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ABSTRACT

Thermal atomic layer etch (ALE), facilitating the removal of up to one monolayer of material per cycle, is growing in importance for
thin-film processing. The number of available ALE processes is much smaller than for atomic layer deposition, its complementary growth
process. Quantum chemical simulations are a key approach in the development of new thermal ALE processes, however, methodologies and
workflows need to be developed. In this regard, the present paper reports a simulation-based approach toward the development of new
thermal ALE processes using metallic cobalt as a test case. We demonstrate a predictive process discovery approach for ALE in which target
volatile etch products and the corresponding gas phase reactants are chosen from the literature, an overall ALE cycle for each combination
of reactant is investigated for thermochemical favorability, and the detailed mechanisms of the individual reaction steps in the proposed
ALE processes are studied using density functional theory. From these results, we derive a temperature-pressure process window for each
combination of reactants at typical reactant and product pressures allowing the selection of an ALE process window. For Co ALE, we inves-
tigated propene, butyne, silane, and trimethyl silane as a first pulse reactant and CO as the second pulse reactant. We propose propene and
CO as the best combination of reactants for Co ALE. Propene adsorbs with sufficient strength to the target Co atom at temperatures below
the CO decomposition temperature of 440 K, which results in the lowest energy etch species. This approach is equally relevant for the ALE
process design of elemental, binary, and ternary materials.

Published under license by AVS. https://doi.org/10.1116/6.0000804

I. INTRODUCTION

One of the main bottlenecks in the down-scaling of modern-
day semiconductor architectures is identifying novel materials that
meet the necessary performance requirements for next generation
devices. Even then, effective thin-film processing techniques need
to be developed to meet the stringent critical dimension (CD)
requirements of these semiconductor devices. To this end, thermal
atomic layer etching (ALE) has been introduced as an isotropic
material removal technique that can accompany atomic layer depo-
sition (ALD) in the processing of nano-architectures with targeted
CD’s below 10 nm. Thermal ALE is similar to ALD in that it is an

iterative process made up of sequential self-limiting reactions
enabling the conformal removal of up to one monolayer of material
per cycle, even in high aspect-ratio structures.1–6 A minimum of
two reactant pulses per cycle are required, the first pulse to chemi-
cally modify only the surface layers and the second pulse to intro-
duce an “etchant” in order to generate volatile etch products that
can be thermally desorbed from the surface.

While there have been experimental reports on the thermal
ALE of a range of compound materials,7–23 such processes for ele-
mental materials are less common, with only a handful of examples
for materials such as for W,24–26 Fe,27 Co,28 Cu,29–31 Si,32 and Ge.33
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In the semiconductor industry, metals such as Cu, Co, and W are
widely used as conducting materials in interconnects and transistor
contacts while oxides (e.g., Al2O3,

34 HfO2, and ZrO2
35) and hard

nitrides (e.g., TiN36 and TaN37,38) are used as dielectric and barrier
materials, respectively. Designing an ALE cycle for pure metals,
unlike metal oxides for which the metal atoms are typically fully
oxidized, requires a chemical approach that must manage the
chemical potential energy. Pure metals, especially reactive metals,
have high chemical potential energy relative to their metal oxides.
The challenge in metal ALE is to find a path down the free energy
mountain to control the surface chemistry and achieve the
desired result.

Cobalt has been identified as a potential substitute for copper
local interconnects and tungsten transistor contacts due to the
increased performance at thinner dimensions.39 As such, ALD
process technologies for Co thin-film materials have seen a great
deal of development within recent years due to the increased per-
formance of Co materials as the CD of semiconductor devices con-
tinue to shrink.40–45 However, unlike the surge in Co ALD process
development, the complementary Co etch process development has
seen very little development. Recently, Konh and co-workers
reported an ALE process for metallic Co at 140 �C using Cl2 and
hfacH as reagents.28 They propose that the ALE process proceeds
by an initial chlorination of the Co surface in the first pulse
followed by the introduction of hfacH which reacts with the CoClx
surface at elevated temperatures and results in the formation of the
etch product Co(hfac)2 along with the generation of a volatile HCl
by-product. This process is strongly temperature dependent with a
variable etch rate of 0.2 nm/cycle at 140 �C to 1.6 nm/cycle at
185 �C. Moreover, the presence of surface F species was also
confirmed with XPS in this study. In a similar fashion, chemical
vapor etch processes that have utilized acacH and hfacH have also
been reported46,47 but similarly the resulting thin films exhibit
non-negligible amounts of fluorine contamination. This is an
undesirable effect which has been shown to be detrimental to the
performance of CMOS devices and a key attribute of these pro-
cesses to be avoided.48,49 Therefore, an efficient fluorine-free ALE
process for Co metal is vital for the fabrication of next generation
local interconnects and transistor contacts at thinner dimensions
and presents an excellent test case for a quantum chemical analysis
of the development of a Co ALE process.

The ALE of oxide or nitride materials typically requires the
metal atoms to be in an almost fully oxidized state (Maþ). In the
case of elemental materials such as Co is in 0 oxidation state, it is
necessary to facilitate a surface reaction that not only functionalizes
the surface but also provides controlled oxidation of the surface.
For metals, care must be taken so that the reaction self-limits and
does not promote runaway oxidation of the metal which can
produce a thick oxidized surface layer. The oxidizing agent must be
carefully selected to drive the metal surface reactions toward the
oxidation state of the metal in the desired etch product but not
beyond it.

