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Atomistic tight-binding (TB) simulations are performed to calculate the Stark shift of the hyper-
fine coupling for a single Arsenic (As) donor in Silicon (Si). The role of the central-cell correction is
studied by implementing both the static and the non-static dielectric screenings of the donor poten-
tial, and by including the effect of the lattice strain close to the donor site. The dielectric screening
of the donor potential tunes the value of the quadratic Stark shift parameter (12) from -1.3 x
103 um? /V? for the static dielectric screening to -1.72 x 10™*um?/V? for the non-static dielectric
screening. The effect of lattice strain, implemented by a 3.2% change in the As-Si nearest-neighbour
bond length, further shifts the value of 72 to -1.87 x 1073,um2/V2, resulting in an excellent agree-
ment of theory with the experimentally measured value of -1.9 4+ 0.2 x 10™3um?/V?2. Based on our
direct comparison of the calculations with the experiment, we conclude that the previously ignored
non-static dielectric screening of the donor potential and the lattice strain significantly influence
the donor wave function charge density and thereby leads to a better agreement with the available

experimental data sets.

PACS numbers:

INTRODUCTION

Since the Kane proposal for quantum computing us-
ing donor spins in silicon [I], there has been considerable
progress towards the realisation of spin-qubit architec-
tures [2H5]. Notable results include single-atom fabri-
cated devices [6H8] and control and measurement of indi-
vidual donor electron and nuclear spins [9HI2]. However
in building a scalable donor-based quantum computer,
an important aspect is understanding and controlling the
Stark shift of the donor hyperfine levels.

Accurate theoretical modelling of the donor hyper-
fine coupling is a challenging problem. First it requires
proper incorporation of the valley-orbit (VO) interaction
which has been established as a critical parameter to ac-
curately match the experimentally observed energies of
the ground state (A;-symmtery) and the excited states
(T and E symmetries) [I3]. Secondly it is essential to
perform the calculation of the ground state donor wave
function with high precision through proper implementa-
tion of the central-cell effects (short-range potential) and
the dielectric screening of long-range Coulomb potential.

Earlier studies based on the Kohn and Luttinger’s
single-valley effective-mass theory (SV-EMT) [I4] ig-
nored the VO interaction and therefore could not match
with the experimental binding energy of the ground state
(A1); since then several studies have been performed with
incremental improvements in the model. Pantelides and
Sah [15] pointed out that the concept of the central-

cell correction is ill defined in SV-EMT and therefore
it fails to capture the chemical shift and the splitting of
the experimentally observed donor ground state energies
which primarily arise from the intervally mixing. Based
on this, they presented a multi-valley effective-mass the-
ory (MV-EMT) by explicitly including the central-cell
correction along with a non-static dielectric screening of
the Coulomb potential representing the donor. Similar
EMT based formalisms have been widely applied by var-
ious studies later on to investigate the physics of shallow
donors [I6H1S].

Overhof and Gerstmann [19] applied density-functional
theory to successfully calculate the hyperfine ferquency
of shallow donors in Si. While their calculations were
in excellent agreement with experiment (zero fields), the
ab-initio description of the donor wave function was by
definition limited to only a few atoms around the donor
site. Also they ignored the long-range tail of the Coulomb
potential and therefore were unable to match the donor
binding energies from their approach. More recently,
a much more detailed theoretical calculation was per-
formed by Wellard and Hollenberg [I3] based on band-
minimum basis (BMB) approach. In their study, by
using a core-correcting potential screened by non-static
(k-dependent) dielectric function, they were able to de-
mostrate excellent agreement with the experimentally
measured ground state energy for the P donor in Si (45.5
meV). However the excited state energies remained few
meVs off from the experiemental values. Nevertheless,



their study clearly highlighted the critical role of the
central-cell corrections in theoretical modeling of shallow
donors in Si which drastically modifies the charge density
of donor wave function and therefore tune the hyperfine
coupling and its Stark shift parameters.

