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We describe single-electron transfer between two donors in thin silicon-on-insulator field-effect
transistors with phosphorus-doped channel. At low temperatures, single-electron tunneling through
one donor can be identified in source-drain current/gate voltage measurements as a single current
peak. On this peak, we observed hysteresis most likely as a signature of single-electron transfer
with another donor. The origin of single-electron transfer is related to different intensities of
coupling between each donor and the interface, as evidenced from simulations. It was found that
donor-interface coupling is essential for the energetic transfer of a single-electron location within the
two-donor system. © 2010 American Institute of Physics. [doi:10.1063/1.3530442]

Individual dopant atoms play a key role in the electrical
characteristics of nanoscale field-effect transistors (FETS).1
In fact, it was revealed that, at low temperatures, a single
isolated dopant works as a quantum dot (QD), mediating
single-charge tunneling from source to drain.>* Even when a
large number of donors are found in nanoscale-channel
silicon-on-insulator (SOI) FETs, single-electron transport is
still mediated by only one or a few donors.” In these systems,
it is essential to clarify donor-donor interaction, which can be
useful for applications such as charge-based quantum
cornputing5 and single-electron turnstiles.®’

In this work, we demonstrate single-electron transfer be-
tween two donors in thin SOI-FETs. This is evidenced by the
hysteresis on the first observable current peak in the current-
voltage characteristics. The findings are supported by simu-
lation results for two parallel donor-QDs with limited occu-
pancy. We show that single-electron transfer between two
donors is only possible if the gate capacitances of the two
donors cross over. By considering the behavior of donors
near interfaces,®'" we introduce a concept of voltage-
dependent donor-gate capacitance to explain single-electron
transfer.

The devices investigated in this work are shown in Fig.
1(a). The SOI layer is doped with phosphorus. Doping con-
centration, estimated from secondary ion mass spectroscopy,
is Ny~1~3X10'" cm™, equivalent to an average interdo-
nor distance of 7-10 nm. The channel is 10-nm-thick and
less than 50-nm-wide. The channel area is connected to
gradually wider Si pads that work as effective source and
drain. A wide Al front gate is deposited over a thermally
grown 10-nm-thick SiO, layer.

Figure 1(b) shows an electronic potential landscape,
simulated for a random arrangement of donors. In these
simulations, the channel is assumed to be depleted, so the
potential is given by the supel?osition of the Coulomb po-
tentials of all ionized donors.*'*" This situation corresponds
to the onset of conduction, when the gate voltage aligns the
lowest channel potential with the source Fermi level. The
fine potential valleys are ascribed to individual donors. In
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some cases, we encounter the following situation: one donor
(D)) is the steppingstone for conduction in the x direction,
while a second donor (D,) may work as a single-electron
trap.

We measured the source-drain current (/gp)—front gate
voltage (V) characteristics at low temperatures (~15 K).
All devices invariably exhibit irregular current oscillations,
such as shown in Fig. 2(a), indicating single-electron tunnel-
ing transport through donor-induced QDs.*%7

We focused on the first observable peak, which corre-
sponds to the conduction onset. It is known that a symmetric
and isolated peak indicates conduction through a single
donor.* This first peak is isolated from the following peaks
by a wide Vj range. Two examples of Isp— V5 characteris-
tics, in Figs. 2(b) and 2(c), show first current peaks due to
single-electron tunneling via one donor.

