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Direct observation by resonant tunneling of the B¿ level in a d-doped silicon barrier
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We observe a resonance in the conductance of silicon tunneling devices with ad-doped barrier. The position
of the resonance indicates that it arises from tunneling through the B1 state of the boron atoms of thed layer.
Since the emitter Fermi level in our devices is a field-independent reference energy, we are able to directly
observe the diamagnetic shift of the B1 level. This is contrary to the situation in magneto-optical spectroscopy,
where the shift is absorbed in the measured ionization energy.
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The smallest semiconductor device with potential fun
tionality is a semiconducting nanostructure with a sin
dopant atom. The properties of such a structure are m
prominent at low temperature, where the electron or hol
localized at the parent donor or acceptor, respectively. M
nipulation of the wave function of the charge carrier at t
dopant atom with the electric field of a gate is the obvio
tool to influence the properties of the nanostructure. A go
first order description of the properties of dopant atoms
given by the hydrogen model.1 The resulting Bohr radius o
up to about 10 nm sets the size of a dopant atom and thu
a single-dopant-atom functional device. This radius is mu
larger than for the hydrogen atom, due to scaling for
effective mass of the carrier and the dielectic constant of
semiconductor. Such dimensions are accessible withe-beam
lithography and scanning probe techniques. This opens
way for what can be called atomic scale electronics insid
semiconductor. Silicon is very attractive for this purpose
cause of its highly developed fabrication technology.

A beautiful example of atomic scale electronics insi
silicon is the quantum computer proposed by Kane2 and by
Skinneret al.3 Both the fabrication and electrical operatio
of the qubits of this computer rely on control at the level
individual phosphorus donors. The highly controlled dop
engineering required for atomic scale electronics inside
con is being worked on by several groups.4,5 Doping at the
atomic scale for application purposes is thought to be f
sible, but development of this technique will be time co
suming.

A more direct way to a single dopant atom in silico
albeit less controlled concerning exact positioning, is to
d doping and conventional nanostructuring. Single-dopa
atom structures fabricated in this way will yield physics r
evant for future devices fabricated with atomic scale dop
techniques. This approach has already been followed
GaAs, by including ad layer of dopant atoms in the well o
double barrier diodes.6 Here, we report a transport study o
d-doped silicon tunneling devices grown with a single b
rier. The dopant atoms induce zero-dimensional atomic qu
tum wells, giving many identical double barrier systems
parallel. This device, a precursor of a single-dopant-at
device of a geometry close to a qubit of Kane’s compu
shows very interesting transport properties. In particular,
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find a conductance resonance due to tunneling through
boron impurities of thed layer in the barrier. The position o
the resonance and its magnetic field dependence indicate
it originates from tunneling through the B1 state of the boron
impurities. So far, this state has only been observed in sp
troscopic studies using photons or phonons and not in
energy resolved transport experiment like ours.

We fabricate thed-doped devices from a layered structu
of the typep1 Si~500 nm!/p2 Si~20 nm!/d/p2 Si~20 nm!/
p1 Si(500 nm). Boron is the dopant for the layers and t
d spike. The structure is deposited by chemical vapor de
sition in an ASM Epsilon 2000 reactor on a Si~001! substrate
with low doping, using SiH4 and B2H6 as precursor gasses
The d spike of areal density 1.731011 cm22 is centered in
the lowly doped 40-nm-thick tunnel barrier. Thep1 layers
are degenerately doped (NB51019 cm23) and serve as con
tact layers. The devices are square mesas, 100, 200, 300
400 mm at a side. They are dryetched in an SF6 plasma. The
etch mask is the Al-1%Si top contact of the mesa, which
sputter deposited through a shadow mask. The SF6 etch is
stopped just after the bottomp1 layer has been reached.
second shadow mask, aligned with respect to the mesa
used for sputter deposition of Al-1%Si contacts to the bott
layer. The final step is a 400 °C anneal in N2 /H2 of the Al
contacts to thep1 Si, using rapid thermal processing. A hig
device quality is apparent from resistance scaling with m
size. At room temperature the resistance is dominated by
two-dimensional spreading resistance of the bottom layer
tween the mesa and the Al contact, while at low temperat
it is determined by the barrier in the mesa. These devic
which have a metal-insulator-metal structure, are the s
plest all-silicon tunneling devices.