Atomistic tight-binding (TB) approach, historically
used for the deep level impurities [20], has been shown
to work remarkably well for the shallow level impurities
in Si [8 21, 22]. The TB method offers several advan-
tages over EMT and DFT based methodologies, includ-
ing the capability of inherently incorporating the VO in-
termixings, calculations over very large supercells (con-
taining several million atoms in the simulation domain)
and therefore providing much more detailed description
of the donor wave funtion, an easy incorporation of ex-
ternally applied electric field effects in Hamiltonian, and
explicit representation of the short-range and the long-
range donor potentials, etc. Martin et al. [21] applied
second neares-neighbor sp3s* TB model to study the ef-
fects of an applied electric field on P donor wave func-
tions. Later Rahman et al. [22] applied a much more
sophisticated sp®d®s? TB Hamiltonian to P donors in Si
and bench-marked Stark shift of the donor hyperfine cou-
pling against the BMB calculations. The two theoretical
models were found to be in remarkable agreement with
each other for P donors, and also exhibited very good
agreement with the Stark shift measurement data for the
Sb donor in Si [23]; however a direct comparison of the
hyperfine Stark shift with experiment was not possible
due to the unavailability of any experimental data for
the P and As donors. The models were also based on
minimal central-cell correction, implemented in terms of
short-range correction of donor potential at the donor site
and a static dielectric screening of the long-range donor
potential tail.

The previously reported experimental data for the hy-
perfine coupling of the shallow donors (P, As, Sb etc.) in
Si [24], and more recent experimental measurements [25]
of the hyperfine Stark shift for As donor in Si provide
excellent opportunities to directly bench-mark TB the-
ory against the experiment data sets. This work for the
first time evaluates the role of central-cell corrections in
atomistic TB theory through a direct comparison against
the experimental data of the hyperfine interaction for a
single As donor in Si.

The central-cell corrections in the tight-binding model
considered here are implemented by:

1) Short-range correction of the donor potential:
donor potential is truncated at Uy at the donor
site.

2) Dielectric screening of the long-range tail of the
donor potential: static vs. non-static dielectric
screenings.

3) Lattice strain around the donor site: changes in the

nearest-neighbor bond lengths.

We systematically study the critical significance of the
central-cell corrections by including the effect of each
central-cell component one-by-one and evaluating its role
on the hyperfine coupling and its Stark shift parameter.
In each case, we first adjust Uy to match the experi-
mentally measured donor binding energies for the ground
and excited states within 1 meV accuracy [26]. We then
compute charge density at the nuclear site and its char-
acter under the influence of an external electrical field.
Our calculations demonstrate that the previously ignored
central-cell components, non-static dielectric screening of
donor potential and lattice strain, produce significant im-
pact on the donor herperfine Stark shift and therefore
lead to match the experimental data with an unprece-
dent accuracy. Such high precision bench-marking of
the theory against the experimental data would be useful
in accomplishing high precision control over donor wave
functions required in quantum computing.

METHODOLOGY

The atomistic simulations are performed using Nano-
Electronic MOdeling tool NEMO-3D [27] 28], which has
previously shown to quantitatively match the experimen-
tal data sets for a variety of nanostructures and nanoma-
terials, such as shallow donors in Si [8 22], III-V al-
loys [29, B0] and quantum dots [3TH33], SiGe quantum
wells [34], etc. The sp3d®s* tight-binding parameters for
Si material are obtained from Boykin et al. [35], that have
been optimised to accurately reproduce the Si bulk band
structure. The As donor is represented by a screened
Coulomb potential truncated to U(rg)=Uj, at the donor
site, rg. Here, Uy is an adjustable parameter that rep-
resents the central-cell correction at the donor site and
has been designed to accurately match the ground state
binding energy (A; = 53.8 meV) of the As donor as mea-
sured in the experiment. The size of the simulation do-
main (Si box around the As donor) is chosen as 32 nm
X 65 nm X 32 nm, consisting of roughly 3.45 million
atoms, with closed boundary conditions in all three di-
mensions. The surface atoms are passivated by our pub-
lished method [36] to avoid any spurious states in the en-
ergy range of interest. The multi-million atom real-space
Hamiltonian is solved by a prallel Lanczos algorithm to
calculate donor single-particle energies and wave func-
tions.

