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Abstract

Using density functional theory and a combination of growing string and dimer method transition
state searches, we investigate the interaction of phosphorus atoms with the silicon (001) surface.
We report reaction pathways for three technologically important processes: diffusion of phosphorus
adatoms on the surface, incorporation of the phosphorus adatom into the surface, and diffusion
of the incorporated phosphorus atom within the surface. These reactions have direct relevance
to nanoscale lithographic schemes capable of positioning single phosphorus atoms on the silicon
surface. Temperatures of activation for the various processes are calculated and, where possible,

compared with experiment.
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I. INTRODUCTION

With the push for increasingly smaller semiconductor technology comes a need for better
control over the placement of dopant atoms. Emerging nano-electronic devices such as the
Kane solid-state quantum computer! require phosphorus atoms positioned with atomic pre-
cision in a silicon substrate. Accurate placement of phosphorus atoms on the silicon surface
has been achieved®? using the method of scanning tunneling microscopy (STM) hydrogen
lithography? . This method involves the controlled reaction of phosphine molecules (PHs3)
with lithographically created reactive sections of a hydrogen-terminated silicon (001) sur-
face. Incorporation of phosphorus atoms into the surface requires annealing temperatures
of approximately 650 K*7. In this reaction phosphorus substitutes for silicon atoms, form-
ing Si-P heterodimers and silicon adatoms.®? In subsequent fabrication steps, phosphorus
atoms are buried by the deposition and overgrowth of silicon.?%!! For an atomically accu-
rate procedure for placing phosphorus atoms, it is crucial that full control over phosphorus
incorporation and suppression of any unwanted phosphorus diffusion are achieved.'*!? This
necessitates a detailed understanding of the underlying chemical processes.

The reaction of phosphine with silicon (001) has been extensively studied using numerous

experimental techniques including STM®9419  temperature programmed desorption? 2,

20,24 9,16,17,26,27

low energy electron diffraction , and several kinds of spectroscopy . Extensive

19,28-33

theoretical modeling in conjunction with detailed STM images provided a consistent

interpretation of the first stage of this reaction, namely the thermal dissociation of PH3 into

phosphorus and hydrogen adatoms. However, the subsequent incorporation reactions that

L 34 1'35

take phosphorus adatoms into the surface remain unclear. Brocks et al.”* and Sen et a
have respectively explored the potential energy surface and stable structures of isolated phos-
phorus atoms on the silicon surface. These works identify the end-bridge position between
two dimers as the most favorable binding site of a phosphorus adatom. The calculations of

1.3% also describe some of the possible locations of the ejected silicon atom after the

Sen et a
incorporation of phosphorus.

In this work, we resolve the missing reaction paths of phosphorus incorporation and
diffusion. This provides important information on the expected reaction rates and activation
temperatures. Our discussion is organized as follows. We outline our use of the growing

3

string®” and dimer®® methods for locating the transition states. These methods are used to



explore three sets of reaction pathways; (1) the diffusion of a phosphorus adatom on the
silicon (001) surface, (2) the incorporation of the phosphorus adatom to form a heterodimer
and the subsequent movement of the ejected silicon atom on the surface, and (3) the diffusion

of the heterodimer along the silicon surface.

II. COMPUTATIONAL METHODOLOGY

I Endpoint
16k with ]
° k-points\
14+ / b \ .
< (3) DMk
E 1.2r (1) GSM-I' (2) DM-T"  Refinement i
g Estimate of MEP Refinement of TS
2 10} of TS 1
8 Endvpoint
% o8l with T |
> method
T o06f
(0]
o
04r
0.2F
0085 0.2 0.4 0.6 0.8 10

Reaction Coordinate

FIG. 1: (Color online) The progressive stages of locating transition states using the growing string
method (GSM) and the dimer method (DM). The first stage, in red, shows an estimate of the min-
imum energy path (MEP) generated by the GSM. The blue dots [labeled (2)] show the refinement
of the of the transition state using the DM-I". The “I'"” symbol indicates that k-point sampling was
performed only at the I'-point during these calculations. Finally, the black dots [labeled (3)] show
the reoptimization of both the minimum and the transition state using the 4x4x1 Monkhorst-
Pack3? k-point sampling, indicated by the symbol “k”. The energies for this last set of points are

relative to the starting structure at the new level of theory.