We measured the doping profile in the structure with s
ondary ion mass spectroscopy~SIMS!. Figure 1~a! gives the
result, in which thed layer, the barrier, and the contact laye
are clearly discernible. Thed layer is about 2 nm wide and
has a peak concentration ofNB5531017 cm23. The con-
trast of the d layer and the background doping (NB
'1017 cm23) in the barrier is somewhat weak, although f
the barrier B2H6 is only applied duringd doping. This is due
to boron diffusion during the silicon growth, out of thep1

bottom layer and out of thed layer. The profile of the va-
lence band edge is depicted in Fig. 1~b!. The tunnel-barrier
©2004 The American Physical Society24-1
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height is7 fB5DEv2EF , i.e., the valence-band contributio
DEv to the band-gap narrowing of emitter and collector m
nus the Fermi energyEF of these device layers.

Electrical measurements were performed in a flow c
ostat equipped with a 14-T superconducting magnet and
3He cryostat. We use standard lock-in techniques to mea
G-V curves, i.e., curves of the differential conductance v
sus bias. In theG-V curves, at 4.2 K and below, a tunnelin
resonance is present around 10 mV, superimposed on a d
nant background. In Fig. 2 we show curves of a 400-mm
device, for temperatures between 0.5 and 12.5 K. The w
resonance at 4.2 K becomes a clear peak at lower temp
ture, which is not yet saturated at 0.5 K. At this temperat
the full width at half maximum of the peak is about 1.5 m
The overall behavior as sketched in Fig. 2 is present for
measured devices, which are of different sizes and co
from different fabrication runs. The peak is absent for d
vices that have nod layer but are otherwise identical. Th
indicates that the peak originates from the boron atoms of
d-layer.

In Fig. 3~a! we plot the response of the spectra to a m
netic field, for the same device as in Fig. 2, for one b
polarity8 and for fields up to 14 T oriented perpendicular
the layers. With increasing field the peak shifts to a hig
bias and becomes broader and lower. In Fig. 3~b! data points
of the level shiftDE5 1

2 eDVres deduced from the resonanc
shift DVres ~see below for the relation between level a
resonance positions! show a steady increase with increasi

FIG. 1. ~a! SIMS profile of the boron concentration. Zero dep
is the surface position. For optimum resolution the top layer is o
20 nm thick. Contact layers, the barrier, and thed layer are clearly
visible. ~b! depicts the profile of the valence-band edge. Unconv
tionally, the hole energy increases in the upward direction, as in
electron-energy diagram. Fermi seas of the emitter and colle
extend up to the barrier, of which the thickness is defined with
criterion NB,c5431018 cm23, the concentration of the meta
insulator transition. Symbols are discussed in the text.
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magnetic field, the shift at 14 T being about 1 mV. Th
behavior does not depend on the orientation of the field w
respect to the crystallographic axes of the device. In the in
of Fig. 3~b! we also give the field-dependent spectra af
subtraction of the background.

The conductance peak is attributed to resonant tunne
through the B1 state of boron impurities in thed layer, each
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FIG. 2. Conductance curves of the 400-mm device 1/888/1, for
the temperatures listed. With decreasing temperature the con
tance decreases~for the lower temperatures most clear at high
biases! and a resonance at610 mV develops. Between 1.5 and 0
K the resonance still grows.

FIG. 3. Magnetic field induced shift of the discrete energy le
in the barrier of device 1/888/1, for three field orientations and
three anglesu between field and current directions. The parabola
a fit of the expression for the diamagnetic shift of the B1 level to
the data points. The data points are derived from curves as in
inset, which shows the field dependence of the resonance of de
1/888/1~the field step is 2 T!.
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of which provides for a conductance channel. The B1 state is
an acceptor counterpart of the more generally known2

state.9 It forms when a second hole is weakly bound to
neutral acceptor, in our case neutral boron B0. In zero mag-
netic field the B1 state is a singlet state~as the D2 state is!,
which is analogous to the negative hydrogen ion9 (H2 ion!.
The separation of the B0 ground-state level and the B1 level
results from the Coulomb interaction between the holes. T
the B1 state is likely to induce the resonance is seen
follows. First, we find that the resonance originates from
boron atoms introduced by thed layer. The B0 ground state
E0 is deep below the Fermi level@see Fig. 1~b!#, so that it is
permanently occupied. Therefore, higher levels of the0

single hole spectrum are not available for tunneling from
emitter to the collector. This points to another type of state
the boron impurities, the only known atomlike candidate b
ing the B1 state. Furthermore, the ionization energy and
mean square radii of the holes around the B2 core, which
can be derived if one assumes that the shift of the reson
with field is a diamagnetic level shift~see below!, are physi-
cally very reasonable for this state. Combining these ar
ments, we adopt the B1 state as being responsible for th
resonance. In connection to this, we note that our tunne
experiment is unlike an optical absorption experiment wh
higher levels of the B0 spectrum may always come into pla
via transitions from the ground state.1 As in optical absorp-
tion, also in the experiments on D2 in Ref. 6 such higher
levels may contribute to the tunneling current, due to
non-permanent occupancy of the D0 ground state.

