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Abstract

To investigate the atomic layer deposition (ALD) reactions for growth of Hf@m Hf(NMe,),
(TDMAHf) and H,O, a density functional theory (DFT) slab model was employed. We in-
spected all energy steps, from the early stage of adsorption of eabhpfdécursor to the
densification of multiple atoms into bulk-like HfJayers. The activation energy calculations
show that repeated proton diffusion from the surface to amide ligandsogatebn of the pro-
tonated amine is more energetically accessible than the simple elimination of the amiae in th
initial stage. We therefore propose that multiple protons diffuse to the amidalbgz the Hf
precursor before desorption of protonated ligands takes place.of @sproton from surface
oxygen frees it up for bonding to Hf of the precursor. Protonation @as, and especially
desorption of ligands, frees up Hf for bonding to surface oxygereséteffects are termed
'densification’, as they bring HfO packing closer to the bulk scenario. Densification is asso-
ciated with substantial release of energy. During the metal pulse, satuschtiom surface by

remaining fragments HfX causes adsorption of further metal precurstopo The presence
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of these fragments prevents further chemisorption of jiBince this requires the creation of
a strong dative bond between Hf and O. Next, during th® dulse, Hf exchanges its remain-
ing ligands with OH groups. The exchange occurs due to the decompoditoisarbed HO
molecules in clusters of HfX. Decomposition of,& when adsorbed onto a (Hf(NMkg,
(x>2) cluster (e.g. dimers) also increases the coordination of Hf and O. Sirealialy, low-
coordinated oxygen atoms appear at the surface, which are redtgisdas the next metal
pulse. With saturation of the surface by OH groupsOHnolecules begin to appear. This
detailed description of ALD chemistry allows us to make qualitative predictioostdimw the
process depends on temperature. The data can also be inputted into kinetatiens for a

quantitative view of the complex film growth process.

Introduction

Hafnium oxide (HfGQ) shows a band gap of approximately 6 eV and a high dielecbmst@nt in
thin film form of 25 which makes it an important highmaterial. In the ongoing miniaturization
of electronic devices, nanometre-thin films of hafnium @dle replacing silicon oxide as the gate
insulator in field effect transistorsThe hafnium oxide thin films are fabricated using atomic taye
deposition (ALD)? This study unveils the atomic scale reactions of ALD for hafmoxide thin
films.

In ALD, gaseous precursors are allowed individually inte tkactor chamber in alternating
pulses. The precursors are highly reactive to each othersarbetween each pulse inert gas
is admitted to prevent gas phase reactions. Each precumssrchemisorbs onto the substrate,
rather than reacting in the gas-phase. In the ideal ALD s@nasubstrate-precursor reactions
are self-controlled. This means that, when the substrateviered with fragments of precursor at
the end of each pulse, other precursors in the gas phasetaablado react with the surface any
more. Growth is therefore stopped until the other precussadmitted in the next pulse and reacts
with the remaining fragments. The sequences of pulses amgpis followed until the desired

thickness of thin film is obtained.



In ALD of hafnium oxide, HfC}, and water are the most frequently used precursor combina-
tion.2 However, a major difficulty with the HfGlprecursor is chlorine contamination in the thin
films. The contamination decreases with increasing suksteanperature. However higher tem-
perature means a drop in coverage of reactive OH fragmehtg@slissociates and consequently a
drop in growth rate per cycle. Therefore an alternative ymsar chemistry is required that exhibits
suitable thermal stability, conformal ALD growth and lowéds of impurities at low tempera-
ture. Hafnium alkylamide precursors, like Hf(NEtMeHf(NEt,), and Hf(NMs,), (Et = C,H;,
Me = CH,), are interesting alternatives together with water legdinsmooth and conformal thin
films.# These precursors operate at relatively low temperaturdQ0°C). While there is discus-
sion about the stability of alkylamide precursors as a fioncof temperature, this is out of the
scope of this paper, where we consider only "ideal" ALD readi For such ideal reactions, we
expect that the three commonly-used amides listed abovéehlve similarly, and so carry out
calculations on just one of them, Hf(NM)g.

The growth of hafnium oxide from HfGland water on different substrates was studied theoret-
ically before® The effect of under-coordinated surface oxygen and hydgroups (as the active
sites) on the hafnium of adsorbing precursor was inspectddtavas shown that the dissociation
of HCl is facilitated via increasing the c.n of hafnium durithg water puls€.The ALD reactions
for elimination of HCI from HfC}, are computed to be endothermicwhich is in sharp contrast
to the success of this precursor in ALD experiments. In tlistekr model the neglect of under-
coordinated atonfsmight cause this discrepancy, while in the slab model théeoegp change
in entropy’ might be the cause. Therefore, in the current study of mékglaanide precursors,
we consider both the change in entropy and the influence oférurmbrdinated atoms and find
exothermic reactions, which resolves the discrepancy dxtvexperiment and theory. Here we
should emphasize that some aspect of the reaction pathwagsnides are different from those
of halides. The amide is more bulky and more reactive towahgichoxylated surface than the
chloride. The amide ligands are more Brgnsted basic thamiddlbgands. The films deposited

by metal alkylamide precursors show a high degree of cordbityrand low level of impuritiesh8



The focus of this article is on explaining how the metal adkglde precursors are effective in ALD
at low temperature.

Calculations using a periodic slab are carried out on aHf@face subjected to Hf(NMg,
and H,0 pulses. In this model, the Lewis acid-base reactions afysser adsorption and by-
product elimination are described. The effect of bridgind@re O and OH as adsorption sites are
considered. Under-coordinated oxygen are expected todraveportant role during densification
of precursor fragments. Densification is defined as the as&én density due to improved HO
packing, associated with an increase in coordination nusntieHf and O from their molecular
values (4 and 2 respectively) towards bulk solid values (@ 4)y® Moreover, H-transfer from
sites adjacent to the adsorbed precursor is consideredtssas how those transfers change the
reaction path in ALD.