All energy calculations and geometry optimizations are performed using density func-

tional theory in the generalized gradient approximation (PW91 functional®4!)

as imple-
mented in the Vienna Ab-initio Simulation Package (VASP).#*5 Valence electron eigen-
functions are expanded in terms of a plane wave basis with an energy cutoff of 220 eV. Core
electrons are represented using Vanderbilt ultrasoft pseudopotentials.*64” For the cubic bulk
silicon unit cell we use a 8x8x8 Monkhorst Pack grid®® to sample the irreducible Brillouin

zone. The calculated bulk lattice constant of a=5.455 A is in good agreement with the



experimental value of 5.430 A [Ref. 48].

The silicon (001) surface is represented using a 6-layer slab model with a c(4x4) pe-
riodicity. The cell contains four Si—Si dimers along the diagonal of the primitive surface
unit cell. In the plane of the surface, phosphorus and silicon adatoms are separated from
their periodic images by 10.9 A. Periodic boundary conditions also apply to the surface
perpendicular direction. In this direction, successive slabs are separated by a vacuum layer
of approximately 10 A. The lower slab surface, not used in our diffusion calculations, is
terminated by hydrogen atoms that are positioned 1.46 A along the truncated Si-Si bond.
These hydrogen atoms are held fixed in all optimizations, together with the atoms of the
lowest silicon layer, which are held at bulk positions. Reciprocal cell integrations for the
slab model use a 4x4x1 Monkhorst-Pack?® k-point grid.

Our approach to establishing reaction pathways begins with a comprehensive survey of
possible minimum energy structures. This identifies not only the most favorable structure
for a given system (e.g. phosphorus adatom on silicon) but also potential intermediate struc-
tures. Any structures with very high energies relative to the appropriate global minimum
were disregarded at this point. The remaining structures are potentially components of a
reaction pathway and are grouped together by proximity on the potential energy surface.
Suitable pairs of structures are used as possible start and end points for a transition state
search.

In order to find these transition states, we use a calculation protocol that combines the
strengths of two separate search methods, the dimer method (DM) and the growing string
method (GSM). The dimer-method by Henkelman and Jénsson®® is very efficient in locating
a transition state on a potential energy surface if provided with a reasonably good guess
of the transition state. Arriving at this guess often presents a problem when the potential
energy surface is non-intuitive, as is the case for the P/Si(001) surface diffusion system
studied here. To help with this, we use a variant3® of the growing string method of Peters
et al®” Starting with the initial and final structure of a reaction, the GSM sequentially
constructs a series of images and builds up an estimate of the minimum energy path that
connects the start and end points provided. An estimate of the path (as opposed to a fully
converged path) is sufficient for our needs, since we are primarily interested in the transition
state of the reaction and not the path itself. The approximate path provides an estimate of

the transition state that is sufficiently accurate for use with the dimer method.



All GSM calculations reported here are performed using our own implementation3® of the

1.37 algorithm. Within this implementation the GSM algorithm is interfaced with

Peters et a
the VASP software which is used to calculate the forces for each image along the path. We
use a relatively loose convergence criterion of 0.6 eV/ A for the maximum path-perpendicular
force on all images. The transition state estimate generated and the surrounding images are
then used as input for the dimer method. In most cases the initial path optimizations are
conducted using reduced k-point sampling (I-point only). We find that reduced sampling
still affords a good guess for the transition state, but at much lower computational cost.
Reduced sampling is also used for the intermediate refinement of the transition state with
the dimer method. Only for the final DM refinement of the transition state do we use full
k-point sampling. Figure 1 provides an illustration of our step-by-step approach of locating
transition states. In our experience this approach is both effective and efficient in locating
non-intuitive reaction pathways.

All structures (transition states and local minima) are characterized using vibrational
frequency calculations in order to confirm their nature as a minimum or a transition state.
The Hessian matrix is computed using the three-point finite difference method with a dis-
placement distance of 0.015 A. Vibrational modes are calculated only for the top two atomic
layers and any adatoms.

