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Observation of the Linear Stark Effect in a Single Acceptor in Si
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The Stark splitting of a single fourfold degenerate impurity located within the built-in potential of a
metal-semiconductor contact is investigated using low temperature transport measurements. A model is
developed and used to analyze transport as a function of temperature, bias voltage, and magnetic field. Our
data is consistent with a boron impurity. We report g factors of g,, = 1.14 and g3/, = 1.72 and a linear

Stark splitting 2A of 0.1 meV.
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The investigation of single dopant atoms, or atomic-
scale electronics, seeks to manipulate the charge and/or
spin at the individual impurity level. Fundamentally, there
is a deep analogy between natural atoms, typically studied
in large ensembles using light and a single impurity con-
fined in a semiconductor, measured by current transport
[1]. The Stark effect has been explored in large ensembles
of atoms [2,3], but an investigation of an individual con-
fined impurity is lacking. Recent quantum computing pro-
posals [4,5] make such explorations particularly relevant,
especially those of single dopants in silicon situated in a
complex environment [6,7]. Here we rely on traditional
electron transport measurements of randomly placed shal-
low acceptors [8—11] and a novel geometry to explore the
Stark splitting of an individual impurity.

In transport measurements involving a gate, changing V,
energetically moves a localized impurity level with respect
to the contacts, and subsequent tunneling typically exhibits
a Lorentzian spectral shape as it passes through the Fermi
level. Here the gate is used to probe the energy position and
conductance spectrum of the impurity and thus cannot be
used to tune the Stark effect. The required low tempera-
tures and equilibrium source-drain voltage necessary for
observing single impurities are in apparent conflict with
the high electric field one might apply perpendicular to the
gate to probe such a perturbation. We resolve this by
investigating a resonant impurity embedded in the built-
in potential of a Schottky barrier and thus subject to a large
electric field even at equilibrium.

The impurity is located near the metallic electrode of a
Schottky barrier metal-oxide-semiconductor field-effect
transistor (SBMOSFET) [12-16], in which the source
and drain are made from the metallic silicide PtSi [as
depicted in Fig. 1(a)]. At low temperatures and small
bias voltages current transport is governed by direct tun-
neling through the Schottky barriers formed at the metal-
semiconductor interface, whose resistance is much larger
than that of the channel [14]. An acceptor impurity located
near this interface modifies the potential V at the contact,
enhances tunneling via its resonant level and is easily
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observable in low temperature transport measurements.
We use a 1D model for V(x) [15,16] that takes into account
the perpendicular (z) electric field from the gate with the
effective carrier concentration at the MOS surface, n,. The
total 1D potential V(x) [Fig. 1(b)] includes a hydrogenic
impurity and a standard metal-semiconductor depletion
potential:
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FIG. 1. (a) Schematic of the device. S, D, and G signify,

respectively, the source, drain, and gate. The impurity (not
shown) is located in the semiconductor near the metallic source
or drain. A black and white contour plot of the depletion
potential is drawn near the source and drain, where the scale
ranges from 0.2 (black) to O (white) eV relative to the valence
band. (b) The different potentials from the 1D model calculated
using the parameters from Table I.

© 2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.98.096805

PRL 98, 096805 (2007)

PHYSICAL REVIEW LETTERS

week ending
2 MARCH 2007

2

gN X q
V) = - L fwx =2 ) + ¢y —
) &g (wx 2) v d7regla — x|
q q
- + : 1
16mex  l6me (a + x) M

where w = 11621;1‘ ¢, is the depletion width, a is the dis-

tance from the impurity to the metal, ¢, is the SB height,
and V; is the threshold voltage. The last two terms in this
equation are the image charge due to an electron tunneling
through the potential and the charged acceptor. The SB
height (¢;;, = 0.225 eV) was determined from a fit to the
thermionic emission equation in the 180—250 K range. The

— Vla—rp)—-V(atry)

electric field Eqg = T , where rp is the Bohr

radius.

Acceptors in silicon have a fourfold degenerate ground
state and belong to the I'g representation. Here, the poten-
tial at the metal-semiconductor interface adds a large
electric field across the impurity, potentially lifting the
zero field fourfold degeneracy. We consider the linear
Stark effect, which results in a splitting 2A for a field E
applied parallel to the (100) direction [7,17]:

A = *|pglE, 2

where pg is the linear dipole moment of a I'g level. In a
magnetic field the impurity is mainly affected by the
Zeeman effect, [17,18] with AE; = E,, — E(B = 0) =
&lm,| LM B, where m; = +3/2, +1/2, —1/2, and —3/2,
for a magnetic field applied parallel to the (100) direction.
In addition to quadratic effects, the model neglects strain
that may result from the PtSi source and drain.

