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Abstract. We used DFT to study the energetics of the decomposition of alane, AlH3,

on the Si(001) surface, as the acceptor complement to PH3. Alane forms a dative bond

with the raised atoms of silicon surface dimers, via the Si atom lone pair. We calculated

the energies of various structures along the pathway of successive dehydrogenation

events following adsorption: AlH2, AlH and Al, finding a gradual, significant decrease

in energy. For each stage, we analyse the structure and bonding, and present simulated

STM images of the lowest energy structures. Finally, we find that the energy of Al

atoms incorporated into the surface, ejecting a Si atom, is comparable to Al adatoms.

These findings show that Al incorporation is likely to be as precisely controlled as P

incorporation, if slightly less easy to achieve.

1. Introduction

1.1. Background

Ever since the transistor was first developed in 1948, dopants have been used

to control the characteristics of semiconductor devices. Although a relatively

low dopant concentration (≈1013 atoms cm-3) is sufficient to materially change

substrate conductivity, each successive reduction of device dimensions has required

a corresponding increase in dopant concentration[1]. But concentration is ultimately

limited by mutual Coulombic repulsion to about 1020 ions cm-3.

To ensure reliable operation, a device requires a statistically significant number

(100s or 1000s) of dopant ions in its active region, such as the MOSFET channel. If there

are too few charge carriers, unacceptable performance variations will arise. For example,

a channel with dimensions 50x50x10 nm3, comparable with present-day devices, might
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Alane adsorption and dissociation on the Si(001) surface 2

contain as few as 100 carriers, even when strongly doped to a concentration of 5x1018

cm-3.

If dopant atoms can be confined to a 2-dimensional sheet with local concentration

N2D cm-2 then an equivalent bulk concentration N3D = (N2D)3/2 cm-3 is attained. This

process (delta doping) requires accurate placement of the dopant atoms, achievable by

interrupting substrate growth during MBE or CVD. In the limit of nanoscale devices,

random dopant statistics give way to atomic-level control achieved by STM-based

lithography of H-passivated Si(100). This technique (Patterned Atomic Layer Epitaxy

or PALE) has been used to fabricate a FET transistor based on a single P donor atom

and phosphine doping [2, 3, 4, 5]

Less progress has been seen with acceptor dopants. The variety of devices which

can be fabricated with both p and n-type dopants is much greater than when only n-

type is available. These might include p-n junction devices, such as the tunnel FET, or

improved n-type devices that would benefit from an increased barrier potential around

active elements, e.g. qubit devices.

Historically boron has been used as an acceptor dopant, introduced either by MBE

or via CVD with diborane (B2H6) as precursor. However, diborane may be unsuitable

in the PALE process due to its low sticking coefficient, and the inability to selectively

deposit a single B atom. [6, 7]. Boron’s small size would cause a delta-doped layer

to be strained[8], causing relatively fast diffusion within bulk Si and tending to smear

out atomically precise dopant profiles. Aluminium, adjacent to silicon in the periodic

table, may be a better choice. Unfortunately, the phosphine analogue alane (AlH3) is

not a useful precursor, existing in a solid crystalline form at room temperature and

decomposing at higher temperatures. However, it can be synthesized by evaporating

metallic aluminium in a molecular hydrogen stream at low pressures[9]. Alternatively,

the amine alanes are donor-acceptor complexes known to be viable precursors in thin

film deposition of Al[10]. The trimethylamine complex decomposes in the gaseous phase

giving alane and the tertiary amines[11], and it is plausible that this reaction would also

be effective in the PALE setting.

This work is motivated by the expectation that Al will emerge as a viable acceptor

dopant for Si in the PALE fabrication process. This will complement P donor doping,

increasing the range and functionality of molecular devices. The initial goal will be

creation of Si structures with embedded delta-doped Al layers.

A survey of all possible adsorption and subsequent dissociation modes of the alane

molecule on the Si(100) surface is attempted. Although this might seem to imply many

configuration possibilities, the actual number (≈ 70) remains manageable because the

H atoms are required to stay near the initial adsorption site at each dissociation. This

approach is similar to that of Warschkow (2005) for phosphine adsorption[12] and reflects

the highly selective nature of PALE deposition. The survey reveals the relative stability

of each intermediate configuration and the dissociation pathways that are energetically

favoured.
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Alane adsorption and dissociation on the Si(001) surface 4

The convergence criterion for atom forces was set to 0.02 eV/Å and that for total

energy to 10-6 eV. These parameters yield relative energies reliable to within 0.02 eV

when the Brillouin zone sampling mesh is set appropriately. For the supercell employed

here, energy values were found to converge with a 3x3x1 Monkhorst-Pack mesh[19].