The energy difference between the transition state and the initial structure gives the

activation energy (E,) which relates to the rate of reaction k via the Arrhenius equation,
k = Ae PalksT (1)

where A is the attempt frequency, kp is the Boltzmann constant and T' is the temperature.
For our discussion it is convenient to consider temperatures of activation for a given reaction
timescale (or inverse rate) 7. Temperatures are given by straightforward rearrangement of
the Arrhenius equation as follows,

Ea

T—_ "4
kpln(TA)

(2)

In our discussion, we report temperatures of activation for several timescales relevant to
STM observation conditions. These temperatures will be given as a temperature range
corresponding to the uncertainty in the attempt frequency which typically adopts values

between 102 and 10'* Hz.



III. RESULTS

Using the method described above, we have identified reaction pathways for three different
scenarios involving phosphorus atoms and the silicon surface. Firstly, we investigate the
diffusion of a phosphorus adatom on the silicon (001) surface. Secondly, we examine the
reaction pathway for incorporating the phosphorus atom into the surface. Finally, we study
how the incorporated phosphorus atom may diffuse in the surface. The energies are reported
relative to the lowest energy structure of the system being studied. For almost all of the
structures studied, several buckling configurations are possible. In these cases we report

only the lowest energy configuration found.

A. The phosphorus adatom on the Si (001) surface

FIG. 2: (Color online) The diffusion pathways for an isolated phosphorus atom on the silicon
(001) surface. The atom moves between two main minima, the end-bridge position (Pgp) and the
dimer-bridge position (Ppg), via an elevated end-bridge position (Pt). Phosphorus and surface
silicon atoms are colored red/gray and black, respectively. Small light gray circles indicate silicon

atoms in the third and fourth layer.

Prior to incorporation, the phosphorus adatom may diffuse along the silicon (001) surface.
Our search for the reaction pathways of phosphorus diffusion commences with an exploration
of the stable minimum energy configurations for a phosphorus adatom on the silicon surface.

In agreement with earlier work,?*> we find isolated phosphorus atoms are most likely found



TABLE I: The calculated formation energies E (in eV relative to the end-bridge structure Pgp) of
intermediates and transitions states of phosphorus diffusion on the Si(001) surface. For transition

states we also report the activation energies E 4.

PeB PEs-u) Py Pw-pBs) Ppp P(bB—DB)
E (eV) 0.00 0.94 0.91 0.93 0.18 0.19
E4 (eV) 0.94 0.02 0.01

at either an end-bridge site (Pgp) or at a dimer-bridge site (Ppg). Of these, the end-bridge
site is more stable and we report in the following all energies relative to this structure.
The phosphorus atom in structure Pgp sits above a second layer atom and binds to the
ends of adjacent dimers as shown in Fig. 2. As the phosphorus atom is positioned low on
the surface, it forms a third bond with a silicon atom in the subsurface. In the dimer-
bridge structure (Ppg), the phosphorus atom binds to both Si atoms of a single dimer.
Relative to Pgg, structure Ppg is 0.18 eV less stable. The adatom is positioned above the
dimer, with the phosphorus atom slightly shifted along the dimer row. This results in two
equivalent configurations in which the Si-Si-P triangle leans away from the vertical plane.
A similar effect is known for the Si adatom where the shift is even more pronounced.*’ We
also find another stable end-bridge site (Py) that has not been previously reported. Here,
the phosphorus atom is positioned higher above the dimers than in the Pgg structure, and
is no longer bonded to the subsurface silicon atom. This two-fold coordinated structure
is 0.91 eV less stable than Pgg. Our investigation of possible minimum energy structures
also considers a phosphorus adatom located between two dimers. In this structure, the
P atom binds to all four silicon atoms, sitting at the apex of a PSiy pyramid. Following
previous works (Refs. 34,35) we label this structure ‘H’, with the phosphorus placed as

1'34

indicated in Fig. 2. Brocks et a report this structure as a ‘saddle point’ while Sen

1.3% present it as a ‘symmetry site’. Our frequency calculations enable us to be more

et a
specific regarding the nature of this structure. With two negative force constants, we classify
structure H as a second order saddle point and thus of no significance to our reaction
pathways. Minimum energy structures in the inter-row gap were not considered in this work
as they were previously shown to be of very high energy (~2 eV).?