We have previously used density functional theory (DFT)
based quantum chemical simulations to validate experimental find-
ings such as etch rates and compute thermodynamic properties to
estimate the reaction energy requirements of individual ALE steps
and understand the underlying etch mechanisms of ALE processes

for, e.g., Al2O3,
50 metallic W,51 HfO2, and ZrO2.

52 Compared to
experiments, computational studies offer a relatively inexpensive
way to investigate a broad range of thermal ALE processes.
However, very few rigorous computational studies of thermal ALE
processes using quantum chemical calculations have been reported
so far. Of note is the work of Ventzek and co-workers53 who pre-
sented a DFT study focusing on the ALE of polymer surfaces using
an oxygen flux and Hamaguchi and co-workers54,55 who investi-
gated the self-limiting behavior of hexafluoroacetylacetone (hfacH)
on Ni and NiO. However, the above computational studies were
based on known ALE processes. To date, no ALE process has been
proposed exclusively from quantum chemical simulations.

In developing thermal ALE, we require a methodology that is
general and applicable across multiple materials. This can be
achieved by developing systems that are predisposed for the appro-
priate reactivity profiles such that precursors that produce volatile
complexes as etch products can be quickly screened, a task for
which density functional theory (DFT) is well positioned. Herein,
we present a general computational approach for the prediction of
a new ALE process as shown in Fig. 1, which we have employed for
the development of a novel Co ALE process. In the first step of our
computational approach, volatile etch products are identified from
a survey of the literature based on the process requirements. It is to
be mentioned that ALD precursors could be considered for the
target etch species provided a synthetic route to their formation
under ALE process conditions is feasible. The target etch species
typically has one or more ligand types present. Bulkier etch prod-
ucts are associated with low etch rates, so care must be taken to
choose targets with workable steric profiles to enable volatilization.
In the second step, the gas phase coreagents are chosen to develop
a reaction pathway capable of generating the desired etch product
to complete the ALE cycle. In the third step, we use the reactants
selected in the second step and compute the overall surface reaction
energies from DFT to verify if the chosen reagents result in a ther-
modynamically viable ALE process. We also consider the thermo-
chemistry of unwanted side reactions (such as undesired

FIG. 1. Graphical representation of the steps involved in the computer aided
discovery of a new thermal atomic layer etch process.
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by-product formation or nonself-limiting nature of the reactant-
substrate interaction) that might occur during the ALE pulses and
make sure that they do not affect the desired reaction path in the
ALE pulses. Finally, in the fourth step, the energy requirements for
the individual reaction steps in the ALE process in addition to any
kinetic barriers are studied using quantum chemical simulations.
From these results, we construct a map of the pressure-temperature
process window for our proposed process.

Volatile organometallic Co compounds containing carbon
monoxide and an organic ligand, such as (C3H5)Co(CO)3, (C4H6)
Co(CO)6, (SiH3)Co(CO)4, and (Si(CH3)3)Co(CO)4, in which the
central Co atom is mildly oxidized (+1 oxidation state) are chosen
as suitable target etch products from the literature. In this work, we
wanted to avoid higher oxidation states of Co. Higher oxidation
states are usually induced by stronger reagents, and they may not
be self-limiting and result in the formation of a thick modified
layer, which is undesirable for ALE in general. For example, the use
of O2 as first pulse chemical oxidized Co atoms to +2 or +3 states
and can also promote runaway oxidation. Therefore, we only chose
those complexes where the central Co atom has +1 as the highest
oxidation state. Based on the above selection, propene (C3H6),
butyne (C4H6), silane (SiH4), and trimethyl silane [TMS (SiH
(CH3)3)] are the corresponding organic molecules selected as
surface modifiers that upon reacting with the surface would lead to
a single oxidation event per Co atom in the first ALE pulse and CO
is selected as the second pulse reactant. Out of all the considered
etch species, based on thermochemical analysis, (C3H5)Co(CO)3 is
found to be the most suitable. Moreover, this complex is a Co ALD
precursor which is stable and volatile at ALE relevant tempera-
tures.56,57 Therefore, propene and CO are chosen as the corre-
sponding first and second pulse reactants. In fact, propene is
favorable as a reagent for the first pulse due to its availability,
thermal stability, and better vapor pressure control over the other
reagents. Using the above reactant combination, we performed a
detailed mechanistic study for direct simulation of the individual
reactant pulses in Co ALE. Moreover, this proposed ALE process
for Co avoids fluorine contamination as the reactants are fluorine
free and it is suitable for industrial process integration.

This DFT based thermochemical analysis enables the predic-
tion of the temperature-pressure process window for this proposed
ALE process and showcases the role of quantum chemical model-
ing in ALE process development.

II. METHODS AND COMPUTATIONAL SETUP

A. DFT settings

Spin-polarized density functional theory implemented in
Vienna Ab initio Simulation Package (VASP v5.4)58 is the
electronic structure method used in this work. Plane wave basis
functions with an energy cutoff of 400 eV were used to represent
valence electrons, while projector augmented wave (PAW) poten-
tials59,60 were used to represent the core electrons. The valence elec-
tronic configuration of the elements in the PAWs is Co: [Ar] 3d8

4s1, C: [He] 2s2 2p2, O: [He] 2s2 2p4, H: 1s1, and Si: [Ne] 3s2 3p2.
Therefore, the valence charges of Co, C, O, H, and Si are 9, 4, 6, 1,
and 4, respectively. Exchange-correlation (XC) contributions to
the electronic energy are computed using generalized gradient

approximated Perdew–Burke–Ernzerhof (PBE) potential.61

Grimme’s D3 dispersion correction62 is also included to account
for the Van der Waals interactions, which cannot be excluded
when organic molecules interact with metallic surfaces. The con-
vergence criteria for the electronic energy and the ionic relaxations
are 10�4 eV and �0.02 eV/Å. The energetic barriers discussed in
this paper are computed using climbing image nudged elastic band
approach with three to five images and a convergence criterion of
�0.02 eV/Å.63,64

