleated in the existent one in the bulk of the large terraces. On the small
steps in Figure 3.27, formation of nano islands with the dimension of 0.2nm is the new features appear
in the fifth cycles. This dimension can be correlated to formation of ALD perfect nucleation. The
surface coverage by those nano islands is about 10% of the surface. This growth per cycle is so pour
regarding the number of ALD that lead to the formation of high materials condensation on larges

terraces.

3.2.2. Al,O3 growth on Ag-HOPG

3.2.2.1. O1s/Al2p core level

The deposition of Ag on HOPG by PVD and TMA on Ag coated HOPG by ALD was characterized by
x-ray photoelectron spectroscopy. For XPS Mg K alpha (1253.6 e¢V) X-ray source and spherical
analyzer from spacelab is used.

— 1% cycle
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Figure 3.28: The overview spectra of HOPG and TMA layers on Ag-HOPG.

The scan of the surface Ag-HOPG is done at angle 90° to the substrate that why the intensity of the
Ag-peack is very low, however the scan of the ALD cycles are more surface sensitive that’s why an
increase in the intensity of the Ag is observed. The After the deposition of Ag by PVD 1TMA layer is
deposited on Ag/HOPG by ALD and the deposition is confirmed from the XPS spectra of 1 TMA on
Ag/HOPG spectra as shown in Figure 3.28. The peak at around -368.3 eV shows successful
deposition of Ag on chemically inert surface of HOPG however after TMA deposition the signal of
Al2p is very low in the overview spectra in Figure 3.28.With the increase of TMA ALD cycles the
intensity of Al2p is visible but the Ag3d peak intensity is not attenuated as result of TMA deposition.
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Moreover after the TMA deposition the Ols peak at around -532 eV. The dramatic increase in Ols
peak intensity is as result of oxidation of TMA on Ag/HOPG.

I (a)
——5" cycle
i O1s
Mg ko

Normalized intensity / arb.u

Normalized intensity / arb.u

540 537 534 531 528  -79 -78 -77 -76 75 -TA -73 -T2 -T1
Binding energy / eV Binding energy / eV

Figure 3.29: (a) Ols XPS core level spectra after thel*, 3 and 5" ALD cycles as indicated in the
diagram. (b) AI2p Core level XPS of Al2p for 1*, 3 and 5" cycles.

In Figure 3.29, the detail spectra Al2p and Ols are shown for Ag-HOPG and 1, 3 and 5 TMA layer on
Ag/HOPG. In Figure 3.29 (b) the intensity of Al2p increases with the increase in ALD layer. The
increase in Al2p shows the increase in deposition of TMA layer but with certain pin holes. Moreover
the Ols peak also confirm the increase in deposition of TMA layer as the TMA layers get oxidized

when it comes with in contact of ambient air.

Table 3.5: Summary of the data Peaks position, FWHM and O-Al/AI2p ratio for I, 3 and 5", of Ols
and Al2p determined in this contribution for ALD layers deposition.

1% cycle 3" cycle 5™ cycle
O peak position (eV) 532.9 532.61 532.57
FWHM 2,98 2,81 2,86
Al peak position (eV) 75.7 75.8 75.7
FWHM 2,59 1,99 1,98
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From the XPS analysis of HOPG and TMA layers on Ag/HOPG it can be conclude that the PVD
deposition of Ag is possible on inert surface of HOPG. However the TMA growth is not conformal on
Ag/HOPG surface. The growth of TMA could be on the defect site or the step of Ag/HOPG.

3.2.2.2. Surface morphology

e Fist cycle

1.8nm

0.0nm

w=19.3nm/H=0.28nm
w=30nm/H=0.23nm |
w=30nm/H=0.17nm |

Height Z(nm)

40 60 80
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Figure 3.30: Constant-current STM images (a), (b) and (c), (285nmx285nm) of different sport from
the I cycle of the ALD on Ag-HOPG. The nucleation occurs on the steps edges with
replication of the morphology of its geometry. The height the nucleation increase from a-
b (the profile steps (d)) which are respectively 0.32nm, 0.56nm and 1.1nm. The width of
the nucleation is also increasing with the height of nucleation respectively 10nm, 15nm

and 28nm.

The deposited Ag islands thermal evaporated on the steps edges of the HOPG occur where island of
dimension important in height, e.g. 1nm, leading to preferential sites of nucleation's. The Figure 3.30
shows the features obtained by ALD on the steps edges. The arrival molecules on the surface diffuse

over the surface where is attached to the Ag-island that are grown on the steps edges leading to
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formation of wire parallel to the direction of the steps. This steps decoration has different height and

some spot shows nucleation also of 3D on top of the steps (Figure 3.30(b)).

Figure 3.30 (a), the field of 285nm’ of five adjacent steps and terraces, with height aspect ratio of
duplication of the steps edges. This lead to translation of the surface in the direction of the growth
from the initial substrate by ~10nm in the direction of the steps flow. The steps height is identical to
the deposited materials with a small fraction of 0.1nm. Figure 3.30 (b) is a measurement of anther
region on Ag-HOPG, where same deposition on the terraces edges is observed and the islands that are
covered are shown (black and red arrows) and also an agglomeration of 3D islands and 2D with the
height of 0.6nm and width changes with the nucleation regions. Nucleation again over the steps edges
is occurring again as it shows in Figure 3.30 (c). Here, no agglomeration is seeing in the top edges of
the steps however the grown wire over the steps is well defined with important height of 1.1nm and

28nm of width.

e  Third cycle and fifth cycle

1.8nm

0.0nm

Figure 3.31: Constant-current STM images (a) and (b) (285nmx285nm) of the 3" and 5™ ALD cycle,
respectively. (a) Nucleation of triangular-2D structure starting from the edges and
directed toward middle of terrace on the top edges (Green line). (b) The fifth ALD cycle,
nucleation of 2D structures over the terraces edges (black arrow) with distance of

20nm.

The transition between the 1 and 3™ cycle of the ALD(Figure 3.31 (a)) growth occur happen in 2D
agglomeration on the top of the steps with height of 0.3nm. The condensation of materials is

concentrated on the step region, especially on the top and the lower index of steps. Here we can
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conclude that the growth is important in the defect sites as the basal plane of HOPG is inert to the
reactions of ALD. The defects present an ALD nucleation reactive sites, it can be related to the energy
in defect that are favorable to path reaction of Al,O;. The growth on the top edge where it stop by
barrier effect and islands Ag decorating the steps edges. The molecules saturated in height of growth
then they are arranged in the triangular feature. The STM image after the 5™ cycle (Figure 3.31 (b))
indicated three kind of growth feature over the surface. First the growth of 2D structures (red line) on
the steps region with height of 0.4nm and width of ~25nm. This structure grows along the step as an
extending of the previous 2D islands growth observed already after the 3™ cycle. The precursor
agglomerate near to the steps and the adsorption on the 2D structures leads to the formation of larger
precursor domains. The steps also are decorated by formation of small islands on the steps edges with
the height of 0.6nm. The nucleation are just localized on the steps, this can be related to the Ag islands

already existed on the steps edges.
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Based on the combination between the STM results and theoretical models, the effect of the surface
morphology (orientation and steps presence) and chemistry (-H terminated, graphene) on the ALD
nucleation's behavior are discussed in this chapter. This chapter contain two part, first one discuss the
growth on the Si(111)-H (major part) and the second part is about the growth on HOPG and Ag-
HOPG.

For the HfO, deposition on Si(111)-H, the application of the Purunen model (see chapter 1) , which
relate the thickness increment per cycle (GPC) to the chemistry of the growth, on Si(111)-H at RT and
280°C. As, the STM measured to growth on different nucleation sites (the steps and terraces) the
possible reactions in this localized area are disused. ALD occur mainly tow type of chemisorptions on
the surface, where the first one reside in ligand exchange between the ML, and the interface group and
dissociation or association mechanism. As Ah is determined from STM, AC,, is calculated then for
different regions in every cycle of HfO, growth .As consequence , different possible reaction are

presented and building surface thickness of the product materials grown.

To understand the growth model, an application of kinetic surface roughening of non equilibrium
growth models was done. The universal values, results of theoretical of different growth equations
characterized different dynamic of atoms/molecules on the surface in correlation with the properties of
the film morphology. This kind of investigation was purely done on ALD in contrast to other
deposition techniques as sputtering, CVD. Kolanek et al. applied this approach in the investigation of
HfO, in-situ ALD cycles by cycles on Si-OH by AFM microscopy. The surface statistics obtained for
Si(111)-H would be discussed, with the comparison to the Si-OH.

In the last part of this chapter, the discussion of the GPC of Al,O; on HOPG and Ag-HOPG in

relation with the terraces width and introducing a simple model to explain the effect of the widths and

the barrier energy in the steps on the growth ALD behavior.
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4.1. Puurunen model: HfO, on Si(111)-H

4.1.1. Model consideration

The model parameters Ah, ACyy and AC ,(',}‘é’;,“;r are the key for investigation of which reaction

mechanism of TDMAH and H,O nucleation can occur on Si(111)-H terminated. As the ALD is
characterized by self-limiting reactions, the fraction of materials grown on the substrate is not only
saturated in height but also in the number of atoms attached to the substrates. The chemisorptions of
the reactants on the surface has two main type that can occur, first a ligand exchange with the surface
and the second association or dissociation where all part of the reactants are attached to the substrate
Based on this model, the ratio ACy(cn,),/ACus is directly related to possible reaction of the Hf-
(N(CHj3), with surface species. The STM measurements prove that the height (A%) of the nucleation
varies in respect to the surfaces region. As consequence, the application of this model dictated to

distinguish the reactions on the steps region and on the terraces (Figure 4.1).

Hel htT i
$ Height S
Terrace r‘eglkk i

Step reglon
(20nm)

Figure 4.1: Illustration of the tow region heights that are used in the application of the Puurunen
model. The red color is an illustration of the materials grown on the steps region and the

green one of the materials on the terraces region.