The reaction pathways between the two most stable structures, Pgg and Ppg, provide



a means for the phosphorus atom to diffuse along the dimer row. The dotted lines in
Fig. 2 outline the transitions involved. The minimum energy path from Pgg to Ppgp is a
two-step process that involves the Py structure as an intermediate. Our path calculations
find transition states between Pgp and Py structures as well as between Py and Ppg. The
energies of the transition states are reported in Table I. This reveals the Py intermediate
to be a very shallow minimum. The very low barriers leading away from Py (smaller than
0.03 eV) show the flat nature of this area of the potential energy surface. From the Pgp
structure the effective barrier for the P adatom to move to position Ppg is 0.94 eV. From the
Ppg site the P adatom has three options. Two options (E4 = 0.76 eV) lead to Pgp positions
on opposite sides of the dimer row. The third option is to move to the symmetry-equivalent
position on the other side of the dimer (almost no barrier, see Table I), from where there are
two more pathways leading to Pgg positions. Overall, the diffusion of phosphorus adatoms
along the surface dimer rows is governed by the Pgg to Ppp reaction with an activation
energy of 0.94 eV. This result is in good agreement with the 0.8 eV barrier reported by

Brocks et al.?*

We note in passing that we found an alternative direct path form Pgg to
Ppp without an intermediate minimum, however this path has a larger activation energy

(E4=1.18 eV) and is thus less favorable that the path via structure Py.

B. Incorporation of the phosphorus adatom

A crucial step in the course of STM lithography is the incorporation reaction in which
the phosphorus adatom replaces one of the silicon atoms in a Si-Si dimer.*® Our calculations
have found two competing reaction pathways: the end-bridge incorporation pathway (Fig. 3)
and the dimer-bridge incorporation pathway (Fig. 4). The end-bridge incorporation pathway
begins with the phosphorus adatom at the end-bridge site (structure Pgg) whilst the dimer-
bridge incorporation pathway requires the adatom to first diffuse to a dimer-bridge site
(structure Ppg). Both reaction pathways produce, in the first instance, a Si-P heterodimer
with the ejected silicon atom bound to the phosphorus atom of the heterodimer in an end-
bridge position (structure S;). While the final structure is the same, the pathways differ in
the number of free dimers involved; three and two dimers for the end-bridge and dimer-bridge
pathways respectively.

The end-bridge incorporation pathway is shown in Fig. 3. From the end-bridge position,
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(0.00 eV) (1.49 eV) (1.31eV) (1.55 eV) (0.39 eV)

FIG. 3: (Color online) The pathway for the incorporation reaction in which the phosphorus atom
inserts into the silicon (001) surface. The reaction proceeds from Pgp to form a heterodimer with
a silicon adatom in position Si, via a shallow minima, Pt. Energies are given in eV relative to the

Pgg. Transition states are labeled with ‘T'S’.

(0.18 eV) (1.09 eV) (1.24 eV) (0.39 eV)

FIG. 4: (Color online) The dimer-bridge incorporation reaction in which the phosphorus atom
incorporates by splitting the dimer and forming a bond with the second layer (structure Pg). From
here the ejected silicon atom moves along the dimer row at the same time as the phosphorus atom
moves into the surface, forming the heterodimer. Energies are given in eV relative to the Pgp.

‘T'S’ denotes the transition state.

the phosphorus adatom displaces a silicon atom from a nearby dimer, thus producing a Si-P
heterodimer. The ejected silicon atom now becomes an adatom in the end-bridge position
(labeled S;). This reaction proceeds via a stable intermediate (structure Pt) in which the
incorporating phosphorus and the ejecting silicon atom form a triangle with the opposing

dimer end. This intermediate divides the reaction into two elementary transition steps. In



S, 039eV
S, 043eV
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S, -0.31eV
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S, 0.20eV

SgX XS,
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FIG. 5: (Color online) The possible positions of the ejected Si atom on the surface with a het-
erodimer. The position of the Si adatom for each structure is shown with an X. The phosphorus
atom in the Si-P heterodimer is shown by the red/gray circle. The energies of each structure are
given relative to Pgg. A diagram of structure Sy, the lowest energy configuration, is also shown.
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FIG. 6: The energetics of the reaction pathway for incorporation of the P atom into the Si (001)
surface. Shown are the competing end-bridge and dimer-bridge incorporation pathways that pro-
duce the intermediate silicon adatom structure S;. Two pathways that stabilize the intermediate

Sy by silicon adatom diffusion are also shown. All energies are in eV and are relative to Pgg.

the first step the phosphorus atom forms a new dimer bond. In the second step the original
Si-Si dimer bond is broken. The activation energies for these two reaction steps are nearly
the same (E4=1.49 and 1.55 eV relative to Pgg) with the larger barrier of 1.55 eV governing
the overall incorporation process.