Itis clear that OH groups play an important role in growthctezns in oxide ALD, whether the
co-reagent is KO or O; (protons are produced during oxidation of organic fragmémthe latter
caséY). Different types of proton diffusion are inspected, todstigate whether multiple proton
diffusion can facilitate dissociation of the fragment. Véaifid that the way protons are diffusing
between the surface and the adsorbed complex, as well ais with complex, reveals why low
temperature ALD works in this case.

The intention of our work is to elucidate the mechanism ohhah oxide ALD, by obtaining
guantitative information on the energetss, AG andE, of reactions between adsorbate structures
during both the Hf(NMs), pulse and the water pulse. We use density functional théff) to
compute the reaction energetics of Hf(NWgadsorption, amide group dissociation and proton
diffusion on a fully hydroxylated hafnium oxide surface. \Also compute the reactions during
the H,0O pulse, such as the interaction of® with fragments of Hf(NMs), precursor, explaining
how the water molecule obtains higher coordination and iesodensified at the surface. The
model thus describes chemical reactions throughout the pdddess, from the early stage of the
Hf(NMe,), precursor with the substrate to obtaining bulk-like hafmioxide at the end of the

water pulse.



Computational details

To model the growth reactions of Hf®rom HfX, (X = N(CH,),) and H,0, self consistent DFT
was employed! The reaction energies, activation energies and ab initlecatar dynamics (MD)

of the system were calculated in a 3D periodic model utiAASP 12 In these calculations, the
electronic energies were approximated using the projemtigthented wave (PAWS description

of atomic cores and the functional of Perdew, Burke and EnuféPBE) 14 The plane wave cutoff
energy was 400 eV For Hf atoms 5d6 s%, N atoms 2 $2 p3, O atoms 282 p?, and C atoms

2 5?2 p? electrons were included as valence electrons. All calariatwere closed shell since no
unpaired electrons are expected in these calculationssdlieonsistent steps were converged to
an energy difference of 16 eV.

Geometries were optimized using the conjugate-gradidwrae'® with no symmetry restraints
and no fixed atoms to a convergence of gradients to less thareMJA. To compute ab initio ther-
modynamics, the translational entro®) 6f gas-phase molecules only were calculafadhder the
assumption that rotational, vibrational and surface coutions toS are approximately constant.
TS at T = 500 K were calculated to be 1.50, 1.21, and 0.49 eV for jifdX, and H,0
respectively. This allows Gibbs free energlés of the reactions to be reported step by step.

Hafnium oxide has a different crystal structure at différesmperatures® The monoclinic
phase is the most stable phase at low temperature, and cutatedn showed that the (111) sur-
face plane has the lowest energy. Therefore this directaenbleen regarded as a stable substrate
for studying reactions during HfOgrowth on HfG,. The surface structure during actual ALD re-
actions is not known, but is certainly more complex. ALD proes amorphous or polycrystalline
films of HfO,, depending on precursor chemistry and growth temperatubeyt the limitations
of our periodic model do not permit us to simulate this. Cogedrvalues of surface energies of
the (111) surfaces showed that four layers of Hi®enough to be considered as the si8fo
avoid slab-slab interaction in the periodic model, 10 A wegarded as the vacuum distance. The
k-point sampling in reciprocal space was generated by thelkkorst-Pack methodt 4x4x4 and

4x4x1 grid sizes were utilized for bulk and slab optimizationpestively. For the hydroxylated
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surface, we used a four-layeree 2 supercell and so k-point sampling was reducedx@21.

Ab initio MD calculations were carried out within the micamonical ensemblé The Verlet
algorithm was used to integrate Newton'’s classical eqnata motion for the ions. A time step
of 1 femtosecond was found to be adequate for all frequerndiescillation in the system. The
calculations were done for 400 ionic steps. The initial teragure for assigning random velocities
was varied from 300 to 600 K, in line with ALD experiments.

In our modeling, we are confronted with the obstacle of rarenes?3 For long periods of
time (relative to our MD simulation) the system is trappedire minimum and cannot escape
from that minimum. To observe the transition to a new minimwery long MD simulations
would be needed, which would be inaccessible with currentmdational power. We therefore
tried out other plausible configurations (candidate mimimuby hand and checked stability with
optimization or ab initio MD. Occasionally, chemical reaas occurred rapidly from the chosen
configurations and were observed during optimization or Mithose cases, we then looked for
pathways showing how the system reached those configusation

To calculate activation energies between two minima, wel tise nudged elastic band (NEB)
approaci*2°with climbing option. The conjugate gradient algorithm vi@snd to be much faster
than quasi-Newton methods to minimise forces in the NEB opu#nd therefore conjugate gra-
dient was employed for calculations. To compute the aativagnergy of HX desorption from
surface-Hf with NEB, only the HEN bond length was stretched and all other degrees of freedom
were optimised. Up to ten images were considered in thostioegpaths. The maximum change
in ionic coordinates between images was 0.30 A. In protofusiiin, several reaction paths be-
tween each pair of minima were searched to find the minimurmggrath. In the case of proton
diffusion from oxygen to nitrogen, only the coordinateslo# proton were fixed as it moved from
one minimum to the other one. The maximum change in coorelinagtween images was 0.10 A.
For HX rotation, all atoms in the HX group were rotated arotmelHf—N bond typically by 20
in every image.

Generally in ALD, we are looking for low reaction barrierscassible at process temperatures



of around 500 K. In many cases, the barriers obtained wegerdhan 1 eV, and those are not
reported here. For instance, for ligand rotation, the bats sensitive to whether the precursor
is attached to O or OH. If attached to O, the precursor canmaenup from the surface and a
higher barrier is obtained (1.78 eV) , which is too high to &evant for ALD. Furthermore, if the

rotational barrier in one direction is larger than in theesttiirection then we quote the lower value

of E,.