In order to observe charging in the vicinity of this donor,
the characteristics were measured for a limited Vg range
around the first current peak. Vg was swept upward and,
successively, downward with a sweep rate of 1 mV/s. In Fig.
2(b), abrupt current jumps can be observed on the first peak:
a jump up in the upward sweep, at V;=1.345 V, followed
by a jump down in the downward sweep, at V;=1.335 V.
These features produce a fine but reproducible hysteresis,
which can be ascribed to trapping and detrapping of a single-
electron in a memory dot. The nature of the memory dot can
be clarified from time-dependent /g measurements, with Vg
set inside the hysteresis region (V5=1.34 V). A random tele-
graph signal (RTS) can be resolved, as shown in the inset.
The signal contains mainly two current levels, suggesting a
two-level trap. It is natural to assume that the trap is a donor,

S

FIG. 1. (Color online) (a) Schematic view of doped-nanowire SOI-FETs. (b)
Potential profile simulated for a random distribution of ionized donors; two
neighboring donors are indicated.
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FIG. 2. (Color online) (a) Isp— Vg characteristics for wide Vg range, show-
ing a sequence of irregular current oscillations. [(b) and (c)] Measurements
of the first peak by successively sweeping Vi upward and downward for two
different devices. Inset: Igp-time trace at Vg=1.34 V, corresponding to the
dashed line in (b). For all measurements, 7=15 K and Vgp=5 mV.

which can only have two states (D* and D°). The D~ state,
corresponding to a second electron being added to a donor
is only several meV below the conduction band edge and
is not expected to be observed in our measurements
(T>15 K).

For the device shown in Fig. 2(c), current jumps cannot
be observed on the current peak, but charging is evident from
the displacement between upward and downward curves.

Both Igp—Vg characteristics presented here illustrate
thus charging and discharging in a two-donor system. One
donor works as a stepping stone for conduction, giving rise
to the first current peak. Another donor modulates the current
by trapping and detrapping one electron. This second donor
does not contribute as a conduction path, since we observe a
simple shift of the original peak. Charging occurs on the
current peak [Fig. 2(b)] or off the current peak [Fig. 2(c)], as
will be also shown in the simulation results in Fig. 4. This
suggests that conduction through the first donor and trapping
in the second donor are correlated. This is a strong indication
that trapping and detrapping occur by single-electron transfer
between the two donors, although other trapping paths, such
as direct injection from one terminal, cannot be completely
excluded.

In simulation, we model the two-donor system as two
parallel QDs, as shown in Fig. 3(a). Single-electron transport
simulations are performed within the orthodox Coulomb
blockade theory. The two donors are physically separated by
a tunnel barrier and, therefore, a tunnel junction is inserted
between them. Donor Dy, located close to the center of the
channel in horizontal and vertical dilrections,4 works as con-
duction path and is coupled to source and drain by tunnel
junctions (Cg; and Cp,;). Donor D, is displaced from the
center toward the edge of the channel, where the potential
barriers in the source-drain direction are higher for small
Voltages.4 Therefore, this donor is coupled to source and
drain via nontunnel capacitors (Cg, and Cpy,). Other donors
are also present in the device channel, but their energies are
higher than the Fermi energy. In consequence, their effect
can be basically incorporated in these tunnel barriers. The
two donor-QDs are commonly coupled to the same gate.

Our purpose is to reproduce the hysteresis in the Igp
— V¢ characteristics, by using the circuit shown in Fig. 3(a).
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FIG. 3. (Color online) (a) Equivalent circuit of two parallel coupled donor-
QDs with variable gate capacitance. (b) Cross-sectional potential landscape
for two donors without (top) and with (bottom) applied electric field F. (c)
Cs— Vg dependence reflecting the donor-interface coupling under increasing
electric field for the two donors: deeper donor (horizontal line) and superfi-
cial donor (inclined line).

However, this hysteresis should only involve the two states
of each donor, i.e., one electron is transferred from a neutral
donor to an ionized donor. When the donors are considered
as QDs with fixed gate capacitances, single-electron transfer
cannot be achieved unless other assistant electrons are in-
volved in the process. In previous reports of two-classical-
dot circuits with constant gate capacitances,15 16 hysteresis
observed as a signature of single-electron memory operation
involves more than one elementary charge, although not ex-
plicitly described. For a two-donor system, only one electron
can be involved in the transfer process. This can only be
explained if the gate capacitances of the two donors cross
over at a certain gate voltage. This crossover induces an
energetic transfer of the electron location in the two-donor
system and it can only be realized by considering voltage-
dependent donor-gate capacitances, as we incorporate in our
simulations.