The dimer-bridge incorporation pathway begins with the diffusion of the phosphorus
adatom from the end-bridge position to the slightly less stable dimer-bridge position (struc-

10



(0.39eV) (0.61eV) (0.51eV) (0.58 eV) (-0.15 eV)

FIG. 7: (Color online) The lowest barrier pathway for the energetic stabilization of the ejected
silicon adatom following incorporation (structure S;). The energies of each structure are in eV and

are relative to Pgg.

ture Ppg). As shown in Fig. 4, the reaction proceeds from the dimer-bridge structure to the
very shallow minimum energy structure Pg which is 1.09 eV less stable. Structure Pg is very
nearly a saddle point, with the transition state for the Ppg—Pg reaction very close by and
only marginally higher in energy. Therefore the activation energy for this step is effectively
equal to the reaction energy (i.e. E4=AE=1.09 eV). During this stage of the insertion re-
action, the Si—Si dimer bridged by the phosphorus adatom separates and the phosphorus
forms a bond with a second layer silicon atom (see Fig. 4). From structure Pg the phospho-
rus atom moves downwards whilst the silicon atom from the dimer moves along the row to
the end-bridge position S;. The energy of the transition state involved is 1.24 eV relative
to Pgg. As this is higher than the energy required for the phosphorus atom to move from
the end-bridge to the dimer-bridge (0.94 eV, see previous section), the governing activation
energy for the dimer-bridge incorporation reaction pathway is E4=1.24 eV. This activation
energy is more favorable than that of the end-bridge incorporation pathway (E,=1.55 eV).
Thus we expect that phosphorus incorporation is more likely to occur via the dimer-bridge
mechanism.

Both of the incorporation reaction pathways result in a Si-P heterodimer with a nearby
Si end-bridge adatom (S;) which is 0.39 eV less stable than the Pgp starting point of the
reaction. This suggests that the phosphorus incorporation reaction is rapidly reversed, unless
other onwards reactions can move the Si adatom into a position that is more stable than Pgg.

Several alternative positions for the silicon adatom around the newly formed heterodimer

11



are shown in Fig. 5. Some of these, namely Ss3, S4, Sg, and Sy are more favorable than the

1.3 we find that structure Sy is

starting structure Pgg. In good agreement with Sen et a
the most stable (—0.31 eV relative to Pgg). We identify two possible pathways by which
the Si adatom can move to these positions. The energetics of these reactions are shown in
Fig. 6. The first pathway involves the Si adatom moving from position S; to position S, after
incorporation. Although this reaction pathway leads to the most stable structure, there is
another pathway that is kinetically favored. In this second pathway, shown in Fig. 7, the Si-
adatom shifts from position S; around the neighboring dimer to position Sg. The calculated
barrier for this pathway, E4=0.22 eV, is significantly lower than for the S;—S, reaction
(E4=0.51 eV), and thus it is more likely to occur. The other reaction to consider from
structure S, is the reverse reaction, S;—Pgg by which the Si-adatom takes back its place in
the surface and ejects the phosphorus atom. The lowest barrier for this reaction is 0.85 eV
and is not competitive with the barriers of 0.51 and 0.22 eV for the S;—S; and S;—Sg
pathways respectively. Overall, the Pgg—Sg reaction results in a 0.15 eV stabilization of
the system.