For the study of the effects of the lattic relaxation, the
influence of the changed nearest-neighbor bond lengths
on the tight-binding Hamiltonian is computed by a gen-
eralization of the Harrison’s scalling law [35]. In this for-
mulation, the interatomic interaction energies are taken

d
to vary with the bond length d as (FO)", where dg is the

unrelaxed Si bond length and 7 is a scalling parameter
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FIG. 1: The schematic diagram illustrating the
flow of our study of the central-cell corrections
and the donor potential screening: (a) Simula-
tions are performed with static dielectric screen-
ing (e(0)) of the donor potential, no changes in
the neareast-neighbor (NN) As-Si bond-length

(dnw) which is kept same as unstrained Si bond

(c) Central-cell correction
Non-static dielectric screening
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(d) Central-cell correction
Non-static dielectric screening

length (ds;), and no inclusion of the central-
cell corrections. This mimicks a simple case of
effective-mass type calculation with no central-
cell correction included. (b) Minimal central-
cell correction is implemented through Uy at the
donor site and the donor potential is screened

with static dielectric constant (€(0)). No changes
in the NN bond-lengths are included. (c) The
effect of non-static dielectric screening (e(r)) is
included in the simulations. (d) All of the three
central-cell effects (Uo, €(r), and dnn # ds:) are
included in the simulations.

whose magnitude depends on the type of the interaction
being considered and is fitted to obtain hydrostatic de-
formation potentials.

The hyperfine coupling parameter A(0) is directly pro-
portional to the squared magnitude of the ground state
wave function at the donor nuclear site, |1(ro)|? [22] and
its value is experimentally measured [24] as 1.73 x 1039
m~3 for As donor. It is therefore important to theoreti-
cally compute the value of [1/(rg)|? at the donor site and
compare it with the experimental value. It should be
pointed out that in our empirical tight-binding model,
the Hamiltonian matrix elements comprising the onsite
and nearest-neighbor interactions are optimized numeri-
cally to fit the bulk band structure of the host Si mate-
rial without explicit knowledge of the underlying atomic
orbitals. Therefore it is fundamentally not possible to
quantitatively determine the value of the hyerperfine cou-
pling A(0) as is possible from the ab-initio type calcula-
tions [I9]. Nevertheless, we apply the methodology pub-
lished by Lee et al. [37] to estimate the value of | (rg)|?
from our model, where we have used the value of bulk Si
conduction electron at the nuclear site as ~ 9.07 x 10%
em ™2 [38, [39] and the value of the atomic orbital ratio
¢s+(0)/ds(0) computed to be 0.058 from the assumption
of the hydrogen-like atomic orbitals with an effective nu-
clear charge [40]. We believe that this provides a good
qualitative comparison of A(0) o< [1)(rg)|? from our model
with the experimental value, and along with the quanti-
tative match of the donor binding energies (A1, Ty, and
E) and the Stark shift of hyerfine (72), serve as a bench-
mark to evaluate the role of the central-cell corrections
in the tight-binding theory.

We calculate the Stark shift of the hyperfine interac-
tion as follows [22]: the potential due to the electrical
field is added in the diagonal of the tight-binding Hamil-
tonian which distorts the donor wave function and pulls
it away from the donor site reducing the field dependent
hyperfine coupling, A(E'); the hyperfine coupling A(ﬁ)

is directly proportional to |[¢(E,rg)|?, where 7q is the
location of donor. The change in A(

as:

) is parametrized

AA (E) = A(0) (12E? + mE) (1)

Here 79 and n; are the quadratic and linear components
of the Stark shift of the hyperfine interaction, respec-
tively. For deeply burried donors (with donor depths
typically greater than about 15 nm), the linear compo-
nent of the Stark shift becomes negligible [22]. Therefore
we do not provide values of 7; in the remainder of this
paper which are about two to three orders of magnitude
smaller than the values of 7.

SCREENING OF DONOR POTENTIAL BY
STATIC DIELECTRIC CONSTANT

In the first set of simulations, we apply no central-cell
correction (Up — —oo) and the long-range part of the
donor potential is Coulomb potential screened by static
dielectric constant (¢(0)) as given by Eq.

U(r) = (2)
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FIG. 2: Electric field response of hyperfine coupling is plot-
ted for bulk As donor for static dielectric screening of donor
potential as given by Eq.[2] The data points are computed di-
rectly from the TB simulations and the line plots are fittings

of Eq.

where ¢(0) = 11.9 is the static dielectric constant of Si
and e is the charge on electron. This case is illustrated by
schematic of Fig. [1| (a). Such setup leads to a six-fold de-
generate set of donor states at a binding energy of ~ 29.6
meV, as would be expected from a simple effective-mass
type approximation. The donor wave function density
at nuclear site is 3.57x10%2 m~3 which is seven orders
of magnitude smaller than the experimental value. This
clearly highlights the critical role of the central-cell cor-
rection at the donor site to accurately capture the split-
ting of the donor ground state binding energies and the
wave function density at the nuclear site as measured in
the experiment.