Results

End of H,O pulse

Bare HfO, has many Lewis acid (Hf) and base (O) sites at the surfacessecd under-coordination.
By contrast, at the end of the,® pulse in ALD, the surface is saturated with OH groups. In our
model, we therefore added extrg® molecules to the bare (111) surface until we had obtained
a hydroxylated surface. Those,® molecules are added to both top and bottom of the slab to
minimise the slab dipole. The & molecules initially are dissociated to'tand OH". Under-
coordinated surface oxygen splits a proton from the watdeomte and surface hafnium also gets
a higher coordination number (c.n) due to bonding to the Qddigr The bond length between the
Hf (c.n = 7) and the terminal OH group at the surface (c.n = 2)@ A which is lower than bond
length between the Hf (c.n = 7) and O (c.n = 3), 2.17 A. When hiafiriind oxygen atoms achieve

a sufficiently high c.n, they do not dissociate water moles\dt the surface any more. In other
words, when the surface is saturated by hydroxyl groupsetaee no Lewis acid and base sites
to dissociate water molecules. At this stage, water moéscohn persist at the surface. The bond
length between Hf of the surface and an adsorbg@ kholecule is 2.42 A. Those molecules are
not tightly bonded to the surface and during ab initio MD diation at 500 K they were seen to
separate from surface. The NEB calculation shows 0.46 ekigodor dissociation of HO from

the 7 coordinated hafnium at the surface. The resulting hafdée surface had a coverage of 5

OH/nn? and 2 H,O/nn?.
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Figure 1: Optimized geometry for adsorption of Hffolecule onto OH terminated HfO Ter-
minal hydroxyl group (a), terminal oxygen (b) and bridginggen (c) are highlighted. The Hf{X
is anchored to a terminal oxygen. (Red = O, Blue = N, White = H,dajey = Hf, small grey =
Q).



Adsorption during Hf pulse

Although unreactive towards 4@, the OH-terminated surface has Lewis basic oxygen sies, i
those that can make a chemical bond by electron donatioretenital of the precursor. Those
active sites can be sorted into terminal hydroxyl groupsniteal oxygen, and bridging oxygen
(Figure 1). Terminal hydroxyl groups and terminal oxygea ane coordinated and bridging oxy-
gen is two coordinated (excluding H). Our calculations skwat the HfX, precursor cannot anchor
to the bridging oxygen. Likewise, other oxygen atoms witaretiigher c.n are therefore inacces-
sible to the metal of the precursor. We find that the termingen and hydroxyl oxygen are able
to make a dative chemical bond with Hf of the precursor.

AE were calculated for the mentioned sites (Table 1, reactBy®). If the change in en-
tropy in the adsorption reaction is considered, which isesslly from translational entropy,
then the chemisorption is energetically unfavorables are respectively 1.37, 1.49, and 1.65
eV for reaction 3 to 5 (Table 1). The NEB calculation showedl tthe desorption barrier for
(HfX 4(s) — HfX 4(g)) is 1.00 eV and during ab initio MD also no evidence of dpdon was
observed. Therefore the hafnium precursor is anchorecktsutface in a metastable state at either

site for periods of time that are long enough for further tieas to take place.

Proton diffusion (during either precursor pulse)

On the growing surface during ALD, protons may be bound to @ &t (of the ligand) and hence
there are many proton diffusion paths, which can be sortatiffassion from oxygen to oxygen,
oxygen to nitrogen, and nitrogen to nitrogen. All protonfusfon types are shown in Table 1.
In the calculations of proton diffusion, changes in entrapy small and can be ignored, so only
changes in energy are reported. Different diffusion pagtsteave different activation energies.
We consider first proton diffusion from oxygen to oxygen iffetient situations (Table 1, re-
actions 1 and 2). Generally, we find that protons stay on uoderdinated oxygen. If we remove
a proton from one-coordinated hydroxyl, the oxygen spagnasly dissociates a proton from a

nearby HO molecule or from another hydroxyl with higher c.n (reactly. These proton trans-
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Table 1: Diffusion barriers for protons in ALD and HfXadsorption energiesk, is activation
energy and X = N(CH),. The 'dn’ and 'up’ indicate the position of proton on the ogen. surf-*

means Hf precursor is anchored to * on the surface.

label reaction Ea (eV) AE (eV) explanation

1 O, 1=1(8)+ OH, 51(S) == OH, ,.=1(S)+ O n>1(S) 0.00 0.00 —

2 Oc.n=m(S)+ OH; n=r(S) = OH; 1=r(S)+ Oc n=rr(S) 0.75 0.00 m=1,2
3 HEX 4(9) == HfX 4(s) 1.00 -0.13  sudO
4 HX4(9) == HfX,(s) 1.00 -0.01  sufOH
5 HEX ,(g) == HfX 4(s) 1.00 0.5 surH,0
6 HEX ,(S)+ OH(s) == Hf(H4,X)X 5(S)+ O(s) 0.05 -0.57 surOH
7 Hf(H X)X 5(S)+ OH(s) == Hf(H 4, X)(H4, X)X, 0.20 -0.19 surtOH
8  Hf(HyX)(Hg X)X 5(S)+ OH(s)== Hf(H 4 X)(H4X)(H4X)X(s) +O(s) 0.30  -0.08  surfOH
9 Hf(H g, X)(H g X)(H g X)X(8) == HF(H ,xnX)(H g, X) (H g X)X(S) 0.51 -0.13  surfOH
10 HF(HupX) (X)X 5(S) = HIX(H ,,X") X 5(S)? 059  -0.47 surfOH
11 HF(H,X) (H g X)X 5(8) == Hf(H ,,X)(H;pX)X 5(5) 049 -0.32 sufOH
12 Hf(H,pX) (H ypX) (H gnX)X(S) == Hf(H ,,X)(H o X)(H X)X (s)° 042 -2.30 sufOH
13 Hf(HgnX)(H gn X)X (s) == Hf(H ;xX)(H 4, X)X(s) 0.38 0.00  surfOH
14 HfX5(S)+ OH(s) == Hf(H ,X)X(s) + O(s) 091 -0.34 —
15 Hf(H X)X(s) + OH(s) == Hf(H ,X)(H xX)(s)+ O(s) 0.88 -0.27 —

a X’ shows the topmost nitrogen.

b densified precursor, this precursor is not stable at theserf
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fers are barrierless and take place during optimizationv&conclude that protons move quickly
to the oxygen with lowest c.n. However, there is a 0.75 eVibafor proton diffusion from one or
two coordinated oxygen to a similar oxygen with the samemadtion 2).