The low barriers that stabilize structure S; are intuitive considering that the phosphorus
atom is four-fold coordinated in this structure; the reaction paths to structures S, and Sg are
thus driven by the recovery of the preferred three-fold coordination for the phosphorus atom.
These Si-adatom diffusion pathways are similar to the those reported for the clean surface.*’
However, the presence of the phosphorus atom leads to some structural and energetic changes
(see Fig. 5) in the immediate vicinity of the Si-P heterodimer. The most obvious structural
change is that of dimer-bridge S3 in which the Si adatom is also bonded to the Si atom of
the heterodimer as well as both ends of the adjacent Si—Si dimer. The end-bridge structures,
S1, S4, Sg and Sy all have quite different energies, with the largest differences closest to the
P-Si heterodimer.

While structure Sg is an important end-point for the incorporation mechanism, we ex-
pect that this configuration would be short-lived. As the Si-adatom moves further away
from the heterodimer it will resemble a Si-adatom on the clean surface. The mobility of
such Si adatoms is very high and they are expected to diffuse rapidly at the prevailing in-
corporation temperatures. Under these conditions, silicon adatoms will easily pair up into
Si ad-dimers, or link up with nearby step-edges. In effect, this removes the Si adatom from

the heterodimer, and thus in the following discussion we can consider the heterodimer in

12



isolation.

C. P diffusion of the Si-P Heterodimer

TS M1 TS HDg
(0.00 eV) (1.91ev) (1.85eV) (2.52eV) (2.30eV)

FIG. 8: (Color online) Reaction pathway for rotation of the heterodimer. Energies (in eV) relative
to HD are given in brackets. The transition states are labeled as "T'S’. This pathway allows the

phosphorus atom to move to the other side of the dimer row.

25
2.0
1.5

1.0

Relative energy (eV)

0.5

0.0
HD
(0.00)

FIG. 9: Schematic potential energy profile showing the intermediates and transition states
of heterodimer diffusion via dimer-rotation (HD—HDgr—HD) and backbond-rotation pathways

(HD—Pgs—HD). Note that M; is an intermediate common to both pathways.

While incorporation is a necessary step in the lithographic positioning of phosphorus

atoms, it is also important to avoid migration of the heterodimer to achieve atomic scale

13
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FIG. 10: (Color online) The reaction pathway for the incorporated P atom to move to the second
layer. The transition states are labeled with TS. The energies (in eV) relative to the HD are given

in brackets. This pathway is the means by which the P atom can move along the dimer row.

accuracy. Here we consider two possible pathways by which heterodimers can move across
and along a dimer row. All energies in this section are reported relative to the silicon (001)
surface with one heterodimer (HD) and no Si adatom.

A phosphorus atom can move across a dimer row by switching from one end of a het-
erodimer to the other. This proceeds via a heterodimer-rotation mechanism, in which the
Si-P heterodimer under goes a full 180° rotation in the surface plane. This rotation in-
volves a stable halfway point in which the Si—P bond is rotated 90° and the full rotation
reaction is symmetric about this intermediate. Figure 8 shows the pathway connecting the
heterodimer (HD) with its 90°-rotated variant (HDg). This pathway involves a second in-
termediate minima (labeled M;) in which the phosphorus atom steps up onto an adjacent
backbond, forming a triangular Si-P—Si structure. From this intermediate the heterodimer
slides (Si atom first) towards the opposite dimer, forming the HDg structure. As illustrated
in Fig. 9, the rotated structure is 2.30 eV less stable than the regular heterodimer, and its
formation requires an activation of E4=2.55 eV. The reverse process has a barrier of only
0.25 eV and is thus very easily activated. Critically, the reverse reaction can proceed in two
directions, producing either the fully 180° rotated heterodimer, or the original non-rotated
structure.

The diffusion of a heterodimer along a row proceeds via a backbond-rotation mechanism
shown in Fig. 10. Here, the phosphorus atom exchanges position with a second-layer silicon

atom, producing a subsurface phosphorus intermediate (labeled Pgg). In analogy with the
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heterodimer-rotation mechanism, the Pgg structures is a halfway point that is less stable
than the starting structure. The reverse reaction can again proceed in two directions, either
taking the phosphorus atom back to the original site, or shuttling the phosphorus to the
adjacent dimer. The process by which the backbond rotation occurs is a complex multi-step
reaction involving four stable intermediates and five transition states. Over the course of
the reaction, five covalent bonds are broken and five new bonds are formed. Throughout
this process, the backbond being rotated remains intact.