Next, we setup simulations according to the schematic
of Fig. [1] (b), where we keep the donor potential U(7)
as a Coulomb potential screened by static dielectric con-
stant for Si as given by Eq. Previous tight binding
based theoretical studies for the P donors [21] 22] and the
As donors [43] has also used this type of donor potential.
We now include central-cell correction at the donor site
as a cut-off potential Uy which is tuned to be 2.6342 eV
to accurately reproduce the experimental ground state
energy, A;=53.1 meV. Further tuning of the onsite TB
d—orbital energies [26] allowed to match the experimen-
tal excited state energies (T and E) as listed in table
By applying this model, we compute the value of |1/ (rg)|?
at the donor nuclear site as 4.05 x 103°, which comes out
to be ~ 2.34 times larger than the experimental value.
We also compute the electric field response of the hy-
perfine coupling for the electric field variation from 0 to
0.5 MV/m as shown in the Fig. The quadratic hy-
perfine Stark shift parameter 7, is then calculated from
the fitting of the TB data by Eq. |1] (details of the cal-
culation methodology have been reported in Ref. 22)) as

4

-1.32 x 1073um? /V? compared to the recent experimen-
tal value of -1.9 &+ 0.2 x 1073um?/V? for the bulk As
donor in Si [25]. Table [IT| provides an overall summary
of results for the static dielectric screening of the donor
potential. This shows that even with the static dielectric
screening of the donor potential, the central-cell correc-
tion part provides a reasonably good description of the
donor physics.

Since the central-cell effects are implemented through
an adjustable parameter Uy at the donor site, we attempt
to quantify its effect on the 72 by introducing a variation
of £100 meV in its value. Increasing Uy by 100 meV in-
creases the ground state binding energy to 55.6 meV and
the value of 7y decreases to -1.089 x 1073um?/V2. On
the other hand, decreasing Uy by 100 meV decreases the
ground state binding energy to 50.9 meV and the value of
7 increases to -1.53 x 10~3um?/V?2. This clearly demon-
strates that to improve the match with the experimental
value of 72, the value of Uy should be reduced; however
this introduces a large error in the binding energy of the
donor ground state which is clearly unacceptable. There-
fore we conclude that the current TB model with central-
cell parameter Uy and the static dielectric screening of
the donor potential provides, at the best, a value of -1.32
x 1073um?/V? for the Stark shift of the hyperfine cou-
pling. In the next two sections, we include the effects of
non-static dielectric screening of the donor potential and
the effect of the nearest-neighbour bond length changes
to further evaluate the performance of our TB model.

SCREENING OF DONOR POTENTIAL BY
NON-STATIC DIELECTRIC FUNCTION

With the established tight-binding model as our test
system, we start further investigation of the central-cell
correction, in particular the screening of the donor po-
tential in the vicinity of the As donor. Previous tight-
binding calculations [2I] 22] for the P donor in Si have
been based on the static dielectric screening of the donor
potential; however Wellard and Hollenberg [I3] have al-
ready demonstrated the critical importance of the non-
static dielectric screening of the donor potential in their
band minimum basis (BMB) calculations. By incorpo-
rating a non-static screening of the donor potential given
in Ref. [15] they computed an excellent agreement of the
donor ground state binding energy with the experimental
value. Furthermore, the effect of the non-static dielectric
screening was in particular profound on the spatial dis-
tribution of the donor wave function around the donor
site. Therefore it is critical to investigate the impact of
non-static dielectric screening of the donor potential on
the values of [¢(rg)|? and 7o computed from the tight-
binding model. In this section, we investigate this effect
by incorporating various non-static dielectric screenings
of the donor potentials as reported in the literature.



TABLE I: Comparison of the calculated and the experimentally measured values for the As donor in Si. The experimental
values of the donor binding energies (A1, T2, and E) are taken form Ref. 41} the value of |¢)(r0)|? is taken from Ref. 24, and
the measured value of the quadratic hyperfine Stark shift 7, is taken from Ref.[25. The TB calculations are based on the static
dielectric screening of the donor potential (Eq. [2)).

