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Direct observation by resonant tunneling of the B level in a 6-doped silicon barrier
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We observe a resonance in the conductance of silicon tunneling devices évilbf@ed barrier. The position
of the resonance indicates that it arises from tunneling through thstd&e of the boron atoms of thilayer.
Since the emitter Fermi level in our devices is a field-independent reference energy, we are able to directly
observe the diamagnetic shift of thé Bevel. 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 func-find a conductance resonance due to tunneling through the
tionality is a semiconducting nanostructure with a singleboron impurities of theS layer in the barrier. The position of
dopant atom. The properties of such a structure are mosghe resonance and its magnetic field dependence indicate that
prominent at low temperature, where the electron or hole ié originates from tunneling through the'Bstate of the boron
localized at the parent donor or acceptor, respectively. Maimpurities. So far, this state has only been observed in spec-
nipulation of the wave function of the charge carrier at thetroscopic studies using photons or phonons and not in an
dopant atom with the electric field of a gate is the obviousenergy resolved transport experiment like ours.
tool to influence the properties of the nanostructure. A good We fabricate theS-doped devices from a layered structure
first order description of the properties of dopant atoms if the typep™ Si(500 nm)/p~ Si(20 nm/dp~ Si(20 nm/
given by the hydrogen mod&IThe resulting Bohr radius of P* Si(500 nm). Boron is the dopant for the layers and the
up to about 10 nm sets the size of a dopant atom and thus @¥spike. The structure is deposited by chemical vapor depo-
a single-dopant-atom functional device. This radius is muct$ition in an ASM Epsilon 2000 reactor on a@1) substrate
larger than for the hydrogen atom, due to scaling for thewith low doping, using Siil and B,Hg as precursor gasses.
effective mass of the carrier and the dielectic constant of thdhe & spike of areal density 1:710'* cm™? is centered in
semiconductor. Such dimensions are accessible efiteam  the lowly doped 40-nm-thick tunnel barrier. The' layers
lithography and scanning probe techniques. This opens thare degenerately dopelg=10'° cm™3) and serve as con-
way for what can be called atomic scale electronics inside &act layers. The devices are square mesas, 100, 200, 300, and
semiconductor. Silicon is very attractive for this purpose be400 um at a side. They are dryetched in ang$fasma. The
cause of its highly developed fabrication technology. etch mask is the Al-1%Si top contact of the mesa, which is

A beautiful example of atomic scale electronics insidesputter deposited through a shadow mask. Thg &Eh is
silicon is the quantum computer proposed by Kaaed by  stopped just after the bottom’ layer has been reached. A
Skinneret al2 Both the fabrication and electrical operation second shadow mask, aligned with respect to the mesas, is
of the qubits of this computer rely on control at the level of used for sputter deposition of Al-1%Si contacts to the bottom
individual phosphorus donors. The highly controlled dopantiayer. The final step is a 400 °C anneal in /M, of the Al
engineering required for atomic scale electronics inside silicontacts to the@™ Si, using rapid thermal processing. A high
con is being worked on by several grodipsDoping at the  device quality is apparent from resistance scaling with mesa
atomic scale for application purposes is thought to be feasize. At room temperature the resistance is dominated by the
sible, but development of this technique will be time con-two-dimensional spreading resistance of the bottom layer be-
suming. tween the mesa and the Al contact, while at low temperature

A more direct way to a single dopant atom in silicon, it is determined by the barrier in the mesa. These devices,
albeit less controlled concerning exact positioning, is to usevhich have a metal-insulator-metal structure, are the sim-
& doping and conventional nanostructuring. Single-dopantplest all-silicon tunneling devices.
atom structures fabricated in this way will yield physics rel- We measured the doping profile in the structure with sec-
evant for future devices fabricated with atomic scale dopingondary ion mass spectroscofIMS). Figure 1a) gives the
techniques. This approach has already been followed faresult, in which thes layer, the barrier, and the contact layers
GaAs, by including a layer of dopant atoms in the well of are clearly discernible. Thé layer is about 2 nm wide and
double barrier diode$Here, we report a transport study on has a peak concentration dfs=5x10 cm 3. The con-
S5-doped silicon tunneling devices grown with a single bar-trast of the § layer and the background dopingNg
rier. The dopant atoms induce zero-dimensional atomic quar~=10'" cm™2) in the barrier is somewhat weak, although for
tum wells, giving many identical double barrier systems inthe barrier BHg is only applied durings doping. This is due
parallel. This device, a precursor of a single-dopant-atono boron diffusion during the silicon growth, out of tipe’
device of a geometry close to a qubit of Kane's computerbottom layer and out of thé layer. The profile of the va-
shows very interesting transport properties. In particular, wéence band edge is depicted in FighjlL The tunnel-barrier
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FIG. 2. Conductance curves of the 4Q@a device 1/888/1, for
the temperatures listed. With decreasing temperature the conduc-
tance decreasedor the lower temperatures most clear at higher
biase$ and a resonance & 10 mV develops. Between 1.5 and 0.5
K the resonance still grows.
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0 20 40 60 80 100 magnetic field, the shift at 14 T being about 1 mV. This
depth [nm] behavior does not depend on the orientation of the field with
respect to the crystallographic axes of the device. In the inset

FIG. 1. (a) SIMS profile of the boron concentration. Zero depth of Fig. 3b) we also give the field-dependent spectra after
is the surface position. For optimum resolution the top layer is onlysptraction of the background.

