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ABSTRACT: The pairing of high-k dielectric materials with high electron mobility semiconductors for
transistors is facilitated when atomic layer deposition (ALD) is used to deposit the dielectric film. An
interfacial cleaning mechanism (‘clean-up’) that results in consumption of semiconductor native oxides
and in practically sharp dielectric/semiconductor interfaces has been observed during ALD of Al,Os,
HfO,, TiO, and Ta;Os with various degrees of success. We undertake a comprehensive study using
density functional theory (DFT) to explain differences in the performance of various classes of
precursor chemicals in removing native oxide from III-V substrates. The study covers the metals Ta(V),
Ti(IV), Zr(IV), Hf(IV), Al(III), Mg(I) combined with methyl, amide and chloride ligands. Of these, we
show that clean-up is most effective when depositing MgO. Clean-up with metal alkylamides has a
similar mechanism to clean-up with metal methyls insofar as oxygen is scavenged by the metal. The
difference in operation of alkylamide and methyl ligands lies in the affinity of the ligand to the
substrate. Alkylamide is shown to be prone to decomposition rather than the migration of the entire
ligand evinced by methyl. We investigate the multi-step chemical processes associated with
decomposition of alkylamide. These processes can also occur during later cycles of high-f ALD and
give a chemical vapor deposition (CVD) component to the ALD process. These transformations lead to
formation of clean-up products such as aziridine, ethene, N-methyl methyleneimine, hydrogen cyanide
and methane. Some — but not all — of the reactions lead to reduction of surface As,Os (i.e. clean-up).
These results explain the experimentally-observed accumulation of metallic arsenic and arsenic
suboxide at the interface. Such understanding can help achieve control of oxide-semiconductor

interfaces through the appropriate choice of chemical precursor.

KEYWORDS atomic layer deposition (ALD), high-k dielectrics, III-V substrate, reducible oxide, clean-

up effect, ALD precursor, metal alkylamide, ligand decomposition, density functional theory (DFT)
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1. Introduction

The extensive research on pairing of high-k dielectrics materials with high electron mobility
semiconductors has renewed interest in replacing SiO,/Si based transistors for future generations of
nanoelectronic devices. The key issue in combining high-k materials for the gate, such as Al,O3; and
HfO,, with GaAs or InGaAs III-V semiconductors for the channel is finding a stable passivation of the
interface with acceptably low density of interface states. Several reports suggest that this can be partially
achieved during deposition of the dielectric film using atomic layer deposition (ALD) '. The early stages
of ALD growth determine the interface properties and therefore careful optimization of deposition
conditions helps with improving device performance. An interfacial cleaning mechanism that results in
consumption of semiconductor native oxides and in practically sharp dielectric/semiconductor interfaces
has been observed during ALD of AL,O; 2, HfO, 3, TiO, * and Tay0s5 5 on GaAs and InGaAs. This has
been called ‘clean-up’ or ‘self-cleaning’. Although removing native oxides is not sufficient to solve the
Fermi-level pinning problem in devices 6 it is an important step in the preparation of abrupt interfaces.
The electrical characteristic of the device is improved though when appropriate and optimised

passivation and ALD processing is enabled as suggested in ’.

While the phenomenon of native oxide thinning during semiconductor exposure to ALD metal
precursors has been confirmed in several experiments, the chemistry of this process is not well
understood. First reports on the clean-up effect documented an effective passivation of GaAs-based
substrates with trimethylaluminium (TMA or AlMes;; where Me = CH3) when depositing Al,O; ¥ For
HfO, ALD, the clean-up effect was observed mainly when using hafnium alkylamides, with similar
behaviour shown by tetrakis(ethylmethylamido)hafnium (TEMAH or Hf(NEtMe),; where Et = C,Hs) or
tetrakis(dimethylamido)hafnium (TDMAH, Hf(NMe,),) ***?. A recent study shows that ALD processes
utilizing alkylamide precursors featuring Ti (tetrakis(dimethylamido)titanium, TDMAT, Ti(NMe;)4) or
Ta (pentakis(dimethylamido)tantalum, PDMAT, Ta(NMe,)s) also result in the same interfacial cleaning

effect while depositing TiO, or Ta,Os respectively .5 These observations indicate that the common
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requirement for self-cleaning is the use of organometallic or metalorganic precursors. However, the
examples of the purely inorganic HfCl4 and TiCl4y ALD processes contradict this assumption. ‘Clean-up’
is also observed with the use of these precursors by Delabie et al. *° and Granados-Alpizar and Muscat

* but was not reported by Frank et al. '°.

Common experimental observations are found for interfacial cleaning with TMA and alkylamide
precursors. Generally arsenic oxides are easier to remove than gallium oxides. Higher oxidation states of
both As (As’") and Ga (Ga’") are more sensitive to reduction. Accumulation of metallic arsenic —
arsenic suboxide at the interface has been observed for TMA based ALD ® and alkylamide based ALD
?_ It seems that elevating the temperature of the process significantly enhances the clean-up abilities of
alkylamides, and this differentiates these processes from TMA-based clean-up > 11 Granados-Alpizar
and Muscat show differences in surface reactions during GaAs exposure to TMA and TiCly pulses 4,
both precursors remove the native oxide layer, but the mechanisms underlying this process seem to be
fundamentally different. TMA deposits an Al,O3 layer and removes a portion of As from the surface,
whereas TiCly removes O and leaves the surface passivated with Cl atoms. The mechanism for
removing oxides with the use of HfCl, differs also from the one for TiCls. The growth of hafnium oxide
is enhanced ** and growth of titanium oxide is inhibited **. These extensive and sometimes conflicting
studies on interfacial self-cleaning show how little is understood about the chemistry occurring in the

initial cycles of deposition of dielectrics.

In this study with the use of DFT we try to provide improved understanding of the chemical principles
underlying ‘clean-up’ and thus rationalize experimental observations. There are not many studies
available on mechanisms during early stages of growth on III-V semiconductors. Typical mechanisms
occurring during ALD on other semiconductors (Si, Ge) are described in numerous publications, as

reviewed by Elliott '>. Previous atomic-scale simulations of clean-up mechanisms focused on the

1 1

interaction of TMA with GaAs "> and III-V native oxides *. TMA was shown to be able to reduce

arsenic oxides into gaseous Ass and solid GaAs, with Al,O; formation and C lost as C;Hg 4 DFT

4
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revealed that the mechanistic step of reduction takes place when the CH3 ligand migrates from surface-
bound Al/As/Ga to O and gets oxidised, simultaneously reducing the III-V native oxide substrate. From
the TMA example two interesting conclusions emerge: ligand exchange as well as ligand redox
mechanisms are at play during clean-up and the precursor metal cation provides an energetic sink when

it bonds to oxygen.

In the current investigation, building on the example of TMA, we look for an explanation of differences
observed in the operation of different families of metal precursors: alkylamides, methyls and chlorides.
We focus mainly on the clean-up of the arsenic (III) oxide component of the surface utilizing the
Hf[N(CHj3),]4 precursor during HfO, ALD. The choice of the surface model has been previously
motivated and its structure and limitations have been described in detail '*. The main emphasis here is
on the interaction of the dimethylamido ligand (dma) with the oxide surface with a view to finding
potential redox properties of this ligand. Based on the TMA findings, the metal cation is assumed to be
redox inactive, and to combine with oxide anions to form a dielectric oxide. We postulate that formation
of the dielectric oxide is the driving force for the clean-up effect and confront this by investigating the
clean-up ability of precursors that are chemically different to TMA. Assuming these postulates allows
us to define and separate the factors governing the clean-up effect. In this way, a set of general reactions
is generated and a comparison can be made between a number of different precursors. In the end, this
approach should help with assessing whether clean-up is a general effect, regardless of precursor being

used.