Central-cell (Ug)  Static Ay T2 E [4(ro)|? 2
(eV) Screening (meV) (meV) (meV) (m™?) (x 1073 um?/V?)
Experiment - - 53.8 32.7 31.3 1.73x10% -1.9+£02

TB Theory 2.6342 €(0) 53.1 320 30.6 4.05x10% -1.32

TABLE II: The fitting values of €(0), A, «, 3, and v given by several studies are taken from Ref. 42 and the references therein.

Non-static Dielectric €(0) A Iy 38 5

Screenings - - (au) (au) (au)
Pantelides & Sah (P&S) 11.4 1.1750 0.7572 0.3223 2.044
Nara & Morita (N&M) 10.8 1.1750 0.7572 0.3223 2.044
Walter & Cohen (W&C) 11.3 1.0000 0.9500 0.0000 2.044

Richardson & Vinsome (R&V) 10.8 0.8918 0.9743 0.1586 0.1586

1 Experimer;t'n - 9Y+02x10'3'um2/V2 ' The screening of the donor potential by a non-static
2 B dielectric constant has been a topic of extensive re-
0 Donor depth = 15.2nm search, and a number of reliable calculations exist for
k-dependent dielectric function, e(k), for Si. The most
—_ -3 2/N\/2 . . . . . .
T ”/— 1.34x10° um*/V commonly applied dielectric function is obtained by
- n, =-1.60x10° um?/\2 Nara [44]:
<
) n,=-1.63x102 um?/V2 \
§ n, =-1.72x10% pm/V\
W
< _3 | . . . . )
< —@— Non-Static Dielectric (Pantelides & Sah) 1 A2k2 (1 _ A) k? 1 72 3
_4 *Non—static Dielectric (Richard & Vinsome) | €(k> - k2 + Oé2 + k-2 + BQ + € (0) k/:? + 72 ( )
=—@—Non-static Dielectric (Walter & Cohen)
5 —@)— Non-static Dielectric (Nara & Morita)

0 01 02 03 04 05

Electric Field (Ey) (MV/m) where A, a, 3, and ~ are fitting constants and have been

numerically fitted by various studies for Si (see table 2 for
the fitting values reported by various authors). Based on
this k-dependent dielectric constant, the new screened
donor potential in the real space coordinate system is
given by:

FIG. 3: Electric field response of hyperfine coupling is plotted
for bulk As donor for various screenings of the donor poten-
tial. The data points are computed directly from the TB
simulations and the line plots are fittings of Eq. [I]

In our next set of simulations, we apply this donor po- Uy and the corresponding values of the binding energies

tential and re-adjust the central-cell correction Uy at the
donor site to match the ground and excited state binding
energies with the experimental values. The new values of

for Ay, E, and T, states are provided in the table [[T]
for the four non-static dielectric screenings of the donor
potential under consideration in this study. After achiev-



TABLE III: Comparison of the calculated and the experimentally measured parameters for As donor in Si. The experimental
values of the donor binding energies (A1, T2, and E) are taken form Ref. 4T} the value of |1(ro)|? is taken from Ref. 24, and the
value of the quadratic hyperfine Stark shift 7, is taken from Ref.[25. The TB calculations are based on the non-static dielectric

screening of the donor potential (Eq. [4).

Central-cell (Ug) Non-static To E [ (o) 72
(eV) Screening  (meV) (meV) (meV) (m™3) (x 1073um?/V?)
Experiment - - 53.8 327 31.3 1.73x10%° -1.90 £ 0.2
TB Theory 2.8842 e(k) (P&S) 53.8 326 310 4.50x10% -1.34
TB Theory 2.2842 e(k) (N&M) 53.6 338 32.0 3.01x10% -1.72
TB Theory 2.0592 e(k) (W&C) 53.5 332 318 3.36x10% -1.60
TB Theory 2.6342 e(k) (R&V) 539 342 327 2.65x10* -1.63

TABLE IV: Comparison of the calculated and the experimentally measured parameters for As donor in Si. The experimental
values of the donor binding energies (A1, T2, and E) are taken form Ref. AT] the value of |1 (ro)|? is taken from Ref. 24, and the
value of the quadratic hyperfine Stark shift 7 is taken from Ref. 25l The TB calculations are based on the non-static dielectric

screening of the donor potential (Eq. .