The GPC is referred to Ah(nm) as thickness increment from ALD reactions per cycle. This model
correlated the mass balance of metal atom of the precursor (-Hf) reacted on the surface to A4 by the

Equation (1.11)
Ah = M AC
PN, i

The number ACy; (-Hf atoms) attached to the surface per unit surface area [nm->] of Si(111) surfaces
are calculated then for each cycle are determined from every Ak (nm). These values are presented in

Table (4.1).
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Table 4.1: Different heights and number of Hf atoms attached for the Si-H at RT and 280°C for the

steps region and terraces

RT
ALD Experimental Percentage of Model values Percentage of
cycles measurement growth ACys growth
Ah (nm) (%) (%)
Steps 1 0.24 60.0%(0.6M1) 3.84 64.0% (0.64M1)
height 2 _ _ _ _
3 0.60 150%(1.5M1) 9.6 160%(1.6M1)
4 0.85 212%(2.1M1) 13.6 227%(2.1M1)
Terraces 1 0.48 133% (1.33M1) 6.51 108% (1.08M1)
features 2 0.08 20.0%(0.2M1) 1.28 21.0% (0.2Ml)
3 1.20 300%(3.0M1) 19.2 321%(3.0M1)
4 0.30 75.0%(0.75M1) 4.8 80.0%(0.8M1)
280°C
ALD Experimental Percentage of Model values  Percentage of
cycles measurement growth ACyg growth
Ah (nm) () (%)
Stf:ps 1 0.14 35.0%(0.35M1) 2.7 45.1%(0.45M1)
height 2 0.06 15.0%(0.15M1) 1.62 27.0%(0.27M1)
3 0.07 17.5%(0.17M1) 1.72 28.7%(0.28M1)
4 0.30 75.2%(0.75M1) 4.4 73.5%(0.73M1)
Terraces 1 0.23 57.5%(0.57M1) 3.78 63.2%(0.63M1)
features 2 0.08 15.6%(0.15M1) 1.62 27.0%(0.15M1)
3 0.28 90.0%(0.9M1) 5.41 90.4%(0.9M1)
4 _ -

The average monolayer growth and average AR™ =0.36nm of number attached of -Hf atoms on the

surface AC™ =5.98/nm’, are respectively calculated from

1

AR = (p%) (4.1)
ACT = (R4’ (42)

For the growth at RT either in the steps and terraces regions, the values of growth percentage referred
to the average of monolayer growth and —Hf attached to the substrate shows that the growth in the 1*
and 2™ cycles are partial growth lower than one monolayer (ML) formation of HfO,. The growth per
cycle is about 60% and 64% ACysof a monolayer. This percentage is increasing in the 3" and 4"

cycles, where more than one monolayer of deposited materials occurs. This increase is unlike ALD
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growth process; because the formation of the layer is normally saturated to be constant with every
cycle as lower than a complete layer.

In the case of the growth at 280°C, the growth per cycle is limited under one monolayer for every
cycle. The height Ah and ACy; during the ALD-HfO, process have an important initial increase in the
1* cycle due to the deposition of the materials that is related directly to the number of reactive sites of
the Si-H bonds and then decrease to lower values in the 3™ and 4™ cycles, e.g. 27% and 28%. This
behavior implies that the deposition is affected by the number of sites and also the fraction surface
free for the deposition. The growth of HfO, from TDMAH and H,O as precursors on the Si-H can be
described by the reaction Equation (4.3):

Hf [N(CH),]s+ Si-H —Si-HfOx+ n x H N(CH), (4.3)

The TDMAH reaction attaches -Hf [N(CH),]4 through 0, 1 or 2 bonds to the surface. The H,O remove
the N(CHj3), group from the surface as H-N(CHj;),, that are assumed to be purged with N,, leaving
behind a substrate with (-OH) groups. In our case, we deposited the TDMAH as first precursors, so
this reaction happen in correlation with Si-H bonds, however for the 2™, 3™ and 4" cycles (-OH)
groups, normally, substitute the ligands and becoming the new reactive sites for the film growth. The

Acgi—y

ratio of number sites reacted to the numbers of all sites is denote /= (see model Purenen).

si—H
The parameters that define the possibility of the reaction occur is the coverage 8 of fraction surface
by the ligands. This value is directly connected to the radius of the ligand through Equation (1.8). Van
der Waals radius for the N(CHj;), (N—C= 0.146nm and C—H=0.11nm ) ligand is about 0.256 then
the radius is equal to 0.128nm (reference). Therefore the theoretical maximum number of ligand per
nm’ is AC,(,'E%’;,Z’;Z = 9.70 nm~2 (see chapter 1). M=354.4 gmol™ and density p =9.6 x 10" gnm™ of
TDMAH in first cycle and the M=210.84 in the 2™ 3 and 4™ cycles because it assumed that HfO, is

formed.

4. 1. 2. Model application

1. 1. 2.1. Nucleation at RT

The model of the growth is based on coverage (8) of ligands, which is a major factor to the
verification of the possible numbers ligands exchanges or if there is no exchanges. In Table 4.2, the
different coverage 6 (ALD-RT and ALD-280°C) calculated for all possible surface- molecules
reactions that can happen in ALD. The number of ligand after the reaction over the surface is related

ACN(CH3)2 _

Hf

to the number of metal atoms by ratio n-1 or n-2, where n=4 for TDMAH.
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AC
Table 4.2: The determination of the ligand coverage 6 from the ratio ﬁ for the fourt cycle
N(CH3)2
ALD- HfO;at RT.
Values 1% cycle 2"cycle  3"cycle 4™ cycle
STEPS n-1=3  ACy(cns,), 11.52 11.52 28.8 40.8
0 1.18 1.18 2.96 4.20
n-2=2  ACn(cHy), 7.68 7.68 19.2 27.2
(C] 0,79 0,79 1.97 2.80
ACy(cHy), 11.52 6,48 58.8 14.4
TERRACES 7#-1=3
(C] 1.18 0,66 6.06 1.48
n-2=2  ACycnuy, 7.68 4,32 384 9.6
(C] 0.79 0.44 3.95 1.04

e Surface Reaction

From the different values obtained from every possible reaction, the reasonable values of 0.79 in the
1" and 2™ cycle fit with the limit given by the PM which should be lower than the unit (8 <1). The
values of ACy(cn,), at the steps region corresponding to 6 = 0.79 surface coverage when the
ratio ACy(cns,),/ACyr =2 ( two ligand exchanges) means that the total number of ligand that full the
area surface of 1nm” is would be 7.68nm™ attached to the 3.84 Hf atoms/nm” . The number of ligands
is equal to the number of reactive sites of Si-H existent in 1nm?, i.e. 7.82. So it can be concluded that
the total Si-H sites are consumed thus /' =1. For every TDMAH molecules deposited two ligand are

released and two Si-H are consumed.

The founded values ACy ¢, ACy(ch,), » & and f'can be associated to two possible type of reactions First
a chemisorptions of two ligand of N(CH;), through subtraction of two H atoms leading to the

formation of two molecules of -HN(CHj;), purged from the surface. As consequence, a formation of

Si-2Hf N(CHj3),-Si in the first half deposition of TDMAH as

Hf[N(CH3),], + 2Si—H « Si—Hf[N(CH3);], —Si + HN(CH3), 4.4

In this case, the exposure of the molecules Si-2Hf N(CHj3),-Si  to H,O can create an interface of

Hf(OH), if the two ligand N(CH;), reacted with the —H or N(CHj3), -Hf-O-H only one ligand is
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exchanged occur. From The STM measurement the height of the TDMAH initially deposited is about
0.29nm that is reduced with the deposition of H,O to 0.24nm from this can be concluded that reaction
between the water and Si-2Hf N(CH3),-Si lead to the formation of HfO..

The second possible reaction between TDMAH and Si-H with the same parameters obtained can be a
ligand exchanges that are accompanied with dissociation or association of the molecules in the
surface. That mean the ligands can react with the Si-H be dissociation from the molecules Hf-
N(CHj), leading to Si-N(CH3),. This kind of reaction was observed in many experimental and
predicted by simulation of the TDMAH growth on Si-H terminated surfaces [136-137].

e Reaction saturation

Two assumptions can be the origin of saturation of reaction, either the actives sites of nucleation or
the steric hindrance effect where the grown molecules strongly interact, and Vander walls repulsion
can prohibit the nearest molecules to grow on the free substrate. The values of the attached atoms

ACyecalculated for the tow assumption are presented in the Table 4.3.

Table 4.3: Saturation origin, comparison between the values obtained from steric saturation and
[from some reactive sites.

Cycles Ligand ACy iz Saturation cause ACy f
Exchange | Steric-hindrance Number of -SiH (Experimental)

1% 2-ligands 3.73 4.85 3.84

2" 2-ligands 3.73 4.85 3.84

First, we assume that the origin is the steric hindrance, the number of free sites is fixed i.e. f=1. The
molecules react over the surface by two ligand exchange by adsorption, so by the application of the
equations of steric hindrance, if 6™%* = 1 then the values of attaching 3.84 metal - Hf ACy=3.73 .
This values is do not shows important difference from the number ACy;=3.84.0obtained from the

height calculation Equation (1.11).

The saturation origin is now related to the number of Si-H group. As results the number of metals
atoms Hf 4.85 /nm?. This value is higher than the values obtained for ACy;. The saturation caused by
some reactive free sites (Si-H bond) can't be because the advantage of the certainty of Si(111)-H

terminated plan that the reactive sites are determinate to be 7.82 atoms/nm”. With the reaction on the
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surface the number of reactive sites still free for adsorption, however, the interaction inter molecules

lead to the small amount of some molecules HfO,.

15t cycle

(a) r\

wd N

2"d cycle 2nm

(c)

Free substrate

e —>
0.1nm ‘?\;)) W

Figure 4.2: The model of Puurunen of the ligand exchange reaction mechanism per unit area of
[Inm’] (red square). The number of —Hf are about 3.48/nm’ (red circles) attached to the
reactive sites Si-H (green circles). (a-b) I*' cycle of TDMAH adsorption reaction. (c-d) 2™
cycle on the free substrate reaction. (e) illustartion of the reaction with the bond lenghs
dimension. (f) The print in of the model of reaction in the STM images from the frist
TDMAH deposition.

In the second cycle, the film is closed then the surface become with similar height in average with the
decreasing of the RMS roughness. All the roughness parameters diverge to closed contentious film the

growth in the second cycle is occur to be in the free substrate Here the thickness of the film is about
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the same height of the first ALD islands. As results the growth happens in the first cycle is duplicated

in the second cycles.

1. 1. 2. .2. Nucleation at 280°C

e Surface Reaction

AC
Table 4.4: The determination o the ligand coverage 0 from the ratio % for the fourt cycle

N(CH3)2
ALD- HfO, at 280°C,

Values 1* cycle 2" cycle 3"cycle 4™ cycle
STEPS  "1=3  ACweny, 8.1 4.86 4.05 132
(0] 0.83 0.50 0.41 1.41
n-2=2 ACxeny, 54 3.4 2.7 9.6
0 0.55 0.33 0.27 0.95
.
n1=3  ACyey, 11.34 4.86 16.23 -
TERRACES o 1.16 0.50 1.76 ;
n-2=2 ACxiery, 7.56 3.24 19.44 -
o 0.77 0.33 1.17 -

From the Table 4.4, coverage 6 in 1 ¥, 2™, 3™ and the 4™ cycles on terrace and steps regions, i.c.
expect the 4™ cycle on terraces; fulfill the condition of chemisorptions reactions in Puurunen model
(8 < 1). As a first comparison with the growth at RT, all reactions are possible to occur on the surface
in both regions on the steps and on the terraces. From the number of the atoms attached to the surface,
it can be concluded that in the ALD window temperature the chemisorptions reactions are reactive for
all cycles. To examine which reaction occur , the number of reactive sites is calculated and then

referred to f from Purrenen model for ligand of 0.2nm which is at 280°C is define 0.2-0.4.