The backbond-rotation commences with the formation of the same stable minimum en-
ergy structure M; that occurs in the heterodimer-rotation pathway. In the next step, the
phosphorus atom inserts into the Si—Si backbond to form structure M, in which the neigh-
boring backbond is broken. In the next reaction the heterodimer bond breaks, forming the
barely stable intermediate M3. The final intermediate is structure M, in which the phos-
phorus atom binds to a third-layer Si atom in the valley which separates the dimer rows.
In the final step between My and Pgg a second bond forms with a third-layer atom, pro-
ducing a four-fold coordinated phosphorus atom in the second layer. It is worthwhile to
note that in each of the five reaction steps, one bond forms and another breaks. This corre-
lates nicely with the five bond-making and -breaking processes noted earlier. The energetic
profile of this reaction is shown schematically in Fig. 9. The effective activation energy for
the backbond-rotation from the heterodimer to the Pgg structure is E,=2.24 eV. This is
the governing activation energy for the diffusion of heterodimers along the dimer row (the
activation energy from the Pgg structure back to the heterodimer is considerably smaller,

1.61 eV).

IV. DISCUSSION & CONCLUSION

The previous discussion established favorable pathways for P atom diffusion on the sur-
face, P atom incorporation into the surface, and P diffusion within the surface. These
elementary transformations typically involved several minima and transition states corre-
sponding to the successive breaking and formation of bonds. In order to understand how
these reactions relate to the observations in experiment, we now consider a simplified rep-
resentation in which we focus on the largest reaction barrier of a process as the governing

activation barrier. For six key reactions these effective activation energies are summarized
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TABLE II: The temperatures of activation for the reaction pathways discussed in the text are given
as a range, covering attempt frequencies between 104 and 10'2 Hz (see Eq. 2) and rounded to the

nearest 10 degrees.

Reaction EA (eV) Temperature range (K)
1 sec 1 min 1 hr

P-adatom diffusion 0.94 340 - 390 300 - 340 270 - 300
P incorporation 1.24 450 - 520 400 - 450 360 - 400
P segregation 1.61 580 - 680 510 - 590 460 - 520
HD along dimer row 2.24 810 - 940 720 - 820 640 - 730
HD rotation 2.55 920 - 1070 810 - 930 730 - 830
P ejection 1.39 500 - 580 440 - 510 400 - 450

(via Si incorporation)

25
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on the surface into the surface in the surface

FIG. 11: An overview of the energetics of the diffusion pathways identified. The first part shows
the diffusion of the P-adatom followed by its incorporation into the surface. Structure Sg is a
heterodimer with Si adatom. For the second part of the graph the Si adatom has been removed,
thus it has a separate scale. The second part shows the two diffusion pathways found for P-Si

heterodimer diffusion.

in Table II and shown as a schematic energy diagram in Fig. 11. For each process we also
report in the table temperatures of activation (Eq. 2) for three timescales relevant to STM

observation.

Phosphorus adatom diffusion shuttles phosphorus atoms over the surface between the
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preferred end-bridge binding sites (Pgp) of the atom on the surface. The dimer bridge
binding site is an important intermediate, facilitating diffusion across and along the dimer
row. This process has the lowest activation barrier (0.94 eV) of the five reactions considered
and is the only process that can occur at room temperature (calculated temperatures of
activation are between 300 and 340 K at 7=1 min). Phosphorus diffusion should therefore
be observable in room temperature STM experiments on typical imaging timescales (around
several minutes per image). We are aware of only one STM image set with a reasonably
isolated phosphorus adatom [Fig. 1(d) in Ref. 51]. Here, the phosphorus atom images bright
in empty state together with the two silicon dangling bonds at the opposing dimer ends, re-
sulting in a characteristic T-shaped appearance. In further STM experiments to be reported
elsewhere the T-shaped feature was observed to shift by one dimer unit, corresponding to
a shift from one end-bridge site to the next. This experiment was performed at room tem-
perature, and the isolated occurrence of this shift at this temperature is consistent with the
calculated barrier in this work. In this context, we note that phosphorus adatoms created
in the process of phosphine (PHj) dissociation on Si(001) are generally surrounded by the
three hydrogen atoms, suppressing any room temperature migration.