We investigated whether protons diffuse from the surfasatesurface layers. A proton could
not be optimized on the four coordinated oxygen of the sufasa and it transferred spontaneously
to the three coordinated oxygen. In another case, the existef a proton on a four coordinated
oxygen caused the bond between hafnium and that oxygend&,wéh an overall cost for proton
transfer ofAE = +1.03 eV. Therefore during the processes of ALD, protoag sh top of the HfQ
surface and do not diffuse into sub-surface layers of higblyrdinated O.

Another type of proton diffusion is from oxygen to the ligartebr a bulky ligand like amide,
there are various geometries for the protonated ligand HXe NEB calculations showed that
the rate of proton diffusion strongly depends on the distahat proton hops from O to N. For
example, we obtained a 1.35 eV barrier for diffusion of thetpm across the distance 2.43 A,
while we obtained various values from 0.05 to 0.39 eV for theeimshorter diffusion distance
0.7+£0.05 A (Table 1, reactions 6, 7, and 8) (The correspondirgNQ@listances are similar, i.e.
2.8-3.0 A). During ab initio MD or NEB calculations, thesefns move up or down between the
surface and the ligand. The bond length between Hf of theupsec and surface OH (c.n = 3) is
changed from 2.26 to 2.18 and 2.07 A due to the first and seamtdrpdiffusion from the surface

diffusion to the nitrogen (Table 1, reaction 6, 7).

saddle point C
o pPp

Figure 2: Rotation of protonated ligand from  H{{EK)(H  X)(Hy X)X to
Hf(H g, X)(H g X)(HypX)X, X = N(CHj3), where the 'dn’(a) and 'up’(c) show the orientation
of the proton on nitrogen relative to the surface. The sagdiet is indicated in (b).
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Protons can also diffuse through the adsorbate via rotafidine protonated ligand HX (Fig-
ure 2). The proton on nitrogen can be oriented down towaresstinface or up away from the
surface. Those locations are indicated by 'dn’ and 'up’ eesipely in Figure 2. Several reaction
paths were regarded to find how the proton moves. The ligaadsgpace to rotate and this is
facilitated by lengthening of the Hf - O bond between the entire precursor and the surface. Such
lengthening apparently costs more energy fors@+Hf (E; ~ 1.78 eV for rotation of HX) than
for suri—=OH—Hf (E; ~ 0.51 eV) (Figure 2 and Table 1, reaction 9). In other wordsigadr
barrier exists towards amide rotation when the precursattéshed to terminal oxygen, and this is
probably because terminal oxygen does not allow the prectwsmove away from the surface as
easily as OH does. The adsorption mode thus affects thefrpteton diffusion and hence of lig-
and elimination and ALD growth. The bond length between theftthe precursor and the surface
OH (c.n = 3) is slightly decreased from 2.18 to 2.15 A becadgberotation of the protonated
ligand in Hf(Hy X)X 3 == Hf(H ;X)X 5.

Figure 3: The highlighted proton diffuses from nitrogenhe topmost nitrogen. The saddle point
is indicated in the middle snapshot (b).

Proton diffusion from nitrogen to nitrogen within the adsate after proton rotation is the other
diffusion type (Figure 3)E; = 0.59 eV was calculated by NEB for this diffusion (Table Jaaton
10).
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Table 2: Activation energy for HX desorption from protorchtdfX, and HfX; configurations i.e.
probably Hf pulse AG is free energy al = 500 K andE; is activation energy. X = N(Ck), and
the 'dn’ and 'up’ show the position of proton on the nitrogen.

label reaction Ea (eV) AE (eV) AG X (eV)
1 Hf(Hy X)X 5(S) — HFX 5(s)+ HX(q) 0.89 -0.35 156
2 HI(HupX)(HagnX)(HgnX)X(S) = Hf(Hg X)(HgX)X(S) + HX(g) 0.89  -0.94 -2.15
3 Hi(HX)H X (HgnX)X(S) == Hi(HpX)(HgX)X(5) + HX(g) 0.39  -0.44 -1.65
4 HHX)HEpX)(HEpXX(S) = Hi(H,X)X(S) +2HX(g) ~ 0.00  -1.91 -4.33
5 Hf(H g, X)X 5(S) == HfX5(s)+ HX(g) 1.69 -1.18 -2.39
6 Hi(HypX)(HupX)(HagnX)(S) = Hi(H X)(HgX)(S)+ HypX(g)  1.09  -2.92 -4.13
7 H(HOHupXOHgnX)(8) == HI(H X)(HgX)(8) + HypX(@) 107 -2.92 -4.13
8 Hi(HpX)(HypX)(HgnX)(S) == Hi(H o X)(HpX)(S) + HyoX(g) 173 -2.92 -4.13

Elimination of ligands and densification

The common assumption about the ALD mechanism is that ptodasfer to a ligand, X(s}— HX(s),
is followed rapidly by desorption of the protonated ligakiK(s) — HX(g), before the next pro-
ton transfer step to the remaining precursor fragmémiccordingly, the activation energy for
desorption of the first HX from Hf(| X)X 3 was calculated by NEB to &, = 0.89 eV (Table 2,
reaction 1).

Here, we test the alternative mechanism, where multipl®privansfer gives Hf(HX)(HX)X(s)
or Hf(HX)(HX)(HX)X(s) etc., followed later by desorptionf#1X(g) (Table 1, reactions 11, 12,
and 13). As shown in Figure 4, the HN distance increases from 2.2 to 2.6 A as a result
of protonation of the amide, showing that there is still $ab8al bonding between the neutral
protonated amine (dn) and the Hf centre. Reaction 2 in Tabke dsisociation of I,X from
Hf(H ,,X)(H g X)(Hg,X)X. The activation energs, = 0.89 eV for this reaction is the same as that
computed for reaction 1 in Table 2. To achieve this, a probdtnally diffuses from the surface
to nitrogen, then rotates to the 'up’ position, and diffuseshe highest nitrogen, before finally
desorbing as HX. Those diffusion steps are explained above.