These calculations used a quasi-Newton ionic relaxation algorithm.

2.3. Supercell

The Si(100) surface was modelled on a slab of eight Si layers with a c(4x2) surface

cell reconstruction, separated by a 12Å vacuum gap. This surface dimension (15.36

Å×15.36 Å) has been adopted in other studies of this kind[20] and accommodates two

dimer rows of buckled dimers (four in each row) at approximately 18◦ to the surface

plane. The relatively large surface supports adsorption configurations spanning adjacent

dimer rows. There is less agreement over optimum cell depth, and the chosen value is a

compromise that achieves reasonable convergence and acceptable processing times. The

experimental bulk Si lattice parameter (5.431Å) was used and is within 1% of the PBE

lattice constant. The bottom layer of Si atoms was left in bulk-like positions, terminated

with pairs of hydrogen atoms, and fixed.

During optimization a single AlHx +(3-x)H ensemble is adsorbed on the surface

while the deepest Si and H termination layers are constrained in fixed positions.

Dissociation is modelled by progressively detaching atoms from the Al centre and placing

them elsewhere on the surface. The relative energy EAlHx
at each stage is calculated by:

EAlHx
= EAlHx+(3−x)H − ESi(100) − EAlH3

(1)

where ESi(100) is the energy of the clean optimized supercell, EAlH3
the energy of

an optimized alane molecule in vacuo and EAlHx+(3−x)H the optimized energy of the

supercell including the adsorbed AlHx and dissociated (3-x)H species.

2.4. Electron localization function (ELF)

ELF[21] is a function of the spatial coordinates which is large in regions where

electron pair density is high such as covalent bonds and lower in regions of delocalized

electronic density. It provides a useful quantitative representation of the chemical

bond in molecules and crystals[22], and is employed here to depict H0−3Al ↔ Si(100)

interactions. The function can be computed from the orbitals as the definition is:

η (r) =
1

1 +
(

D
Dh

)2 , (2)

D =
1

2

N
∑

1=1

|∇ψi|
2 −

1

8

|∇ρ|2

ρ
, (3)

Dh =
3

10

(

3π2
)

2

3 ρ
5

3 , (4)

Page 4 of 18AUTHOR SUBMITTED MANUSCRIPT - JPCM-109214.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Alane adsorption and dissociation on the Si(001) surface 5

with the electronic density ρ(r) given by:

ρ =
N
∑

i=1

|ψi|
2
, (5)

and the sums are over the singly-occupied Kohn-Sham (or Hartree-Fock) orbitals ψi (r).

D (r) is the probability of finding an electron near a reference electron of the same

spin, and Dh (ρ (r)) is the value of D (r) for a homogeneous electron gas (HEG). It is

interesting to note the same dependency on kinetic energy density (the Laplacian of the

orbitals) that occurs in ‘meta-GGA’ functionals e.g. TPSS[23]. The ELF formulation

inverts D (r) and rescales it with respect to the homogeneous electron gas. A low

probability, leading to a high ELF, implies a localized electron and vice versa. A

perfectly localized orbital, such as the H2 bonding orbital, would have an ELF of 1.

High ELF in an interatomic region can be interpreted as covalent bonding, with any

asymmetries attributed to bond polarity. The HEG represents a fully delocalized state

with an ELF of 0.5. Values lower than 0.5 can interpreted as nodal accumulations from

higher order orbitals occurring in the inter-atomic region. However, the ELF generally

passes through zero between local maxima, termed attractors. An isosurface value of

0.8 has proven to be a useful bonding indicator in classical valence compounds.

For the high stability configurations, we show the ELF as contour plots in sections

through the supercell. For dimer-end, dimer-bridge and broken-dimer configurations

the section is the vertical plane containing the Al atom and the dimer, unless otherwise

noted. For the other configurations, the plane is usually horizontal or parallel to the

dimer row. The chosen isovalues are separated by an interval of 0.2, with an additional

contour in the high ELF region.

A complete set of ELF plots is available on figshare[24].

2.5. Simulated STM images

Simulated STM images can show that a theoretical adsorption configuration has an

electronic structure compatible with experimental appearance. Conversely, they can

aid the identification of experimental images. Therefore, we provide topographical

(constant current) images for the high stability configurations discovered in our survey.

These have been prepared using the Tersoff-Hamann approximation[25]as implemented

for by the bSKAN 3.3 program[26]. Under this approximation the tunnelling current is

proportional to the local density of surface states at the centre of the STM tip, whose

own electronic structure is not explicitly modelled.