NN bond length (dyn) Central-cell (Up) Non-static — A; To E [4(ro)]? M2
(nm) (eV) Screening (meV) (meV) (meV) (m™%) (x 1073um?/V?)
Experiment - - - 53.8 327 31.3 1.73x10% -1.9 £ 0.2
TB Theory 0.235 2.2842 e(k) (N&M) 53.6 33.8 32 3.01x10% -1.72
TB Theory 0.2425 2.2842 e(k) (N&M) 435 344 327 1.25x10% -
TB Theory 0.2425 3.1895 e(k) (N&M) 53.5 33.87 31.8 2.96x10* -1.87

ing this excellent agreement of the binding energies with
the experimental values, we then compute the values of
|1)(r9)[? and the electric field response of the hyperfine
coupling as plotted in Fig. [3] for the various non-static
dielectric screening potentials as listed in table [[T| The
calculated values of [1(rg)|? and 7, are listed in table
Overall, the non-static dielectric screening of the donor
potential works remarkably well in the tight-binding the-
ory and improves the match with the experimental values
of [¢(rg)|? and ;. For the non-static dielectric screening
provided by Nara & Morita, the agreement of the com-
puted 72 with the experimental value is within the range
of experimental tolerance. We also find a direct relation
of |¢(rg)|? with the central-cell correction parameter Uy.
The smallest value of Uy is for Richard & Vinsome screen-
ing which results in the best match of |1(rq)|? with the
experimental value, different only by a factor of 1.5.

EFFECT OF LATTICE RELAXATION

In the calculations performed above so far, we have
assumed the crystal lattice as perfect Si lattice where
each atom including the As donor is connected to its
four nearest neighbor (NN) atoms by unstrained bond
lengths of 0.235 nm. In the past tight-binding studies
of the donor hyperfine Stark shift [21] 22] the effect of
lattice strain has been completely ignored based on the
assumption that in the presence of the donor, the NN
bond length only negligibly changes. However the recent

ab-initio study [19] suggested a sizeable increase of 3.2%
in the NN bond length for the As donors in Si. Our
fully atomistic description of the As donor in Si provides
an excellent opportunity to investigate the effect of lat-
tice strain. In our next set of simulations, we increase
the bond length of the As donor and its four nearest Si
neighbors by 3.2%, thereby increasing it from the un-
strained value of 0.235 nm to 0.2425 nm. For this study,
we choose the non-static dielectric screening of the donor
potential as described by Eq.[d]and the fitting parameters
provided by Nara & Morita as given in the table[[} This
setup is schematically shown in Fig. [1] (d). Keeping the
central-cell correction fixed at 2.2842 eV, we calculate a
significant effect of the NN bond length change on the
donor binding energies and the donor wave function con-
finement at the nuclear site. As evident from the third
row of the table [[V] the donor ground state binding en-
ergy A decreases by ~ 10 meV and the value of |1/ (rg)|?
is decreased by a factor of ~ 2.4 as a result of the lattice
strain.

Since the binding energies of the donor are adjusted in
our model by central-cell correction (by varying Uy and
onsite TB energies), we perform further adjustments in
Uy by increasing its value to 3.1895 eV to re-establishe
the match of the ground state binding energies with the
experimental values. Based on this new model, we then
recalculate the values of |¢)(r)|? and the Stark shift pa-
rameter 72, and the corresponding values are provided
in the last row of tabldIll The lattice strain only slightly
modifies the value of [1)(rg)|? at the donor site, howe-



vere the quadratic Stark shift parameter 7, is strongly
affected and becomes -1.87 x 1073um?/V? which is in
remarkable agreement with the exerimental value of -1.9
+ 0.2 x 1073um?/V2. Further investigation is needed to
establish the connection of the NN bond length change
with the value of |1)(r)|? which would be reported some-
where else.

CONCLUSIONS

In conclusion, this work aims to evaluate and bench-
mark previously established tight-binding model with the
recently measured experimental data of the quadratic
Stark shift of the As donor hyperfine interaction. The
study is systematically performed to investigate the
central-cell correction effects in the tight-binding theory.
We include central-cell corrections in terms of donor po-
tential cut-off at the nuclear site, static vs. non-static
dielectric screenings of the donor potential, and the ef-
fect of the lattice strain by changing the As-Si nearest-
neighbor bond lengths. Overall our calculations exhibit
that tight-binding theory captures the donor physics re-
markably well by reproducing the donor binding energy
spectra within 1 meV of the expereimentally measured
values. When we include the effects of non-static dielec-
tric screening of the donor potential and lattice strain,
the computed value of the quadratic Stark shift param-
eter (1) is calculated to be -1.87 x 10~3um?/V? which
is in excellent agreement with the experimental value of
-1.9 £ 0.2 x 10~3um?/V2. Such detailed bench-marking
of theory against the experimental data would allow us
to relaibly investigate the single and two donor electron
wave functions, especially those relevant for implement-
ing quantum information processing.