20 nm thick. Contact layers, the barrier, and thiayer are clearly The conductance peak is attributed to resonant tunneling

visible. (b) depicts the profile of the valence-band edge. Unconven’[hrough the B state of boron impurities in thé layer, each
tionally, the hole energy increases in the upward direction, as in an '

electron-energy diagram. Fermi seas of the emitter and collector 8 T T T T T T
extend up to the barrier, of which the thickness is defined with the
criterion Ng=4x10 cm 3, the concentration of the metal- 0T —,
insulator transition. Symbols are discussed in the text. 6|

height i ¢g=AE,—Eg, i.e., the valence-band contribution
AE, to the band-gap narrowing of emitter and collector mi-
nus the Fermi energlr of these device layers.

Electrical measurements were performed in a flow cry-
ostat equipped with a 14-T superconducting magnet and in a
3He cryostat. We use standard lock-in techniques to measure
G-V curves, i.e., curves of the differential conductance ver- L I L L L L
sus bias. In th&-V curves, at 4.2 K and below, a tunneling 8
resonance is present around 10 mV, superimposed on a domi- 15
nant background. In Fig. 2 we show curves of a 400- RN
device, for temperatures between 0.5 and 12.5 K. The weak b)
resonance at 4.2 K becomes a clear peak at lower tempera-
ture, which is not yet saturated at 0.5 K. At this temperature
the full width at half maximum of the peak is about 1.5 mV. 0 14T
The overall behavior as sketched in Fig. 2 is present for all 6 8 10 12 14 1681
measured devices, which are of different sizes and come 05 Vmv]
from different fabrication runs. The peak is absent for de-
vices that have n@ layer but are otherwise identical. This o B/ <100>, 6=90°
indicates that the peak originates from the boron atoms of the 0.0 | AB/I<110>, 6=45
5-layer. 0 2 4 6 8 10 12 14

In Fig. 3(@) we plot the response of the spectra to a mag- BT]

netic field, for the same device as in Fig. 2, for one bias [ig 3. Magnetic field induced shift of the discrete energy level
polarity’ and for fields up to 14 T oriented perpendicular t0, the barrier of device 1/888/1, for three field orientations and for
the layers. With increasing field the peak shifts to a higheknree angle® between field and current directions. The parabola is
bias and becomes broader and lower. In Fi@) 8lata points 4 fit of the expression for the diamagnetic shift of thé Rvel to

of the level shiftAE=3eAV,,sdeduced from the resonance the data points. The data points are derived from curves as in the
shift AV, (see below for the relation between level andinset, which shows the field dependence of the resonance of device
resonance positionshow a steady increase with increasing 1/888/1(the field step is 2 Y.
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of which provides for a conductance channel. THedBate is 8 T T T T T

an acceptor counterpart of the more generally known D 7L & present experiment L

state? It forms when a second hole is weakly bound to a —o-Ret LD .
neutral acceptor, in our case neutral bordh B zero mag- 6T —A—Ref 16.B* ¢ ]

netic field the B state is a singlet staf@s the D state i3,
which is analogous to the negative hydroger’iiH~ ion).
The separation of the®Bground-state level and the'Bevel
results from the Coulomb interaction between the holes. That
the B state is likely to induce the resonance is seen as

ionization energy [meV]
v

) . iy 2F
follows. First, we find that the resonance originates from the o o

boron atoms introduced by th&layer. The B ground state 1 L L L= LS L= ‘8
E, is deep below the Fermi leviee Fig. 1b)], so that it is 10 10 0 10 10 10