B. Bader charge analysis

Oxidation state (or oxidation number) is calculated as the dif-
ference between the computed total valence charge of atoms in the
interacting heterogeneous system and the corresponding atomic
valence charge given in the PAW potentials. If the computed
valence charge value is less than the atomic valence charge, then
the target atom is being oxidized and vice versa. The computed
valance charges are based on the Bader charge partitioning scheme
using the Bader code.65 The charge analysis is performed on the
total charge density (valence + core) to account for the nonlocal
charge distribution. Bader charge partitioning is based on the
quantum theory of atoms in molecules (QTAIM)66 and works
directly on the charge density given by the electronic structure
code. This is a more intuitive way to partition atoms using a zero
flux surface and provides better prediction for atomic charges than
other charge density partitioning schemes. The computed valence
charges will be integers if the computed electronic density is local-
ized and symmetric. Fractional Bader valence charges indicate that
the electron density is not localized, is not symmetric, and is polar-
ized along the bond directions and shared between the participat-
ing atoms.

C. Validation of Bader charge analysis

Zunger and co-workers67 found that DFT calculations may
show only a small change in the valence charge while the oxidation
state of a transition metal is altered. Goodenough and co-workers68

found that the Bader valence charge of a V atom center in two dif-
ferent V containing materials was similar while they must clearly
be in different oxidation states. This is due to the delocalization of
the valence charge density of V atom within its local environment
and Bader analysis can only provide a relative estimate of the
charge, i.e., oxidation of V(III) to V(IV) might only result in a
change in valence charge of 0.08e. Therefore, to validate the results
obtained from Bader analysis, we computed the valence charges
of Co atoms in bulk Co and bulk CoO (Materials project
ID: mp-22408). The valence charge on an isolated Co atom is 9.0e
based on our computational setup. Co atoms in bulk Co are at zero
oxidation state, and the Bader analysis consistently predicts the
valence charge as 9.0e. In CoO, the Co and O atoms form ionic
bonds, and the Co atoms are in an oxidation state of +2. The com-
puted Bader valence charge for the Co ions in CoO is 7.9e instead
of 7.0e and for the O ions it was 7.1e instead of 8.0e. In the organo-
metallic complexes of Co(I) introduced earlier, such as (C3H5)Co
(CO)3, (C4H6)Co(CO)6, (SiH3)Co(CO)4, and [Si(CH3)3]Co(CO)4,
the central Co atom has computed Bader valence charges of 8.45e,
8.5e, 8.38e, and 8.32e, respectively, instead of 8.0e. As discussed
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earlier, charge partitioning schemes such as Bader’s approach
assume atom centered charge distributions; thus, they will not
provide the absolute charge of an atom in a covalently bonded
environment in which the charge distribution is nonlocal. A table
with Bader valence charges of various Co containing materials and
molecules is given in Table S1 of the SM.

D. Bulk and surface models

Bulk Co has HCP symmetry with the computed lattice
constant of a=b=2.46 Å, c=3.98 Å, α ¼ β ¼ 90�, and γ ¼ 120�.69

This matches well with the experimental lattice constant of
a ¼ b ¼ 2:51 Å, c ¼ 4:07A

�
, α ¼ β ¼ 90�, and γ ¼ 120�.70 The

bulk lattice constant was computed by simultaneously relaxing the
cell volume and cell dimensions using a slightly increased plane
wave energy cutoff of 550 eV and a 12� 12� 12 Monkhorst–Pack
K-point mesh. Moreover, the calculated cohesive energy of bulk Co
was found to be �5:58 eV and the experimental value is �4.43 eV.
PBE functional has been shown to overestimate the cohesive energy
of Co.71 The nearest Co–Co distance is computed at 2.46 Å, while
the experimental value was 2.49 Å.71 A five-layered high-index
Co(2 0 1) surface with a surface area of 0.81 nm2 is chosen for this
study, and this surface has step edges that will make it more
reactive to the reactant molecules as compared to the ideal flat
(1 1 1) surface.

In each layer, there are 16 Co atoms which amounts to 80 Co
atoms in the slab. A Monkhorst–Pack K-point mesh of 2� 2� 1 is
used for all the geometry relaxation calculations. For all adsorption
calculations, the entire slab is relaxed to arrive at the local
minimum geometries. Models of Co bulk and the Co(2 0 1) surface
are given in Sec. S2 of the supplementary material.82

E. Energy equations

Reaction energy ΔE is computed as

ΔE ¼
XnP

i

nEi �
XnR

j

mEj: (1)

Here, nP and nR are the number of product molecules and reactant
molecules, respectively. n and m are the stoichiometric coefficients
of the respective species. Reaction free energy is computed as

ΔG ¼
XnP

i

nGi �
XnR

j

mGj þ RTln(Q), (2)

G ¼ E þ ZPEþW(T)� TS, (3)

Q ¼
Y

Pμ
products=

Y
Pμ
reactants: (4)

Here, R is the gas constant. ZPE, W(T), and S are the zero point
energy, temperature dependent enthalpy contribution, and entropy,
respectively. The RTln(Q) term introduces the reactant and
product pressure contributions to the reaction free energy. We have
used 0.2 Torr for reactant pressure and 0.01 Torr for the product
pressure, the latter cannot be controlled in the etch reactor. An

increase in reactant pressure would typically lower the free energy
and make the forward reaction more favorable. Accurate force con-
stants from density functional perturbation theory (DFPT) imple-
mented in VASP are coupled with the Phonopy code72 to compute
ZPE, W(T) and S of slab models and only the top layer atoms of
the slab are used for this. For convenience, ZPE, W(T), and S of
molecules are computed using the TURBOMOLE package73 with
PBE XC functional and triple zeta basis set.