Phosphorus adatom incorporation into the surface takes place with E,=1.24 eV activa-
tion and leads to the ejection of a Si dimer atom as an adatom and the formation of a
Si—P heterodimer. The essential aspects of this reaction are experimentally well established:
phosphorus atoms are known to incorporate into the surface at elevated temperatures, and
the ejected and highly mobile silicon adatoms become evident as newly formed ad-dimer
rows.'*%2 The only item of dispute between experiment and our calculations concerns the
temperature at which incorporation occurs. The calculated barriers of 1.24 eV (dimer-
bridge) and 1.55 eV (end-bridge) suggest that this reaction is activated at temperatures of

K 145052 How-

around 420 or 530 K, whereas the reported experimental value is about 650
ever, these experiments use PH3 as the phosphorus source and hence there is a significant
amount of hydrogen on the surface which may prevent or alter the incorporation process.
The temperature at which hydrogen is observed to diffuse is also 650 K.?3%3 The similarity
of these temperature requirements suggests that hydrogen diffusion is the rate-determining
process in the experimental setting. We postulate that hydrogen must diffuse away from

the phosphorus adatom and create space to allow incorporation, thereby reconciling our

low incorporation barrier with the experimental findings. Our calculations further high-
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light the importance that silicon adatoms readily diffuse away from the heterodimer and
remove themselves from the reaction system. Without such processes, the reverse reaction
(phosphorus ejection) could easily occur. The considerable energy gain of silicon ad-dimer
formation® mitigates against this possibility.

Heterodimer diffusion along the dimer row requires an activation energy of E,=2.24 eV,
indicating that heterodimers become mobile on the surface at temperatures of about 700 K.
While experimental studies of isolated heterodimer diffusion have not been performed, our
computed temperature of activation is broadly consistent with two recent experiments.
Reusch et al.'? studied heterodimer diffusion from large square patches (400 x 400 nm)
square patches at 800 K, while Hallam et al.'® performed similar work using lines of phos-
phorus (12.5 nm wide) at the slightly lower temperature of 740 K. In both cases, significant
diffusion was observed (23 nm after 10 seconds at 800 K, and 7.5 nm after 15 seconds at
740 K). On the basis of Table II alone, our calculations would predict considerably less
diffusion than is observed experimentally. This suggests that there is a collective effect asso-
ciated with many simultaneously diffusing phosphorus atoms. Heterodimer diffusion could,
for example, be assisted by the presence of adatoms associated with the high phosphorus
density. As seen in Fig. 10, in the presence of silicon adatoms, transient phosphorus ejection
can occur, providing an alternative pathway for the diffusion of heterodimers. For complete-
ness, we note that heterodimer diffusion by dimer rotation plays only a minor role due to the
higher barrier of 2.55 eV. As a result this reaction is less probable than the backbond-rotation
mechanism; for the three timescales considered in Table II, the dimer-rotation mechanism
requires a temperature approximately 100 K higher to achieve the same rate.

Phosphorus segregation during silicon overlayer growth is another important factor in
atomic-scale device fabrication. From the perspective of the quality of the silicon overlayers,
high deposition temperatures are desirable. However, as shown by Oberbeck et al.,’® this
leads to considerable phosphorus segregation (diffusion of phosphorus to the surface) at
temperatures as low as 530 K. Our calculated pathway for HD diffusion, involving a switching
of the phosphorus atoms between the first and second atomic layer, also sheds light on
this process of segregation. In an inversion of the reaction direction thus considered, the
subsurface phosphorus structure (Pgg) is the starting point; the barrier for the segregation
reaction leading to a heterodimer is E4,=1.61 eV. As seen in Table II, the temperature of

activation for this process is very similar to the 530 K estimate reported by Oberbeck et
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al.®

In summary, we have characterized the dominant pathways by which phosphorus atoms
diffuse on the surface and incorporate into the surface to form Si—P heterodimers. We also
identify mechanisms for heterodimer diffusion and phosphorus segregation. These results
assist in the determination of experimental conditions under which phosphorus atoms can
be positioned in the course of nano-electronic device fabrication by STM H-lithography. In
many respects there is very good agreement between our results and experiment; however,

further STM studies on isolated phosphorus are desirable to confirm our results.
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