In the first cycle, the coverage in the steps region are 8;=0.83 and 8,=0.55 which mean one ligand
exchanges or tow ligand exchanges can be results of the chemisorptions reaction of 2.7 -Hf atoms
/nm’. The values of coverage fulfill the criteria of the model as is it lower than the unit. The numbers
of reactive sites possible for this reaction define by f'is then equal to 0.34 and 0.68 respectively for 1
and 2 ligands exchanges with the surface (see Table 4.5). The ratio of 0.34 is in the same range of
ratio of Si-H bond with the TDMAH and H,O. As consequence, from both parameters 8 and f, the
reaction of one ligand exchange seems more adapted as reaction mechanism that occurs in the first

cycle.
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Table 4.5: Relation between the coverage ligand values and the number of reactive sites for
nucleation.

Cycles Ligand (0
Exchange (coverage ligand) (number reacted SiH)
1 0.83 0.34
lst
2 0.55 0.68
1 0.13
ond 0.50
2 0.27
0.33
1 0.41 0.14
3rd 2 0.27 0.28
4th 2 0.95 0.56

In the second cycle, a decrease obtained in the number of -Hf atoms attached to the substrate to
1.6/mm’. Accompanied by reduction of the the coverage #. However the growth display a large
number of reactive sites that are the Si-H still unreacted or the OH that are assumed to grow on
-Hf(NCHj;). From 12 active sites, 4 -Hf from previous cycle and 8 OH, only 1.67 atoms are attached
to the surfaces. STM measuring showed that complet coverge of surface occur with some apex of
islands (see Figure 3.12 (e)). As consequence, it can be concluded that the growth occur in the lowest
layers and on the top of ALD materials on -OH sites. The number of the reactive sites here for this
growth is referred also to the number f=0.13 in the case of 8 =0.50. Here also one ligand exchange
also on this reaction of HfINCHj3), with the surface. The 3™ cycle the number of Hf with 1.72 atoms
near to the same values in the 2™ cycles. The growth in the second is then 0.07nm less than thickness
of one cycle growth of HfO,. The ratio between the number of reactive site and the ligand exchanges

is reasonable more for the small ratio of reacted site to free one.

In the 4™ cycle, the number of adsorbed atoms reaches 5.41/nm’. This increase is a consequence of (-
OH) group enriched the deposited materials from the exposure to H,O. However the number of f for
this case is out of the range for this temperature. This can is related to the oxidation of the surface
with OH in the third cycle that mean the Hf{NCHj;), reacted in the third cycle that lead to less than
OH attached per molecules. This also is seen when we used to model for the origin of reaction

saturation.
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e Reaction saturation

Table 4.6: Saturation origin, comparison between the values obtained from steric saturation and

number of reactive sites.

Ligand ACyy: Saturation cause ACys (Exp)

Cycles Exchange Steric-hindrance Number of -SiH

1 2.57 7.8

st

1 2 2.59 3.6 2.67

1 1.56 13
nd 2 1.58 6.5 1.67

1 1.35 7.8
3rd 2 1.46 3.6 1.72
4t 2 3.28 3.6 4.4

For determination of the steric hindrance origin, the calculation of the number of atoms attached to the

substrate is dertemined by the equation of stric hindrance and number of reactives sites. The

comparision of theoritical values of those recation saturation are then compared to the evaluted ACy ¢

from the experimental values of the heights.In Table 4.6 it shwon that the numbers obtained from stric

hindrance are equal to the experimental values for all the ALD cycle exppect the 4™ cycles.

1stcycle

2"d cycle

3" cycle

Figure 4.3: The model of Puurunen of ligand exchange reactions mechanism per unit area of [Inm’]
((a) red square). The number of —Hf are about 3.48/nm’ (red circle) attached to the
reactive sites Si-H (green circle).the number of Si per nm’is 7.2 fit with the two ligand
exchange with 3.84 of —Hf.
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» Conclusion

The application of the theoretical model developed by Puurunen on two ALD HfO, on the Si(111)-H
terminated process (RT and 280°C) leads to determine to reaction occur from TDMAH/ H,O
precursors. It was found that depending on the temperature the parameters determined of the model
such as the coverage rate and number of nucleation varies. The application that leads to define the

growth reaction mechanism are highly coherent with the results obtained from STM observation.

For the RT 2 ligands exchanges only happen in the first cycle and the second cycles on the free
substrate where the nucleation sites number and the steric hindrance effect both can be the origin of
the saturation of reaction. In contrast the 3™ and th 4™ cycle height don’t belong to the height where
the model can be applied. However at 280°C all cycles described a one ligand exchange with the
surface and the steric hindrance is the origin of the saturation of reactions.The determinations of our
growth with Puurunen model describe also values near to experimental found. Growth of TDMAH
and H,O on Si-H terminated results [120,123], describe the number of -Hf molecule per nm’
assumed to be about 2.4 from HfO, film growth at 200-300°C on the Si(100)-H terminated , however
the reaction that occur on the surface can flow different path depending on the cites energy for
chemisorptions. The surface roughness and morphology have important effect on the number of
reaction not only the number of -OH groups in the interfaces. This would be discuses further (see

section), where we compare to to growth on OH substrate.

4.2. ALD growth dynamic: Comparisons to experimental HfO, growth first 4
cycles on SiOH

To understand the growth feature, an application of kinetic surface roughening of no equilibrium
growth models has been made. The universal values, origin from the theoretical resolution of different
growth equation characterized different dynamic of atoms/molecules on the surface in correlation
with the properties of the film morphology. The ALD ideal growth is expected to be layer by layer
deposition where each atom/molecule can only sit on top of another atoms/molecules that overhangs
and vacancies are not allowed. However, some other assumptions support the growth of islands by
random deposition of deposition of materials. The mathematical model of the statistics surface
component is one way to studies the model of the growth. This kind of investigation has been used by
Kolanek et al, in the case of cycles by cycle’s growth of HfO, on Si-OH/ in-situ ALD based on AFM
measurements. In this part of the discussion, the surface statistics calculated from the height-height
correlation function (HHCF) obtained for HfO, growth on Si(111)-H terminated would be compared
with those obtained by et Kolanek al. The aim of this comparison is to reveal the effect of both

surface chemistry and morphology on the film growth model.
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First, the surface roughness parameters would be discuss as through the behavior of fluctuation of
surfaces statistics and how is that related to the surface morphology. In the second part, the
combination of different roughness exponent o, B, and 1/7 are discussed in term of the universal

values that are obtained for growth models..

4.2.1. Surfaces natures

E
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Figure 4.4: Log—log plots of the HHCF evolution during ALD of SiOH substrate before ALD and
after the I', 4" and 341" cycles, respectively. Black arrows indicate approximate
positions where surface characteristics (Surface width w, lateral correlation length { and

the roughness exponent a) are acquired .

The evolution of the H(r) for the Si-H at RT (1* and 2™ cycles), 280°C (The fourth cycles) and for the
SiOH are similar growth, where both growths describe a self-affine surface. All the (HHCF) curves
increase in with the position (r) as a linear line, then for r~{ H(r) curve reach plateau and be
constant for highest position (r) suggesting no spatial correlation of the surface features at larger
length scales for distance above the lateral correlation length (). The evolution behavior of the H(r)

function fit with the H(r) evolution of the self-affine film growth surfaces.

In contrast with the film evolution of the Si-H at RT display characteristics growth of mounded
surface in the 3™ and less in the 4" cycles in both surface directions. The height-height correlation
function is similar to the self-affine surface. However, the difference in the behaviors arises at length
scale r~(, where a peak is resulting and then at large scale r > , the mounded surface is oscillating.
This oscillation implies that the surface profile has quasi-periodic. A wavelength X is a characteristic
of the average distance between theses mounds. The origin of the mounded surface can be associated
with many local effects related to the surface morphology, as the steps edges or local effect of
shadowing (see chapter 1). In the case of Si-(111)-H at RT, the origin of the mounded surfaces in the
3 and 4™ cycles in the direction parallel to the steps is attrib to the shadowing effect. This effect
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happens when taller surface features block the flux of molecules to reach the lower layer of the film.
In relation, the STM measurement shows, 3™ half cycles (TDMAH pulses), an agglomeration of
strips occur on the edge of the steps (first local growth) and spread in the direction of the steps flows
[211] over the terraces. The strips that are lined up in parallel created taller islands in the direction
parallel to the steps [011] (see Figure HHCF chapter 3). Therefore a shadowing effects lead to the
non-uniform growth of film, and the surface display locally of growth in the region of the strips. The
height increase in the 3™ cycle to reach 1.2nm, three times higher than the theoretical values 0.3nm.
The average values between the mound A calculated from H(r) for > {, are respectively 30nm and 10

nm for the 3" and 4™ cycles.

4.2.2. Surface statistics

4.2.2. 1. Roughness exponent o

As first finding, the ALD-RT of HfO, on Si(111)-H terminated showed a crossover that took place in
the 2™ and 3™ cycle in both directions [011] and [211]. The values are distinguished to local and
global roughness. The presence of this crossover was discussed for many systems, where the values of
local roughness exponent were related to the shape of islands/grain formed during the deposition of

the materials.
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Figure 4.5: The roughness exponent (a) evolution during ALD for Si-H at RT, Si-H at 280°C and
SiOH. (a) The roughness exponent evolution in the direction parallel to the steps [011]

and (b) in the direction perpendicular to the steps [211].

First, the global roughness exponent curves, display a similar fluctuation for the ALD-RT and 280°C

curves that are identical in both direction [011] and [211] with the number of cycles. This lead to the
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conclusion that front roughness, define the height h(r) for r<< {"is isotropic. The values of roughness
exponent are not constant with the number of cycles. In comparison with the fluctuation of the a, the
SiOH the values oscillated in the range of 0.54-0.59,quasi-constant roughness fluctuation with the
scales. However for HfO, grown on Si(111)-H terminated at RT and 280°C varies with the number of
cycles but in different evolution behavior, where o of RT oscillated between high and low values for
each cycle, i.e. the limit 0,,,,=0.8 and 0,,;,=0.3. In contrast to the a at 280°C increase for cycle to
cycles from o, = 0.35 to Oax =0.61. Here the values are increasing with the number of cycles to
reach in the 4" cycles near values to the Si-OH samples. Thus changing o value for grown film on the

Si(111)-H during the growth indicates a change in the growth mechanism.

