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We examine P-doped Si�110� nanowires by employing a real-space pseudopotential method. We find the
defect wave function becomes more localized along the nanowire axis and the donor ionization energy in-
creases, owing to quantum confinement. It is more difficult to dope a P atom into a Si�110� nanowire than to
dope Si bulk because the formation energy increases with decreasing size. By comparing the formation energy
for different P positions within a nanowire, we find that if a P atom at the nanowire surface can overcome the
energy barrier close to the surface, there is a tendency for the dopant to reside within the nanowire core. We
calculate P core levels shift as P changes position within the nanowire and provide a means for x-ray photo-
electron spectroscopy experiments to determine the location of P atoms within a Si nanowire.
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Extensive semiconductor research has been focused on
the nanoregimes over the past two decades. Within this re-
gime, nanowires are one of the most technologically prom-
ising and widely studied nanostructures.1 For example, logic
gates have been assembled from nanowire building blocks,
and used to implement basic computations2 and fabricate
field effect transistors.3 Nanowire-based biosensors have also
been built and used for detecting a wide range of biological
and chemical species.4 Given the existence of a well-
developed Si-based microelectronic technology, Si nano-
wires are natural candidates for nanoscale electronic devices.

Previous theoretical studies on P-doped Si nanowires
have focused on the effect of quantum confinement5 and the
understanding of surface segregation of impurities.6–8 In par-
ticular, impurities segregated at the surface of a nanowire can
dramatically reduce the density of carriers and have a detri-
mental effect on the transport property of a nanowire.9 As
such, controlling the location of dopants within a nanowire
for optimal device properties is of utmost importance. Here,
we study the effect of quantum confinement on the defect
wave function and the donor ionization energy of P-doped
Si�110� nanowires using first-principles calculations. We ex-
amine in detail the formation energy to dope a P atom into a
Si�110� nanowire as a function of nanowire diameter and
position within the nanowire. We simulated the P core-level
shift as P moves from the axis to the surface of a nanowire.
We propose that core-level shift measurement by x-ray pho-
toelectron spectroscopy �XPS� can be used to probe the po-
sition of P atoms inside Si nanowires.

Our calculations are based on pseudopotential-density
functional theory10 using a real space grid code PARSEC.11

The local spin-density approximation as determined by
Ceperley-Alder12 and parametrized by Perdew-Zunger13 is
used for the exchange-correlation functional. The ionic
pseudopotentials are constructed using the Troullier-Martins
prescription14 in the Kleinman-Bylander form.15 The cubic
grid spacing is 0.4 a.u. �1 a.u.=0.5292 Å�, which is suffi-
cient to converge the formation energies to within
�0.01 eV. Our structures are optimized so that the force on
each atom is less than 0.001 Ryd/a.u. We focus on �110�

nanowires as it is the preferred growth axis observed in ex-
periments for wire diameter smaller than �10 nm.16 The
surface dangling bonds are passivated by H atoms. A passi-
vated Si�110� nanowire with a diameter of �2 nm is illus-
trated in Figs. 1�a� and 1�b�. Unless stated otherwise, our
doped nanowires have one of the Si atoms close to the wire
axis substituted by a P atom. A periodic boundary condition
of periodicity 23.04 Å is imposed along the �110� axis di-
rection. A cylindrical calculation domain encloses the
Si�110� nanowire and the wave function is set to zero at the
domain boundary.17 We use 8 a.u. of vacuum space between
the surface of the nanowire and the domain boundary, and
consider only the � point for the Brillouin zone integration.

The electronic structure of a P-doped Si nanowire is char-
acterized by a defect energy level in the energy gap as for the
nanocrystal. In Fig. 1, we plot the charge density of the de-
fect wave function of a P-doped Si�110� nanowire. The
charge density is elongated and localized along the wire axis.
We integrate the charge density along the �110� axis direc-
tion �z direction� and the azimuthal angle �. We illustrate the
decay of the charge density along the radial coordinate r for
three different P-doped Si�110� nanowires in Fig. 1�c�. The
defect charge density has a maximum at r=0 where the P
atom is located, and decays toward the nanowire surface. As
the nanowire diameter decreases, the charge density becomes
more localized at the center. As depicted in Fig. 1�c�, the
defect charge density can be fit very well to an exponential
function of the form K exp�−2r /aB�, where K is a normal-
ization constant and aB is an effective Bohr radius that gov-
erns the decay of the charge density. We extract the effective
Bohr radius, aB, for P-doped Si�110� nanowires with six dif-
ferent diameters. The result is plotted in Fig. 1�d�. For the
size range of the Si�110� nanowires that we consider, the size
dependence of aB is roughly linear.