We show representative simulated surface images for both positive (1.5V) and

negative (-2.0V) bias voltages. The positive value indicates current flow into unoccupied

surface states (electrons move from tip to surface) and the negative a flow from occupied

surface states (electrons move from surface to tip).

A complete set of STM images is available on figshare[24].
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Alane adsorption and dissociation on the Si(001) surface 7

Config. Rel. Energy (eV) Al-Si (Å) Si-Si (Å)

H3Al: initial adsorption D301 -0.84 2.58/(4.41) 2.37/2.36

A301 -0.78 2.61 2.39

B301 +0.01 (4.01)/(4.15) 2.36

H2Al: first dissociation D205 -2.31 2.55/2.62 2.35/2.40

B201 -2.11 2.45/2.81 2.43

B206 -2.08 2.48/2.54 2.54

A201 -2.08 2.49 2.44

HAl: second dissociation D106 -3.27 2.49/2.49 2.42/2.43

D103 -3.22 2.46/2.51 2.38/2.42

D104 -3.02 2.44/2.58 2.37/2.50

B101 -2.93 2.40/2.43 2.48

A103 -2.49 2.58/2.63 2.48/2.52

C106 -2.24 2.43/2.46 (3.90)

Al: third dissociation D004 -3.85 2.48/2.49 2.42/2.46

D002 -3.67 2.47/2.47 2.41/2.42

B008 -3.67 2.42/2.60/2.63 2.40/2.53

D001 -3.60 2.46/2.47 2.42/2.42

D005 -3.57 2.48/2.48 2.38/2.39

A001 -3.28 2.61 2.41

C004 -3.07 2.37/2.38 (4.75)

Si: incorporation D059 -3.84 2.42/2.42/2.44

D058 -3.74 2.39/2.39/2.44

D057 -3.71 2.39/2.39/2.45

D056 -3.69 2.40/2.40/2.47

C050 -3.29 2.40/2.41/2.45

Table 1. Calculated relative energies and bond lengths for structures identified in

Figure 2 and discussed in the text. In the initial adsorption and dissociation cases,

the Al-Si column gives the length of the surface bond(s) with the adsorbed Al. For

the incorporation cases the lengths of the two subsurface bonds are given, followed by

the length of the Al-Si heterodimer. Column Si-Si gives the length of the adsorbing

dimer(s). For comparison, dimer length on the reconstructed bare Si(100) surface is ≈

2.36 Å in this supercell. Values in parentheses indicate inter-atomic distances, i.e. the

absence of bonding.

of another paper[13].

3.2. The Si(100) surface

Figure 3 shows ELF and simulated STM output for the bare, reconstructed Si(100)

surface. The alternately buckled dimers are 0.2 eV more stable than when parallel to the

surface plane and are the most stable reconstruction possible. At ambient temperatures,

the dimers ‘flip’ at a rate greater than the STM can accommodate, and so the STM
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Alane adsorption and dissociation on the Si(001) surface 8

Figure 3. ELF plot and simulated STM images for the bare reconstructed Si(100)

surface. The ELF plot (a) is perpendicular to the surface in a plane containing a pair

of dimers (indicated). The simulated STM images (b) and (c) correspond to tip bias

voltages of -2.0V and +1.5V respectively, and the yellow dotted lines mark the position

of the contour plane. The superimposed yellow circles indicate Si dimer atoms. The

horizontal scale is 100 = 15.36 Å.

images shown may not be observed. However, the presence of an adsorbing Al or H

atom will be sufficient to ‘pin’ the dimer in the buckled configuration, justifying use of

the reconstruction.

The STM filled state plot shows that reconstruction eliminates one dangling bond

and concentrates electronic density at the ‘up’ dimer end, and dimer length is found

to be 2.36 Å in this supercell. The filled state STM plot shows the DOS centred

on the surface atoms. As the ELF is determined over occupied states it might be

expected to correspond with the filled-state STM image, although no theoretical basis

has been established for this. However, the plot reveals large attractor regions above the

‘up’ dimer ends with ELF values exceeding 0.9, characteristic of a non-bonding (lone)

electron pair.

3.3. Initial adsorption: H3Al ↔ Si(100)

Stable configurations were discovered at dimer-end, dimer-bridge and end-bridge sites.