The conductance of a resonant impurity is given by the
Landauer formalism G(E) = % T(E). Here the transmis-
sion coefficient T(E) = |t +1_|>, where t_,_ =

Vil
(AE=A)+IT
and negative Stark split levels, I'* = I'] + I'} is the total
leak rate of each Stark split peak, and AE = E — E, is the
difference between the Fermi level and the zero field
resonant level. When 2A > I'™ the conductance consists
of two Lorentzian peaks located at E = E = A. At large
enough temperatures ("4 + 2A < 3.53k,7T), the Stark
split peaks experience a broadening due to the temperature
dependence of the Fermi function [9,11,19].

The devices consist of an n-type polysilicon gate, a
boron doped substrate (5 X 10> m™3), a 3.4 nm gate ox-
ide, and 30 nm metal silicide PtSi regions as the source and
drain [13]. Devices sizes were sufficiently small that indi-
vidual impurities are easily identifiable and well separated.
Because of the band bending at the SB the energetic
position of impurities situated near the metal varies and
resonances can be observed over a large range of gate bias.

Measurements were performed in a dilution refrigerator.
Differential conductance dI/dV4 was measured using a
standard lock-in technique with Vg, applied in the (100)
direction. Characteristics were investigated as a function of

are the probability amplitudes of the positive

temperature, bias voltage, and magnetic field. The mag-
netic field was applied perpendicular to the two-
dimensional hole gas (2DHG) in the (001) direction.

Figure 2(a) shows the dI/d Vs versus V, at different bias
voltages. At Vg, = 0 V, a splitting is clearly visible as the
resonance exhibits a double peak with 2A = Vg;es -
Vaes = 0.6 mV = 0.1 meV. The parameters from the
zero bias Landauer fit are shown in Table I and indicate
very asymmetric barriers. The fit is not unique since I'; *
and I'y* are symmetric in T(E); however, to observe the
transport of a single impurity over that of the direct tunnel-
ing current (along the 20 um device width), the impurity
must be close to the metal. One striking characteristic at
equilibrium is the peak height difference between the Stark
split peaks. To understand this, we performed detailed
simulations of the leak rates for a wide range of values of
a and ng using a WKB approximation (Ref. [20]):

T, = ﬁwo{exp[—Z% f dx(m*[V (x) — E])1/2:|

¥ exp[—2;i [ " dx@m*[V(x) — E])lﬂ“, 3)

XR

where w is the attempt frequency and V(x) is given by
Eq. (1). We find that the peak height difference cannot be
explained by the difference in energy levels of the Stark
split peaks. Instead, it is attributed to the anisotropy of the
silicon bands near the impurity. In a traditional SB with
image force, tunneling occurs within the semiconductor in
the same energy band and thus m™ is the semiconductor
effective mass in the direction of emission [21]. Here each
level may be associated with a different effective mass. In
addition m™ may be modified by quantization effects in the
semiconductor channel.

Because of this anisotropy, one cannot determine a, ng,
and thus pg precisely. However, the 2 order magnitude
difference in I'; and I'; is much more important than the
factor of 2 difference in I'; ™ and I'; ~. We use the ratio of
the right to left leak rates (~0.01) and the WKB simula-
tions to find a range of n,, corresponding to a unique a and
ps- To determine a lower bound, we use the 2D Silvaco
simulator ATLAS™ to find n, at approximately 30 nm
below the gate oxide, the approximate physical thickness
of the source and drain. These results are summarized in
Fig. 2(b) where pg ranges from 0.16—0.87 D.

Shallow boron acceptors are the most probable origin of
the resonant states because the number of impurities in a
device scales with its physical dimensions. The range of
the linear dipole moment is reasonable compared with a
previous experiment of an ensemble of boron impurities
where pg = 0.26 = 0.06 D (Ref. [3]) and with theoretical
effective mass approximation calculations of pg for B in Si
that range from 0.9 D using a Coulomb potential to 6 D
using a 6 potential [3]. We note that variations in pg may
arise from strain and local potential fluctuations surround-
ing the impurity.
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FIG. 2.