The donor ionization energy Ed �or activation energy� to
promote an electron at the defect level to the conduction
band minimum of a P-doped Si�110� nanowire is of funda-
mental importance. Ed can be calculated by the difference
between the Kohn-Sham eigenvalues of the defect level of a
P-doped Si�110� nanowire and the conduction band mini-
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mum of a clean Si�110� nanowire of the same diameter. In
Fig. 1�e�, we plot Ed as a function of nanowire diameter. Ed
increases with decreasing size owing to quantum confine-
ment. A power law of the form A+B /Dn can be fitted to our
calculated values. Different values for the exponent n can
provide clues on the physics that governs the trend of Ed.
The fitting reveals that Ed has an asymptotic value A
=0.046 eV as the diameter D goes to infinity, which is very
close to the experimental bulk value of 0.044 eV. Ed remains
close to the bulk limit till D decreases to �3 nm, then it
increases rapidly. n from our fit is 2.4. The exponent is quite
close to 2, which suggests that the increase in Ed is domi-
nated by the kinetic energy of a quantum well. Similar be-
havior of Ed is observed in other density-functional
studies.18,19 Experimentally, Ed has a size dependence of
1 /D.20,21 The discrepancy between theoretical predictions
and experimental observations implies that the ionized P
atom is not immediately screened resulting in the P ion in-
teracting with its induced charge on the nanowire surface.5,22

Such interaction gives rise to the 1 /D dependence of the
donor ionization energy for P-doped Si�110� nanowires and
only happens after the system is ionized, therefore it is not
captured by our Kohn-Sham eigenvalues calculated using a
neutral system.

We study the formation energy of doping a Si�110� nano-
wire by P as a function of nanowire diameter and position

inside a nanowire. The formation energy is calculated by

Eform = E�P-Si� − E�Si� + ��Si� − ��P� , �1�

where E�P-Si� is the total energy of a P-doped Si�110� nano-
wire, and E�Si� is the total energy of a clean Si�110� nano-
wire of the same diameter. ��Si� is the chemical potential of
Si. We assume that the replaced Si atom goes to a bulklike
environment, and do not consider situations where the Si
atom can stay at the surface of the nanowire, for example.23

Here, we focus on the change in formation energy that origi-
nates from the effect of quantum confinement on the elec-
tronic structure. As such, ��Si� is simply taken to be the total
energy of a Si atom in bulk. We use the total energy of an
isolated P atom as the chemical potential ��P� for conve-
nience. The value of ��P� depends on the experimental con-
dition and the source of P used in experiments. Since we are
only interested in the size dependence of Eform, the choice of
��P� can only shift Eform uniformly up or down and is not
crucial for our purpose. Our calculated Eform is depicted in
Fig. 2�b�. Eform increases with decreasing diameter, i.e., it is
increasingly more difficult to dope P atoms into a Si�110�
nanowire as the wire diameter gets smaller. This behavior is
similar to that in nanocrystals with magnetic dopants.24 By
extrapolation, we find that the formation energy at D
=1 nm is �0.7 eV higher than at the bulk limit.