From photoconductance spectroscopy on Si samples
low doping level it is known10 that in zero magnetic field the
binding energyE1(0) of the extra hole on an isolated B1

ion, i.e., the amount of energy required to remove this h
from the ion to the valence band edge, is about 2.0 meV. T
is close to 0.055Ry* 52.5 meV predicted by the H2 ion
model, which is successfully used for the D2 state.9 Here
Ry* is the effective Rydberg for boron in silicon, which
equal to the ground state energyE0545.7 meV.1 Since the
measured resonance comes from thed layer, equal parts of
the bias drop across the barriers at either side of the Cou
bic potential well associated with a boron impurity. Thus, t
resonance voltage isVres52@fB2E1(0)#/e @see Fig. 1~b!#.
We determinefB from the temperature dependence of t
zero-bias resistanceR0. When plotted versus 1/T, the loga-
rithm ln(T2R0) clearly shows an activated behavior in th
range 15–20 K. Interpreting this as Richardson-Dushm
thermionic emission11 of holes over the barrier, we findfB
511.7 meV from a fit to the data. This is not too far fro
fB5DEv2EF58 meV, which we obtain from the
estimate12 for DEv(NB) and from photoluminescenc
measurements13 of EF(NB), each subject to uncertainty. Th
values fB511.7 meV andE1(0)52.0 meV predictVres
519.4 mV. This deviates strongly from the measured po
tion and thus seems to exclude the B1 state. However, the
concentrationNB5531017 cm23 of the d layer is high
enough for the tail of the wave function of the second hole
be appreciable at the nearest B0 atoms,14 so that the B1 ions
are not isolated. The additional Coulomb attraction of th
12532
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B0 atoms and spreading of the electron charge among t
~reducing the hole-hole repulsion at the B1 state! cause a
stronger binding. This effect increases with increasing c
centration. The measuredVres'10 mV gives E1(0)
'6.7 meV. As demonstrated in Fig. 4, this value nicely fa
in the bandwidth obtained by extrapolating experimen
data14–16 on the concentration dependence of the ionizat
energy for B1 and D2. The increase of the ionization energ
is substantial, emphasizing that the silicon of the barrier is
the high concentration limit. On the other hand, the incre
is still weak compared to the Coulomb interaction energy
about 44 meV between the two holes at the B2 core, which
is the main characteristic of the B1 state. This means that th
B1 state, although perturbed, still strongly resembles the
perturbed state. Therefore, we follow the literature and s
call the perturbed state B1 state.

In the lower part of the temperature range of Fig. 2 t
resonance is much wider than the theoretical width 3.5 kT
a Fermi-smeared sharp resonance, implying a rather l
zero temperature width ('1.5 meV). Mechanisms contrib
uting to this are lifetime broadening, disorder broadeni
and broadening due to the finite width of thed layer. Life-
time broadening determines the intrinsic width of a res
nance coming from a single impurity. For the B1 level the
lifetime broadening is appreciable, since it is so close to
ionization level. The effect is enhanced by the large bias fi
at resonance~2.5 kV/cm!, which weakens the collector ba
rier and thus shortens the life time. We will come back to t
in discussing broadening of the resonance with increas
magnetic field~see below!. Disorder broadening arises from
the different local surrounding of B0 centers by adjacent B0

centers, which causes a distribution of levels. Interacting
ceptors in pairs, triplets, or small clusters~wherein a degree
of delocalization may occur! with interacceptor distance
smaller that the average distance of 24 nm may also con
ute to the width of the distribution. The finite width of thed
layer implies a range of values ofVres, since the position of
the atom defines the barrier thicknesses and thus the d
bution of the bias over them. Without correcting for a dec

FIG. 4. Plot of experimental ionization energies for B1 and D2

vs doping concentration~from literature!. AboveN'1015 cm23 the
ionization energy increases. The data point of the present work (l)
nicely falls into the extrapolated bandwidth which indicates t
trend of the literature data.
4-3
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of the resonance for off-center positions,17 a range forVresof
3.5 mV is derived from only the finited-layer width. We take
this as a sign that thed-layer width is an important source o
broadening.