2. Computational method & approach

Periodic density functional theory (DFT) at 0 K as implemented in the VASP package '° was applied as
a reliable method for computation of the ground state electronic structure and total energy of crystalline
materials. We use the generalized gradient approximation (GGA) of Perdew and Wang (PW91) ' for

the exchange-correlation energy. The core electrons were described with ultrasoft pseudopotentials
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(USPP) 7 projected into real space and valence electrons were described with a plane-wave basis with a
kinetic energy cutoff of 396 eV. Geometry optimization was carried out with a sparse Monkhorst-Pack
k-point sampling of reciprocal space. A conjugate-gradient algorithm was used for ionic relaxation with
all ions relaxed until the forces on the ions were less than 0.02 eV/A.

High accuracy was used for bulk oxide calculations: convergence of energies to 10™ eV with respect
to coordinates of ions and cells, 130% of the standard plane-wave cutoff energy, convergence with
respect to k-point sampling. The total energy versus volume for all models of the bulk oxide structures
was optimized resulting in equilibrium lattice parameters that agreed well with experiment (with
deviation less than 2%) '°. Lattice parameters and space groups, along with k-point sampling for these
calculations are given in the supporting information. We used experimental lattice constants for the bulk
model of arsenolite arsenic (III) oxide " since its crystalline structure did not allow us to perform cell
shape optimization within DFT as explained in detail before '*. Tons were fully relaxed within the fixed
As,0s3 cell and the structural parameters compared well with the experimental values. The arsenolite-
As,03 (010) surface is modeled by periodic slabs separated by 10 A of vacuum. We use a 2x2 surface
expansion that contains 1 layer totaling 8 molecular units of As4Os (80 atoms) and a 2x2x1 k-point
mesh for surface calculations. This surface is computed to have a surface energy below 0.02 J/m?.
Gaseous species (precursor molecules and gas phase products) were individually relaxed in a simulation
box, cubic or rhombohedral, of dimensions 15x15x15 A, with six k-points located at the edges of the
first Brillouin zone. Geometrical parameters for all optimised gaseous molecules can be found in the
supporting information.

For investigation of the ligand decomposition surface reactions we use the bare As;O3 (010) surface. For
redox reactions differences in Bader atomic charges >, Ag, are analyzed to determine the chemical state
of intermediates and thus help in predicting a final product. The sign convention used in this paper is
that Ag < 0 means loss (oxidation of an atom) and Ag > 0 means gain (reduction of an atom) of electron

population on atoms taking part in the considered reaction. To study the stability of surface bound
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intermediates we performed DFT molecular dynamics in the canonical ensemble at around 300° C for
0.4 ps. At the end of these simulations all surface intermediates were found to be bonded the same as
their initial configuration, suggesting that no spontaneous reactions occur and that there are barriers to
overcome on the potential energy surface for any following chemical transformations. We neglect the
constant contribution to entropy (S) from solid surfaces with adsorbates since S™" and S™ for surfaces
are approximately zero and S" is approximately constant during the reaction, AS""® = 0. Therefore AS =
0 for surface reactions and the Gibbs free energy profiles closely resemble the DFT potential energy
surfaces. Reaction energetics are computed with an estimated accuracy of 0.1 eV. Activation energies
reported here were computed using the nudged elastic band method (NEB) ?'. We used up to 8 images
for each reaction pathway. The damped molecular dynamics algorithm for ionic relaxation was found to
be appropriate for the regarded system. Around 1000 steps were needed to converge forces on atoms to

below 0.05 eV/A.

In this investigation we consider the process where the adsorbed metal precursor molecules, with the
general formula ML, (M = Mg(Il), AI(IIT), Ti(IV), Zr(IV), H(IV), Ta(V); L = [N(Me),]’, [Me], [CI]; n
— oxidation state of metal), undergo a series of clean-up transformations leading to removal of the native
oxides of III-V substrates. As outlined in section 1, we propose that the main and most
thermodynamically stable product of these transformations is a film of dielectric metal oxide with the
general formula M,0,,. (Thus, there is no reduction or oxidation of M). Another factor in the successful
clean-up performance is affinity of the precursor ligand L to the III-V oxide substrate. We can describe
formation of one O-M bond and subsequent transformations of the ligand on the sample III-V oxide
surface (i.e. a clean-up process) with the following equation where || stands for surface bound species
and g for gas-phase molecules:

1) |As-O|| + ¥ ML, ) — ||O-M y, + ||As-intermediates; with AEjcan-up.

In the above equation we assume that the formed metal oxide is stoichiometric: upon increasing the

coordination number of the metal centre to the native oxide oxygen, the coordination to the ligands
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decreases and ligands are released to interact with the substrate. The equation also shows that M-O
formation and interaction of ligands with As can be viewed as separate events, to a first approximation.
Identification of these separate factors allows for an efficient description of interactions of the surface
intermediates that are formed as a result of ligand decomposition, and of associated chemical processes
that lead to formation of the clean-up products. Computing the intermediates from just one ligand
should be computationally less expensive and easier to understand than computing the decomposition of
the entire precursor molecule. Therefore, in this paper we take advantage of this methodology and
reduce equation (1) to a description of chemical processes associated only with the interaction of one
ligand with the substrate independent of M, as per the reaction:

(2) |As-O|| + HL (4) — ||O-H + ||As-intermediates; with AE].

A proton is included to ensure overall charge neutrality and so on the right hand side of the reaction a
hydroxyl group ||O-H is formed. The formation of one M-O bond in equation (1) can then be described
by the model reaction for various M:

3) 7 ML, g +72Hy0 (o) = %, M0, puiky T HL (g); With AE),

which is the overall ALD reaction. Combination of the ligand reaction (2) and the metal-dependent
correction (3) gives essentially reaction (1):

@) |As-O|| + 4 ML, ) — My O y wuk) + ||As-intermediates; with AE’ jeanup = AEL + AE ),

but at much lower computational effort. Therefore:

(5) AEcican-wp = AE clean-up-

Because of limitations of our current model, we cannot generally compute the complete energetics for
each mechanism here. As we focus in this study on the decomposition of the dma ligand and its redox
properties, our model naturally does not cover molecular or dissociative adsorption of the precursor and
associated steric effects. Nevertheless, for validation purposes we performed explicit simulation of the
dissociative adsorption of the whole precursor molecule according to equation (1). In Table 1 we

compare energetics obtained for adsorption and ligand dissociation for three different precursors:
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Hf(NMe,)s, AlMes, TiCly. The ‘whole precursor’ approach gives a AE jcan-yp that agrees well with the
AE’ gjean-up Value from the ‘ligand only’ approach in all three cases, thereby strongly supporting the latter
approach. Additionally the ‘whole precursor’ approach for the Hf(NMe,)s precursor was used for the

NEB calculation of activation energies, which is reported in the Results and Discussion section.