The local roughness for RT assigned to the crossovers of HHCF function obtained in the 2" and 3™
cycles; Table 4.7 shows the values in both directions. For the second cycle, the roughness exponent
values are equal to 0.8 in both directions, however in the 3™ cycle the local roughness exponent
decrease from 0.9 to 0.74. T. J. Oliveira et al. [138-140], studies the relation between the shapes of the
grain and the crossover values using modulation of HHCF evolution. They showed how to affect the
grain shapes on the HHCF evolution with model growth. According to his calculation, the roughness

exponent has values range of 0.85 -0.71 for grains shapes, semi-elliptical, conical and pyramidal.

Table 4.7: Summarize of crossover of 2" and 3™ cycle and the critical length associated to the
crossovers.

Direction a Critical length r.(nm)
2™ [017] 0.8 1
[211] 0.8 1
3" [017] 0.9 1
[211] 0.74 2.3

According to our measurement the roughness exponent values fit with this range of values, as it’s
shown in Table 4.7. In another word the islands formed by ALD-RT, can be a mixtures of different
shapes and geometry on the surface at RT. At the scale of Inm of width, values fit with the
numerically calculated values. O.Nilson [141], also calculated the growth in term of ALD for different
shape basing on simulation. He showed how the ALD GPC is affected by the geometry of the formed
islands in the case of islands morphology introduced numerical simulation of the ALD growth
according to the formed shapes. Probably for the energetically reason of the surface at RT are the

origin of the islands shapes and form.
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Growth models classified by the roughness exponent values define tow growth process conservative
and non-conservative. In conservative growth [142-143] the roughness exponent is defined to be a~
0.67 [144]. The main relaxation mechanism is surface diffusion. Since desorption of molecules and
formation of overhangs and voids are negligible, the density of the film is constant and high. This

characterized the 1% cycle and the 4™ cycle for the film at RT, where a =0.61 and a =0.62

respectively, e.g. o =0.75 in the [011]. For 280°C, the 3™ and 4™ cycle also describe the values near to
the conservative model where it is respectively a =0.60 and o =0.61.

For the 2™ and 3™ cycle for the film at RT o = 0.3-0.4, the model of growth is assumed to be non-
conservative which mean that the relaxation mechanism is no dominated on the growth to compete
and delete the local effect on the surface such the steps. In the second cycles, the film is grown is just
the vacancies between the islands formed in the 1% cycles and for the 3™ cycle overhangs and voids
are formed, i.e. stripes self-arranged. Which means that the growth happens in the vacancies in the
film without important surface diffusion.

The flux of molecules purged on the surface for every cycle is affected by the materials that have been
grown in the previous cycles. In the initial morphology, planar surface on the terraces leads to
conservative growth from the random deposition of materials with relaxation.

The growth term of the initial morphology of the surface it can be concluded that with the initial
surface where the substrate of SIOH had an initial surface curvature with the nucleated Si-OH group.
The grown materials is then affected by this morphology that makes the roughness front more
rounded shapes. Hhowever the growth on the Si-H is more shapes allowing peaks heights growth in
the first cycle that with the deposition of the ALD the nearest scale of molecules interaction with the

same height are extending leading to changes in the surface curvature.

From the roughness exponent the important conclusion about the front roughness that the growth of
the film is far from equilibrium for the RT deposition. However, the film grown at 280°C on the
Si(111)-H display a constant regime of non-conservative growth because the chemisorptions
mechanism of molecules by the temperature effect compete with the diffusion of the molecules over

the surfaces .

4.2.2. 2. Surface width (w)

The surface width is a commune statistic parameters of the profile height used to describe the
roughness of the surface, it is defined as the square root of the mean height values in different position
x of the height profile .

w = ([h(x)]?)
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Figure 4.6: Surface width evolution during ALD for Si-H at RT, Si-H at 280°C and SiOH. (a) The
surface width evolution in the direction parallel to the steps [011] and (b) in the direction

perpendicular to the steps [211] .First regime (I) shows a peak in I*cycle and reduces in
the 2nd cycle. The second regime (II) for RT peak in the 3rd cycle and decrease in the 4"
cycles in contrast for the 280°C its increase linear for the direction parallel and shows a

peak in the perpendicular direction.

The behavior of the surface width evolution is similar to the roughness as calculated in the results
section. Close relation between the values of the RMS roughness and the surface width is approving
the validity of the HHCF analyses. Where in both direction w oscillated in tow peaks with a period of
2 cycles. This similarity between the RMS roughness and surface width w evolution was observed for
Si-OH surfaces in the first, fourth cycles. However, in the case of Si-OH, an increase of surface width
in the first cycle then decrease continuously till the 4™ cycles, i.e. lowest values in fourth cycle
0.19nm. The author analyzed these behaviors as a complete layer formation of the film. The complete
growth is related to the number sites of nucleation of -OH group where it is assumed to be 100%
covering the surface and then consumed during the four ALD cycles. From another hand, The
reactions on the surface are not related to a number of sites nucleation for Si-H. As it was discussed in
the previous section, the self-limiting reaction is caused by steric hindrance and is not limited to the
number of nucleation sites for the most case of the ALD growth. To compare both surface evolution
width on Si-OH and Si-H a recourse to the stationary behavior that can be determined from the ratio

Pt that describe the growth in the vertical direction of the materials nucleation during the ALD

Wn

deposition (see Table 4.8)
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Table 4.8: Surface width evolution ration for every cycle for Si(111)-H and SiOH.
0-1 1-2 2-3 3-4

[011] [211] [011] [211]  [011] [211] [011] [211]

ALD-RT 9.5 9.5 0.8 0.8 3.6 2.06 0.8 0.65
ALD- 7 6 0.85 0.91 1.66 1.36 1.4 1.8
280°C

SiOH 1.27 0.95 0.9 0.95

The ALD growth assumed to be layer-by-layer or islands agglomeration lead to overlap; this mean
that the growth can occur on the free substrate to created layer or on the existent materials that
deposited with the previous cycles. The ratio of the surface width from cycle to cycle can be related to
the mode growth of its layer by layer so it should be stationary where the growth on high is constant
with the cycle. However, for the random islands growth, the ratio is not stationary but strong
fluctuation happen between the height of every cycle means that the growth on the materials deposited
can occur more than grown on free substrate. Both growth regime, have a different fluctuation of

surface width.

Now, the evolution of the surface width ratio during the ALD deposition il show that the growth

Wn
in the first cycle is non-stationary for the ALD film on Si(111) , where the width ratio in both

direction for both temperature is % > 1 (see Table 4.8) this means that the growth on the planar
0

surface created highly rough surface regarding to the initial flat Si(111), no duplication of the surface
morphology in the terraces regions. This peak of roughness is logical seeing as a consequence of the
amorphous materials deposition in the 1* cycle. The selective growth of materials which is basically a
result of self-termination reaction over the surface induces this roughness where partial growth was
obtained with coverage of fraction of the surface. In comparison with the Si-OH, the deposition was
not stationary as well, where the surface width increased from 0.186nm to 0.23nm however the
variation in the case of Si-H stepped surface implies higher changes in the roughness in other word
higher growth on the vertical position. That mean the materials agglomeration has larger number of
nucleation then agglomeration of materials grown on SiOH. This can be consequences of initial
roughness . In the case of Si-OH with an initial roughness of 0.186 from islands of Si-OH leading to
less nucleation sites that are in the perpendicular direction to the flux of molecules coming. The
islands apex are the first one reacted with the TDMAH and H,O reaching the surface. As results this
fraction of substrate is saturated with precursors, then with the rest of cycle the molecules defuse more

in the between of islands leading to decrease of the roughness and then the surface widths.
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However, in the case of a Si-stepped surface, the plan (111) has an initials roughness of 0.02nm, ideal
flat surface, presented an equal probability of nucleation. The initial growth peak of roughness in the
first cycle results from ALD i.e. surface coverage 71% for RT and 54 % for 280°C. In the second
cycle, the roughness and surface width decrease to the lowest values in this 4 ALD cycles. In the
resulting vacancies from the partial growth are filled up with the materials inducing a reduction of the
surface width where the growth is homogeneous and closed layer results after the complete 2™ cycle
for both sample Si-H terminated at RT and 280°C (STM measurement shows this behavior). The ratio
of w in both samples is near to ~one which means a stationary growth here in transition between the
first cycle and 2™ cycle, where the same amount of materials grow in the 1*and 2™ cycles. What this
decreasing in the width w is assigned to the Layer-By-Layer (LBL) growth characterized by the
oscillation of the surface width. This oscillation is seen again for the 3™ and 4™ cycles, where
agglomeration make higher the roughness (3" cycle) and then decrease again in the fourth cycle

which feet with the ratio of w.

4.2.2. 3. Lateral correlation length

The lateral correlation length ({) defines the scale of correlated nearest neighbor- heights. Indiscreet
process as the ALD, the fluctuation of ({) is assigned to the behavior of the molecules growth in the
lateral direction in every cycle. The theoretical model of ALD describes the growth in lateral
dimension as an increase of the radius of islands » by (Ar) constant with the numbers of cycles
predicting a coalescence after n numbers of cycles to formed one layer. However, this description is
idealistic car it assume that the growth in lateral position is constant and overcome the growth in the

vertical position which lead to overlaps of islands in homogeneous complete layers.
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Figure 4.7: Lateral correlation length ({) evolution during ALD for Si-H at RT, Si-H at 280°C and
SiOH. (a) Direction parallel to the steps [011] and (b) in the direction perpendicular to
the steps [211].
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The simple model of the correlation length evolution describes the growth process in the lateral
direction in (1+1) dimension induce the locality of the film growth in the lateral direction. The film
can show self-affine surface if the lateral correlation is still invariant during the growth. The deposited
materials interact in the range of the length scale  leading to the correlation between heights at this
distance. However, if molecules diffusion length D;< {, the surface morphology dominating is the
wild formation of column height as the model of Grass. This model also predicted that if the diffusion

of surface is important, then the surface morphology can be smoother.

e Film at RT

The Si-H at RT shows complicated behavior depending on the direction of the surface. From the
Figure 4.7, the evolution of the lateral correlation in the first two cycle is similar in both direction

however in the 3 and 4™ a dependence on direction result in different values of ¢

In the first two cycles, the value shows a peak in the 1* cycle and then decrease to a lower value of
{=0.2nm in the 2™ cycles. The STM results show that islands with similar heights are assembled in a
surface fraction with the same morphology, i.e. nano-islands on the steps region and islands assemble
on the terraces. The dimension lateral dimension of the nano-islands is in the range of 4-6nm on both
region is nearby the lateral correlation length in the first cycles where it is 5.7nm. Then, { decrease
during the 2™, where a closed film was obtained. This decrease means that the scale of nearest
neighbor height is reduced. As consequence, the growth here in the 2™ cycle would be dominated by
front roughness. The first coming precursors chemisorbed and grew on the free substrate area, i.e 71%
coverage in first cycle. The full coverage of the surface reduced the mobility of the molecules origin
from streic hindrance effect (demonstrated in part 1 of this chapter) which can lead to lower diffusion
of the molecules after the growth and leads to grass mode. The moment roughness, Skewness ( Ry )
and Kurtosis (Ry,) are respectively 3.20 and 19.51 which are identify values of surface dominated by

height peak.