Binding energy of a molecule with a surface, Ebind is
computed as

Ebind ¼ Einteracting system � (Eisolated surface þ Eisolatedmolecule), (5)

and the terms on the right hand side are the total energy of the
molecule adsorbed on the surface (interacting system), the total
energy of the bare surface, and the total energy of the isolated
molecule.

III. RESULTS

A. Ideal Co ALE cycle

The four stages of an ideal Co ALE process, namely:
(1) surface modification pulse, (2) purge, (3) material removal
pulse, and (4) purge are schematically represented in Fig. 2.

The reactant chemical for the surface modification pulse
(stage 1) must be chosen in such a way to ensure a self-limiting
reaction and the formation of a thin modified layer leading to a
sub-monolayer etch rate. The aim is to avoid the oxidation of Co to
its +2 or +3 oxidation states (and we remind the reader that this
discussion frames oxidation as a loss of electrons from the metal
rather than metal oxide formation), which is typical when strong
oxidants are used (e.g., O3 or N2O). This is to ensure favorable
binding of second pulse reactant to the oxidized Co surface atoms.

For the above reasons, strong oxidizing agents such as O3, O2,
N2O, Cl2, and F2 are avoided as the first pulse reagent. Instead, we
identified propene as the chemical to functionalize the Co surface
and act as a mild oxidizing agent in stage 1 that will modify the

FIG. 2. Schematic representation of the ideal thermal atomic layer etch process
for Co.
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oxidation state of Co to at most +1 without formation of thick
modified layers. Following the chemical modification of the Co
surface, the unreacted gases and any volatile by-products for the
initial surface functionalization are purged from the system in stage
2. The modified Co layer is volatilized by the addition of a secon-
dary etch ligand (Y) in stage 3 and subsequently removed in stage
4, which is a purge event.

B. Step 1: Selection of target volatile species

In general, volatile metal complexes of the metal to be etched
are a suitable initial choice as the target etch species. A thorough
literature search on volatile compounds of the target material gives
a wide selection of possible candidates. From the literature,74

volatile compounds of cobalt where the metal atom exists in a low
oxidation state, e.g., Coþ1, are selected for the reasons stated earlier.
The selected volatile species include (C3H5)Co(CO)3, (C4H6)Co2
(CO)6, (SiH3)Co(CO)4, and [Si(CH3)3]Co(CO)4. As shown earlier,
the central Co atom in these complexes has a computed Bader
valence charge between 8.3e and 8.5e, which corresponds to Co1þ.
All these complexes contain three to six carbonyl ligands that
impart enhanced stability to the low valent metal center in the vol-
atile etch product. CO functions as an L-type ligand as it does not
oxidize or occupy a formal valence on the target Co metal atom.
Moreover, further stability is imparted onto the volatile etch
product by virtue of the strong metal �! ligand π-back bonding
interaction between Co and CO which helps to accommodate the
increased electron density found on low-valent metal centers when
compared to higher valent etch products [e.g., Co(acac)2].

75

C. Steps 2: Selection of the reactant molecules

By identifying suitable volatile etch products in step 1 and by
utilizing a molecular design approach, the corresponding oxidizing
agents for the first pulse and subsequent pulses can be chosen to
generate the desired etch products, as shown in Fig. 3. The first
pulse reactants corresponding to the selected target species are
C3H6 (propene), C4H6 (butyne), SiH4 (silane), and SiH(CH3)3
(trimethyl silane) shown in Fig. 3, while the second pulse reactant
chosen is CO. Bulk conversion of Co to Co2(CO)8 during CO
exposure is possible only at very high pressures of 100 atm
(76 000 Torr) and 473 K;74 therefore, this bulk conversion reaction
should be avoided at the modest reactant pressures typically used
in ALE processes. Moreover, CO molecules do not dissociate spon-
taneously on the Co surface at ALE relevant temperatures.
However, they were found to desorb as CO above 350 K or form
CO2 at 440 K.76 These characteristics are ideal for the ALE process
as they discourage oxide formation and restrict the deposition of
carbon when the ALE temperature is set below 440 K.

D. Step 3: Overall reaction energies

The model reactions of all reactant combinations (R1: propene
+CO, R2: butyne+CO, R3: silane+CO, and R4: TMS+CO) for the
full Co ALE cycle are given in Table I. In these reactions, we con-
sider a bare surface of cobalt (Co(surf )) exposed to one molecule of
the first pulse reactant (1.23 molecules/nm2) and six CO molecules
(7.4 CO/nm2), as identified in step 2. These reactions result in a

bare surface of Co in which one or two Co atoms are removed,
denoted as Co(surf�1) or Co(surf�2), together with a molecule of the
corresponding gas phase etch product identified in step 1. The
number of CO molecules needed to volatilize a Co surface atom is
different depending on the oxidizing agent used (R1�propene = 3;
R2�butyne = 6; and R3,R4�silane/TMS = 4). However, we have
considered six CO molecules in all the reactions even though not
all of them are needed to form the volatile species in R1, R3, and
R4. This is to ensure that the comparison of free energies between
different reactant combinations is not biased toward the molecules
with large number of CO ligands. In R1, R3, and R4 reactions, the
product surfaces have 3, 2, and 2 CO molecules left adsorbed on
them. For reference, the reaction energies without any CO residues
left on the surface are given in Sec. S3 of the supplementary mate-
rial.82 The removed surface Co atoms could either be a highly coor-
dinated surface atom (Cos) or an adatom (Coa).