-3
permanently occupied. Therefore, higher levels of tHe B Nem=]

single hole spectrum are not available for tunneling from the FIG. 4. Plot of experimental ionization energies fof Bnd D
emitter to the collector. This points to another type of state of/s doping concentratiotfrom literaturg. AboveN~10'® cm 2 the
the boron impurities, the only known atomlike candidate be-onization energy increases. The data point of the present vk (
ing the B" state. Furthermore, the ionization energy and thehicely falls into the extrapolated bandwidth which indicates the
mean square radii of the holes around the &re, which  trend of the literature data.
can be derived if one assumes that the shift of the resonance
with field is a diamagnetic level shifsee below, are physi- B atoms and spreading of the electron charge among them
cally very reasonable for this state. Combining these argutreducing the hole-hole repulsion at the Btate cause a
ments, we adopt the Bstate as being responsible for the stronger binding. This effect increases with increasing con-
resonance. In connection to this, we note that our tunnelingentration. The measuredV,.¢~10 mV gives E*(0)
experiment is unlike an optical absorption experiment where<6.7 meV. As demonstrated in Fig. 4, this value nicely falls
higher levels of the Bspectrum may always come into play in the bandwidth obtained by extrapolating experimental
via transitions from the ground staté\s in optical absorp-  datd*~26 on the concentration dependence of the ionization
tion, also in the experiments on'Din Ref. 6 such higher energy for B and D". The increase of the ionization energy
levels may contribute to the tunneling current, due to thes substantial, emphasizing that the silicon of the barrier is in
non-permanent occupancy of thé Bround state. the high concentration limit. On the other hand, the increase
From photoconductance spectroscopy on Si samples witf still weak compared to the Coulomb interaction energy of
low doping level it is know!’ that in zero magnetic field the apout 44 meV between the two holes at the ®&re, which
binding energyE " (0) of the extra hole on an isolated'B s the main characteristic of the'Bstate. This means that the
ion, i.e., the amount of energy required to remove this holeg* state, although perturbed, still strongly resembles the un-
from the ion to the valence band edge, is about 2.0 meV. Thigerturbed state. Therefore, we follow the literature and still
is close to 0.055Ry=2.5 meV predicted by the Hion  call the perturbed state ‘Bstate.
model, which is successfully used for the Btate’ Here In the lower part of the temperature range of Fig. 2 the
Ry* is the effective Rydberg for boron in silicon, which is resonance is much wider than the theoretical width 3.5 kT of
equal to the ground state enerfy=45.7 meV’ Since the a Fermi-smeared sharp resonance, implying a rather large
measured resonance comes from &iayer, equal parts of zero temperature width~1.5 meV). Mechanisms contrib-
the bias drop across the barriers at either side of the Coulomiting to this are lifetime broadening, disorder broadening,
bic potential well associated with a boron impurity. Thus, theand broadening due to the finite width of tiddayer. Life-
resonance voltage .= 2[ ¢g—E"(0)]/e [see Fig. Ib)].  time broadening determines the intrinsic width of a reso-
We determinegg from the temperature dependence of thenance coming from a single impurity. For the’ Bevel the
zero-bias resistandg,. When plotted versus T/ the loga- lifetime broadening is appreciable, since it is so close to the
rithm In(T?Ry) clearly shows an activated behavior in the jonization level. The effect is enhanced by the large bias field
range 15-20 K. Interpreting this as Richardson-Dushmanmt resonancé2.5 kV/cm), which weakens the collector bar-
thermionic emissiott of holes over the barrier, we findg  rier and thus shortens the life time. We will come back to this
=11.7 meV from a fit to the data. This is not too far from in discussing broadening of the resonance with increasing
¢g=AE,—Er=8 meV, which we obtain from the magnetic field(see beloyw. Disorder broadening arises from
estimaté’ for AE,(Ng) and from photoluminescence the different local surrounding ofBcenters by adjacent’8
measurements of Ex(Ng), each subject to uncertainty. The centers, which causes a distribution of levels. Interacting ac-
values ¢g=11.7 meV andE*(0)=2.0 meV predictV,.s ceptors in pairs, triplets, or small clustdmherein a degree
=19.4 mV. This deviates strongly from the measured posiof delocalization may occurwith interacceptor distances
tion and thus seems to exclude thé Btate. However, the smaller that the average distance of 24 nm may also contrib-
concentrationNg=5x 10" cm 3 of the & layer is high ute to the width of the distribution. The finite width of tiée
enough for the tail of the wave function of the second hole tdayer implies a range of values ¥, since the position of
be appreciable at the nearest &omst* so that the B ions  the atom defines the barrier thicknesses and thus the distri-
are not isolated. The additional Coulomb attraction of thesédoution of the bias over them. Without correcting for a decay
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of the resonance for off-center positioHs range foiV,,of  atresonance, and thus the Stark broadening, increase as well.
3.5 mV is derived from only the finité-layer width. We take Data for Stark broadening of the'Bevel are not available.

this as a sign that thé-layer width is an important source of Therefore, we take as a measure the broadening of the far
broadening. infrared absorption line due to transition from the ground

The level shift of about 1.0 meV at 14 [Fig. 3b)] is state of B atom in silicon to the first expited state, which
suggestive for the diamagnetic shiftE,(B) of the B was measured upto 1.0 kV/c%ﬁE?(trapoIat!on of th<=T data of
level in a magnetic field. This shift, termed diamagnetic be_Ref. 22 to the fields of our experiments yields an increase of

cause of the related negative susceptibility, is towards théhe havawdth between 0 a_nd 14 T of 0.1 meV, to be com-
. . ared with our measured increase of 0.5 meV. Stark broad-
valence-band edge, in agreement with the observed pe

shift to higher biases. In magneto-optical spectroscopy the Ing apparently plays a role.