These data show that rotation of the protonated ligand éTabteactions 9, 11, and 12) has a
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Figure 4: The Hf(H,X)(H 4, X)(Hy4,X)(Hy4,X) precursor at the surface. Because of multiple proton
diffusion, the topmost bond between-HN is stretched. Red circles show the diffused protons
from the surface to the nitrogen.

much higher rate than dissociation of pX from the precursor (Table 2, reactions 1 and 2). For
instance, using the computé&g in the Arrhenius equation for 500 K shows that the rate of &4bl
reaction 9 is 4 orders of magnitude higher than Table 2 rea&i

In terms of activation energy the most likely desorptioreiaation 3 in Table 2, in which three
protons have diffused to the precursor and two amides hdaéetbupwards. These protons are
highlighted in Figure 5. The activation energy was cal@daby NEB to be 0.39 eV. The rate
of this reaction is therefore 6 orders of magnitude highesQft K than dissociation of fiX in
Table 2 reaction 1 and 2. In other words, when the precursetieHf(H,,X)(H 4, X)(H 4, X)X
configuration, the next proton rotation e~ up makes the desorption of pX easier. We have
observed that HX dissociates from H{{EX)(H,X)(Hg4,X)X during ab initio MD (Figure 5) at
T =500 K for 0.4 ps. Therefore {{X is not tightly bonded to the metal when anothey,M is
present. The bond length between Hf of the precursor anduttiace O (c.n = 2) changes from
1.80 A in Hf(Hy,X)(H 4, X) (Hg X)X to 1.82 A in H(Hy,X)(H o X)(H g, X)X.

When the precursor chemisorbs to the surface, hafnium makema with oxygen at the

14



'__~__\., K

478187

Figure 5: The Hf(K,X)(H pX)(Hy,X)X precursor at hafnium oxide surface. The topmost HX is
dissociating from hafnium during ab initio MD calculatioRed circles show the diffused protons
from surface to the ligands.
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Figure 6: Snapshots from optimization of H{(£K)(H ,,X)(Hy,X)(H,pX) configuration. Hf moves
down into the surface and becomes strongly attached to leofofiaur O atoms in the surface as
2HX desorb.
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surface and hafnium becomes 5 coordinated. The bonds hetwaed Hf may have some covalent
character. After the first elimination, the hafnium is 4 atinated. With further elimination of
HX, hafnium bonds with more oxygen at the surface, becomae mighly coordinated and thus
densifies towards the bulk c.n.

Rotation of the third proton from Hf(fhX)(H X)) (H 4, X) X to Hf(H ;X)) (H yoX) (HypX)X (Ta-
ble 1, reaction 12) causes spontaneous desorption of twa X aame time (Table 2, reaction 4).
In a similar way, as shown in Figure 6, Hf moves spontaneadmiynwards into the surface during
optimization of Hf(H,,X)(H ,,X)(HxX)(HpX) and the Hf(H,,X)(H,X) fragment densifies to the
surface (i.e. c.n. of Hf increases from 4 to 6). The HX desorpstep is barrierless in these cases.

As indicated in Table 2, multiple proton diffusion to N andaton to H,,X reduces the activa-
tion energy for HX desorption. Upwardly-oriented HX distdes readily from Hf(K,X)(H ,,X)(H 4, X)
during ab initio MD. Therefore as already observed aboveHfit,, configurations, the diffusion
of multiple protons to the adsorbate increases the HX dig8on rate, in the case of ligands like
X = amide. The bond length between the Hf of the precursor badutrface O (c.n = 2) changes
from 1.91 A for HfX; to 1.87 and 1.81 A in Hf(4,X)X , and Hf(H,,X)(H4,X)X respectively. This
bond length is not changed in Hf(EX)(H ,,X)(H g,X).

A substantial energy differenge=-4.1 eV afT =500 K is seen for dissociation of the second
HX (Table 2 reactions 6). This energy difference is highemthhe first dissociation and this
probably comes from densification, as shown in serial sr@psh Figure 7. Loss of the second
HX allows hafnium to move down into the surface and bond witder-coordinated oxygen. As
the remaining amide groups are bulky in Hfonfigurations, we found a small barrier towards this
densification step, which is overcome during ab initio MDtekfdensification, the amide groups
in HfX, are bent up (Figure 7d) and so the next proton can be expextealel a larger distance
than in HfX; to bind to N and detach HX from hafnium. Indeed, calculatisinsw a larger barrier
than before for proton diffusion from oxygen to nitrogenlfleal, reaction 14, 15).

When the precursor is densified to the surface, the Hf c.nase®from 3 to 5. This changes

the rate of subsequent dissociation of HX because we findbagttependence of activation en-
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the c.n of Hf in the precursor is@ased as HfXbecomes strongly

Figure 7: By densification,

500 K for 0.4

attached to 3 oxygen atoms at the surface. Snapshots arabramtio MD atT =

ps.
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ergies on c.n of Hf for the crucial reaction steps of HX ratatand desorption. The activation
energyE, = 1.13 eV was calculated for HX dissociation from Hf(fX)X (Table 3, reaction 1).
After densification, hafnium has a higher c.n, which may aipivhy this dissociation has a lower
barrier than Hf(H X)X, (Table 2, reaction 5). In the case of H{{fX)X, Ea = 0.89 eV is calcu-
lated for HX desorption (Table 3, reaction 2). Multiple dgfon increases the dissociation rate in
these configurations also (Figure 8): Hf(PX)(H,X), has a lower barrieE, = 0.30 eV, (Table 3,
reaction 3) than Hf(k{,X)X.

Figure 8: Optimized Hf(H4,X)(H,,X) attached to 3 oxygen atoms at the surface where the "dn’
and 'up’ show the orientation of the proton on nitrogen lie&ato the surface.

As indicated in Table 3 reaction 3, exothermdG = -0.40 eV was obtained for HX desorption
from HfX,. However, for dissociation of the last HX, the reaction isl@thermic, AG = 0.53 eV,
with a substantial activation barrieg=1.64 eV (Table 3, reaction 8). Hence the energetics favour
Hf(HX) as the most likely fragment at the end of the Hffulse, if there are sufficient surface

protons.
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Figure 9: The amide group of the densified HfXas transferred to under-coordinated hafnium at

the surface; snapshots are from ab initio MD calculaticartisty atT

ps.