Table 1. Validation of the investigated model: energies AEican-up for reaction of precursor adsorption
and dissociation of the ligand from the metal center according to reaction ||As-O|| + ¥ ML, ) — ||O-
My + ||As-L compared to AE’jean-up Obtained from the model ‘ligand only’ reaction ||[As-O|| + ¥ ML, ()
— M 1,0 ¥ pui T ||As-L. Surface models showing product of this reaction on the example of HffN(Me;]4

precursor are available in the supporting information. Simulations were performed using identical

computational parameters for both approaches.

Metal precursor | AEcican-up [€V] | AE’ clean-up [€V]

Hf(NM62)4 -1.0 -1.0
AlMe; -1.2 -1.3
TiCly -0.2 -0.2

In section 3.1 thermodynamic energies are presented for formation of metal oxides from gas phase
precursors determined using DFT, AE), (equation (3)). In the subsequent sections different types of
intermediates that are formed during clean-up as a result of decomposition of selected precursors are
examined and their structures are illustrated in Figure 2. Types of reactions included are: dissociation of
the precursor through scission of the M-L bond in section 3.2, decomposition of the dma ligand through
scission of the C-H and N-C bonds in section 3.3 and multiple decomposition steps combining these
elementary steps described in section 3.4. Energetics for the interaction of ligands with the substrate,
AEy, is given in Table 2. The effectiveness of different metal precursors in performing clean-up of III-V

oxides is evaluated by correcting AE; with AE), (also Table 2). AE), and AE; along with overall AE’ cjean-
9
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up are summarized in Figure 1 and Figure 3. A reaction scheme considered for the decomposition of the
dma ligand is illustrated in Figure 4. A series of proposed elementary steps can give rise to desorption of
multiple clean-up products. Based on the thermodynamic accessibility of these elementary surface steps
and some kinetic indications, we discuss in each section which clean-up mechanism and associated by-

product is competitive in the ALD process.

3. Results and Discussion

3.1. Formation of metal oxides from gas phase precursors
Reaction (3) contains information about the reactivity of precursors towards formation of bulk oxide and
bonding changes upon elimination of ligands as HL. Computed energetics for a selection of metals and
ligands are summarized and illustrated in Figure 1. Values for reaction (3) can be found in Table 2

under AE’ ciean-up for AE; = 0 €V (see equations (3) and (4)).

Figure 1. Computed energetics, AE),, for formation of metal oxides from gas phase precursors ML, (x
axis: M = Mg(Il), AI(ITI), Ti(IV), Zr(IV), Hf(IV), Ta(V); L = [N(Me),], [Me], [CI]; n = oxidation state
of metal) and water according to: % ML, ) + 2 HyO gy — %3, M20, puiky + HL (g) (equation (3)). Lines

are to guide the eye.

AE,, [eV]

'30 T T T T T T
Ta(V) Ti(V)  Zr(IV) HfIV) AN Mg(ll)

10
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The energetics indicate that the most reactive precursor family for formation of metal oxides and
elimination of HL are metal methyls. The most reactive of the six considered is MgMe, with AE,, = -2.7
eV per methyl ligand. The least reactive among the hypothetical methyl precursors is TaMes with AE),
= -1.6 eV per Me for formation of Ta,Os. AlMe; with AE), =-2.0 eV per Me presents similar reactivity
to TiMes, not to HfMe4 or ZrMey. Al, Hf and Zr alkylamides with AE), = -1.0 eV per ligand have
similar reactivity and the Ta and Ti alkylamides are slightly less reactive. The most reactive for
formation of oxide among metal alkylamides is Mg[N(CHs),], with AE),, = -2.1 eV per alkylamide
ligand. According to our computations the smallest driving force for formation of M0, is shown by
chloride precursors. AE), for L = CI ranges from -0.5 eV per CI for Mg to +0.2 eV per Cl for Ta. In
general, the calculations reveal the following order of M reactivity, insensitive to the identity of L:
Mg(Il) > Hf(IV) = Zr(IV) > Ti(IV) > Ta(V). The exception is AI(III) which is predicted to change its
relative reactivity depending on the nature of L. Relative to the other metals, the Al cation is the most
reactive when bonded to chloride ligands and the least reactive, with similar reactivity to Ti(IV), for L =

- o . o . 22
Me'. These trends are consistent with previous calculations .

11
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Table 2. List of possible clean-up intermediates: A-K, A’ and A’ that are formed during ALD III-V

substrate exposure to various metal precursors. Energies are in eV relative to ||[As — O|| + HL (g) as per

reaction (2) with L = [N(Me),], Me, CI'. The effect of different M = Ta, Ti, Zr, Hf, Al, Mg is included

by adding the correction AE), obtained from reaction (3) (see section 2 for details).

AE;,  |AE ciean-up fOr M:
L |products at surface:
Ta (i [Zr Hf Al Mg

|As — O|| + HNMe; (o 0.00 -0.5 -0.7, -1.0 -1.1} -1.1} -2.1
A |]O—H +||As — NMe, +0.1 -04 -0.6 -09 -1.0f -1.0f -2.0
B  2||O-H+ |[As — N(Me)CH, — As|| +0.6) +0.1 -0.1] -0.4 -0.5/ -0.5 -1.5
C 2||O-H+||As—N(Me)CH, - O| + 2¢ +1.3] +0.8 +0.6 +0.3] +0.2 +0.2| -0.8
D  ||O—H+||As—N(Me)CH, — As|| + ||As — H - 2¢ +2.1] +1.6 +1.4 +1.1] +1.0] +1.00 0.0
= |[E  [[O-H+|[As—N(Me)CH, - O + [|As —H +1.2 +0.7] +0.5 +0.2 0.1 0.1 -0.9
;0/ F |JO-H+|As=NMe+|O—-Me +1.5 +1.00 +0.8 +0.5| +0.4 +0.4 -0.6
- G ||[O-—H+|As=NMe + ||As — Me - 2¢ +1.6) +1.1] +0.9 +0.6 +0.5| +0.5 -0.5
H 3]|O-H+|As— N(CH, — As||), +1.3] +0.8 +0.6 +0.3] +0.2 +0.2| -0.8
I  4|O-H+|As=NCH=CH, + 2¢ +2.2| +1.7) +1.5 +1.20 +1.1] +1.1} +0.1
J  2||O-H+|[As—N=CH, + ||As — Me +0.9 +0.4 +0.2 -0.1] -0.2| -0.2 -1.2
K  3]|O-H+|[As— N=CH - As|| + ||As — Me +1.9 +1.4 +1.2 +0.9 +0.8 +0.§ -0.2
L |As — O|| + CHy ) 0.0, -1.6f -2.0 -2.20 -2.3 -2.0f -2.7
% A’ ||O—-H+||As — Me +0.7, -0.9 -1.3] -1.5 -1.6/ -1.3] -2.0
. |As — OJ| + HCl (4 0.0 +0.20 +0.1) 0.0, -0.1} -0.3] -0.5
§ A’ [|O-H+||As—Cl -0.3) -0.1] -0.2 -0.3] -0.4{ -0.6/ -0.9

3.2. Dissociation of ligand by M-L scission

By calculating DFT energies for dissociation of the ligand from the metal center, we investigate the

affinity of the ligand to the oxide to be cleaned-up. This gives us AE’cjean-up for the elementary step that

leads to a ligand exchange mechanism. The elementary steps that we have considered involve the

transfer of a dimethylamide, methyl and chloride group to the surface As atom in structures A, A’ and

12



259  A” respectively, shown in Figure 2. Energetics for formation of intermediate A show that the
260 alkylamide ligand can readily dissociate from the M center to the available As site and form a
261  thermodynamically stable product ||As — N(CHs;), plus oxide of M (see Table 2 and Figure 3 for
262  energetics). According to reaction (2) and correction for the AM-O bond formation, reaction (3), this
263  ligand transfer process is exothermic for all considered metals. The energy for this reaction ranges from
264  -0.4 eV per ligand for Ta[N(CHs),]s to -2.0 eV for Mg[N(CHs),]». This reaction is very facile with a
265  computed activation energy of just +0.1 eV, and so it will proceed until the surface is saturated with ||As
266 — N(CHg3), species (the reaction profile for the corresponding reaction of the whole precursor is

267  available in the supporting information).

