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Switching quantum transport in a three donors silicon fin-field effect
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We switch the transport along different paths in a system constituted by a phosphorus donor in a
silicon quantum dot in complementary metal-oxide-semiconductor technology, coupled with two
donors at the source side. The standard Coulomb blockade pattern created by the transport through
the D° neutral state of an individual donor located in the channel of the device is modified by two
additional randomly diffused nearby donors. By varying the control voltages, the fin-field effect
transistor acts as a quantum device which may be used to control alternative current paths through
different donors. © 2011 American Institute of Physics. [d0i:10.1063/1.3669702]

We developed a single atom based device in comple-
mentary metal-oxide-semiconductor (CMOS) technology
which can be tuned among different conductive paths of
electrons by virtue of additional donors present in the chan-
nel. Atomic scale electronics based on few dopants in the
channel of a CMOS device is of major importance for the
new generation of Beyond-CMOS devices.! The effects of
single dopants in the channel of a silicon device have been
characterized in the recent years.”® The employment of
donors in quantum devices has been proposed for their large
valley splitting, which is of great importance for quantum in-
formation schemes based on the spin of individual elec-
trons.” Here we report on the fabrication of a fin-field effect
transistor (FinFET) in CMOS technology with three donors
diffused in the channel from the leads and its characteriza-
tion at cryogenic temperatures. We identified three different
conductive paths for sequential tunneling of electrons by
comparing the experimental results with numerical simula-
tions which clarify the different role of the three donors. Our
investigation represents a proof of principle that it is possible
to tune the current path through different single donors in a
single quantum device, in view of exploiting quantum
degrees of freedom in silicon devices.'®

The sample is a FinFET produced on a 200 mm silicon-
on-insulator (SOI) wafer. The gate electrode has been pat-
terned using electron beam lithography and has a length
Ls=30nm. The size of the channel is width W_,=50nm,
thickness T, =17 nm, and length L., =250nm. Figure 1(a)
shows a scanning electron microscope (SEM) image of a
sample produced with the exact same procedure, but without
back-end process. The wafer is doped with phosphorus, with
a density [P] = 10%em 3.
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All the measurements were performed at a temperature
of 42K, except for the current-voltage characteristics Ip
(V) which were carried out in the range 4.2 K-256 K for the
extraction of the threshold voltage V. We observed

FIG. 1. (Color online) (a) SEM image of the device. For the sake of clarity,
the main donor located in the quantum dot (DQD) is pictured in yellow, the
donor 1 in orange, and the donor 2 in pink. (b) Electrical model used in the
simulations. The DQD is connected to the leads, the gate and the two addi-
tional donors. The donors are connected to the leads, the gate, and the DQD.
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FIG. 2. (Color online) Current-voltage characteristics Ip (V) at different
temperatures for Vp=1mV. The threshold voltage value is at around
Vi, =125mV (dashed black vertical line). Inset: stability diagram of the de-
vice at 4.2 K, whose colorscale span the range *10pA. The first two peaks
of conduction correspond to the D° and D™ states of the DQD. At high gate
voltage value, the conduction occurs by virtue of an electrostatic quantum
dot (QD) formed in the channel of the FinFET.

Vir=125mV at 42K, as shown in Fig. 2 (the Vp value
adopted was 1 mV). The Coulomb blockade of an electro-
static quantum dot is observed below 16 K. The subthreshold
stability diagram is shown in the inset of Fig. 2 (with color-
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FIG. 3. (Color online) (a) Current stability diagram at 4.2K of the FinFET
device under investigation. The red solid lines sketch the borders of Cou-
lomb diamonds. (b) Simulated stability diagram of the model outlined in
Fig. 1(b).
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TABLE I. Comparison of the parameters between measurement and simula-
tion. C,, Cy4, and C,, represent the coupling capacitances between the donor
quantum dot with source, drain, and gate, respectively, U the DQD charging
energy, Cys1 and C,p the mutual coupling capacitances between DQD and
donor 1 and donor 2 respectively, o is the lever-arm parameter for the DQD
and E, represents the energy of DQD ground state with respect to the bottom
of the conduction band.