Acknowledgements: This work is funded by the
ARC Center of Excellence for Quantum Computation
and Communication Technology (CE1100001027), and
in part by the U.S. Army Research Office (W911NF-
08-1-0527). Computational resources are acknowledged
from National Science Foundation (NSF) funded Net-
work for Computational Nanotechnology (NCN) through
http://nanohub.orgl. NEMO 3D based open source
tools are available at: https://nanohub.org/groups/
nemo_3d_distribution.

* Electronic address: usman@alumni.purdue.edu
t Electronic address: lloydch@unimelb.edu.au

[1] B. E. Kane, Nature 393, 133 (1998).

[2] F. Zwanenburg, A. Dzurak, A. Morello, M. Simmons,
L. Hollenberg, G. Klimeck, S. Rogge, S. Coppersmith,
and M. A. Eriksson, Rev. Mod. Phys. 85, 961 (2013).

[3] L. Hollenberg, A. Greentree, A. Fowler, and C. Wellard,
Phys. Rev. B 74, 45311 (2006).

[4] C. Hill, L. Hollenberg, A. Fowler, C. Wellard, A. Green-
tree, and H. Goan, Phys. Rev. B 72, 045350 (2005).

[5] R. D. Sousa, C. Lo, and J. Bokor, Phys. Rev. B 80,
045320 (2009).

[6] M. Fuechsle, J. Miwa, S. Mahapatra, H. Ryu, S. Lee,
O. Warschkow, L. Hollenberg, G. Klimeck, and M. Sim-
mons, Nature Nanotechnology 7, 242 (2012).

[7] T. Watson, B. Weber, J. Miwa, S. Mahapatra, R. Heij-
nen, and M. Simmons, Nano Letters 14, 1830 (2014).

[8] B. Weber, S. Mahapatra, H. Ryu, S. Lee, A. Fuhrer,
T. Reusch, D. Thompson, W. Lee, G. Klimeck, L. Hol-
lenberg, and M. Simmons, Science 335, 64 (2012).

[9] A. Tyryshkin, S. Tojo, J. J. L. Morton, and et al., Nat.
Mater. 11, 143 (2012).

[10] K. Saeedi, S. Simmons, J. Z. Salvail, P. Dluhy, H. Rie-
mann, N. V. Abrosimov, P. Becker, H.-J. Pohl, J. J. L.
Morton, and M. L. W. Thewalt, Science 342, 830 (2013).

[11] A. Morello, J. Pla, F. Zwanenburg, K. Chan, H. Huebl,
and et al., Nature 467, 687 (2010).

[12] J. Pla, K. Tan, J. Dehollain, W. Lim, J. Morton, F. Zwa-
nenburg, D. Jamieson, A. Dzurak, and A. Morello, Na-
ture 496, 334 (2013).

[13] C. J. Wellard and L. C. L. Hollenberg, Phys. Rev. B 72,
085202 (2005).

[14] W. Kohn and J. M. Luttinger, Phys. Rev. 98, 915 (1955).

[15] S. T. Pantelides and C. T. Sah, Phys. Rev. B 10, 621
(1974).

[16] A. Saraiva, A. Baena, M. Calderon,
arXiv:1407.8224v1 (2014).
[17] J. Gamble, N. Jacobson,
Baczewski, J. Moussa, I. Montano,

arXiv:1408.3159v1 (2014).

[18] G. Pica, B. Lovett, R. Bhatt,
arXiv:1312.4739v1 (2013).

[19] H. Overhof and U. Gerstmann, Phys. Rev. Lett. 92,
087602 (2004).

[20] P. Vogl, Adv. in Solid State Physics XXI, 191 (1981).

[21] A. S. Martins, R. B. Capaz, and B. Koiller, Phys. Rev.
B 69, 085320 (2004).

[22] R. Rahman, C. J. Wellard, F. R. Bradbury, M. Prada,
J. H. Cole, G. Klimeck, and L. C. L. Hollenberg, Phys.
Rev. Lett. 99, 036403 (2007).