Table I presents the computed reaction free energies of these
model reactions at 0 K and at 500 K for the removal of the
Coa (ΔGa), a Cos (ΔGs), and the energy difference between the two
cases (ΔGs � ΔGa). This energy difference provides a method to
assess if the difference in reactivity of the target Coa and a Cos
changes with temperature. The free energy estimates for R2 are
higher than the other reactions because 1 butyne molecule needs
all six CO molecules to form the volatile species that removes two
Co atoms at once and we have only shown the free energy per Co
removal for fair comparison. The corresponding free energy pro-
files spanning 0 K to 1000 K are shown in Fig. 4. For all reactant
combinations, the removal of the Coa is always more favorable by
ca. 1.7 eV–2.2 eV at all temperatures, Table I and Fig. 4. This is
consistent with the recent work by Konh et al.28 The origin of this
result is that the Coa (adatom) has a lower coordination number
of 3, compared to a coordination number of 9 for other Cos atoms,
while bulk Co is 12-fold coordinated. The removal of a Cos atom
involves breaking nine Co–Co bonds of which six are surface
Co–Co bonds while the other three are subsurface bonds. In con-
trast, the Coa is bound to only three surface Co atoms, which allow
the reactants to attach more favorably to it.

For all reactant combinations, the etch of both Coa and Cos
atoms is favorable at 0 K, whereas the removal of the Cos atom is
unfavorable only for R2 at 500 K. The ΔGs � ΔGa values are similar
for each reactant combinations at 0 K and 500 K. This implies that
the entropic cost for the removal of both Coa and Cos atoms, with
the studied reactant combinations, is roughly the same.

Reactions R1, R3, and R4 which incorporate propene, silane,
and TMS as the first coreactant pulse show the most favorable reac-
tion energies for Co etch in that order followed by R2. From Fig. 4,
we find that all first pulse reactants result in favorable ALE process
up to 600 K for removal of the Coa atom. Except butyne, all other
first pulse reactants result in favorable removal of the Cos atom up
to at least 500 K. Free energy profiles for the reactions without CO
residues are given in Sec. S3 of the supplementary material.82 Based
on the above thermochemical results, the combination of propene
and CO has a small energy advantage over the other reactant com-
binations. Taking this into account, we present a detailed investiga-
tion of the propeneþCO combination for ALE in Sec. III E.
However, the other combinations were also studied, and the details
are presented in Sec. S4 of the supplementary material.82
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FIG. 3. Chemical formulas and structures of the target volatile species and first pulse chemicals.

TABLE I. Reaction free energies (ΔG) of the postulated overall ALE reactions at 0 K and 500 K. The energy values are given in eV and are given per Co removed. ΔGa and
ΔGs refer to free energies when an adatom (Coa) and surface atom (Cos) are etched, respectively. ΔGs - ΔGa is the free energy difference between removing a Cos and the
Coa. Cosurf refers to the clean (2 0 1) surface of Co and Cosurf�x refers to the same surface with x atoms removed from the top layer. Reactant pressure used is 0.2 Torr and
product pressure used is 0.01 Torr.

at 0 K at 500 K

Reactions ΔGa ΔGs (ΔGs - ΔGa) ΔGa ΔGs (ΔGs - ΔGa)

R1 Co(surf) + C3H6(g) + 6CO(g) �!
Co(surf−1+3CO) + (C3H5)Co(CO)3(g) + 0.5H2(g) −8.73 −6.60 2.13 −2.62 −0.40 2.19

R2 Co(surf) + C4H6(g) + 6CO(g) �!
Co(surf−2) + (C4H6)Co2(CO)6(g) −3.79 −2.09 1.70 −0.69 0.98 1.67

R3 Co(surf) + SiH4(g) + 6CO(g) �!
Co(surf−+2CO) + (SiH3)Co(CO)4(g) + 0.5 H2(g) −8.26 −6.21 2.05 −2.53 −0.41 2.12

R4 Co(surf) + SiH(CH3)3(g) + 6CO(g) �!
Co(surf−+2CO) + (Si(CH3)3)CO(CO)4(g) + 0.5H2(g) −8.44 −6.39 2.05 −2.54 −0.42 2.12
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E. Step 4: Energy requirements of individual ALE steps:
Propene+CO

In this section, we look at the mechanism involved in the ALE
of Co using propene and CO as reactants.

Figure 5 shows a schematic representation of the proposed Co
ALE process with propene and carbon monoxide (CO) as reactants.
The free energy values of the individual reaction steps at 0 K,
500 K, and 800 K along with the cumulative free energy change are
listed in Table II. The metal adatom on the Co surface is the tar-
geted atom for removal.