268
269  Figure 2. Surface models for As,O3; and decomposition species of metal methyls, A’, metal chlorides,
270  A”’, and metal alkylamides, A-K. Stick representation: purple As, red O, white H, gray C, green Cl,

271  blue N. Selected bond lengths are given in A. Thin lines show adjacent substrate atoms.
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Figure 3. Computed energetics for surface intermediates, A-K, which are formed during clean-up of
Asy0;. As listed in Table 2, A, A’ and A”’ are surface products of precursor decomposition through
scission of M-L bond (M = Mg(Il), AI(IIT), Ti(IV), Zr(IV), Hf(IV), Ta(V)) for L = [N(Me),], [Me],
[CI] respectively; B-E are surface products of decomposition of [N(Me),] through scission of C-H
bond; F and G surface products of decomposition of [N(Me),] through scission of N-C bond; H-K are
surface products when further decomposition occurs through scission of both C-H and N-C bonds. AE}
(equation (2)) describes interaction of the ligand L with the As,O; substrate (black datapoints). It is
subsequently corrected with AE), (equation (3)) and gives overall AE’jean-up for various M (equation

(4)). Lines are to guide the eye and do not imply a reaction sequence (see instead Figure 4).

|- = AE,
—eo—Ta(V)
Ti(IV)
—v—Zr(IV)
Hf(IV)
—4— Al(lIl)
—=—Mg(ll)

204 ®=—=n I further 7
T M-L : C-H N-C decomposition
-25 I T I : | | I 1 I T T T I |
A A A" B C D E F G H | J K

Energetics show that the methyl ligand is very reactive towards the arsenic oxide substrate and more
reactive than alkylamide (A’ Figure 3). The energy ranges from -0.9 eV for Ta(CHj3)s to -2.0 eV for

Mg(CHs),. The energy for exchange of a Cl” ligand between the precursor metal center and the native
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oxide, with product A”’ in Figure 2, ranges from -0.1 eV for TaCls to -0.9 eV for MgCl,, indicating that

it is less thermodynamically favored than for alkylamides and methyls.

Sufficient concentration of these As — L groups may lead to formation of AsLs:
tris(dimethylamino)arsine, TDMAAs, AS[N(CHj3),]s; trimethylarsine, As(CH3); and arsenic trichloride
AsCls, as volatile products in processes utilizing alkylamides, methyl and chloride precursors
respectively. Desorption of these molecules means that As,Os has been transformed into M,0,, i.e.

clean-up. Indeed, this ligand transfer mechanism has been proposed by others ** ®

to explain the clean-
up effect. Experimental study clearly shows enhancement of the clean-up process with increasing
temperature when metal alkylamides are used > ». Even though the first step of the ligand exchange
reaction is extremely facile, both thermodynamically and kinetically, significant kinetic requirements
may originate from steric effects in subsequent steps. There was evidence for this in our previous study
for TMA, where we showed that the rate limiting step for the ligand transfer process could be crowding
of methyl ligands at one surface site **. We suspect that this process can be even more difficult for the
bulkier alkylamides. Thus, steric effects may have a pronounced influence on the kinetics of ligand
transfer to TDMAAs, which may stop this reaction before going to completion, and promote ligand
decomposition instead. In fact, TDMAAs is known to thermally decompose on the GaAs surface 3
Therefore, it is reasonable to suspect that the alkylamide can decompose, or partially decompose, in
contact with the native oxide surface, and give rise to other clean-up products rather than form
TDMAAs. Ligand decomposition is investigated in subsequent sections.

In the case of chlorides, although they are successfully used in ALD of different metal oxides, there is
no agreement in the literature about their interfacial self-cleaning abilities ** ** '°. One reason may be
the lower driving force towards formation of the metal oxide dielectric; Figure 1 shows that formation
of the metal oxide during clean-up is an important factor in case of alkylamides and methyls, but a

minor factor in the case of chlorides (AE), ranges +0.2 to -0.5 eV). Therefore, we suggest that chloride

chemistry is different. Most of the metal chlorides are weak Lewis acids. Their electrophilic
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characteristic allows them to form Lewis adducts like TaOCl;, complexes like [TiCl6]2' or even
hydrates, e.g. MgCL(H,0), *°. Formation of oxychlorides, e.g. TiOCl,, or even hydroxychlorides,
TiCl0H, during clean-up with TiCly for TiO, deposition, could explain observed removal of O and
surface passivation with C1 *. As proposed before, clean-up with this ligand can be accounted for via an
agglomeration reaction mechanism 3
Ligand affinity for Ga and In is discussed in section 3.5 .

3.3. Decomposition of dma ligand
For the following consideration of decomposition processes of alkylamide ligand on the example of
dimethylamide we use the highly stable product A ||[As — N(CHj3),, as a starting species for further clean-
up transformations B-K. Decomposition of the alkylamide ligand is possible via activation of a C-H
bond, releasing anionic or cationic H, or of an N-C bond, releasing anionic or cationic CH; as
schematically shown in Figure 4. In this section we examine mechanistic paths for these H and CHj

moieties to attack As and O sites. We consider all possible reactions and highlight redox processes that

may enhance the clean-up effect.
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Figure 4. Reaction scheme for decomposition of dimethylamido ligand [-N(CHs),]" on metal oxide
surfaces (species A-K). Notation: ‘“H”” means dissociation of proton/hydride from ligand to the

+
surface; ‘“—Me !

” means dissociation of methylium/methanide group from ligand to the surface; ‘+2e”
means oxidation of ligand by surface (reduction of surface by ligand); ‘-2e¢” means reduction of ligand

by surface (oxidation of surface by ligand).

