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We have investigated the effect of a metallic gate on the bound states of a shallow donor located
near the gate. We calculate the energy spectrum as a function of the distance between the metallic
gate and the donor and find an anticrossing behavior in the energy levels for certain distances. We
show how a transverse electric field can tune the average position of the electron with respect to the
metallic gate and the impurity. © 2008 American Institute of Physics. �DOI: 10.1063/1.2888742�

The study of shallow donor impurities near an interface
has gained renewed interest in view of the perspective to-
ward atomic scale electronics. On one hand, a very promis-
ing application consists of the realization of a qubit exploit-
ing shallow donor states as was initially proposed by Kane1

for a P dopant in Si. To manipulate �readout� the qubit, one
proposes the use of a metallic gate to control the position of
the electron.2 On the other hand, controlling donor states is
equally important to pursue the miniaturization of nanode-
vices, e.g., transistors having only a few dopants in their
conduction channel. Recently, Sellier et al.3 have studied the
effect of an impurity on the electrical transport in a semicon-
ductor nanowire. As three-dimensional �3D� atomical control
of the dopant position has already been realized,4 a better
understanding of the physics of single dopant is highly de-
sirable to anticipate future applications in nanoelectronics. In
the first part of this letter, we study the energy levels of a
single dopant, which provide useful information for transport
experiments. The obtained energy levels indicate where tun-
neling through the donor site can occur, since tunneling is
invoked when the applied gate voltage causes the dopant
energy level to match with the Fermi level in source and
drain. For both qubit and transport applications, a good
knowledge of the low-energy spectrum is required, which is
determined by the anticrossing. Therefore, it is justified to
have a closer look at it and its peculiarities. In the second
part of the paper, we investigate how the electric field can be
used to tune the electron position between the donor site and
the interface.

In previous theoretical work,2,5–8 the properties of a do-
nor placed near a thick insulating interface were studied. In
this constellation, the dielectric mismatch �e.g., �Si=11.9 and
�SiO2

=3.4� leads to an enhancement of the Coulomb interac-
tion. The gate was assumed to be sufficiently far away from
the interface to prevent screening while merely providing an
electric field to drive the electron away from the impurity.
Here, we consider the opposite case of a very thin oxide
layer separating the metallic gate from the semiconductor
�see inset of Fig. 1�. The oxide layer negligibly contributes to
the dielectric mismatch but only prevents the electron from
leaving the semiconductor. The metallic gate not only
screens the Coulomb potential but also provides an electric
field which tunes the electron position. We consider a donor
located at a distance d from a semiconductor/insulator/metal

interface. In accordance with the experimental setup de-
scribed in Ref. 3, we assume that the thickness of the insu-
lator is negligibly small. Moreover, its potential barrier is
considered infinitely high so as to confine the electron to the
semiconductor region. Due to dielectric mismatch effects—
the permittivity �1 at the semiconductor side of the interface
is typically of the order of 10, while the permittivity �2 of the
metallic gate is infinite—image charges will arise that screen
the interaction potential between the impurity and the elec-
tron. The potential energy W between an electron and an
impurity near the semiconductor/metal interface at position
r�h= �0,d� is given by9
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with �=�x2+y2. The first term arises from the interaction
between the electron and its image, the second term is due to
the normal electron-impurity interaction, whereas the last
term represents the interaction between a particle �electron or
impurity� and the image of the other particle �impurity image
or electron image�. The impurity-impurity image interaction
is removed, since it merely amounts to a constant energy
shift. The potential energy profile exhibits a double well
structure �see Fig. 1, where W is plotted for two impurity
positions d /ad, with ad= �4��1�2� / �m�e2� the donor Bohr
radius, m� the transverse effective mass, and W0
=e / �4��1ad�. When the impurity moves toward the inter-
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FIG. 1. �Color online� Plot of the electron energy along the z axis ��e=0�
for two different impurity positions. Note that W0=e2 / �4��1ad� and
ad=4��1�2 / �m�e2�. Inset: schematical representation of the studied system.
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face, the potential wells start to interact strongly and eventu-
ally combines into a single well. Exploiting the cylinder
symmetry of the problem, we may write the dimensionless
Hamiltonian of the system as5
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where �=m� /m� is the ratio between the transverse and
longitudinal effective masses �for simplicity, we took �=1
in our calculations�. Because of the cylindrical symmetry,
we have �e=eim�e���e ,ze�. We introduced the donor Bohr
radius ad as the unit of length and twice the Rydberg energy,

E2Ry=�2 / �m�ad
2� as the unit of energy. F̃=F /F0, where F is

a uniform electric field and F0=E2Ry / �ead�. For Si, the
atomic units are ad=3.31 nm, E2Ry=36.5 meV, and F0
=110 kV /cm, whereas for GaAs we find ad=9.89 nm, E2Ry
=11.6 meV, and F0=12 kV /cm. Notice that the Hamiltonian
given in Eq. �2� corresponds to a �scaled� hydrogen model
for large values of d /ad.