1. Pulse 1

In the first ALE pulse, the Co surface is exposed to propene gas.
A propene molecule initially adsorbs nondissociatively at the low
coordinated Co atom (reaction 1 in Fig. 5) with a ΔG of �1.31 eV
(this increases to �0.15 eV at 500 K due to entropic loss—see
Table II). The target Co adatom sits at a threefold site coordinated
by three nearest surface Co atoms. On adsorption, the length of the
C ¼ C bond in propene elongates slightly from 1.33 Å to 1.37 Å.
The target cobalt atom is oxidized with a computed valence charge
of 8.79e (see Sec. S1 of the supplementary material for the list of
Bader charges).82 For comparison, the valence charge of Co in the
final etch product is 8.45e. As discussed earlier in the methods
section, the partial valence charges are because of the nonlocal

FIG. 4. Free energy profiles of the overall etch reactions given in Table I. Solid
lines correspond to the etch of an adatom and dotted lines correspond to the
etch of a surface atom.

FIG. 5. Schematic of the proposed full ALE cycle with propene and CO as first and second pulse chemicals, respectively. Red arrow (1) is for the adsorption of propene,
blue arrow (2) for propene dissociation and H adsorption, orange arrow (3b) for H desorption, green arrow (4) for CO adsorption, and purple arrow (5) for etch product
desorption.
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distribution of charge density by the quantum chemical method.
This type of adsorption study is well known and followed by compu-
tational surface science researchers.77,78

As predicted from our molecular design principles, this result
indicates that we do not induce a high oxidation state of this Co
atom, which is desirable. A C–H bond from the �CH3 fragment of
the adsorbed propene molecule dissociates (reaction 2 in Fig. 5) with
ΔG ¼ 0:08 eV (0.06 eV at 500 K, decreases due to entropic gain).
The average distance of the target Co atom from the three closest
surface Co atoms on the bare Co(3 1 0) surface is 2.24 Å and it
increases to 2.29 Å and 2.33 Å after C3H6 adsorption and H dissocia-
tion, respectively. This indicates weakening of the CoT–Co bonds.

A pathway for H dissociation from adsorbed propene to the
Co surface is explored in a short 90 fs MD simulation with a time
step of 0.5 fs at 300 K starting from the nondissociated geometry of
propene adsorbed on the Co surface (MD snapshots and distance
plots given in Sec. S5 of the supplementary material).82 At 300 K,
H dissociation (C1–H1 bond in Fig. 5) is spontaneous and we esti-
mate an activation free energy barrier of 0.23 eV at 300 K from the
change in potential energy with respect to the C1–H1 distance in
the MD trajectory, which compares to 0.20 eV obtained from a
CI-NEB calculation of the activation energy barrier for H dissocia-
tion (more details in Sec. S5 of the supplementary material).82

Reference 77 shows that dehydrogenation of propene on Co surfa-
ces is favorable at low temperatures, which is compatible with
our results.

Dissociation of propene results in a small change in the Bader
valence charge of the target Co atom to 8.74e (Sec. S1 of the sup-
plementary material shows Bader charges of all participating
atoms).82 Hopping of hydrogen to different sites on the Co surface
has activation energies between 0.04 eV and 0.64 eV depending on
whether it diffuses via a bridge site (small barrier) or over the atop
site (large barrier). The activation energy needed to desorb the H
atom as gas phase H2 is computed as 0.7 eV which is consistent
with the experimental range of 0.6 eV–0.8 eV.79 The activation
energy needed to dissociate the adsorbed propene and desorb the

H atom is, thus, ca. 0.7 eV, which allows them to proceed at reason-
able temperatures.

2. Purge 1

In the first ALE purge, the unreacted propene molecules are
removed from the etch chamber, with H remaining on the Co
surface (reaction 3a in Fig. 5) or together with the removal of disso-
ciated H atoms as H2 (reaction 3b in Fig. 5). The desorption of the
H atom as H2 costs energy of about 0.33 eV/H at 0 K (�0:14 eV at
500 K, entropic gain) which increases the cumulative free energy up
to this step to ΔGcum: ¼ �0:98 eV at 0 K (�0:35 eV at 500 K, as a
result of the net entropic loss arising from propene adsorption and
H desorption) per target Co atom in reaction 3b. In contrast, the
ΔGcum: is about �1.31 eV at 0 K in reaction 3a (�0:21 eV at 500 K,
here there is no entropic gain associated with desorption of H).
Desorption of H is favored at high temperatures due to entropic
gain. Thus, the ΔGcum: difference between reactions 3a and 3b is
reduced at 500 K, while ΔGcum: becomes positive at 800 K for both
reactions suggesting that a self-limiting propene adsorption step is
not possible beyond this temperature, which in any case is well
above typical ALE operating temperatures.

3. Pulse 2 and purge 2

In the second ALE pulse, carbon monoxide (CO) molecules
are introduced into the etch chamber. A reactor temperature
around 350 K is preferred as we have noted earlier that CO desorbs
from the Co surface at this temperature. CO will saturate the Co
surface at temperatures lower than 350 K. Above 350 K, the lifetime
of CO molecules at the Co surface is decreased because they start
desorbing and they will eventually be removed from the reactor
during the purge step. This will prevent excess CO from passivating
the Co surface after the completion of the first ALE cycle which will
allow the propene molecules in subsequent cycles to adsorb at the
Co surface without significant diffusion delays due to adsorbed CO.

The role of propene and CO are different in this proposed
ALE cycle. Surface passivation as a limiting condition for self-
limiting reaction is only valid if the chemical reacts with the
surface and modifies it like in the case of propene pulse. It is suffi-
cient if CO etches the propene-modified surface Co atoms as long
as it does not decompose and modify the Co surface again by
forming CoO. So, keeping the temperature below CO decomposi-
tion temperature takes care of this issue. CO reaction is self-
limiting in the sense that it does not affect the surface continuously.
Therefore at around 350 K, some CO will desorb from the surface
and other CO in the gas phase will adsorb at the surface. The
purge will remove the desorbing CO and leave sites for propene
adsorption in the next cycle.