500 K and running for 0.4
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Table 3: Reaction routes for HX dissociation after densificatand ligand exchange with oxygen,
AG s free energy at = 500 K andE; is activation energy.

label reaction Ea (eV) AE (eV) AGX (eV)
1 Hf(Hq, X)X(s) == HX(s) + HX(Q) 1.13  1.36 +0.15
2 HF(H pX)X(s) = HIX(s) + HX(0) 0.89  1.03 -0.17
3 HF(HgyX)(HypX)(8) == Hf(H ,X)(s) + HX(g) 0.30  0.80 -0.40
4 4 HIX(s)+ H,0(g) == 3 HX(HfH ,,X)(s)? + OH(s) 000 -2.24 -1.75
5 3 HIX(HfH ,xX)(s) + H,0(9) + O(s) == 3 HfX(HfH ;,X)(s) + OH(s)+ OH(s) — -1.56 -1.07
6 3 HIX(HfH ,,X)(s) + H,0(g) = 2 HEX(HfH ,,X)(HfH ,,X)(s) + OH(s) —  -1.19 -0.70
7 2HEX(HH ,X)(HfH ,pX)(8) + H,0(g) == HFX(HfH [, X)(HfH , X)(HfH ,pX)(s) + OH(s)  — -1.25 -0.76
8 Hf(HX)(s)(c-n=5) == Hf(s)(c-n=4) +HX(g) 1.64 1.74 +0.53
9 Hf(HX)(s)(c-n=6) == Hf(s)(c-n=5) + HX(g) 0.83 0.80 -0.40
10 Hf(HX)(s)(c-n=7) = Hf(s)(c-n=6) + HX(qg) 056 -0.14 -1.35

&in the case of HfX there is no difference between 'dn’ and pwton

Another interesting reaction is transferring X from the atied fragment HfX to another
under-coordinated Hf at the surface. As shown in Figure X Heleases a ligand, which is
transferred to the neighbouring hafnium and changes it frans 4 to c.n = 5. This mechanism is

observed during ab initio MD, indicating a small barrier.

Start of H,O pulse

As was mentioned above, the most probable configuratiorhntetal precursor is predicted to
be HfX or Hf(HX) at the end of the metal pulse. Therefore, dgrthe subsequent water pulse,
adsorbing HO interacts mostly with HfX (c.n = 4 or 5 for Hf). In our modelge attached
H,O to HfX via O- - - Hf bonding (Figure 10a), but when we have low population qfaesed Hf
at the surface, the attached® is not dissociated and desorbs spontaneously from thersyst
(Figure 10b). It seems that there are not enough active @itéise surface to dissociate,@ into

OH™ and H'. In the case of HfX, the problem is worse because of steric hindrance by X with
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H,O. Moreover, other Hf in the sub-surface layers are 6 or 7 dinated and so cannot effect

dissociation of OH from KO.

Figure 10: The HO molecule is not dissociated when there are not enough Lasidsand base
sites in terms of number; snapshots are from optimization.

However, a cluster of HfX leads to dissociation of adsorbg@® Hnolecules. For instance,
four HfX is considered as such a cluster. In Figure 11a, foixt &e optimized on adjacent sites
(Hf- - -Hf = 3.3-5.2 A). We proceeded by adding,® molecules one by one to Hf atoms within
the 4 HfX cluster at the surface (Figure 11b). As indicatedable 3, reaction 4, the first J®
molecule is spontaneously dissociated toathd OH™ during optimization. The proton is bound
to N (Lewis base) as HX and the hydroxyl group is attached t@Udfvis acid). For the second
H,O, dissociation of the 5D molecule does not take place instantly. So th@©Hnolecule was
taken apart to OH and H" by hand, and the new geometry was optimized (Table 3 reaBbion
This time the proton forms a bond to under-coordinated Oeasthiface. Indeed, occasionally both
protons of the HO molecule were transferred to surface O and left two coatdinxygen bridging
between under-coordinated hafnium. For the next two adspH,O molecules (Table 3 reactions
6 and 7), the proton was optimized on nitrogen and the remgihydroxyl group was bridging
between under-coordinated hafnium. As there are manyeasities (basic and acidic sites) in this
surface model, calculation of activation energies for éseps was difficult to manage.

As tabulated in Table 3 from reactions 4 toAE andAG are both negative for the dissociative

chemisorption of HO. From reactions 4 to 6, whenever we add mogOHnolecules to the
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surface AG andAE become less negative. This reduction seems to accompartgsthef Lewis

acid and base sites through increased coordination,@ H

Figure 11: (a) The cluster of four HfX (b) The upper-most oaggriginally adsorbed as @
where red circles show typical OH and H from®l dissociation (c) Dissociation of HX from six
coordinated Hf during the water pulse.

For HX loss, the opposite effect is seen in reactions 8 to 401€3) wheré\G becomes more
negative as Hf c.n increases. In other words, repeated @ésoof H,O molecules increases the
c.n of Hf and is accompanied by the simultaneous dissociaifanore and more HX from the
surface. The activation energy is reduced from 1.64 eV t6 @¥5 for the last HX dissociation
from Hf(HX) (Table 3 reactions 8 and 10). In the case of Figlitd, 3HO were added and
optimized. TheE, for loss of HX is 0.83 eV when Hf is six coordinated. Anothey®imolecule
was added to the c.n = 6 hafnium that is shown in Figure 11bywmiod Hf with c.n = 7 with
oxygen (Figure 12a)E; = 0.56 eV is the activation energy for the last HX dissociafidable 3,

reaction 10).

Discussion

Ab initio calculations show that the Hf of the precursor atisdoy making a dative bond with the
Lewis acid sites at the surface. Formation ofdf bonds is energetically favorable. The existence

of low coordinated O or OH is necessary for the dative bonektsipt. The dative bond between the
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Figure 12: Dissociation of HX from seven coordinated haimiduring water pulse. Four oxy-
gen (originally adsorbed as,B) are coordinated to the cluster and dissociation of HX fthm
resulting 7-coordinate Hf is more favourable than the situnain Figure 11.