In Fig. 2�c�, we plot the change ��E� of Eform as a func-
tion of position within a Si�110� nanowire for three different
diameters. Eform at position 1 is taken as the reference. We
find that Eform has a bistable functional form in general: a
basin that attracts a P atom toward the local minimum at the
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FIG. 1. �Color online� �a� The cross section and �b� side view of
the defect charge density of a P-doped Si�110� nanowire. The large
atom at the center is the P dopant. �c� The defect charge density
plotted along the radial direction r with three different diameter D.
The curves are fits using an exponential function of the form
K exp�−2r /aB�. �d� Effective Bohr radius aB plotted as a function of
nanowire radius. The dashed line is a linear fit to our calculated data
points: 1.4+R /3.9. �e� Donor ionization energy Ed as a function of
nanowire diameter. The dashed line is a fit to our calculated data
points using a power law.
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FIG. 2. �Color online� �a� Cross sections of three Si�110� nano-
wires with different diameter D. The number labels the different Si
atoms that will be substituted by P. �b� The formation energy Eform

as a function of nanowire diameter with the P at the nanowire axis.
�c� Change in formation energy ��E� as P moves from the axis to
the surface of a nanowire.
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axis of the nanowire, and a global minimum at the nanowire
surface. As the diameter decreases, the spatial extent of the
attractive basin shrinks. For the nanowire with the smallest
diameter that we studied, the basin vanishes completely leav-
ing behind the minimum at the surface. Without considering
the position of P where a surface passivating H atom can
form a bond directly with P, a similar qualitative trend can
also be found in the literature.6,8 Our results suggest that if P
atoms are introduced via the nanowire surface, there is an
energy barrier that favors dopant surface segregation.

Core-level spectroscopy experiments using XPS can de-
tect changes in the chemical environment of the P atom. As P
position changes, the 2s and 2p core levels may change in
response to the local chemical environment. By measuring
the shift in the core levels, the experiment can infer whether
the P atom is doped into the core of the Si nanowire or not.
First, we simulate the 2s and 2p core-level shift as P position
changes based on the initial state theory,25 which is a first-
order perturbation. The core-level shifts Ecl

i are the eigenval-
ues of a matrix G, whose matrix elements for a given angular
momentum quantum number l and m are

Gm1,m2
l = ��l,m1�Vscf − Vscf

ref��l,m2� . �2�

�l,m is either the 2s or 2p wave function of a P atom obtained
by a separate all-electron calculation. Vscf�Vscf

ref� is the self-
consistent potential of the �reference� system. To verify our
scheme, we calculate the Si 2p core level shifts for �SiH3�2O
and SiClH3 molecules using SiH4 as the reference system.
The shifts are found to be −0.61 eV and −1.1 eV, respec-
tively, which are similar to −0.48 and −0.85 eV reported in
Ref. 26 in terms of the sign, order of magnitude and the
relative order. For a P-doped Si�110� nanowire, we choose
the Si nanowire with the P atom at the center of the wire as
the reference system. Vscf and Vscf

ref are aligned such that the P

atom in both systems have the same coordinate. In other
words, we calculate the perturbation of the self-consistent
potential at the P atom when the P moves away from the wire
axis toward the surface. The perturbation leads to a shift in
the 2s and 2p core levels of P. In Fig. 3�a�, we plot the 2p
core-level shift Ecl

i �2p� as P moves from the center toward
the nanowire surface for three different nanowires. We find
that the self-consistent potential at the P core is nearly iso-
tropic. Only the average of the three eigenvalues for the 2p
state is plotted as they are nearly degenerate. The plot for the
2s core level shift Ecl

i �2s� is qualitatively the same. The core-
level shift predicted by the initial-state theory is very small
��0.01 eV�. This is because there are no changes in the
chemical environment as P moves within the Si nanowire as
we limit the P from bonding with the surface H.

Alternatively, the core-level shift can be predicted by the
final-state theory, where the relaxation of the valence elec-
tron owing to the removal of a core electron can be taken
into account. For the final-state theory, we directly calculate
the ionization energy of the 2s and 2p core electrons of P.
The core-level shift corresponds to the change in core-level
ionization energy as P moves from the center toward the
nanowire surface