Using finite element techniques, we obtained a numeri-
cally exact solution to the effective two-dimensional
Schrödinger equation. The resulting energy levels for F /F0
=0 are shown in Fig. 2 where we labeled the energy levels
with n, l, and m. Due to cylindrical symmetry, only m, the
quantum number of the angular momentum operator Lz, is
conserved in contrast to n and l, the quantum numbers of the
d /ad→	 hydrogen spectrum. For large values of d /ad, the
energy levels are seen to converge to the hydrogenic energy
levels En=�2 / �2m�ad

2n2�, as was to be expected. One can
clearly see an anticrossing behavior between the �n , l ,m�
= �2,0 ,0� and �2,1,0� energy levels �levels of equal m and
originating from different l quantum numbers� for d /ad
	6.6. The surrounding region is enlarged in the inset of Fig.
2 where it is seen clearly that both levels fail to interact with
the �2,1,1� level due to a different quantum number m. Simi-
lar observations can be made for other parts of the spectrum.
Near the anticrossing, the probability densities �see Fig. 3�
undergo drastic changes: the probability density of the

�2,0,0� level exhibits a secondary extremum first underneath,
then around and finally above the primary extremum with
decreasing d /ad. As d /ad decreases, the �2,1,0� probability
density shows an increase in size of the bottom lobe, which
explains the energy increase since the corresponding pz-like
orbital piles up against the interface. We did not plot the
probability density of the �2,1,1� state, since it does not in-
teract with any other state and no significant changes in the
shape of the wave function are found.

Next, we investigated the possibility of using of an elec-
tric field to influence the position of the electron. For quan-
tum computing purposes, such an electric field can be used to
move the electron back and forth between the donor site and
the interface. From Fig. 4, it is clear that an increasing field
pushes the electron closer to the interface for all donor posi-
tions. For larger values of d /ad �e.g., d /ad=10�, a weak elec-
tric field is already sufficient to considerably enlarge the dis-
tance from the donor position; indeed, for d /ad=10, the
average distance of the electron 
z� /ad approximately equals
2.4 for F /F0=0.1, whereas for F /F0=0, we find 
z� /ad=10.
If the donor is closer to the interface, a larger electric field is
required to pull the electron away from the donor site �e.g.,
see Fig. 4 and consider F /F0 for 
z� /ad= �d /ad� /2�. How-
ever, for an efficient manipulation of the electron states in a

FIG. 2. �Color online� Energy spectrum vs the donor position d /ad with
respect to the metallic interface. The values for the 3D hydrogen atom are
indicated at the right of the figure. Inset: box region indicated by the dotted
curves in the main figure.

FIG. 3. �Color online� Probability density in �a�, �b�, and �c� as indicated in
the inset of Fig. 2 as function of the distance d /ad from the metallic inter-
face. The top three figures correspond to the densities of the �2,0,0� energy
level, whereas the three figures at the bottom correspond to the �2,1,0�
energy level. The donor position is indicated by the white square. Blue �red�
areas represent low �high� probabilities. The white area represents zero
probability.

FIG. 4. �Color online� Expectation value of the electron position along the z
axis, 
z� /ad, as a function of the electric field for different impurity posi-
tions. Inset: expectation value of the electron wave function extending along
the �x ,y� plane, �
�2� /ad, as a function of the electric field for different
impurity positions.
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real quantum device, it is compulsory that switching the
electron between the interface and the donor site be com-
pletely reversible. Therefore, the electron state near the in-
terface should remain laterally bound to its donor site. How-
ever, from the inset in Fig. 4, we notice that while an
increasing electric field drags the electron toward the inter-
face, the lateral localization of the electron wave function is
found to deteriorate. This negative effect obviously restricts
the allowed range of minimal interdonor distances.

Finally, the ground state energy was calculated as a func-
tion of the electric field for different donor positions. Figure
5 shows that for larger electric fields the energies are inde-
pendent of the donor position, i.e., the electric field is strong
enough to pull away the electron from the impurity site for
any value of d /ad.

To conclude, in this letter, we investigated the energy
levels of an impurity near a metallic interface. We calculated

the energy levels of the impurity as a function of the donor
position and compared them with the bulk values to demon-
strate the effect of the metallic interface on the energy levels
that may also carry source-to-drain tunneling currents in
nanoscale transistors. In view of potential quantum comput-
ing applications, we have studied the effect of an electric
field moving the electron away from the donor site to the
interface. In order to maintain an acceptable degree of lateral
localization of the electron at the interface only low electric
fields are allowed to switch between the donor site and the
metallic interface. This conclusion is also supported by the
electric field dependence of the energy spectrum: if the elec-
tric field becomes too large, the energy spectrum is domi-
nated by the electric field strength and not by the character-
istic of the sample, e.g., the donor position.
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FIG. 5. �Color online� Log-log plot of the ground state energy levels for
m=0 as a function of the electric field for different impurity positions. Inset:
same but now with a linear scale for the energy.
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