[23] F. R. Bradbury, A. M. Tyryshkin, G. Sabouret, J. Bokor,
T. Schenke, and S. A. Lyon, Phys. Rev. Lett. 97, 176404
(2006).

[24] G. Feher, Phys. Rev. 114, 1219 (1959).

[25] C. C. Lo, S. Simmons, R. L. Nardo, C. D. Weis, A. M.
Tyryshkin, J. Meijer, D. Rogalla, S. A. Lyon, J. Bokor,
T. Schenkel, and J. J. L. Morton, Appl. Phys. Lett. 104,
193502 (2014).

[26] S. Ahmed, N. Kharche, R. Rahman, M. Usman, S. Lee,
H. Ryu, H. Bae, S. Clark, B. Haley, M. Naumov, F. Saied,
M. Korkusinski, R. Kennel, M. McLennan, T. B. Boykin,
and G. Klimeck, Springer Encyclopedia of Complexity
and Systems Science , 5745 (2009).

[27] G. Klimeck, S. Ahmed, B. Hansang, N. Kharche,
S. Clark, B. Haley, S. Lee, M. Naumov, H. Ryu, F. Saied,
M. Prada, M. Korkusinski, T. Boykin, and R. Rahman,
IEEE Trans. Elect. Dev. 54, 2079 (2007).

[28] G. Klimeck, S. Ahmed, N. Kharche, M. Korkusinski,
M. Usman, M. Prada, and T. Boykin, IEEE Trans. Elect.
Dev. 54, 2090 (2007).

[29] M. Usman, C. Broderick, A. Lindsay, and E. O’Reilly,
Phys. Rev. B 84, 245202 (2011).

and B. Koiller,

E. Nielsen, A. D.
and R. Muller,

and S. Lyon,


http://nanohub.org
https://nanohub.org/groups/nemo_3d_distribution
https://nanohub.org/groups/nemo_3d_distribution
mailto:usman@alumni.purdue.edu
mailto:lloydch@unimelb.edu.au

[30] M. Usman and E. O’Reilly, Appl. Phys. Lett. 104, 071103
(2014).

[31] M. Usman, Phys. Rev. B 86, 155444 (2012).

[32] M. Usman, V. Tasco, M. Todaro, M. D. Georgi, E. P.
O’Reilly, G. Klimeck, and A. Passaseo, IOP Nanotech-
nology 23, 165202 (2012).

[33] M. Usman, Y. Tan, H. Ryu, S. Ahmed, H. Krenner,
T. Boykin, and G. Klimeck, IOP Nanotechnology 22,
315709 (2011).

[34] N. Kharche, M. Prada, T. Boykin, and G. Klimeck, Appl.
Phys. Lett. 90, 092109 (2007).

[35] T. B. Boykin, G. Klimeck, and O. Oyafuso, Phys. Rev.
B 69, 115201 (2004).

[36] S. Lee, F. Oyafuso, P. von Allmen,
Phys. Rev. B 69, 045316 (2004).

[37] S. Lee, P. von Allmen, F. Oyafuso, G. Klimeck, and

and G. Klimeck,

K. B. Whaley, J. Appl. Phys. 97, 043706 (2005).

R. G. Shulman, Phys. Rev. 103, 1127 (1956).

L. V. C. Assali, H. M. Petrilli, R. B. Capaz, B. Koiller,

X. Hu, and S. D. Sarma, Phys. Rev. B 83, 165301 (2011).

[40] E. Clementi and D. L. Raimondi, J. Chem. Phys. 38,
2686 (1963).

[41] A. K. Ramdas and et al, Rep. Prog. Phys. 44, 1297
(1981).

[42] A. Q. Sarker, J. Phys. C: Solid State Phys. 10, 2617
(1977).

[43] G. P. Lansbergen, R. Rahman, C. J. Wellard, I. Woo,
J. Caro, N. Collaert, S. Biesemans, G. Klimeck, L. C. L.
Hollenberg, and S. Rogge, Nature Physics 4, 656 (2008).

[44] H. Nara, J. Phys. Soc. Jap. 20, 778 (1965).

(38]
39]



	 Introduction
	 Methodology
	 Screening of donor potential by static dielectric constant
	 Screening of donor potential by non-static dielectric function
	 Effect of lattice relaxation
	 Conclusions
	 References