Ecl
f = �Ei − E0� − �Ei

ref − E0
ref� . �3�

E0 and Ei are the total energies of a P-doped Si�110� nano-
wire before and after the ionization of a core electron, re-
spectively. E0

ref and Ei
ref are the corresponding total energies

for the reference system. The calculation of Ei and Ei
ref can

be done by generating a new pseudopotential for P with ei-
ther 2s or 2p electron removed. The pseudopotential corre-
sponds to an ionized configuration. Consequently, Ei and Ei

ref

involves calculating charged nanowires. We fill the cylindri-
cal calculation domain enclosing the charged nanowire by a
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FIG. 3. �Color online� P 2p
core level shift calculated using
�a� initial-state theory and �b�
final-state theory for P-doped
Si�110� nanowires with three dif-
ferent diameter D. The P position
for the x axis is labeled the same
way as in Fig. 2�a�. �c� A surface
contour plot of the induced elec-
tronic charge �ind owing to the
ionized P atom at the axis of D
=26 Å Si nanowire. �d� The in-
duced charge �ind plotted as a
function of the radial coordinate r.
The origin is the location of the P
atom.
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compensating jellium such that the system is neutral. We
checked that our results are insensitive to the diameter of the
calculation domain. Although the interaction between
charges in different periodic images is long range, the error
in Ei and Ei

ref should be very similar and cancel in the cal-
culation of core-level shift. Note that the atomic geometry
for the evaluation of Ei is kept to be the same as E0 because
XPS event �10−16 s� is much shorter than the vibration time
scale �10−13 s�. We also calculate the Si 2p core level shifts
for �SiH3�2O and SiClH3 molecules using the final-state
theory as a check. Our results are −1.00 eV and −1.18 eV,
respectively, which agree well with −0.94 and −0.99 eV ob-
tained in Ref. 26.

Our calculated results for Ecl
f �2p� for three different Si

nanowires are plotted in Fig. 3�b�. Ecl
f �2s� is not shown be-

cause it is nearly the same as Ecl
f �2p�. By comparing Ecl

i �2p�
and Ecl

f �2p�, we find that the core-level shift is mainly con-
tributed by the final-state effect, which is on the order of 0.1
eV except for the smallest nanowire. High-resolution XPS
can probe the first few atomic layers below the surface and
should have an energy resolution �0.1 eV, see for example
Ref. 27. Therefore, we expect the diffusion of P into a Si
nanowire through the surface can be measured by core-level
shift experiments. Ecl

f �2p� is positive means that the ioniza-
tion energy of the 2p core electron is higher as P approaches
the nanowire surface. Our initial-state results suggest that the
changes in the core-level eigenvalue is small within the
nanowire. The higher ionization energies obtained by the
final-state theory imply that the total energy Ei with P ion-
ized increases toward the surface. In order to understand the
origin of the energy increase, we study the induced electronic
charge �ind after the core 2p electron is stripped away from
the P atom. �ind is obtained by the difference between the
total electronic charge density before and after the ionization.
Figure 3�c� illustrates �ind when the P is located at the nano-

wire axis. We also plot the radial distribution of �ind �the
location of P is taken as the origin� in Fig. 3�d� by integrating
the azimuthal � and axial z coordinates. Without the 2p elec-
tron, the P atom becomes positively charged and draws elec-
trons close to it from the nanowire surface. This is indicated
by the positive �electron excess� �ind close to the origin
which becomes negative �electron deficit� at the surface in
Fig. 3�d�. As P moves toward the nanowire surface, we find
that the amount of induced electronic charge close to the P
atom changes very little. Therefore, the increase in Ei toward
the surface is not related to changes in screening unless the P
is nearly at the surface. Instead, the behavior of Ei can be
understood by a decrease in the polarization energy stored in
the Si dielectric nanowire as an embedded charge moves
toward the surface.

In summary, we present a first-principles study of P-doped
Si�110� nanowires. Owing to quantum confinement, the de-
fect wave function becomes more localized along the wire
axis, and the donor ionization energy increases with decreas-
ing wire diameter. In addition, the formation energy to dope
a P atom into a Si�110� nanowire increases with decreasing
size. By examining the formation energy as a function of P
position within a nanowire, we find that there are two stable
positions for P: one at the wire axis and the other at the
surface. We simulate the P 2s and 2p core-level shifts for
different P positions inside a Si�110� nanowire using both
initial-state and final-state method. We find that the core-
level shift mainly comes from the final-state effect, and the
core-level ionization energy is higher when the P atom
moves toward the surface.
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