No stable broken-dimer configuration was found, with an H atom tending to detach

and migrate to the adjacent dimer row or adopt a central position ‘buried’ beneath the

dimer. The dimer-bridge configuration (B301) showed a slight surface repulsion and was

not considered further. Figure 4 shows the two remaining structures and their relative

energies and Figure 5 shows the ELF plot and simulated STM images for the dimer-end

configuration A301 where a bond with stability -0.78eV was found with the up-atom and

the Al atom in pyramidal coordination. No bonding was possible with the down-atom.

Alane has six electrons in its valence shell and can accept a further two to complete

its octet. These are provided by the excess electronic density at the surface dimer ‘up’

end, and form a dative bond with alane acting as a Lewis acid and the substrate as

Lewis base. The Al-Si bond length of 2.61 Å obtained here can be compared with 2.08

Å calculated for the dative Al-N bond in ammonia alane[27]. Although both have sp3

hybridization the latter has greater s character due to the H ligands of the ammonia.
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Alane adsorption and dissociation on the Si(001) surface 12

Figure 9. ELF and simulated STM plots for second dissociation configurations B101

and D103. For B101 the ELF contour map (a) plane passes vertically through the

surface dimers. For D103 (d) the plane is parallel to the dimer row. In the STM

images, the Al, Si and H atom locations are superimposed and yellow dotted lines

mark the position of the ELF contour plane. Images (b, e) and (c, f) correspond to

tip bias voltages of -2.0 V and +1.5V respectively. These configurations are ≈0.6-0.9

eV more stable than at the previous stage.

Figure 7) with the Al atom now adopting a trigonal planar, rather than a tetrahedral

coordination. In the dimer-bridge case B101 the adsorbate bonds shorten to 2.40 Å and

2.43 Å compared to 2.48 Å and 2.54 Å in B206, allowing the dimer bond to shorten

to 2.48 Å from 2.54Å. This improved bonding can be attributed to the increased s

character of the adsorbate bonds feeding into the dimer bond. As before, the sharing

of surface stress in the end-bridge configuration D103 is responsible for its additional

(≈0.3 eV) stability.

The most stable dimer-end and broken-dimer configurations are almost 0.5 eV less

stable, and are depicted in Figure 10. Although their relative stabilities indicate they

are unlikely to participate in a dissociation pathway they are of interest because they

show the HAl fragment preserving a trigonal planar coordination with the substrate

surface.

The corresponding ELF plots are shown in Figure 11. Configuration A103 in

Figure 11(a) shows the Al atom located in a trigonal planar coordination between dimer

rows, bridging to an up-dimer atom in each. Although the Si-Al-Si bond angle is a near

perfect 119◦ the lack of stability is due to the elongated adsorbate and Si-Si dimer bonds

of this configuration (Table 1). Similar results were seen in several other bridged-row

configurations in the survey. In the broken-dimer configuration C106 (b) the Al-Si bonds

are shorter but loss of the Si-Si dimer bond outweighs any gain in stability.
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Figure 17. ELF and simulated STM images for incorporation configuration D058.

The ELF plot is taken in the horizontal plane containing the Al atom. The STM

images, have the locations of the Al, Si and H atom locations superimposed. Images

(b) and (c) correspond to tip bias voltages of -2.0 V and +1.5V respectively.

ELF plot Figure 17(a) confirms the covalent character of these bonds. The filled-state

STM image Figure 17(b) shows the absence of a dangling bond.

4. Conclusion

We have used DFT to study the structure and energetics of the AlHx species which come

from the adsorption and dissociation of AlH3 on the Si(100) surface, also considering

several incorporation scenarios. We find a progressive, though declining, gain in stability

as the dissociation and incorporation proceeds. The initial surface bond is dative and

tetrahedral with the adsorbate fragment adopting trigonal geometries as dissociation

proceeds. At each stage, we have identified high stability structures likely to occur on any

dissociation pathway, and find that dimer bridging dominates. We have characterized

each structure using ELF plots and simulated STM images to aid experiment.

The energetics indicate that decomposition should be as easy to achieve as that of

PH3 on Si(001); in a forthcoming paper[13], we will discuss the kinetic barriers between

the dissociation fragments described here. Overall, the energetics of the incorporated

Al are close to those of the Al adatom, in contrast to P which continues to stabilise with

incorporation. Nevertheless, there is good reason to expect at least 50% incorporation

from Al adatoms, which may be further aided by kinetic effects.

The ability to incorporate acceptor dopants as well as donors in Si(001) with atomic

precision will significantly advance the capabilities of patterned ALE. It opens the

possibility of p-n junctions fabricated with atomic precision, as well as local control

of the electrostatic potential using both positive and negative dopant ions. We keenly

anticipate experimental measurements of these structures as a first realisation of this.
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