[‘N[CH3]CH2']D -H
— [_N(CHg}z]- — [=NCH3]2-

[-N(CH,)CH,~]% = 2e-
~H*  —CHy

[-N(CH;)CH,-1°+ 2e7; [-N(CH;)CH,-]* [=NCH,)% - 2e’

_ CH,-
l—r-r —H*
(H)

[-N(CH,-),J* [-N=CH,]
—H —H*

[=NCH=CH,]* + 2¢° [-N=CH-]>

3.3.1. C-H scission and H elimination (B-E)
The C-H bond of the ligand is weakened by the electron density of the lone pair of electrons on the
neighboring N atom, so that H a to the N atom can dissociate and bond to an available surface site. First
we investigate scission of the C-H bond and formation of an O-H bond in the intermediate B shown in
Figure 2. Our calculations show that upon the proton (H") transfer from a ligand to a surface O atom,
the As-O bond is broken. The electronic density around the C atom in the remaining methylene (CH>)
moiety of the ligand increases by Ag = +1.5e. This Lewis basic C atom can interact with the surface As
cation that lost coordination to the O atom. The bond formed between the As atom and the C atom is 2.0
A long which is typical of single As-C bond. As a result a N-methylmethylenimido ion ([-N(Me)CH,—
1) is attached to the surface. Our attempts to find a competitive minimum for the N-
methylmethylenimido ligand with tricoordinated N atom featuring a N=C double bond (i.e. [—
N(Me)=CHj;]) were not successful. The thermodynamically stable state preserves tricoordinated N and

tetrahedral C. This process is the most exothermic of the decomposition processes with a calculated
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AE’ ean-wp Tanging from +0.1 eV for Ta[N(CHj),]s to -1.5 eV for Mg[N(CHs),], (Table 2, B). An
activation energy of around +1.4 eV is computed for the example of Hf{N(CHz3),]4 where AE cican-up=-
0.5 eV (the reaction profile for the corresponding reaction of the whole precursor is available in the
supporting information).

We also examine the redox process mediated by ligand attack of the CH, moiety onto the O site, instead
of the As site, to form product C (Figure 2). This is analogous to the migration of CH3 from As to O that
we observed to be responsible for clean-up with TMA '*. In this elementary step two As-O bonds are
broken, promoting formation of the O-H (1.0 A) bond and the O-C bond (1.4 A). Two electron-deficient
surface metal cations are forced to interact and as a result a metallic As-As dimer is formed along with
the intermediate ||As — NCH3CH; — OQ||. Electrons are transferred to surface arsenic (+1.0e and +1.1e on
the dimer atoms) from the C atom of CH, (-1.6¢) but also from N (-0.5¢), elongating the N-As bond by
around 2% as compared to structure A. Decomposition of the alkylamide via this process is thus
reducing the As oxide surface and contributing to clean-up. This oxidation of the C atom is endothermic
for most of the precursors: tantalum, titanium, zirconium amides (+0.8, +0.6, +0.3 eV respectively),
almost neutral for hafnium amide (+0.1 eV) and exothermic for magnesium amide (-0.8 eV) according
to equations (2) + (3) (AE’cican-up, Table 2). It is less favorable than formation of the As-C bond in the
structure B described above.

For completeness we studied scission of the C-H bond and the transfer of H to an As site. This process
essentially involves hydride (H") dissociation from the alkylamide ligand and formation of products D
and E with structures illustrated in Figure 2. In the intermediate D two new bonds are created: As-H and
As-C, increasing the coordination number of the As atom from three to five. Formation of these two
bonds is expected to cause the withdrawal of the electronic density from the oxide substrate and so its
local oxidation (see scheme in Figure 4). Charge analysis suggests a decrease in electronic populations
by only -1.0e on the oxidised pentacoordinated As and an increase of +1.0e on the H atom bonded to
this arsenic. The absence of charge transfer between this arsenic and CH, suggests some charge

retraction that is explained as follows. The CH; moiety of the created surface product ||[As — N(Me)CH,
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— As|| becomes more Lewis acidic (-0.4e on the C atom) and the N atom more Lewis basic (+0.5¢),
attracting each other (4% shorter N-CH; bond, relative to the same bond in B) and repelling bonded
arsenic atoms (both: As-N and As-CH; bonds are elongated by 4%, relative to the same bonds in B or
C). This indicates that desorption of the N-methylmethylenimido ligand as neutral Me—N=CH, should
be preferred over formation of the dianion ([-N(Me)CH,—]* and substrate oxidation. The oxidation of
As upon hydride dissociation is not favorable. In fact this is one of the least favorable processes that we
have computed with energy ranging from +1.6 eV to +1.0 eV for almost all of the precursors and
energetically neutral only for Mg[N(CHs),],. We observe that no As-O bond is broken in this

elementary process, i.e. it does not contribute to clean-up.

Our results indicate that energy for hydride dissociation can be lowered by 0.9 eV when this process is
accompanied by oxidation of the C atom and formation of the surface product E: ||[As — NCH3CH, — O||
+ ||As — H. In this case As-H and O-C bonds are formed breaking one As-O bond (see Figure 2). We
note that electronic densities are withdrawn from the O-CH,-N entity (-1.0e) by the newly-formed
hydride (+1.0e) and there is no charge transfer to the substrate. The attack of CH, onto the O site and
transfer of H™ to the As site is slightly endothermic for most of the precursors (+0.7 to +0.1 eV) and
exothermic for the magnesium precursor (-0.9 eV).

DFT calculations show that decomposition of alkylamide ligand through scission of the C-H bond o to
N is thermodynamically feasible, but requires quite high activation energy. This pathway is often
referred to in the literature as - H elimination >’. Most likely this process will result in hydroxylation of
the native oxides and formation of C-As(Ga, In) bonds (B). A possible volatile product of this clean-up
transformation is N-methyl methyleneimine (MMI). Desorption of imine in the considered system
requires reorganization in the electronic density with the formation of an N=C double bond and
cleavage of As-N and As-C bonds, which is consistent with a high activation energy (+1.4 eV for the Hf
case; see above). Simultaneously, charge transfer to the surface As should occur resulting in formation

of metallic As-As bonds. We calculate that desorption of imine according to the reaction: ||As —
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NCH3CH; — As|| — ||As-As|| + CH3NCH, (4 costs +0.7 eV relative to formation of B. Thus, the
computed reaction energies and high activation energy for the first step suggest that this clean-up
pathway producing imine needs elevated temperature for activation.
The weakening effect of the N-lone pair on the C-H bonds in the a position has been observed in
vibrational spectroscopy, where an unusually low frequency of vibration of the C-H mode in TDMAH
has been reported **. The C-H dissociation is possible already upon adsorption of alkylamide precursors
onto silicon substrates at very low temperature of 220 K %°. As mentioned in the previous section MMI
is a detected product of etching GaAs surface by TDMAAs 2. Several reports can be found where
metal alkylamides are shown to decompose to produce imine and amine *°. We show here that H
elimination can occur from a ligand that has migrated to the native oxide surface (A — B). Product B
can then undergo other transformations B — H-K, leading to different clean-up products as described
later, or desorption of imine can occur. Either process leads to arsenic oxide removal and/or reduction to
metallic arsenic, and so may contribute to the clean-up effect.
Another clean-up product that can arise from H elimination in the structures D and E is arsine, AsHj3.
However, the unfavourable energetics computed by DFT for elementary steps leading to surface
functionalization with ||As — H groups suggests that formation of arsine from intermediate D or E is a
minor clean-up channel.

3.3.2. N-C scission (F-G)

We next examined possible pathways for CHj; dissociation resulting with products F and G (for
pathways see Figure 4, for structures of products Figure 2). First we considered activation of the N-C
bond in the presence of the available Lewis basic O site of the substrate (F). As the CH; group
coordinated to the N atom in the alkylamide ligand has Lewis acidic character (formally CHs',
methylium cation), we expect no redox during transfer to the substrate in this step. Upon this transfer
the As-O bond is broken, promoting formation of a double bond between the As and N atoms (1.7 A).