Measurement Simulation

C, (aF) 1.39 14
C, (aF) 1.3 1.3
C, (aF) 2.87 2.9
U (meV) 26.6 25.8
Caaq1 (aF) — 0.2
Caan (aF) — 04
o (meV/mV) 0.557 —

Ey (meV) 58.5 —

scale in the range =10 pA). By virtue of the different lever-
arm factors between the two first Coulomb diamonds, also
supported by the large addition energy between the first two
conductance peaks, they are attributed to the D° and D~
states of a phosphorus donor located in the quantum dot
(DQD for brevity) randomly present because of the phospho-
rous background doping of the silicon.* This conclusion is
further supported by the comparison with similar samples
fabricated with undoped silicon, for which only a single elec-
trostatic quantum dot was observed. All the next peaks are
associated to an electrostatic quantum dot formed in the
channel of the FinFET. Figure 3(a) shows the stability dia-
gram of the first two conductance peaks, corresponding to
the filling of the first two available levels below the conduc-
tion band edge of the donor located in the channel. The two
portions of the conduction peak inside the first Coulomb dia-
mond are determined by the shifts of the first peak, due to
the charging of two donors (called then donor 1 and donor 2)
in the proximity of the channel close to the source side.''
When full, each of them causes an upward shift of the energy
levels of the dot, hence the presence of current in a region
normally blocked. From this stability diagram we were able
to extract the capacitive coupling of the main donor with the
gate Cg, the drain Cp, and the source C s.'? We extracted the
ground state energy E,=58.5meV from the conduction
band edge and the lever-arm factor o, yielding a charging
energy value U=26.6meV. Both E, and U are consistent
with previous results of donors in similar samples.>*** All
these values and those used in the simulation are listed in
Table I.

The simulations have been performed with a constant
interaction model and the current is calculated from the

TABLE II. Parameters of the two donors used in the simulation. Cy, Cy(i)s
Coti» Caaqiy represent the coupling capacitances of either donor 1 (i=1) or
donor 2 (i =2) with respectively source, drain, gate, and DQD, as specified
in Fig. 1(b).

Csiy Caaiy Cetiy Caa
Donor 1 (aF) 0.08 0.005 1 0.4
Donor 2 (aF) 0.05 0.01 1.2 0.6
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FIG. 4. (Color online) (a), (b), and (d) Occupation
probability respectively in DQD, donor 1 and donor 2;
(c) the different electron paths in the device.
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stationary solutions of a transition rate equation.'® The cur-
rent value is normalized to a maximum conductance set as
an input empirical parameter. The model is shown in Fig.
1(b), and consists of three donors. The DQD localized in the
center of the channel has a double spin degenerate ground
state. The energy separation between the corresponding con-
ductance peaks on the stability diagram represents the charg-
ing energy U. The two other donors are localized close
enough to the main donor and to the source to have a signifi-
cant effect on the stability diagram, but they are weakly
coupled to the drain. They are both coupled to the dot, but
there is no coupling between the two donors. All the parame-
ters of the two donors used for the simulation are listed in
Table II. The simulations were performed at a temperature
of 4.2 K. The electrostatic quantum dot has been excluded in
the simulations for the sake of simplicity, as its effect occurs
at voltages higher than those interesting in the analysis. For
the sake of completeness we mention that we simulated the
stability diagrams corresponding to several other types of
topologies and couplings, though none of them were as satis-
factory as the one in Fig. 3(b) in reproducing key features of
the measured stability diagram.

The results obtained from the simulations reproduce
accurately the experimental stability diagram as shown in
Fig. 3(b). Figures 4(a), 4(b) and 4(d) show the occupation
probabilities inside the three dots, allowing us to determine
the electron filling sequence inside the device (N7, N,, and N;
being the number of electrons, respectively, in the main donor
DQD, the donor 1, and the donor 2). The simulation allows to
extract the current flowing through the single branches
depicted in Fig. 4(c) (not shown) and hence to determine the
conductivity path in all the areas of the stability diagram.
Above the first conductance peak, the D° state of the main do-
nor is occupied by one electron so current is blocked. For
Ve =20mV, an electron enters the donor 2, shifting up the

energy level of the DQD. The shift allows a flow of current if
the bias window is high enough, in an area which, without the
donor 2, would be blocked. The current flows through the
main donor from the leads, but there is also a very small con-
tribution from the donor 2. This effect is more visible at posi-
tive bias as it is coupled more strongly to the source than to
the drain, leading to a lower probability for the electrons to
enter at negative bias. The third peak at Vo=40mV is
explained by the same process, involving the donor 1. The
three paths available for the electrons are shown in Fig. 4(c).
The second Coulomb blockade peak is associated to the
D™ state of the main donor. According to the different biasing
conditions, the device is tuned from the unperturbed path
(brown line in Fig. 4(c)) at low bias voltage to the modified
path through donor 1 (orange) and 2 (pink) at higher bias.

To conclude, we fabricated a device based on the pas-
sage through an individual donor located in its channel in
CMOS technology, with two extra donors in the proximity
of the source. Such extra donors provide alternative conduc-
tion paths to current flow. Such a tunable quantum device
constitutes a proof of principle of discrimination of different
conductive paths generated by individual donors, with possi-
ble applications in Beyond-CMOS devices.
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