For 3" and 4™ cycles, ( is quasi-constant in the direction [011] on 3™ and 4" cycle, the relatively small
values of the correlation length implies domination of front roughness on the surface. In contrast in
the perpendicular direction, the lateral lengths increase in the 3" cycle to 12.11nm and decrease with
the 4™ cycle. Here the direction effect the lateral correlation growth where the coming molecules are
more distributed in the direction perpendicular to the steps [211] that means the preferential
nucleation for the precursor, in this case, is in the perpendicular direction. This behaviour is coherent
with the effect of shadowing results from tall features' confirmed by the HHCF calculation and STM
images. The growth velocity of ALD-film, is more important in the vertical direction than in the

lateral direction this is because of the short length of molecules that are trapped in the formed strips
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because of the shadowing effect. So the coming molecules grow on the top of the formed strips. This
result just reflects the end of process, however here the dynamic can be containing tow part. First
important diffusion of first molecules coming diffused toward the steps where they agglomerate and
then condense, the second part the flux on coming molecules continue on growing there as the

diffusion is not possible.

¢ Film at280°C

For Si-H at 280°C, in the direction parallel to the steps the lateral correlation, increase in linear why to
reach constant values after the second cycles. That mean, the growth in the second two cycles is
important in the lateral direction with constant steps of ~10nm/cycles. These results can be associated
to the STM measurement that shows important pin-hole on the film that generated diffusion-limited-
aggregations (DLA). The DLA occurs once the molecules are in the range of strong interaction. The
large lateral correlation lengths of growing materials found experimentally are due to longer range
particle interactions beyond the nearest neighbor interactions. The same behavior is seen in the
perpendicular direction, with an exception for the second cycles where the values of { decrease to
11.15nm. This decrease in the 3™ cycles can result from non-isotropic distribution of the interactions

between molecules in the two directions.

The temperature effect here is clear in the extending of scale length of the nearest neighbor molecules
interaction of the deposited HfO,. The effect of tempearture reside in two effect: Increasing the
diffusion lengh pinhole results as consequence. The second effect is the increase of the reactivity not
only for the chemispsortion but with the molecules that react a goup of molecules that are alredy

bonding with the surface.

The illustration in Figure 4.8 shows the different between the growths of different surfaces. Regarding
the results obtained for Si-OH, where the lateral correlation shows a peak only in the first cycle with
9.2 nm and then reduced to 6 nm in the 4" cycle, the author relies on this behavior as an indication of
the closure of the first HfO, layer. The similar surface width and correlation length after the 4™ cycle
indicate that the HfO, surface is a replica of the starting SiOH substrate as is expected from ideal
ALD process, where conformal grow this obtained. The initial roughness of both substrate Si(111)
and Si-OH display two morphology different where the Si-OH morphology can be responsible on the
reduction of the surface diffusion then the chemisorptions is stronger. In contrast, the planar Si(111)-
H obey to competition between the chemisorptions activated with ALD window temperature and the

free diffusion of molecules unreacted on surface.
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Figure 4.8: lllustration of the film growth in relation with the w and { .(a) and (b) the growth on
Si(111)-H at RT and 280°C and (c) of SiOH. The illustration shows that the evolution of

the width and lateral scale depend on the initial roughness and the locality of the growth.

4.2.3. Dynamics exponent

The dynamic part of the growth can be determined, from the evolution of surface width and lateral
correlation ({) as the power of thickness ¢, i.e. w ~ # and { ~ %, where B are 1/z are the dynamic
exponent of the growth (see chapter 1). B are 1/z are respectively the slope of the surface width and
the lateral correlation.

Two kind of process can occur, the local mode where the rate of the growth depends on the local
properties of the surface so only on the local interaction between the molecules in local regions. The
second model of growth is the non-local growth if the rate of deposition is not affected by the surface
morphology properties, however, the grown film its self can lead to non-local effects, such as the
shadowing effect or important surface diffusion (see chapter 1). The universal values of § are defined
in the interval of [0,1] for different techniques of deposition such as CVD, sputtering, and MBE. For
local growth, B values mostly exist in the interval [0, 0.25], for these small values of B the dynamic
of the growth is leading to the smoothing effect of the surfaces. As consequence w ~ t* characters a

decrease of the height of profile in front of increasing of thickness. However for p € [ 0.25,1] , the
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Figure 4.9. (a) and (b) plot log-log of Surface width (Ln(w)) evolution during ALD in function of film
thickness(Ln(t)) respectively for Si-H at R(black line)T, at 280°C (blue line) and SOH

(red line). (a) The direction parallel to the steps [011] and (b) in the direction

perpendicular to the steps [211]. (¢) and (d) plot log-log of of Lateral correlation length
(Ln(w)) evolution during ALD in function of film thickness for Si-H at RT, at 280°C and

SiOH. (c) in the direction parallel to the steps [011] and (d) in the direction

perpendicular to the steps [211].

surface is rougher with an increase of the w with the thickness, e.g. p=1, so w ~ t, the dynamic of the

growth on the height is then lead to non-local growth [145-150].

Fluctuation of roughness dynamic exponent 3 obtained for each cycle of ALD films for SiOH and Si-

H in both directions are shown in Figure (4.9). B is the slope of the curves versus the cycle number

listed in Table (4.9).
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Table 4.9: Roughness exponent [ for the film growth dynamic for every cycle on Si(111)-H and SiOH
0-1 1-2 2-3 34

ALD-RT 1.1 1.1 0.32 0.32 1 1.4 0.56 1
ALD-280°C 0.57 0.57 0.17 0.09 0.36 0.38 0.87 1.49
Si-OH 0.44 -0.10 -0.22 -0.01

SiOH and Si-H at 280°C, display a fluctuation of the value p between local model and non-local
model of growth, in contrasts the values of ALD-RT are all located in the range of non-local growth.
This reveals that the dynamic behavior is complicated and characterized by discrete growth that
occurs different dynamic for every cycle for all ALD-HfO, films. This non-continuity of f values

with the number of cycles is referred to the discrete characteristic of ALD growth dynamic.

The 1% cycles for SiOH and Si(111)-H have the values B for non-local growth. In this cycle, the non-
stationary growth means that the w obtained from materials growth are not affected by the properties
of the surface, no steps effect that can change the growth behavior, i.e. no steps decoration. So it can
be concluded that the growth in a vertical direction related to the molecules deposited on the surfaces

without respect to the initial substrate crystallinity or chemistry.

In the second cycle, the surface w decrease and stationary evolution occur with the closest of the first
layer of ALD-film growth. The growth in this cycle on SiOH and Si-H at 280°C are local growth
model that means the molecules are coming on the surface preferred grown in preferential sites that
are depending on the amorphous materials deposited. The partially grown materials in the first cycle
change the interface morphology and chemistry by created new energetic surface and the self-
termination reaction probably prohibited the growth of materials on the existent materials. This local

effect leads to an effect on the surface widths evolution.

In the 3™ cycle, RT film displays an interesting behavior, where STM results show condensed
materials agglomeration of molecules in strips in the perpendicular direction of the steps. The HHCF
evolution for this film results as a mounded surface which by definition origin of the local effect.
Then normally B should be in the range of the local model. But it has been shown that in the 3™ half
deposition where only TDMAH has deposited already the stripes was formed this growth lead to a
non-local effect by the growth of taller feature of TDMAH that results in shadowing effect for the flux

of molecules defused on the surface during the deposition of materials. Therefore the first coming
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molecules were condensed in that nucleation's sites but generated a non-local -effect of showing
leading with the time of deposition (1.5s) to contentious agglomeration just in that region. The
question here can be why they just agglomerated in the region near to the steps? The answer can be
related to the previous section, where it was demonstrated by Puurunen model, that the growth in
steps region could be attributed to ALD growth then the fraction of surface resulting from the first two
cycle is more ideal for contentious growth as it has an interfacial ALD of 0.24nm. Also about the
activation energy for the chemisorptions is weak and as it's predicted by ALD in the temperature out

of ALD-window materials dense and physisorbed on the surfaces.

The ALD at 280°C has the same behaviors of B fluctuation in this cycle. The growth is not -local
means that the dynamic of the film is not affected by the surface morphology. The role here of the
temperature is to make the higher distribution of the molecules, so the competition between the

chemisorptions and diffusion lead to non-effect of substrate morphology.

In the 4" cycle the values of Si-H decrease for lowest values, however, the dependence of the
dynamic on the surface direction is obtained in this cycle. Non local mode in the direction [011], and

local for [211]. The competition between the shadowing effect and the random deposition took place
in the fourth cycle and lead to higher effect of the showing in the parallel direction. That's why for
ALD-RT STM deliver a growth of more strips in the 4™ half cycle of TDMAH and then with the
oxidation the distribution of strips become more closed in the direction parallel to the steps . In the
case of ALD-280°C STM also shows the formation of important holes in the film are more arranged
in the terraces this effect generated a local effect of the growth. In the steps direction, the local mode
takes over with means that in this direction no effect of the steps. Those result also fit with the HHCF.
For SiOH, the first values are not about the same average, and this is a result of the initial surface
morphology, where the surface width initial is 0.18nm higher the film thickness for the first cycle

deposition which is 0.1nm, so B is negative.

4.2.4. Growth models

From HHCF calculation it was obvious that ALD film growth on Si(111)-H manifested complicated
dynamic growth behavior. The evolution behavior of the film investigated troughs w~t* and {~t"* and
m as a function of w and ( describe the film morphology of ALD growth. It was also shown that the
growth roughness depends on local properties of the surface, e.g. steps edges. Roughness scaling
parameters belonged to the solid-solid approximation growth for dimension d=1+1 of self-affine and
mounded surface are the results of the non-equilibrium growth that is related to local effects (steps),

or the locality effect on the growth generated by the relaxation mechanism.
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The solid-solid model of growth is based on the equation belongs to the class of contentious growth.
The stochastic equation describe this kind of growth is known as Langevin- Equation. These models

are often able to predict values for the exponents a, f, and z, defining universality classes.

dh
28 = o) +n(r)

n is the noise in the system, and @ is a function of the height profile which reflects the growth
process. The evolution of the profile with time defines the dynamic growth residue on the behavior of
®(r). This function is the key to the dynamic growth and contains information about the non-local,
and local effect, all the models of growth, discussed this function in relation to the non-local effect of
the growth. The combination of all the roughness scaling parameters leads to distinguish the dynamic
equation of the surface growth. Here we discuss cycle-by-cycle the model of growth (relative

equation) and the relative model that can attribute to each cycle from the exponent o,p, and 1/z.