Our results indicate that the reaction along this pathway is moderately endothermic with a
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thermodynamic energy of +1.0 to +0.4 eV for Ta, Ti, Zr, Hf, Al precursors and exothermic by -0.6 eV
for the Mg precursor (AE’ciean-up- Table 2).
Another possibility is for the CH; moiety to attack an As surface site (G). The DFT calculations show
that, similarly, an As=N double bond is formed, but As-O bonds are not affected. We observe oxidation
of the As atom (-1.9e), which is now pentacoordinated, and reduction of the C atom of the dissociated
CH; moiety (+1.9e), consistent with transfer as CHj3  (methanide anion). This elementary step is
therefore the reverse of clean-up. The bond formed between the C atom and the As atom is 1.9 A long.
This decomposition structure is a little more unstable than F with respect to reactants, at a calculated
energy difference of +0.1 eV relative to the energy for formation of product F.
Pathways involving dissociation of the methyl group lead to functionalization of the surface with ||O —
CHs (F) or formation of the ||JAs — CH3 groups (G) along with the ||[As = NCH3 fragment. This can thus
lead to desorption of gaseous dimethyl ether, O(CHys),, or trismethylarsine, As(CHs)s. Additionally, if a
source of protons is present, methane CH,4 can be formed from ||JAs — CHs. However, our calculations
show that elementary steps for F and G formation that could give dimethyl ether or trismethylarsine as
clean-up products are less competitive when compared to the elementary steps leading to formation of
TDMAASs or MMI (A or B, see Table 2). During ALD of metal oxide films, protons can derive from the
H,O pulse, but are supposedly eliminated in reaction with alkylamide ligands to produce amine, the
main ALD product. ||O-H groups are also formed during the H elimination process investigated above.
We will see later that the sequence of production of B and G intermediates is competitive and can
directly lead to methane production.

3.4. Further decomposition of dma ligand

3.4.1. Multiple redox steps — dehydrogenation H-1

Based on the results shown above, we assume that the main reaction channel for the elimination of H
atoms from alkylamide ligands on the oxide substrate is formation of the surface hydroxide and carbon-
arsenic bound intermediate as in product B. In this section we investigate the most stable products of

successive dehydrogenation of the alkylamide ligand.
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The stability of the surface intermediate H decreases by about 0.7 eV relative to B after a second proton
transfer. The electronic density increases on both C atoms (+1.2e and +1.3¢) and a total of two protons
are transferred to the oxide surface. There are now two CH, entities that form bonds with acidic As
atoms through basic C atoms. A loss of electronic density on N of -0.5¢ is observed in Bader analysis.
This affects the As-N bond, which is weakened (about 8% longer than the As-N bond in product B)
suggesting that the m character of this bond decreases. The lone pair of electrons on N is no longer
stabilized and N becomes nearly pyramidal in this structure (see Figure 2). This process requires energy
and so it is clear that it requires some thermal activation.

Further dehydrogenation is possible via carbon disproportionation yielding a methylidyne fragment
(HC) that inserts into the C-N bond in the intermediate I. The surface product features a double bond
between As and N (1.7 A) that is now bound to a vinyl moiety CH=CH, (C=C bond length: 1.3 A).
Three hydroxide groups and an As-As dimer with the bond length of 2.5 A are formed at the expense of
four As-O bonds. Bader analysis confirms reduction of the dimer As atoms (+1.1e and +1.4e for the As
atoms bound to N) which means that this reaction contributes to clean-up. We also observe
disproportionation of charge between C atoms (increase of electronic population on methylene group of
+0.6e and decrease on methylidyne group of -0.3e relative to populations on methyl groups in amide
ligand in structure A). We note some charge transfer to the N atom of +0.5e. Formation of an
[ENCH=CH,]* adsorbate is the most endothermic of the considered processes (+1.6 eV relative to B
formation).

Our computations thus show that successive dehydrogenation becomes progressively less favored. It
may result in the formation of the following volatile products: imine from species B as mentioned
above; aziridine, HN(CH,),, from H; ethylene, C,;H4, and subsequently molecular nitrogen, N, from I.
The energetics for pathways leading to desorption of these species suggest that this is only possible
through thermal activation — moderate temperatures for imine formation and high temperatures for

desorption of molecular nitrogen.
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Aziridine may be produced from structure H by a reaction of cleaving As-C bonds, forming a C-C bond
(for this process we calculate +0.5 eV relative to formation of H), subsequent coupling with adjacent
protons if available and desorption, all of which has a DFT energy of just +0.3 eV relative to H. This
contributes to clean-up, leaving the surface with metallic As-As bonds according to: |[As — N(CH, —
As|)2 + [|O — H — ||As — O|[+ ||As — As|| + HN(CHa); (). The rate limiting step may be breaking As-C
and forming a three membered C-C-N ring. Aziridine is one of the stable products detected in the in situ
mass spectroscopy experiment of thermal decomposition of TDMAAs below 450°C *%.

C,Hs was detected as a desorption product originating from secondary surface reactions when a
tantalum surface was exposed to Ta[N(CH3),]s at 550 K *”. One of the proposed mechanisms envisages
dehydrogenation of methyleneimido intermediates, insertion of a methylidyne moiety into the carbon-
nitrogen bond and subsequent hydrogenation of the vinyl fragment to produce ethylene and leave an
adsorbed N atom *’. We suggest that, on the reducible arsenic oxide substrate following coupling of
adsorbed N atoms to form N, could be possible at highly elevated temperatures, which would result in
clean-up according to: 2 ||As = NCH=CH; + 2 ||O — H — ||As — As|| + 2 CoH4 () + N3 (9.

3.4.2. Multiple redox steps J-K

In this section we study sequences of CHj; dissociation and alkylamide dehydrogenation reactions that
give rise to new clean-up products. Assuming, as previously, that the most probable pathway for
alkylamide dehydrogenation is arsenic oxide hydroxylation, we can consider pathways where the CHj3
group formally dissociates either as the methylium cation or as the methanide anion (as the above
investigation of processes producing F and G revealed a competition between them). Here we show the
most stable products of these reactions. All other possible reactions can be found in the supporting
information.

Our investigations suggest that the more stable products are those formed during reactions that do not
involve charge transfer to the oxide substrate. For instance, dehydrogenation of the alkylamide ligand
followed by dissociation of the methanide anion in structure J (Figure 1) is preferred over dissociation

of the methylium cation that combined with proton dissociation results in substrate reduction: [—
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N(CHa),]"— [-N=CH,] + [CHs]" + [H]" + 2¢ (not showed in Figure 1). The step leading to product J is
among the few steps that we find to be exothermic or neutral at 0 K for most of the regarded precursors
(Table 2). The reorganized electron density in the proton dissociation process (see section 3.3.1 for
description of the proton elimination process in structure B) can be attracted by a CH3 group instead of a
CH,; group. Bader analysis shows an increase in the electronic populations on the C atom of CHj
(+1.9¢) and decrease on the C atom belonging to the methylene moiety (-1.2e). The acidic methylene
forms a double bond with the N atom (1.3 A), instead of bonding to surface cation like in structure B.
The basic methanide bonds with the As atom (2.0 A). We note some increase of electronic density on
the N atom that is now even more basic (+0.5¢) than in the original alkylamide ligand in structure A.