Hf of the precursor and high coordinated O (c.n = 2) is notrgjrenough to preserve it for further
reactions. The low and high coordinated O sites are createktomposition of HO molecules
during the HO pulse. Their equilibrium population essentially depeodsthe temperature of
the substrate, which rules the rate of adsorption and fitlaéyrate of growth in ALD. We could
not find any reaction path for other adsorption modes of HéXfor direct reactions between X
of gas-phase HfXand surface protons. The existence of the-Bfdative bond is the necessary
prerequisite for HX eliminatiorf®

As the existence and mobility of Brgnsted acidic protons i@l in the ALD of oxides,
various proton diffusion pathways are inspected (Tabl®i9ton diffusion from oxygen to oxygen
has various barriers, which change according to the c.n y§erx. Generally protons remain on
low coordinated oxygen, and therefore remain primarihhatsurface rather than in the bulk. The
existence of protons at the surface makes them available-asagents for the dissociation of
ligand fragments.

The proton diffusion from oxygen to ligand nitrogen is theettype of proton diffusion. In
our simulations, this proton hops frequently between oryged nitrogen and may be thought of
as a shared proton between the oxygen and nitrogen. Theptiesdrarriers of the fragment JHX

are relatively large, but are lowered by a factor of 2-3 bytion of the protonated ligand to X
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(Table 1, reactions 9, 11, and 12 respectively), henceititaig the desorption of the fragment
H,pX. For all proton diffusion pathways, which are tabulateshirreaction 6 to 13 in Table 1, the
barriers are lower than the desorption barrier fopXi(Table 2 reaction 1 and 2), which makes
proton diffusion more probable than desorption gf Kat the initial stage of precursor adsorption.
In other words, multiple ligands become protonated befesodotion commences.

Proton diffusion from the O of surface to the N of Hf>§hows relatively low barriers and
exothermic reactions energies (Table 1, reactions 6, 7 8andHowever, these proton diffusion
barriers in HfX, are much higher than in Hf at least for smooth surfaces (Table 1, reactions 14
and 15), because the proton must then travel a larger destfame O to attach to the N. How-
ever, if HfX, is densified into the sub-surface layers, then Hf is surredrity more oxygen than
at the smooth surface. In this case, the proton may travebdeshdistance to attach to the ni-
trogen than on the smooth surface. The proton diffusionidratierefore is lower. An alterna-
tive route to protonated HfXis by repeated loss of HX from larger protonated fragmenth su
as Hf(H,pX)(HypX)(HypX)(HgnX). The resulting Hf(H,X)(Hy,X) species can densify directly,
without the need for proton diffusion.

However, if Hf of the precursor is not coordinated to enoughkgen from the surface, for
instance if it bonds to just two oxygen atoms, in spite of pidtdiffusion, the HfX, or Hf(HX),
configuration keeps both ligands. This illustrates the bekween ligand loss and coordination to
the surface, as already computed by Zydor and Elliott fon@cprsors?®

Diffusion of protons from the surface oxygen to the nitrogehgands weakens the bonds be-
tween hafnium and ligands. Then, as noted above, rotatipnodbnated ligand dr— up lowers
the activation energy for HX desorption significantly. Thereprotonated ligands that rotate, the
more rapidly the dissociation of HX proceeds. In the extrease, we observed that two ligands
spontaneously dissociated from H{(EX)(H,X)(H ;X)X and Hf simultaneously densified to the
surface. In other words, the system prefers to pass sewgrdldrriers instead of few high barriers
in ALD. When the temperature is increased, those pathwayshigh barriers become more active.

For instance, thermally-activated decomposition reastibat do not need co-reagents such as H
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(i.e. standard chemical vapour deposition) may becomeeaati higher temperatures. However,
we have not computed such reactions here.

Hf in HfX , is bound to a single O and so is 5 coordinated. By loss of a lig&te&comes 4
coordinated Hf). We find that dissociation of another HX from Hf)Configurations is harder
than from HfX, ones. (Table 2, reactions 1 and 5 ), showing that secondreltron is harder
in ALD. The other interesting point is the effect of ligandation on the desorption of HX from
Hf(H ,,X)(HpX)(Hg,X). As indicated in Table 2, reactions 6 and 7 have similaivation energy
for H X dissociation, while the activation energy fogtX dissociation in reaction 8 is too high
for this reaction to be active in ALD. Hence, the proton ratag in HfX; configurations also
change the dissociation rate.

The bonding between the Hf of the precursor and the low coatdd O changes in response
to proton diffusion from the surface to the ligands and rotabf protonated ligand. For instance,
multiple proton diffusion decreases the-HD bond length from 2.26 A in HfXto 1.82 Ain
Hf(H ,pX) (HypX)(H g X)X, which is lower than the normal distance between Hf ansh@e bulk
structure (2.17 A). This effect appears to be primarily duthe proton diffusion from the surface
to the complex, while the rotation of the protonated ligasmdnly slightly influential.

We observe that densification is the primary energetic migiforce at the surface. Substantial
energy gain can be seen to accompany the formation of newbDHjonds in reactions 4 to 8 in
Table 2. Densification is reported here for a smooth surfabere Hf of the precursor bonds to
3 or 4 oxygen atoms at the surface. Densification may alsodmppsub-surface layers during
ALD growth, where Hf and O rearrange so as to obtain more nhbirading partners, increasing
their coordination and density closer to bulk values. 113 tase, we expect that densification is
even more energetically favorable. This leads us to spetiiat there will also be a strong driving
force for Hf and O ions, once freed of ligands or protons, tgnatie from the surface to sub-surface
vacancies, thus densifying and completing those layeoshintk-like HfO,. This would explain
the excellent conformality that is achieved in ALD, desjite sub-monolayer rate of growth per

cycle. Each ALD cycle thus consists of two simultaneous rsaofedeposition: completion of
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high-density sub-surface layers and decoration of theasarivith a low-density film. Of course,
the situation may be different during the first few cyclesin€ubation’ on a substrate.