Some experimental suggested that that roughness exponent can be overestimated especially in the
beginning of the growth of any process. As a consequence, the model below attributed to the different

values obtained in our measurement would be discussed in analogy with the STM results

4.2.4.1. HfO, at RT

The combination of all roughness exponents (see Table 4.10) of the HfO, film growth cycle unveils a
discontinuity of the dynamics behaviors from cycle to cycle. According to discreet ALD process,
every cycle can be treated. The values in the two directions of roughness exponent are almost equal.
The model that can describe this saturation in height is the random deposition, where it consists of
saturation amount of materials which is the case of ALD. However the height should be similar and
do not fluctuated through the film. So if there is a diffusion of molecules over the substrate from a
random deposition model a term of noise should be added to the growth dynamic. All these

combinations are fulfilling for all the cycles growth of HfO, at RT.
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4.10: Different values of the scaling dynamic and roughness of the ALD-film formed during the ALD
cycles on Si-H at RT.

Scaling 0-1 1-2 2-3 34
exponent

a 0.61/0.61 0.37/0.37 0.4/0.35 0.75/0.62

0.73/0.73 0.32/0.31 141/1 0.56/ 1
p
1/z 0.8/0.8 0.22/0.22 0.5/1.39 0.9/2.17
Growth model Random deposition Mullins Diffusion KPZ -

a 0.5 0.5 0.5 0.5

p 0.5 0.5 0.33 0.5

iz 0.5 0.25 0.66 0.25

e First cycle

The self-limiting of the growth discussed with Purruenen model shows that the GPC in the region
near to the steps has the height that fit with the growth of HfO, in contrast GPC in the terraces is
higher. The difference in height by region can be resulting from diffusion of molecules to agglomerate
on the terraces. Now the roughness exponent values in this 1* cycle the nearest universal values are a
solution of Edwards - Wilkinson (ED) equation of growth [78]. Where the film grows from the
random deposition of materials but include the diffusion of molecules reaching the surface that can
lead changes in the height of the nearest neighborhood by relaxation effect. This is why in this first
cycle for the ALD on Si-H at RT height in the steps region differs from the height on the terraces. In
the steps region, relaxation as chemisorptions can be resulting from the self-limiting process lead to
nano-islands of HfO,-ALD growth with 0.24nm in vertical direction and 4nm in the lateral direction.
In the terraces region, the free diffusion of molecules over the surface can be the taller height and lead
to a condensation of materials. The local slope m also calculated from the first cycles has very low

values which are related to the geometry of the nearest correlated heights.
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Figure 4.10: Illustration of the random deposition model of growth where each molecule is deposited
in a random place on the surface, occupying the position immediately above the surface
at the site by chemisorptions reactions.

e Second cycle
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Figure 4.11: Illustration of the growth model in the 2" cycle. Random deposition on direct sites, do
not lead to chemisorptions, so the flux of molecules converges to reduce the difference in
height over the surfaces. With relaxation effect, the substrate free from the first cycle

reacted with the molecules to grow complete layer in the 2" cycle.

The growth model is illustrated in the Figure (4.11) of the dynamic growth of molecules in the 2™

cycle. In the second cycle, the layer is closed where all parameters of the roughness decrease to short
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scales, global roughness, surface width, lateral correlation. So that the reaction over the surface and
the dynamic of the flux of molecules coming on the surface behavior in the direction of smoothing the
surface. This effect off smoothing is directly driven from the install morphology in the first cycle. One
good reason for this behavior can be the surface energy that can be changed after the deposition of the
first partial layer then the global surface energies converge to be reduced within the second cycles. A
dynamic model that can describe this growth would be a resolution of Mullins Diffusion Equation
[151-152]. This model consist of surface diffusion with conservation of a total number of molecules on
the surface this dynamic lead to increasing the height 4(x) in an x position that has initial lower

vertical height [153-154].

Ohx) _ o4
WD = —kV*h+7 (4.5)

e Third cycle

In the third cycle roughness, exponent o has a near values to the second cycle with means that the
noise growth is keeping important for the film grown, however, values from B and Z changes
dramatically which are related to related to competition between the growth in lateral and vertical
position. This competition is the origin of nonlinear growth resides in an important surface diffusions
stopped in the region of steps leading to mounded surface as it was determined from HHCF. STM
results shows the growth of important nucleation features in the 3™ cycle of islands arranged in
stripes. This kind of growth is theoretically predicted for inhibited-surfaces, where the precursors

diffuse to the defect of surface where it nucleated.

The dynamic exponent for this cycle doesn’t fit exactly with universal values for the growth equation.
However the values of § is higher than 1 in this case. That means important diffusion happen of the
molecules over the surface leading to the h(x) at the different region. Some numerical approach in the
investigation of the relation between B and the sticking coefficient S, , that for higher  the sticking
coefficient increases. Accordingly the molecules can’t stick on the surface so it diffuse as it was
observed in the STM measuring. The non-sticking can be cause by the surface saturation of the

reaction or sufficient energy for the reaction activation.

by the of The model of growth that can be concluded from the roughness values is the nonlinear

differential Equation of Lai-Das Sarma [155], where the equation of the growth is

280 = —kvth +Z V2 |VA? + 1 (4.6)

116



Chapter 4: Discussion

p) . . .
The term V2|Vh|? is associated to effect of mounded surface structure the distance between two

lateral correlations. It seems that the molecules coming on the surface immigrated in the direction of
the steps flows, as it was discussed with Puurunen model this stripes formed do not fulfill the ALD
criteria then a physisorption is mostly the reaction that happen over the surface. mean an
immigration happened of the molecules initially site on the surface but with the coming flux of
molecules as this model was described in the section, the growth obey to fourth-order conserved
growth nonlinearities by the term —kV*h .This means that the dynamic of molecules on the surface

are the value of P is presenting an anomalous in the scaling, where the universal values is = 0.25

The ballistic deposition is the simplest model that presents porosity. This model also includes
correlation between more distant neighbors; the particles are deposited randomly on the surface and
are correlated with any site that presents the first contact with the interface. That condition enables the
formation of voids, or porosity, inducing a porous structure in the film during its formation because
the interface can also grow tangentially to the surface of the initial substrate. The roughness evolves,
after an initial time #,, to saturation, and in this model, the growth exponents are o ~0:50 and  ~0:33
for the one-dimensional condition, d = /. The parameter d represents the dimension of the surface.
The stochastic differential equation which represents the growth of the film for the BM is the equation
developed by Kardar, Parisi, and Zhang (KPZ) [156].

In the Figure 4.12, the model of the growth in relation with the KPZ equation and the STM

observation that display the growth of tall stripes in the 3™ cycles that lead to an important increase in

the local slope which is a prove of high surface diffusion as m~/T.
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Figure 4.12: Illustration of the surface diffusion in the 3 cycles from the coming molecules that do
not react and absorbed on the surface, so surface diffusion is dominating the surface.

The local slope increases in this cycle to high values with implies the important surface
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width and lateral correlation happened from important feature created. The term
A . . . .
3 V2|Vh|? of KPZ model is non linear term of the condensation of the materials on tall

feature, non- equilibrium model.

e Fourth cycle

The fourth cycle display the same behavior as the second cycle where the molecules growth mostly in

the vaccines on the surface leading to smoothing effect, that why the roughness exponent o

h(x) : 3" cycle

| Lo —— ”
|

Figure 4.13: Illustration of Mullins diffusion model for the 4" cycle. The flux of molecules coming on

the surface diffuses and grows in the film vacancies to changes the height to be

correlated at a lower scale.

The dynamic of the film growth, as in the second cycles, increase to reduce the uncorrelated heights
over the surface. The growth of strips and tall features in the 3 cycles changes the morphology in
dramatical ways. So that the coming flux of molecules is reduced in mobility and diffuse in the lower
energy sites that are basically in the bottom of the strips. So the growth on the height is reduced, and
the film width decreases versus the thickness of the film, $=0.26 in the direction perpendicular to the
steps and so the surface is smoother in this direction , however the dynamic exponent in the parallel
direction is p=0.6 which mean that the growth is more affecting the reduction of height in the

perpendicular direction to the steps..
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4.2.4.2. HfO, at 280°C

Table 4.11: Different values of the scaling dynamic roughness of the ALD-film formed during the
ALD cycles on Si-H at 280°C.

Scaling 0-1 1-2 2-3 34
parameter
0.35/0.48 0.44/0.55 0.4/ 0.6 0.48/0.61
o
0.57/0.57 0.17/0.09 0.36/0.38 0.87/1.49
B
0.27/0.24 1.13/0.83 1.38/0.57 0.9/0.13
1/z
Random deposition =~ Random deposition + Random Random deposition
Growth Mullins Diffusion deposition
model
o 0.5 0.5 0.5 0.5
B 0.5 0.25 0.5 0.5
1/z 0.5 0.5 0.5 0.5

The different values obtained for the growth of HfO, on the Si(111)-H are associated to the growth
model from the equations describing the random deposition and the Mullins diffusion. The
comparison with this model are based not only on the exact values but also on the STM measurement
of the films.

e First cycle
In the first cycle the roughness increase in relation to the materials deposited on the surface
accompanied by partial layer growth leading to the formation of islands with height 0.1-0.14nm. The
nucleation is random where no arranged structure of islands-assemble is observed with STM

measurement. With the very small local slope that varies as m~+/t , mean no important diffusion of

the molecules reaching the surfaces. The exact value of the RD model are 0=0.5 and = 0.25.
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Figure 4.15: lllustration of the random deposition model of growth where each molecule is deposited
in a random place on the surface, occupying the position immediately above the surface

at the site by chemisorptions reactions.

That exponent varies in both direction but in the same range of values can be related to the same
dynamic growth. As we showed in the previous section, the growth is local and then regarding the
values obtained the equation that can be assumed that there is a competition of growth dynamic. As a
relatively a fluctuation of the roughness exponent values completion between the two direction
Edwards-Wilkinson equation (EW):

oh() _ oo
== —kV?h +1) (4.6)

where the Laplacian term in the EW equation is referred to as the surface relaxation term, because the
effect of the Laplacian is to smooth the surface profile while keeping the mean height unchanged.

e Second cycle

Mullins Diffusion Equation This model consist of surface diffusion with conservation of a total

number of molecules on the surface this dynamic lead to increasing the height 4(x) in an x position

R — _kVih+7

that has initial lower vertical height. The equation is: P

Macroscopic current of particles on the surface, represented by the vector j(x, 7). Because diffusion
conserves the total number of particles on the surface, j(x, #) must satisfy the continuity relation

dh(x) s
~ = —VI() = —kV*h+7

The surface current j(x) is related to the gradient of the chemical potential, Vj(x) < —Vu(x),
because the surface current will flow from areas of higher potential to areas of lower potential. Also,
the chemical potential u(x, t) is related to the number of bonds that must be broken by an atom to
diffuse.
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Figure 4.16: Illustration of the growth model in the 2" cycle. Random deposition on direct sites, do
not lead to chemisorptions, so the flux of molecules converges to reduce the difference in
height over the surfaces. With relaxation effect, the substrate free from the first cycle

reacted with the molecules to grow complete layer in the 2" cycle.

e Third and fourth cycle
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Figure 4.17: Random deposition model by deposited molecules on reactive sites that are limited by

the steric hindrance effect. This random deposition leads to the rough surface.