(a) and (c) Differential conductance versus gate voltage for different bias voltages, at 50 mK. The Vy, # O curves are offset

for clarity. The markers indicate the data and the solid lines are the fits. (b) The values obtained for ng, a, and pg using Egs. (1) and (3)
and the parameters from Table 1. The dipole moment is in debye (D) where 1 D = 3.336 X 1073 Cm. (d) Peak position versus V;
from (a) and (c). Note that E0,, = Vs, where a = 0.163 eV/V is determined from the temperature dependence [19].

The nonequilibrium V, behavior is shown in Figs. 2(a)
and 2(c). When Vg is large enough that both Stark split
peaks are in the transport window [Fig. 2(a)], both levels
are active for conduction simultaneously; but each level
cannot be simultaneously occupied because of the large
Coulomb repulsion. Holes tunneling from the semiconduc-
tor (Vg = 0) will tunnel through I'y* with greater proba-
bility and the positive Stark split peak dominates. Holes
tunneling from the metal (V4 = 0), are equally likely to
tunnel onto the positive or negative Stark split peak; how-
ever, because they must wait a longer time to exit the dot
via I'; 7, holes in this level limit the transport and thus
dominate the current. In accordance with this interpreta-
tion, the peak height of the positive Stark split peak for
Vg4s = 01is larger than its negative Stark split peak counter-
part at positive bias.

As shown in Fig. 2(c), a similar effect is observed at
larger bias. For a single resonance, one observes two peaks

as the left and right electrochemical potential align with the
resonant level, giving rise to a characteristic “X”” in a plot
of the dG/dV, versus V, as Vy is varied. Here, a double X
is expected, corresponding to the two Stark split levels. As
above, however, one of the levels limits the current and
thus dominates the conductance characteristics. For clarity,
we plot in Fig. 2(d) the peak position of each resonance
versus Vg, and the corresponding linear fits that show the
outline of the double X.

To show unambiguously that the two resonant levels are
associated with a single impurity (and are not, for instance,
due to two spatially separated impurities each with a single
resonant level), the magnetic field dependence is investi-
gated. This data is best illustrated at Vg =3 mV
[Fig. 3(a)], where at O T the —A level exhibits a sharp
peak when Ve (Vg # 0) > Vges(Vyg = 0). This reso-
nance has a large displacement towards higher energies
until ~1 T when it begins to decrease more gradually. We

TABLE I. Parameters used to obtain the linear dipole moment [Fig. 2(b)]. Vgres and A are obtained directly from the data and the leak

rates from the fit to the Landauer equation.

Vgres V) 2A (mV) FL+ (1074 V)

r,~ (1074 V)

et (1076 V) I, (1076V)

—1.6091 0.6 5.384 +0.23

5.047 £ 0.42 6.88 = 0.49 3.36 = 0.12
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FIG. 3. (a) Differential conductance versus gate voltage as a
function of magnetic field (in steps of 0.5 T). The B-0 curves are
offset for clarity. (b) Identification of the m; values for the Stark
split levels. The data is plotted as circles with the errors indicat-
ing the standard deviation from a Lorentzian fit. The dashed and
dotted lines indicate a linear regression of the peak positions.

identify the initial positive displacement as the motion of
the m; = +3/2 level and the subsequent negative dis-
placement as that of the m; = —1/2 level. This data set
allows us to identify m; of the Stark split levels and
determine the g factors, as shown in Fig. 3(b), where
AE(B) = E(B) — E(0 T) is plotted as a function of
magnetic field B. A linear fit at B = 1 T reveals g3/, =
1.72 = 0.11 and similarly for 1 T = B = 8 T results in
812 = 1.14 £ 0.02. To compare these results with pre-
vious experimental research, we use the anisotropic model
of Merlet et al. [22], [g3/*(100) = g'(1 + 9r), g/2(100) =
g'(1 + r)], in which r is the deviation from spherical
symmetry, and find g’ = 1.07 and r = 0.068. Our results
are consistent with previous experiments for boron impu-
rities where g’ = 0.99, r = 0.013. The difference in the r
term is perhaps caused by the proximity of the impurity to
the metallic interface.

We have demonstrated the Stark effect in the electron
transport of a single impurity located near a metal-
semiconductor interface in silicon. Our results are consis-

tent with the dipole moment and g factor reported for an
ensemble of boron impurities in the bulk silicon. The
observed Stark splitting is at intermediate values compared
to those mentioned in quantum computing proposals [5]
considering acceptor impurities in silicon.
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