Proton dissociation accompanied by the formation of the methanide anion could be a low temperature
channel for the formation of CHs. According to our computations formation of methane from surface
intermediate J is slightly exothermic with energy -0.1 eV (neglecting entropy). CH4 was observed in
some studies as a product of decomposition of the amido ligands. Infrared (IR) spectroscopy and
temperature-programmed desorption (TPD) investigations of Ti[N(CHj3),]4 on a Si substrate showed that
methane desorbs at temperatures below 400 K *®. In the same study DFT calculations suggest that
facile generation of methane right above room temperature is due to the surface activation of C — H and
C — N bonds of amido ligand. In the thermal chemistry investigation of Ta[N(CHs);]s CH, is a
decomposition product detected throughout the studied temperature range up to 600 K *’. Our DFT
results suggest that scission of the N-C bond is triggered by the H elimination process on the oxide
substrate and thermodynamically is not as demanding as other decomposition processes. Although
formation of methane is plausible, desorption of this chemical alone from the oxidised I11-V system
does not directly result in self-cleaning. In this pathway methane is formed according to: ||[As — Me + ||O
— H — ||As — OJ| + CHg, so arsenic oxygen bonds are formed. However, other products can arise as a
consequence of saturation of the native oxide surface with [-N=CH,] groups after CH, desorption in
species J: C,Hy and subsequently N,. Eventual desorption of CHs4, C;H4 and N; would finally lead to

clean-up resulting in reduction of arsenic oxide to metallic arsenic, but involving multiple redox steps: 2
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||As — N=CH, — ||As — As|| + C;H4 (g) + N2 (). This process requires energy to break the double bond
between N and C atoms, combining two CH; groups and two N moieties on the surface. As remarked in
our discussion of possible products arising from intermediate 1, processes involving multiple redox
steps are presumably possible at highly elevated temperatures.

Further dehydrogenation of the methylene group in the [-N=CH,] adsorbate described above, yields a
methylidyne (CH") ion in surface product K. This is less favored by +1.0 eV relative to previous
process J (see Table 2). Proton dissociation to another O site renews C basicity (+1.0e with respect to
the [-N=CH,] adsorbate) that now can attack another As site. The [-N=CH-]* ion is bound to surface
arsenic atoms through N and C, forming bonds 1.9 A and 2.0 A long respectively (K Figure 1).
Generation of the [-N=CH-]*" surface intermediate can directly lead to desorption of hydrogen cyanide,
HCN, another clean-up product: ||[As — N=CH — As|| — ||As — As|| + HCN (). HCN was detected to
desorb at 600 K during tantalum alkylamide exposure to a tantalum substrate *.

3.5 Effect of substrate on clean-up

Our model supposes that clean-up can be achieved by successive dissociation of ligands from the
absorbed precursor. One can expect that the M — L bond can be easily activated on the oxide surface
when the substrate metal oxide is less stable than the deposited metal oxide M,0,. The metal center of
the precursor then becomes chemically active towards penetrating the III-V oxide substrate and
scavenging the oxygen. A similar technique is used for equivalent-oxide-thickness scaling for
complementary metal-oxide—semiconductor devices *'. With different variations scaling is achieved via
a scavenging reaction between the scavenging element (metal) and SiO, and the driving force is also
formation of the metal oxide rather than maintaining SiO,. We showed previously that the driving force

14, 31
-31 " As has lower

of the clean-up effect is removing As(Ga, In) — O bonds and forming M — O bonds
electropositivity and therefore lower affinity to O than the metals considered: Mg, Hf, Zr, Ti, Ta and Al
In thermodynamic equilibrium, formation of any of the oxides of these metals is assumed to be favored

over formation of the As oxide. DFT energetics for the ligand exchange mechanism supports this

supposition, independent of the ligand in use (see Figure 3 A, A’ and A”’). Among the III-V elements
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(As, Ga, In) it is again As that has the lowest electropositivity and forms the weakest oxides. To
emphasize this we calculate from first principles bulk energies for ligand exchange between the
regarded precursors and Ga(Ill) and In(III) native oxides and compare them with the exchange energy

for As(III/V) native oxide:

6) %MLy, )+ %uNaOm iy — Y% MOy ui) T % NL3 (), With AE} o, where N = As(III), As(V),
Ga(III), In(IIT); m = oxidation state of N.
Figure 5 shows the energetics for the above reaction on the example of alkylamide precursors (L =
[NMe;]). It is clearly seen that As,O; is the weakest and the most reactive among these native oxides
towards exchanging O with ligands and therefore is the easiest to clean-up. It seems that In oxide resists
clean-up more than Ga oxide and is less likely to bind to ligands at the surface. As(IIl) and As(V) oxides
are seen to have similar reactivity for ligand exchange, with the exception of AI[NMe,]; that seems to
have greater affinity for As(III). We observe no oxidation state dependency for the ligand exchange
mechanism, contrary to the suggestion of Hinkle ez al ®. This result holds true for different ligands (see

supporting information).
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Figure 5. Computed energetics for ligand exchange of alkylamide between precursor metal center and
bulk III-V oxide: As,O3, AsyOs, GaO3 and In,O3 according to: % ML, (g + Ym N2Om uey — Y50 M0,
oulk) T Y NL3 (o for M = Mg(1l), Al(IID), Ti(IV), Zr(IV), Hi(IV), Ta(V), L = [N(Me),]’; n = oxidation

state of M; N = As(Ill), As(V), Ga(Ill), In(III); m = oxidation state of N. Lines are to guide the eye.
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Additionally, ligands left on the surface can enhance the clean-up effect by interacting with the substrate
and this depends on the affinity of the ligand to the substrate and on the chemical character of the
substrate. We consider first ligand affinity. Metalloid oxides, like AsO,, are susceptible to reduction in
contact with reducing agents, e.g. by the methanide anion Me™ in TMA as we showed previously '* or by
CH,; from deprotonated alkylamide (section 3.3.1, C). Self-cleaning by TMA was shown to be governed
by mobility of the methyl group, which undergoes oxidation, transferring electrons to the surface.
Various elementary steps were found to be thermodynamically competitive and to lead to a surprising
range of by-products. However, dma [NMe,] and chloride CI anions are not as strong reducing agents
as Me'. This is supported by DFT energies, shown in Figure 6, for reactions of transferring those ligands
from the metal center of the precursor to a surface O site on the As,O3 substrate. Formation of ||O — L

surface intermediates causes reduction of metalloid oxides:

(7) 2 ||AS-O|| + % MLn (g — M% O% (bulk) + ||O-L + ||AS-AS|| with AELiox-
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In Figure 6 we can see that the chloride ligand, almost independently of which metal center it is bound
to, is resistant to oxidation with AE; o around +2.5 eV. The same holds for dma with AE; =~ +1.2 eV,
except for Mg(NMe,), that can dissociate its ligand to the O in the As,Oj3 substrate with AE; o a little
below 0 eV. On the contrary, the methyl group is always susceptible to oxidation with exothermic

AE} o for all metal precursors selected.