In the 3" and 4" cycle the growth is can be model as growth random deposition , the surface width
and the roughness increases in those two cycle and are higher than the second cycle which is assumed
as closed film layer. Like this the flux of molecules coming on the surface are randomly deposited but
with saturation of height. The bonds are assumed to be one ligand-exchanged in every cycle (3™ and
4™,

> Conclusion

The height-height correlation function (HHCF) display an evolution of self-affine surface isotropic in
the first and second cycle. The surface statistics { and w are described a stationary evolution of the
film dimension (in height and lateral directions) during the deposition, which is an important result
proving that the growth in the first two cycle obeys to the same dynamic independent on the

temperature. The values obtained of the dynamic scaling exponent § and 1/z for the first two cycle are
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near to the universal values of Mullins Diffusion model where the molecules current reaching the
surface diffuse with the conservation of the total number of molecules by the equilibration between
the high potential sites and lower potential sites. Since Si(111) stepped surface to present a
homogeneous potential on the terraces but also, molecules filled and cover the surface in a
homogenous way. After the close of the film layer in the second cycle, the nucleation is not occurring
anymore for the growth at RT leading to high surface diffusion. In contrast the growth at 280°C have
the same dynamic of random deposition growth. The temperature then leads to activation of the
chemisorptions reaction and at lower temperature the molecules do not chemisorbed and diffuse
toward the steps. The comparison of our finding to the growth on Si-OH, proved that with the
presence of OH group the dynamic of the film is random deposition growth because the molecules

reaching the surface reacted with the OH group through direct chemisorption so no diffusion occurs.

4.3. Al,0; on HOPG and Ag-HOPG

Graphene is an ideal inhibited- surface for ALD growth. The graphene surface inertia hinders the
conformal nucleation of the precursors, inducing a rough, non-uniform, and non-conformal film
growth. Here we examined the growth of the Al,O; on the HOPG surface as an ideal inhabited
substrate for ALD. The theoretical assumptions about the ALD growth on an inhibited substrate
predict the diffusion of the precursors in the absence of chemisorptions adsorption. The precursors
then nucleated on the defects in islands. With the deposition of materials, the growth occurs on the
previous materials sites grown on defects and then toward the different direction of the surface with

the deposition of ALD in every cycle.

From the results, the terrace widths show an effect on the ALD film growth behavior. The GPC varies
from large terraces to small ones. Here the type of HOPG and Ag-HOPG inhibited-surfaces would be
discussed, i.e. growth type 1 or 2, for large and small terraces. The stepped surface is known for
barrier on the edges of the steps. Also, a model explaining the growth behavior in correlation with the

terraces width and steps barrier effect would be introduced.

4.3.1. Nucleation on HOPG and Ag-HOPG

As it was mentioned before, the cleaving of the HOPG surface created inert steps with different
widths of the terraces. The definition of large terraces and small terraces are referred to the diffusion
length of precursors. The ALD process consists of the first pulse of TMA and then H,O, so first
precursors TMA reaching the surface diffuses on the surface and nucleated. The H,O coming up react

on the same sites of TMA nucleation, assuming that the H,O do not react in other sites other then
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TMA ones. A.D. Gates and L.Robins [155] described that the atom/molecules deposition on steeped

surfaces depend on the terraces width by the relation

ERXxW

Where (1) is the island's number, (R) the arrival rate of deposited atoms at the surface and (W) the
width of the terraces. For ALD the amount of materials deposited is fixed by the pulsing time of the
precurors .Therefore the rate (R) is fixed for different terraces, so like that the relation between the
numbers of islands formed is affected only by the width of the terraces. The formation of the islands

depends on the terraces width by W o< 2 x A, where A is the diffusion length of the molecules.

At RT, Al has adsorption energy (Ea) on HOPG of 0.8 eV and diffusion energy (Ed) of 0.02 eV,
respectively, determined by Ganz and by Moullet [156]. This energy difference leads to a diffusion
length of 170 £ 80nm. We define large terraces (LT) for W > 340+ 160nm (2 % X) and small terraces
with W < 340nm+ 160nm. The different statistics of film nucleated are summarized for large and

small terraces.

Table 4.12: Summary of the different statistics of the TMA and H,O ALD-RT on HOPG.

Cycles Cluster Cluster  Nano-stripes  Nano-stripes RMS
Roughness
height size width Height
(nm) (nm?) (nm) (nm) (nm)
HOPG-Large 1" cycle 1 5 5.2 0.3 0.25
terraces 3 cycle 0.4-1.2 30-50 - - 0.7
5" eyele 3-6 70-180 - - 0.8
HOPG-Small 1" cycle - - 52 0.3 0.25
terraces 3 cycle 0.3-0.6 10-40 - - 0.3
5" eyele 0.2 4.5 - - 0.2
Table 4.13: Summary of the different statistics of the TMA and H>O ALD-RT on Ag-HOPG.
Sample Cycles Cluster Cluster  Stripes-edge  Stripes-edge RMS
height size width height Roughness
2
(nm) (nm?) (nm) (nm) (nm)
Ag-HOPG I* cycle - - 10-30 0.1 -
3 eycle 0.3 20-50 - - 0.2
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5™ eyele 0.4-0.6 25 - - 0.23

4.2.1. 1. Growth-per-cycle (GPC): Inhibited substrate types

The growths of the film depend on the surface morphology. The terraces widths, steps and Ag-clusters
on steps are parameters of the surface morphology. An important dependence of ALD selectivity is
observed where the ALD nucleation parameters changes with the changes of surfaces parameters. The

GPC parameters of ALD film can define the substrate type from HOPG to Ag-HOPG.

41 —m—HOPGLT 3D islands agglomeration
—@—HOPG ST
—A— Ag-HOPG
34
Inhibited substrate type 1

Nano-stripes 2D islands

— 88— —4
2D islands

Growth-per-cycle (nm)
N

0 1 2 3 4 5
ALD cycles

Figure 4.18: The growth per cycle for Al,O; on HOPG large and small terraces and Ag-HOPG. The
growth on small terraces HOPG and Ag-HOPG behavior as inhibited substrate type 1 and the growth
on large HOPG terraces is inhibited type 2.

In Figure 4.18, the curves of the GPC evolution with the numbers of cycles is calculated for large and
small terraces of HOPG and also for Ag-HOPG. The determination of the growth per cycle for large
terraces is increasing with the number of cycles. It started with 0.3nm which is about 1ML height of
Al,O5in the 1* cycle where the GPC in the three systems is similar. However the nucleation feature
changes dramatically from HOPG to Ag-HOPG. On HOPG, the Al,O; was conformally deposited
with homogeneous coverage of ~ 90% of the observed surface area. The grown films observed in this
first cycle are nano stripes with 6nm width and ~0.35nm of height. This morphology of the deposited

film is not identical to the case of inhibited substrate where in such case the precursor should diffuse
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toward the defect leading to islands formation. However, in these cases, no islands formed on the

steps and also this structure is a pattern in the same way over the terraces large and small ones.

On large terraces in the 3" cycle, the growth heights reach 1.2nm results from formation of 3D
islands, i.e. GPC is 0.85nm. This high is important regarding the theoretical height of Al,O; for 3
cycles which is about 0.36nm, i.e. 3 ALD cycles. Almost 3 ML are formed in 3D islands.However,
the surface coverage by the film decreased. The density of nucleation is important in the steps region
and over the terraces. The nucleation sites are concentrated in two zones: On steps edges (bottom and
top) and in the area of 100nm distance apart from the steps (see Figure 3.27). In the 5" cycle higher
islands formed again, however, the density of islands become lower and the coverage of the surface
lower islands distribution reach < 18 % of the observed surface. The RMS roughness is 1.8nm due to
the height of those islands which becomes much larger (3nm- 5nm). Therefore, those values indicate
that the growth is no longer ALD model-like. The widths of islands increases from 40nm to 120nm
this is a result of diffusion of molecules through the surface without any reaction and stopped on the
formed islands.

The GPC is increasing with the deposition of materials tell the 5™ cycle, where it reached ~4nm. This
value of GPC was observed for other ALD system of inhibited surface type 2 where the growth
increases in the initial regime of the growth with the number of cycle to reach then a maximum in the
transition regime. The dimension of the formed islands is increasing in the width and the height so
with the deposition the materials growth on the surface by 3ML and 10ML respectively in the 3™ and
5™ cycles where high diffusions leads to higher nucleation. That means the islands can overlap at
some number of ALD cycles but the problem is the film is not possible to control as the ALD ideal

growth can be.

The growth on small terraces of HOPG and Ag-HOPG the GPC has another curve shape. Starting
from 0.35nm in the 1¥ cycle for HOPG then decreases for 3 and 5" cyles. The islands formed are 2D
on the bottom and top of the terraces (see Figure) in the 3™ cycle. Again in the 5™ cycle, the growth
per cycle is decreasing to 0.2nm where nano-islands are formed in the terraces with less than 10% of
surface coverage. The reduction of the GPC is non important regarding the ratio of the materials
deposited. This GPC can be considered as constant for 3" and 5" cycles, which means that the growth
in the initial stage of ALD increases in the first cycle because of the surface diffusion to the steppes
and then with the ALD cycle the materials diffuse and grow in the existent materials but with constant
amount. The growth on the small terraces can be associated to the inhibited ALD growth surface type

1.

The growth of the Ag-HOPG substrate is typical a growth on inhibited substrate type 1. The materials

deposited diffuse in the first cycle to nucleate on the steps edges, i.e. Ag islands. No nucleation is
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observed in other part of the terraces which makes the growth conformal just on the edges of the
steps. The steps are then decorated with the precursors and fill the vacancies between the Ag islands.

Within the the 3™ cycles, molecules diffuse to the steps edges but reacted with the materials deposited.