In our analysis of this step, given the target volatile species
that result from the etch process, we consider the adsorption of
three CO molecules bound to the target Co atom as shown in
Fig. 5 (reactions 4a and 4b). This gives a coverage of 3.90 CO/nm2.
There is a significant enthalpy gain of �1.72 to �1.83 eV per
adsorbed CO in this step. This is because the binding energy of a
CO molecule on a bare Co (3 1 0) surface is in the range of �2.5 eV
to �2.8 eV, depending on the adsorption site, which is almost twice
as strong as the binding energy of C3H6 at the Co surface.

TABLE II. Reaction free energies of the individual reactions of Co ALE cycle with
propene and CO as reactants. a and b correspond to those reactions in which the
dissociated H atom is adsorbed on and desorbed from the surface, respectively. For
these calculations, the surface entropy contributions are assumed to be zero.

ΔG (eV/CoT)

T = 0 K T = 500 K T = 800 K

Reaction ΔG ΔGcum: ΔG ΔGcum: ΔG ΔGcum:

1: C3H6 adsorption −1.31 −0.15 0.50
2: H dissociation 0.08 −1.23 0.06 −0.09 −0.01 0.49
(H intact)
3a: Purge 1 0.00 −1.23 0.00 −0.09 0.00 0.49
4a: CO adsorption −5.49 −6.72 −1.79 −1.88 0.47 0.96
5a: Purge 2 3.13 −3.59 1.29 −0.59 0.23 1.19
(H desorbed)
3b: Purge 1 0.33 −0.90 −0.14 −0.23 −0.43 0.06
4b: CO adsorption −5.15 −6.05 −1.52 −1.75 0.64 0.70
5b: Purge 2 2.98 −3.07 1.12 −0.63 0.07 0.77
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The Bader valence charge of the target Co atom further
decreases to 8.47e after the CO adsorption, which is very close to
the Bader charge of Co atom in the target volatile species (8.45e).
Table S2 in the supplementary material lists the Bader valence
charges of all relevant participating atoms in this ALE cycle.82

Bader valence charges of isolated CO molecule are C: 2.9e and
O: 7.1e, whereas the Bader charges of CO in the volatile species are
C: 3.1e and O: 7.1e. For comparison, the Bader charges of CO
adsorbed to the Co surface in pulse 2 is C: 3.5e � 3.6e and O: 7.1e
which suggest a gain in electron density around the surface bound
C (in CO) centers with respect to their molecular counterparts.
The average Co–Co distance from the target Co atom to the neigh-
boring surface atom further increases to 2.57 Å (from 2.33 Å just
after C1-H1 dissociation) when the three CO molecules are
adsorbed. Upon increasing the CO coverage to about 15.6 CO/nm2

(12 Co per supercell), although this is not likely to be possible
under typical ALE conditions, this Co–Co distance increases to
4.1 Å. Thus, the strong Co–CO interaction weakens the binding of
the target Co atom with the surface. We would like to note that we
have not explicitly calculated any kinetic barriers involved in this
pulse. This will be a topic of a future paper. Furthermore, adsorbed
CO molecules do not interact with the dissociated H atoms that are
present on the surface after the first purge.80 Therefore, undesirable
formation of compounds like HCOOH is also not likely on the Co
surface.81

The volatile species, (C3H5)Co(CO)3, that forms at the surface
is desorbed with an energy cost of ca. 3.0 eV allowing the ΔGcum:

for the entire ALE cycle to drop to �3.67 eV at 0 K (�0:71 eV at
500 K) for reaction 5a and �3:15 eV at 0 K (�0:75 eV at 500 K) for

reaction 5b (CO coverage of 3.9/nm2, the desorption energy will be
lower at higher CO coverages). These energies indicate that the
overall Co ALE cycle will be exoergic at 500 K. As the volatile
species are desorbed into vacuum in our model, the desorption
energy barrier is equal to the desorption energy given above.

The Co surface modification by propene results in both oxida-
tion of target Co atoms and decreased bond strength (due to
increasing Co–Co bond distances) between the target Co atom and
the neighboring surface Co atoms. In the second pulse, the interac-
tion via strong pi-back bonding between CO and surface Co atoms
results in further reduction in bond strength (again due to increase
in Co–Co bond distances) between the target Co atom and its
neighbors. We also have shown that the higher the number of
CO–Co bonds on the surface, the lower the CoT–Co bond strength
will be. This aspect of weakening of the surface metal bonds by the
chemicals is key to volatilizing the Co etch product and to the suc-
cessful ALE of the substrate metal.