Figure 6. Computed energetics for ligand oxidation at the surface, L = [N(Me),], [Me], [CI]’, and
As,05 reduction according to: [|[As-O|| + ¥ ML, ) — M %O ¥ wui) + ||O-L + ||As-As|| for M = Mg(Il),

Al(III), Ti(IV), Zr(IV), Hf(IV), Ta(V). Lines are to guide the eye.
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The second factor affecting clean-up is substrate chemistry. If a ligand is susceptible to decomposition,
specific sites on the surface can activate some bonds of the ligand and this can trigger secondary surface
reactions that result in clean-up. C-H and N-C bonds of the dma ligand can be activated even at
relatively low temperature as discussed in previous sections. It has been shown that especially mixed
nucleophilic-electrophilic character of the surface sites, e.g. the zwitterionic character of silicon, affects
reactivity and transformations of alkylamides *°. Such reactivity of alkylamides is confirmed by
experimental observation of formation of Si-H bonds accompanied by the formation of Si-C bonds
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(leading to incorporation of carbon into the deposited film). Low temperature production of methane has
also been observed, which is evidence for N-C reactivity when depositing oxide films on bare Si or
hydrogen terminated Si substrates. In our calculations, we see similar behaviour of the alkylamide
ligand on the relatively weakly amphoteric As;Os substrate. On this oxide substrate H is removed from
the ligand as a proton and formation of O-H bonds is plausible. In this process clean-up is achieved, as
well as producing additional reactive sites (OH) for ALD, but at the same time M-C bonds are formed.
This is because proton elimination causes changes in electronic density on alkylamide carbons: the CH,
fragment becomes Lewis basic and this promotes M-C formation (B), or the CH; fragment attracts the
charge, and CH; detachment is promoted, resulting also in M-C formation (J). Some of these reactions
may be more strongly favoured on the mixture of more electropositive Ga’" and In’" sites of the real III-
V surfaces or even the M"" sites of the growing film, where bonds tend to be more ionic rather than
covalent. Based on this we can conclude that the above-mentioned mechanisms account for the
reactivity and behaviour of metal alkylamides and can be expected on various substrates featuring Lewis

acid/base sites.

An important aspect is whether these processes occur during homodeposition (i.e. during the later stages
of growth of e.g. HfO, onto HfO,) and give a CVD component to standard ALD. Clearly during
homodeposition there is no extra driving force from M,0O, formation. On the other hand, decomposition
reactions may be more favoured on the growing film owing to its pronounced nucleophilic-electrophilic
or Lewis acid/base character, as mentioned above. According to our computations, processes yielding
B-K are energetically uphill from formation of intermediate A onwards. However the formation of B
and J are only +0.5 eV and +0.8 eV uphill respectively at 0 K for the clean-up process on the As,O;
substrate and can be expected at elevated temperatures. This finding is supported by experimental
observation of increased efficiency of clean-up with increased temperature. Another aspect is simple
consideration of the strength of the As-O bond and, using the example of HfO,, the Hf-O bond. Clearly

the Hf-O bond, once it is formed, is much stronger and less reactive, which does not favour subsequent
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CVD reactions. An explicit investigation of CVD reactions on the HfO, surface is necessary to fairly
judge the importance of the CVD contribution in case of alkylamide ALD, but is beyond the scope of

this paper.

4. Conclusion

We successfully apply our model for clean-up to explain differences in the performance of various
classes of precursor chemicals in removing native oxide from III-V substrates. Building on the example
of TMA, we identify two separate factors governing the clean-up effect: formation of the metal oxide as
the primary driving force and affinity of the precursor ligand to the III-V oxide substrate as the ancillary
force. That allows an efficient description of interactions of the various precursor ligands with an
oxidised III-V substrate, and of the associated multi-step chemical processes that lead to formation of
the clean-up products. We map out reaction sequences for the alkylamide ligand that lead plausibly to
products that are detected experimentally (aziridine, ethylene, MMI, HCN, methane). Through this
approach, a set of general reactions is generated and comparison is made between several different
precursors, including metal alkylamides Mg[N(CHs3),],, AI[N(CHs3),]s, Ti[N(CHs3)z]s, Zr[N(CHj),]4,
Hf[N(CHj3),2]4, Ta[N(CHj3)2]s; metal methyls: Mg(CH3),, AI(CHs);, Ti(CHj3)4, Zr(CHs)s, Hf(CHj)a,
Ta(CHj3)s; and metal chlorides: MgCl,, AlICl;, TiCly, ZrCly, HfCls, TaCls. We can therefore predict the
best reagent for achieving the clean-up effect.

We predict that the investigated methyl precursors are the best reagents for deposition of dielectrics and
performing clean-up. Unfortunately, most of them are very unstable compounds. Clean-up is most
effective when depositing MgO, as Mg”" works as the most effective scavenger of O%. Clean-up with
metal chlorides seems to have a fundamentally different mechanism, probably involving removal of the
O from the native oxide film and passivation with CI groups.

The first principles study shows that clean-up with metal alkylamides has a similar mechanism to clean-
up with metal methyls as regards the scavenging of oxygen from weak As, Ga and In oxides. Arising

from this, ligand exchange can in principle lead to a clean-up product: tris(dimethylamino)arsine.
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However steric hindrance and the bulky character of the alkylamide ligand are rate limiting factors,

which in this case are very pronounced and suggest that this particular reaction will not proceed.

Our study also shows the difference in mechanism underlying the consumption of III-V oxides with
alkylamido precursors from the one taking place with TMA. In the case of the alkylamide ligand,
thermal decomposition rather than migration of the entire ligand on the oxide surface is dominant,
taking into account the bulky character of the ligand and its known reactivity in contact with a
semiconductor or metallic surface. Clean-up of the reducible As oxide substrate is therefore enhanced
by secondary decomposition surface reactions, not by oxidation of the entire alkylamide. The H
elimination process that forms hydroxyl groups and As-C bound species (B) is exothermic or neutral at
0 K and kinetically demanding. The migration of these decomposition intermediates from an As site to
an O site (C) and direct reduction of the substrate is only slightly endothermic. Successive
dehydrogenation though becomes progressively less favored. Instead, the first H elimination may be
followed by another plausible reaction — N-C bond scission (J), which can lead to low temperature
methane production, albeit without the clean-up effect. Thermal activation is needed for formation and
desorption of products that arise from these decomposition structures: most likely N-
methylmethyleneimine and aziridine, possibly along with methane, ethylene and dinitrogen. A specific
requirement of the substrate is that it contain both Lewis acid and Lewis base sites, which can activate
secondary surface reactions of ligands that are susceptible to decomposition, like the dimethylamido
group. These redox processes do lead to the reduction of arsenic oxides to metallic arsenic, which in
turn can reduce gallium and indium oxides to pure III-V material. Some of the reactions that we have
presented therefore account for the clean-up effect, but they occur in parallel with reactions that do not

achieve clean-up.

More generally we show that organometallic reagents react readily with substrates featuring less
electropositive metals. In presence of metals like Si, As, Ga and In, a reactive polar metal-organic ligand

bond, e.g. Al-C, is broken and formation of more covalent bond, e.g. As-C, is favoured. These reactions
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might be possible during homodeposition and can thereby give a CVD component to standard ALD, as
is well-documented for alkylamides. The mechanisms described here are in line with observations on Si
surfaces as well. The same mechanisms can therefore be expected on other substrates, such as oxides

and nitrides, that show a mix of Lewis acid/base sites.
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