The level shift of about 1.0 meV at 14 T@Fig. 3~b!# is
suggestive for the diamagnetic shiftDEdia(B) of the B1

level in a magnetic field. This shift, termed diamagnetic b
cause of the related negative susceptibility, is towards
valence-band edge, in agreement with the observed p
shift to higher biases. In magneto-optical spectroscopy
diamagnetic shift is not obtained directly, since it is absorb
in the field-dependent binding energyE1(B)5E1(0)
1 1

2 \v2DEdia(B). Here 1
2 \v is the energy of the first Lan

dau level, which is the valence-band edge in field. In o
experiment, however, since the emitter doping levelNB
51019 cm23 is high enough to block Landau level formatio
in this layer, the emitter Fermi level is a field-independe
reference energy enabling direct measurement ofDEdia(B).
In the GaAs system the diamagnetic shift of the D2 state was
obtained directly by including donors in the well of a doub
barrier device.6 In that case the state is affected by confin
ment. For the weak fields in our experiment, first order p
turbation theory estimates the diamagnetic shift a18

DEdia(B)5(e2B2/12m)( i r i
2. Herem is the effective mass o

the holes of the B1 ion andr i
2 is the mean square distance

the i th hole to the B2 core (i 51,2). Taking19 mlh50.15m0
and mhh50.54m0 for the light and heavy hole masses, r
spectively, andr 1

25a0
2 for the first hole (a051.6 nm is the

effective Bohr radius of the B0 atom19!, we fit the expression
for DEdia(B) to the complete set of data points of Fig. 3~b!.
This yields the curve shown in the figure19 and correspond-
ing valuesr 2

25(4.4a0)2 and r 2
25(8.4a0)2, for the light and

heavy masses, respectively. These values define a range
sistent withr 259.5 nm55.8a0 cited for the B1 state.20 The
fitted curve deviates from the experimental trend, which
a clear linear component. We attribute the deviation to
application of this simple atomic physics model forDEdia to
a solid state system. For example, the aforementioned pe
bation of theB1 state by surroundingB0 centers, which may
lead to some acceptor molecules or small scale acce
clusters,21 is not included in the model. We note that also
Ref. 6 a deviation of the measured diamagnetic shift of
D2 state from a prediction is reported. In this case eve
more advanced theoretical model was used to calculate
shift, indicating the complexity of the problem.

The broadening of the resonance with increasing m
netic field may be unresolved splitting and/or lifetime broa
ening induced by the Stark effect. Since the resonance v
age increases with increasing magnetic field, the electic fi
12532
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at resonance, and thus the Stark broadening, increase as
Data for Stark broadening of the B1 level are not available.
Therefore, we take as a measure the broadening of the
infrared absorption line due to transition from the grou
state of B0 atom in silicon to the first excited state, whic
was measured up to 1.0 kV/cm.22 Extrapolation of the data o
Ref. 22 to the fields of our experiments yields an increase
the halfwidth between 0 and 14 T of 0.1 meV, to be co
pared with our measured increase of 0.5 meV. Stark bro
ening apparently plays a role.

Finally, we discuss the background contribution to t
conductance~see Fig. 2!, which shows a weak temperatur
dependence below 4.2 K. The parabolic shape of the ba
ground suggests direct tunneling as transport mechan
However, the conductance atV50 is several orders of mag
nitude higher than expected for direct tunneling,23 so that it
is excluded. Hence, the background conductance is du
hopping resulting from the background doping in the barr
This hopping is thermally activated close toV50 and field
activated at higher biases (uVu>2 mV). For biases exceed
ing the barrier height (uVu>11.7 mV), the barrier become
increasingly weak for hopping and finally for direct tunne
ing, giving a further conductance increase. Above 4.2 K
conductance in the range (uVu<2 mV) undergoes a transi
tion to coexistence of thermal hopping and thermal acti
tion over the barrier and finally to dominance of activati
over the barrier.

In conclusion, we have studied resonant tunneling throu
a Si barrierd doped with boron impurities. The conductan
resonance observed is due to tunneling through the B1 state
of the impurities. The structure of our device enables dir
observation of the diamagnetic shift of the B1 state. The
measured magnitude of the shift agrees well with the th
retical description, yielding a proper value of the orbit si
for the second hole of the B1 state. The binding energy o
the B1 state turns out to be enhanced as a result of overla
the wave function of the second hole of the B1 state with the
nearest boron impurities. Our next step will be miniaturizi
the devices to the level of one dopant atom~diameter
'50 nm), enabling studies of the effect of wave-functi
manipulation on transport through the atom.
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