4. Free energy profiles

We now consider the prediction of a temperature-pressure
window for a Co ALE process using the chemistry we have
described. The free energy profiles of the individual reaction steps
in our Co ALE model within the temperature range of 0 K–1000 K
are plotted in Fig. 6(a), and the predicted pressure-temperature
process window is displayed in Fig. 6(b). Solid lines in Fig. 6(a)
represent the case where the dissociated H atom from propene mol-
ecule is not desorbed in purge 1, whereas the dotted lines represent
case in which the H atom is desorbed. Comparing the two

FIG. 6. (a) Free energy profiles of the individual reaction steps for the ALE process with H desorption after propene adsorption (in dotted lines) or no desorption of H after
propene adsorption (in solid lines) given in Fig. 5. (b) The pressure-temperature process window of the complete ALE cycle (H desorbed) computed by considering differ-
ent ln(Q) values for each temperature. The red line indicated the CO decomposition temperature on the Co surface. The region marked by the black rectangle gives the
Co ALE process window when propene and CO are used as reactants.
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situations shows that there is no qualitative difference in the reac-
tion free energy for the individual steps of both cases. A reactant
pressure of 0.2 Torr and a product pressure of 0.01 Torr are used
for the plots in Fig. 6(a). The full range of reactant and product
pressure combinations can be seen in the variation of ln(Q) in
Fig. 6(b). Adsorption of propene and CO on the Co surface [lines 1
and 4 in Fig. 6(a)] leads to the formation of strong bonds that
increase the enthalpic contribution to the free energy at the
expense of a net entropic loss, which arises as a result of hindering
of the translational and rotational degrees of freedom of the mole-
cule. The vibrational degrees of freedom are affected to a minor
degree. At low temperatures the entropic loss is minimal since
there is relatively less kinetic energy in the system, but as the tem-
perature increases this loss becomes appreciable as can be seen
from the positive slope of these profiles in Fig. 6(a). The dissocia-
tion and desorption of H atom from propene [lines 2 and 3 in
Fig. 6(a)] and the desorption of the volatile metal etch species
[line 5 in Fig. 6(a)] have the opposite effect to the adsorption of
propene and CO discussed earlier (negative slope of the free energy
profiles). In these cases, the surface bound molecule either dissoci-
ates into two or desorbs into the gas phase which requires energy
to break bonds and leads to enthalpic loss. But the desorbed mole-
cules enter into the gas phase and regain their translational and
rotational degrees of freedom, which leads to a gain in entropy and
this entropic gain is appreciable at elevated temperatures and com-
pensates the enthalpic loss.

There are energy requirements for dissociation and desorption
steps (0.2 eV for H dissociation, 0.33 eV for H desorption and
3.0 eV for the etch species desorption) and they can be breached at
high temperatures. As a result of the significant gain in enthalpy of
CO adsorption [line 4 in Fig. 6(a)], the overall ALE cycle [line 6 in
Fig. 6(a)] is favorable up to 620 K. Due to undesirable CO decom-
position on Co above 440 K, the process temperature needs to be
maintained below 440, at which temperature the overall ALE cycle
is favorable.

The next step is to select the reactant pressure, for which we
have constructed a pressure-temperature contour plot from the
computed free energy of the complete cycle [indicated as number 6
in Fig. 6(a)] with ln(Q) values ranging from 100 to �100 in a tem-
perature range of 0 K–1000 K in Fig. 6(b). For a fixed product pres-
sure of 0.01 Torr, ln(Q) = 0 for the overall ALE reaction is achieved
when the reactant pressure is about 0.177 Torr. Increasing the reac-
tant pressure further will result in negative ln(Q) values that lead to
free energy gain and vice versa. In this figure, the entire region
below the contour line of ΔG ¼ 0 is favorable for ALE. By taking
the temperature limit of 440 K and considering a realistic range of
reactant and product pressures [ln(Q) values between 20 and �20],
the region within the black rectangle is predicted to be the most
favorable process window for Co ALE when propene and CO are
used as reactants. In this region, the free energy of the overall reac-
tion is negative (favorable) and between �5 eV and �1 eV and
negative ln(Q) values enhance the reaction free energy.

IV. CONCLUSION

In this work, we described a simple four step approach for the
in silico design of a thermal ALE process using density functional

theory, which has allowed the prediction of suitable precursors, a
process temperature range and a process pressure.

These steps are

(1) Selection of target volatile species.
(2) Selection of reactant chemicals for each ALE pulse.
(3) Thermochemical evaluation of the proposed overall reactions.
(4) Computing energy requirements, reaction mechanism for each

step and a temperature/pressure window for the ALE process.

With Co ALE as the test case, a set of organometallic com-
plexes of Co that contain CO were investigated as the candidates
for the target volatile etch species. Based on the above targets, first
and second pulse reactants are chosen. The first pulse reactant
must serve to functionalize the surface while also serving as a mild
oxidizing agent to increase the oxidation state of metal atoms to +1
so as to form the target volatile species in the second pulse but
without runaway oxidation of the metal. CO adsorbed strongly to
the Co surface without further oxidizing Co, as a result of π-back
bonding. The above two steps release enough energy to offset the
energy needed to desorb the volatile etch products at the end of the
second ALE pulse.

Pressure-temperature process windows were derived for all
reactant combinations, from which we observe that it is crucial to
restrict the process temperature to below 440 K, which will prevent
the decomposition of CO on a Co surface. All the reactant combi-
nations considered in this study provide favorable free energies up
to 440 K and lnQ between 20 and �20 for the overall ALE process.
Propene shows the strongest binding per Co atom, when compared
to the other oxidizing agents such as butyne, silane, and TMS.
Moreover, propenyl containing volatile species required the least
energy to desorb from the Co surface. Thus, we propose propene
+CO as a favorable reactant combination for fluorine-free ALE of
Co metal at reasonable temperatures and pressure. With this paper,
we provide a framework for the rational design of an ALE process,
constrained by the formation of known species with known chemical
transformations under realistic process conditions, and supported by
quantum chemical calculations of the reaction cycle thermodynam-
ics. Such studies will improve our understanding of the reaction
mechanisms in the ALE processes and help us preserve valuable
resources used in the lab.
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