4.3. 2. Steps barrier and terraces width effect on the ALD

In the previous paragraph it was shown that the growth per cycle differs with the widths of terraces
and the steps region. Recently, Aleix et al. [157] calculated the energy barrier of the HOPG steps in
terms of current on the steps, where a 10 times higher current on the steps in comparison to the
current on the terraces was found. Thus, high barriers at short distances can have important effective

gradients which can lead to lower material deposition rate and 2D structure and nano-islands features.
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Figure 4.19: Illustration of the growth on large terraces and small terraces. (a) On large terraces the
nucleation occurs on the steps edges randomly and nucleated also in distance from the steps on the
bulk of the terraces. (b) On small terraces the growth on the top terraces occur in 2D domain starting

from the steps toward the bulk of terrace and the growth on bottom of the terraces of 2D structures.

126



Chapter 4: Discussion

e ALO;on HOPG

™A O 0O
O O O O
O O
l Ag-Islands )
Nucleation sites 3D islands
l Random nucleation
o ©
S O O
O
Moleculesdiffusion
to the steps edges
™A QO 0O
O e O O
o O
l Ag-Islands
Nucleation sites l 3D islands
Random nucleation

2D-Nucleation

O 2}
O
o am- O O
O
Moleculesdiffusion Terraces diffusion
to the steps edges
™A O 0O
o O
l Ag-Islands
2D-Nucleation  nycleation sites 3D islands
lRandom nucleation
O
O
o am- O O
O

Figure 4.20. The effect of the barrier on the edges of the steps on the nucleation process. The TMA
reaching the surface diffuse toward the edges of the steps and nucleate on the edge with
high aspect ratio to the steps. Then the coming molecules reacted along the top edge in 2D

Structures.

This behavior of the growth can be caused by the presence of the steps barrier once the molecules
reach the surface they diffuse in a different direction. The Al growth on HOPG at RT has values of
Ea and Ed of 0.8eV and 0.02eV, respectively, The corresponding diffusion length is 170 £ 80nm
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Therefore TMA precursor molecules arriving the surface in the step area ( < 170 + 80nm apart the
steps) diffuse towards the step edges, where broken dangling bonds C-C serve as nucleation sites
[158]. Al-O species decorate the steps from top and bottom. Because of this phenomenon, more
precursor molecules can reach the step edges, resulting in enhanced nucleation growth near them and
thus explaining this morphology in terms of energetic barrier [159-160]. The precursor diffuses on the
surface towards the steps and its diffusion is stopped by the corresponding repulsive barrier, leading
to agglomeration on the top of the steps. At the bottom of the steps, the precursor is repulsed near to
the edge leading to the nucleation in the bottom. However, there is also another nucleation sites for a
distance far from the steps edges (>100nm). Random nucleation takes place at least 100nm away from
the step edges, resulting in 2D and 3D islands as shown in Figure 3.27 and 3.28 shows 3D islands
with a height of 1nm and 2D islands with a height of 0.2-0.5nm. On the small terraces a formation of
the 2D domain that is near to the width of the terraces with a complete coverage of the terraces. This
behavior is like the assumption of the growth from the defect toward the bulk of terraces. In this case,
the width of the terraces is lower than the diffusion length of Al precursors. On bottom also 2D

structure are formed with different structure arrangement.

The Schwoebel-Ehrlich barrier is localized on the steps edge can cause a particular emotion of
molecules by attraction or repulses of the molecules from the steps edges. Villain showed that a
Schwoebel-Ehrlich barrier creates an effective gradient, leading to unstable growth and the creation of
roughness in the film. This is can be the reason of the unstable ALD growth on the large terraces. The
question still why we don't observe the same behavior on small terraces, for Schwoebel-Ehrlich
barriers it's not clear if the distance between two barriers affects the homogeneity of the growth. In
Figure 4.21, we give an intuitive explanation of the difference between the barrier in large and in

small steps.
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Figure 4.21: The illustration of the behavior of precursor diffusion with Schwoebel-Ehrlich barriers.
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If diffusing atoms are strongly repelled by the lower step, this can stabilize a stepped surface. The
steps B and D collect most of the atoms landing on the broad terraces and therefore go faster than A.
Therefore the narrow terrace grows at the expense of the broad ones, and a flat surface is stabilized.
this empirical approach fit with the result especially in Figure 4.21 where we can see clearly that the
growth in the same region has a high agglomeration in the large terrace while in the small terrace
showed in Figure is homogeneous. We can conclude that the ALD nucleation is not just depending on
the chemisorptions but also on the surface morphology. Stepped surface, even with poor species for
nucleation as the HOPG surface, can lead to ALD growth if the width of terraces is in not > 2A. The
diffusion length is known for the precursors but we can control it also by controlling the temperature

of deposition.
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In this thesis it has been demonstrated that the approach of studying the ALD growth process based on
the combination of experimental data delivered by STM and statistic models is powerful to
investigate the growth modes and reaction mechanisms of ALD on stepped surfaces in the initial
stage of growth. The deep investigation of the different film parameters lead to the correlation of the
surface morphology (e.g. steps) and chemistry (reactive cites) to the behavior of the deposited
molecules’ nucleation and reveals the most realistic growth model for the ALD on the stepped

surfaces.

An in-situ ALD STM system was used to investigate the growth process of ALD layers applying
thermal ALD technique. Tow metal oxide ALD processes have been studied, the first one is HfO, on
stepped Si(111)-H grown at RT and 280°C. The second system includes the growth of Al,Os on
HOPG and Ag-HOPG (Ag steps decoration) at RT. The microscopy of the film features in the initial
ALD cycles was done in that way to distinguish the preferential sites of precursor’s adsorption on the
terraces and on the steps. For every deposition step, the imaging of an overview and of the heights of
the steps allows to follow the changes of the film morphology. Nano-resolution imaging of the formed
islands, delivers distinct data of their height, width and geometry. Those data are systematically
analyzed through the determination of the islands dimensions, surface roughness and surface coverage
rates for the each ALD cycle. The surface roughness evolution presents an important parameter to
define the film morphology as a direct consequence of the nucleation behavior and the surface
termination.

The most important finding is that the growth behavior in the first two ALD cycles of HfO, on
Si(111)-H terminated is similar independent on the substrate temperature. The first cycle shows an
important roughness increase as a result of partial film growth where the materials converge reach ~

54-71% of the surface. This behavior of partial growth was predicted theoretically and observed for



some ALD-systems, e.g. HfO, on Si-OH . No steps decoration was observed, leading to the
conclusion of repulsion behavior which avoids any agglomeration of precursor molecules on the Si-H
dangling bonds of the step. The islands heights increase with the distance to steps edges, where near
to the steps the islands height is two times lower than the heights of islands far from the steps. In the
2" cycle a full coverage of the surface, with the same film height as in the first cycle and
homogeneous islands distribution is observed. This data extracted from STM are then analyzed using
the Puurunen model. The adsorptions reactions mechanisms determined by this model, are depending
on the distance to the steps and also on the substrate temperatures for the first two cycles. In addition,
the steric hindrance effect of precursors was found to be the origin of the reaction saturation. Here, the
numbers of reaction sites do not affect the growth. This means that the nucleation does not depend on
the surface reactive sites. The height-height correlation function calculated for the first two cycles has
an evolution of a self-affine surface. The scaling components { and w are fluctuating with the
roughness of the surfaces (in height and lateral directions) during the deposition. This fact is an
important result proving that the growth in the first two cycles obeys the same dynamics. The values
obtained for the dynamic scaling exponents p and 1/Z within the first two ALD cycles are near to the
universal values of random deposition and Mullins diffusion model. In this model the molecules reach
the surface and diffuse with the conservation of the total number of molecules by the equilibration
between the high potential sites and lower potential sites. In the 3™ and 4™ ALD cycle the growth
depends on the substrate temperature. At 280°C, the growth continues with the duplication of the
same behavior as in the 1* and 2™ cycles. The Puurunen model application shows that the number of
nucleated precursor molecules increases with the number of ALD cycles; this is related to the
activation temperature of the surface reaction. A partial growth which fulfills the random deposition
model (where the surface statistics has a HHCF of a self-affine surface) with diffusion occurs in the
4™ cycles leading to pin holes in the film. At RT, the 3" cycle displays growth behavior changes with
high condensation of materials formed on the edges of steps and grown toward the middle of the
terraces. The materials condensed in patterned way in self-assembled stripes with ~1.3nm of height
and an inter-stripe distance of 20-40nm. This condensation is predicted by the Puurunen model for the
first ALD cycles where no ligand exchanges can be determined in this case. Those stripes are about 5
times higher than the ideal HfO, thickness after 3 complete ALD cycles (i.e. 0.1nm/cycle). The
application of the HHCF leads to the conclusion of a mounded surface behavior evolution which is
the origin of local surface effects such as the steps and the self-arranged structure over the terraces.
This growth behavior and the resolved surface statistics components fulfill the criteria of the non
equilibrium growth model of Kardar, Parisi, and Zhang (KPZ). The surface diffusion of the molecules
to the step edges and their agglomeration is like the expected theoretical ALD growth on inhibited
surfaces. For the 4™ cycles Mullins diffusion is occurring once more leading to the reduction of the

surface roughness again.
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The comparison of the ALD growth of TDMAH and H,O on stepped surface Si(111)-H terminated to
the growth of the same precursors on the planar Si-OH surface shows the effect of the initial surface
roughness and termination, where the analysis of the HHFC delivers random deposition as the main
dynamics within the growth on Si-OH without local effects of the surface on the kind of molecule’s

adsorption.

The HOPG substrate represents an ideal inhibited-surface for the ALD growth. Once molecules are
reaching the surface, they are diffusing toward the steps where high agglomeration happens but no
nucleation at the carbon dangling bonds takes place. This can be related to the effect of the barrier of
the steps. However, in the 5™ cycle the growth of nano-islands on the middle of terraces is observed.
The observation of random distribution of islands on 2D and 3D structures can be explained that the
growth happens only on the already existing deposited material but no generation of new nucleation
sites occurs.

The growth on the Ag-HOPG surface is completely different to the one on the pure HOPG. Here the
islands grow in the first cycles on the edges of the steps with high-aspect ratio. The
arriving/precursors diffuse to the edges of the steps but lead to the formation of a continued partial
layer which grows from the steps edges towards the terraces. Hence, the presence of the Ag-island on

the steps edges changes the effect of the steps on the nucleation of the Al,O; film.

In conclusion, this thesis is based on the use of STM and the application of mathematical models for
the detailed description of the ALD nucleation on stepped surfaces. A complete picture of the
morphological growth and the understanding of the influence of different surface properties on the
precursors-surface interaction were in the main focus of this work. Some limitations are considered,
e.g. The over-estimation of the scaling component values which was also reported in other studies
and low statistics numbers of experimental points that can be an outlook for other experimental from
this kind with different parameters of the ALD growth, e.g temperature. This knowledge about the
ALD growth on stepped surface can be extended to be used for more complex surfaces such as

polycrystalline surfaces which are potential substrates for many important applications.
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