In addition, voltage-dependent donor-gate capacitance is
reasonable for donors in thin Si channels. Figure 3(b) shows
the y—z cross-sectional potential landscape for an arrange-
ment of two donors in a thin Si channel. Two cases are
shown: without and with an electric field F applied vertically
(along z axis). Current flows in the x direction through donor
D,. This donor, located relatively far from the interface (5
nm here), is not significantly affected by the electric field. On
the other hand, the second donor D, is close to the interface
(1 nm here). For such superficial donor, it is known that the
potential expands at the interface under electric field. 81 The
cross-sectional area toward the gate and, implicitly, the
donor-gate capacitance (Cg) increase with electric field (i.e.,
voltage V). Therefore, for such a donor, Cg is continuously
changing with V.

Figure 3(c) shows the gate capacitances for the two do-
nors with fixed depths as a function of Vg, as considered in
the following simulations. The gate capacitance Cg; of the
deeper donor D, is practically constant, while the gate ca-
pacitance Cg, of the superficial donor D,, changes with V.
The slope of this change reflects the donor depth below in-
terface. At small V5, Cg, can be even smaller than Cg, due
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FIG. 4. (Color) (a) Contour plot of the voltage shift AV (difference be-
tween the voltages at which trapping and detrapping occur) as a function of
Cgo— Vg slope and donor-donor tunnel resistance. [(b) and (c)] Simulated
Isp— Vg characteristics (upward and downward Vg ramping) for two cases,
indicated in (a): point A (b) and point B (c).

to the reduced area toward the gate. A crossover between the
gate capacitances of the two donors occurs at a certain V.
We suggest that this capacitive crossover is crucial in deter-
mining the energetic transfer of an electron between the two
donors. For small Vg’s, when Cg, <Cgy, it is energetically
favorable for the electron to occupy donor D;. After the
crossover point, when Cg, > Cg, the system energetically
favors the electron transfer to donor D,. This can explain the
origin of the single-electron transfer.

We observed, however, that single-electron transfer oc-
curs with a delay relative to the crossover voltage, which
gives rise to a hysteresis between single-electron trapping
and detrapping events. We monitored the dependence of the
width of this hysteresis, AV, as a function of two factors, as
shown in Fig. 4(a): the trap donor’s Cs— Vg slope and the
interdonor resistance Rp;_p,. The slope can be correlated
with donor-interface distance, as explained above (see Fig.
3). Interdonor resistance can be correlated with the donor-
donor distance, i.e., interdonor barrier width. Both these pa-
rameters significantly affect the hysteresis width.

Two opposite donor arrangements are indicated by
points A and B. The simulated Igp—V characteristics for
these configurations are shown in Figs. 4(b) and 4(c). For
Fig. 4(b), donors are close to each other (small Rp; ;) and
the trap donor is close to interface (large Cg,— Vg slope). In
this case, electron transfer occurs near the crossover Vg, pro-
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ducing a fine hysteresis, similar to the experimental observa-
tion in Fig. 2(b). For Fig. 4(c), which corresponds to donors
far from each other (large Rp,.p,) and the trap donor rela-
tively far from interface (small Cg,—V( slope), electron
transfer is significantly delayed relative to the crossover V.
Thus, the current peak is totally shifted, similarly to the re-
sults shown in Fig. 2(c). The experimental results can, thus,
be ascribed to these two different donor arrangements. From
preliminary simulations, we also found that interdonor ca-
pacitance can assist in further separating the current peaks.
In addition, by considering injection via a donor-induced
multiple-tunnel-junction, an energy-based memory effect
may be achievable. This work is under way.

In summary, we demonstrated single-electron transfer
between two donors, evidenced by the hysteresis on the first
current peak in thin SOI-FETs. We showed that the hysteresis
is affected by the donor depth and donor-donor distance.
These results can be useful in designing novel applications
utilizing donor-donor interaction.
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