. . - ) ; _ o Finally, we discuss the background contribution to the
diamagnetic shift is not obtained directly, since it is absorbe%onductance{see Fig. 2 which shows a weak temperature

in_the field-dependent binding energ”(B)=E"(0)  gependence below 4.2 K. The parabolic shape of the back-
+3hw—AEg,(B). Herezfiw is the energy of the first Lan-  ground suggests direct tunneling as transport mechanism.
dau level, which is the valence-band edge in field. In ouryg\ever, the conductance ¥t=0 is several orders of mag-
exper9|mer_1t3, _however, since the emitter doping led&®  pjtyde higher than expected for direct tunneffigo that it
,:10% cm™* s high enough to block Landau level formation s excluded. Hence, the background conductance is due to
in this layer, the emitter Fer_rm level is a f|eld—|ndependenthoppmg resulting from the background doping in the barrier.
reference energy enabling direct measurememB§i(B).  This hopping is thermally activated close =0 and field

In the GaAs system the diamagnetic shift of the late was  gctivated at higher biase$|=2 mV). For biases exceed-
obtained directly by including donors in the well of a doubleing the barrier height|{/|=11.7 mV), the barrier becomes
barrier devicé. In that_ case the state is affecte_d by Conf'”e'increasingly weak for hopping and finally for direct tunnel-
ment. For the weak fields in our experiment, first order Pering, giving a further conductance increase. Above 4.2 K the
turbation theory estimates the diamagnetic shift®as ~onductance in the rangéM(<2 mV) undergoes a transi-
AEgo(B)=(e?B%/12m)Z;r{. Heremis the effective mass of tion to coexistence of thermal hopping and thermal activa-
the holes of the B ion andr? is the mean square distance of tion over the barrier and finally to dominance of activation
theith hole to the B core (=1,2). Takind® m,=0.15m,  over the barrier.

and m;,,=0.54m, for the light and heavy hole masses, re- In conclusion, we have studied resonant tunneling through
spectively, and2=a3 for the first hole fo=1.6 nm is the @ Si barrieré doped with boron impurities. The conductance

effective Bohr radius of the Batont®), we fit the expression 'esonance observed is due to tunneling through thestate
for AEg4(B) to the complete set of data points of Fighg  ©f the impurities. The structure of our device enables direct

ing valuesr2= (4.4ap)? andr2=(8.4a,)?, for the light and measured magnitude of the shift agrees well with the theo-

(?ﬁ'gical description, yielding a proper value of the orbit size
or the second hole of the Bstate. The binding energy of
ag;he B" state turns out to be enhanced as a result of overlap of
éhe wave function of the second hole of thé Btate with the
nearest boron impurities. Our next step will be miniaturizing
utJJe devices to the level of one dopant atdigiameter
~50 nm), enabling studies of the effect of wave-function
&Janipulation on transport through the atom.

heavy masses, respectively. These values define a range ¢
sistent withr ,= 9.5 nm=5.8a, cited for the B state?® The
fitted curve deviates from the experimental trend, which h
a clear linear component. We attribute the deviation to th
application of this simple atomic physics model fE 4, to
a solid state system. For example, the aforementioned pert
bation of theB™ state by surroundinB® centers, which may
lead to some acceptor molecules or small scale accept
clusters’! is not included in the model. We note that also in ~ We acknowledge valuable discussions with J. De Boeck,
Ref. 6 a deviation of the measured diamagnetic shift of the5.E.W. Bauer, T.O. Klaassen, and J.R. Tucker. M. van Putten
D~ state from a prediction is reported. In this case even @ acknowledged for his contributions in the initial phase of
more advanced theoretical model was used to calculate thtae work. This work is part of the research program of the
shift, indicating the complexity of the problem. Stichting voor Fundamenteel Onderzoek der Materie, which
The broadening of the resonance with increasing magis financially supported by the Nederlandse Organisatie voor
netic field may be unresolved splitting and/or lifetime broad-Wetenschappelijk Onderzoek. One of us, S.R., wishes to ac-
ening induced by the Stark effect. Since the resonance volknowledge the Royal Netherlands Academy of Arts and Sci-
age increases with increasing magnetic field, the electic fielénces for financial support.
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