Based on the computed energetics, HfX is the most probabliggooation in the Hf pulse
and desorption of this final HX is an endothermic reactiorb(@a reaction 8). This seems to be
because HfX is relatively under-coordinated. One bond f¥¢m@nd 3 or 4 bonds from oxygen
(on a smooth surface) make Hf 4 or 5 coordinated. Desorptidheolast ligand only becomes
possible if Hf can coordinate to more oxygen, either durimg dxygen pulse or by densification
into a position with a higher number of surrounding oxygeab(€ 3, reactions 8, 9, and 10).
Because ideal ALD is symmetric with respect to pulses, thegeties also allow us to identify
the most probable surface species saturating the surfaite &nd of the HO pulse. This is
low-coordinated hydroxyl, with just one bond to the surfaadich resists any type of proton
transfer reaction (Table 1, reaction 1). Only during thetrmecursor pulse does adsorption of
HfX, allow the coordination number of such OH groups to increéeslitating proton transfer
and densification.

Our calculations show that the,® molecule in the oxygen pulse can only adsorb by attaching
to a pair or cluster of neighbouring HfX, which is followed dgcomposition of the 5O molecule
(Table 3 reaction 5). Adsorption of J@ to a single HfX is not energetically favoured (Figure 10),
indicating that the presence of X makes HfX a weak Lewis aéitko, no evidence of a direct
reaction between a proton of the gas phag® kholecule and surface ligands was observed, again
confirming that chemisorption is needed before HX elimmrati If such clusters of HfX do not
form in the Hf pulse, which may happen in low temperature odiierent interfaces, then 4O
cannot adsorb efficiently in the oxygen pulse. In generabwarnumber of Lewis acid and base
sites after the Hf pulse leads to a low rate giQHdeposition in the O pulse.

Repeated decomposition of,8 leads to an increase in c.n of Hf and O in the cluster. Simul-
taneously, the densification of Hf and O in the cluster caasesduction in the barriers to HX
desorption (Table 3), and the rate of desorption of HX iseased. For this reason, previously

inert Hf(HX) can be eliminated in the }JO pulse. Depletion of HX from the cluster in turn allows

27



further densification: Hf gains c.n up to 7 by densificatiothvdurrounding O while the oxygen
obtains wide range of c.n from 1 to 4.

At this stage, the possibility of association of # OH™ into H,O molecules is raised. Ac-
cording to our calculations, terminal -Qmvith the low coordination of oxygen are more likely to
desorb than bridging -O} especially as the temperature is raised. As noted prdyidesminal
O is the most reactive towards HfXadsorption in the next Hf precursor pulse and so the rate of
ALD growth per cycle would be lowered as a result of the reuman adsorption sites. In addition,
H,O desorption depletes the surface of reactive protons fdd.AL

In our slab model, under-coordinated surface atoms (oxygtre hafnium pulse and hafnium
in the oxygen pulse) change the activation energies ancfresgies for reactions in their vicinity,
reactions such as desorption of ligands and ligand excha&iteugh they appear to be spectators
in these reactions, in fact these under-coordinated atdtrosgdy affect the reaction pathways
and energetics, often changing them from endothermic tthexamic reactions. For instance, the
substantial gain in energy during the densification prosesem under-coordinated atoms. These

under-coordinated atoms are ignored in calculations usioige limited models:®

Conclusion

In this paper, we used DFT slab models to investigate the Atdixtions for growth of HfQ
from Hf(NMe,), and H,O. We include all steps, from the early stage of adsorptiogach ALD
precursor to the densification of multiple atoms into buke HfO, layers. The resulting reactions,
which explain the fundamental chemistry of ALD at low tengdares (below 500 K), are outlined
below.

Adsorption: Chemisorption of precursors is only possible at surfacs sifesufficient Lewis
activity, namely terminal O and OH for Hf(NMg, and (Hf(NMe,)) . (x>2) cluster (e.g. dimers)
for H,O. Saturated surfaces do not have these sites and so retist fadsorption. This explains

the self-limiting reactions that distinguish ALD from otitechniques.
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Multiple proton diffusion: We propose the diffusion of multiple protons to the amidarids
of the Hf precursor before desorption of protonated ligatadtes place. The activation energy
calculations show that repeated proton diffusion from tiiéage to the amide ligand and rotation
of the protonated amine is more energetically accessihle tine simple elimination of the amine
in the initial stage. Due to multiple proton diffusion to tlhagments, the dative bonds between Hf
and N are weakened. This reduction in bond strength fagitthe desorption of fragments from
the precursor. The resulting activation energies for pration and desorption of ligands are low
enough that these reactions can take place in low temperAtD. Multiple proton diffusion is
seen in all the stages of ligand elimination.

Densification: Loss of a proton from oxygen frees it up for bonding to Hf of grecursor.
Protonation of ligands, and especially desorption of ldgrfrees up Hf for bonding to surface
oxygen. Decomposition of 4O at the surface also increases the coordination of Hf andn@s&
effects are termed 'densification’, as they bring+4d¥ packing closer to the bulk scenario. Den-
sification is hence accompanied by substantial energy galrttas can be the driving force that
facilitates ligand eliminations at the surface and vacdiiayg in sub-surface layers. Densification
thus accounts for some of the important characteristicsLd Auch as conformal growth.

Saturated surfaces: During the early stage of the metal pulse, due to the saturati the
surface by remaining fragments HfX, adsorption of furthetahprecursor stops. The presence of
these fragments prevents further chemisorption of jibtce this requires the creation of a strong
dative bond between Hf and O. A separate effect is depleficn-veagent (protons) at the surface
as HX desorbs. Clearly, no further elimination of HX is po&siince protons are exhausted. If the
surface can store a higher population of co-reagent, théghehgrowth rate is expected.Next,
during the HO pulse, Hf exchanges its remaining ligands with OH grougse @xchange occurs
due to the decomposition of adsorbeg@imolecules in clusters of HfX. Simultaneously, low
coordinated oxygen atoms appear at the surface, which acéve sites for the next metal pulse.
With saturation of the surface by OH groups,imolecules begin to appear. These molecules

are loosely bonded to the surface and readily desorb, negidice growth rate, especially at high
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temperatures.

It can thus be seen that a wide variety of reactions can tae@e@imultaneously on the sur-
face during ALD. Competition between the elimination reaasi and proton diffusion reactions
at different ALD temperatures, and their influence on thef@onality of the film, are interesting
issues that we are currently investigating by incorpocgtirese DFT data into kinetic Monte-Carlo

modeling.
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