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The continuous downscaling of transistors results in nanoscale devices which require fewer and
fewer charged carriers for their operation. The ultimate charge controlled device, the single-
electron transistor (SET), controls the transfer of individual electrons. It is also the most sensitive
electrometer, and as a result the electron transport through it can be dramatically affected by
nearby charges. Standard direct-current characterization techniques, however, are often unable to
unambiguously detect and resolve the origin of the observed changes in SET behavior arising
from changes in the charge state of a capacitively coupled trap. Using a radio-frequency (RF)
reflectometry technique, we are able to unequivocally detect this process, in very close agreement

with modeling of the trap’s
[http://dx.doi.org/10.1063/1.4883228]

The ability of a single-electron transistor (SET) to detect
very small charge variations enables a uniquely precise way
of characterizing complementary metal-oxide-semiconductor
(CMOS) relevant materials (e.g., gate stacks containing
novel dielectrics). Over the past decade, a method for
charged defect detection in nanowire transistors was
established,'™ based on measurement of SET low frequency
(LF) differential conductance G = dI /dV  for slowly chang-
ing gate (V,) and source-drain (V) voltages. In this way, the
stability plots of G(V,, Vys), “Coulomb diamond plots,” are
obtained. If charged defects (traps) are present near the SET
island, charging processes in the SET-trap system affect the
electron transport through the SET due to electrostatic inter-
actions between the SET and the trap. As a result, the
observed Coulomb diamond pattern strongly deviates from
the ideal model. By considering charging processes in a
SET-trap system, represented by a network of capacitors and
tunnel junctions, one can very accurately map the distortions
in the experimentally measured diamonds to the simulations
with just a few adjustable parameters. This technique pro-
vides a means for precise identification of traps near the SET
island (e.g., in the tunnel barriers).3’4 However, it is not sen-
sitive to any charging events occurring in the regions of the
diamond plot where the SET main island electron popula-
tion, n,, is constant, because in these regions no direct-
current (DC) is flowing through the SET. For example, if
trap population, n, changes, while n,, stays constant, it cannot
be detected by the LF conductance technique because the
current is blocked.

An alternative tool to investigate charging mechanisms
in the SET coupled to charged defects is RF reflectometry.
In this technique, transitions in the charge states cause varia-
tions in the RF signals (either reflected or transmitted).
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Cheong er al”’ investigated the RF impedance of an
AlGaAs/GaAs SET with two individually adjustable tunnel
junctions and demonstrated the ability to detect single elec-
tron charging through a single tunnel junction. This tech-
nique was also recently applied for charge detection in a
metal oxide single-electron box® and used to detect single-
electron charging in a capacitively coupled polycrystalline Si
nanowire.’

In this paper, we demonstrate the detection of a trap that
blocks transport through the SET using RF reflectometry. In
particular, we observe the trap population change within the
Coulomb blockaded region, where SET conductance is com-
pletely suppressed.

The experimental setup is based on that described in
Refs. 7 and 8 where a single phase homodyne detector was
used for carrier signal demodulation. The source electrode of
the SET is grounded and the drain is connected to a 150 nH
inductor that (along with a parasitic capacitor to ground of
approximately 0.3 pF) forms a tank circuit resonating at
782 MHz. Under the experimental conditions used here (i.e.,
very large resistance of tunnel junctions) the SET is strongly
overcoupled to the feedline” and impedance matching condi-
tions cannot be fulfilled. Therefore, the benefit of using a
tank circuit comes primarily from its frequency and phase
sensitivity near the resonant frequency. The LF differential
conductance is obtained by a standard 2-wire measurement
with a lock-in detector through the DC port of the bias tee.

In the reported experiment, the signal of interest corre-
sponds to a weak modulation of RF reflection in response to
changes in the (DC) gate voltage. To obtain the highest sen-
sitivity for this signal, we acquired the derivative of the
reflection coefficient, dI"/dV, implemented by superimpos-
ing a small modulating signal (fy; ~ 430kHz) on the DC
gate voltage. As a result, the reflected carrier signal at
the drain is amplitude modulated at a frequency f),.
After demodulating this reflected signal to baseband using

© 2014 AIP Publishing LLC
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homodyne detection with a mixer, the sideband at f}, arising
from the gate modulation is further amplified and rectified
with an RF lock-in amplifier; the effective bandwidth of the
recovered signal is ~0.25 Hz. To determine the effective
complex admittance of the device, as recently demonstrated
by several groups'®™'? simultaneous acquisition of amplitude
and phase of the demodulated signal is required. The use of
homodyne detection as presented here limits our detection
capabilities to the changes in signal amplitude. Therefore,
for the data shown here, the phase of the local oscillator for
the homodyne demodulation was adjusted to maximize the
signal from the drain-coupled trap under investigation. As
we will show below, the trap charging process in our case is
similar to a charging process in a single-electron box,
coupled to the drain of the SET. Under this condition, the
features in the demodulated signal that correspond to the
Coulomb diamonds, predominantly defined by the SET con-
ductance, are strongly suppressed.

The sample studied here is a Si MOS-SET similar to
those used in Ref. 1, with lithographically defined dimensions
of the Si island: 80nm wide, 17 nm thick, and 50 nm long.
The island is separated from a polycrystalline Si gate by a
10nm SiO, gate oxide. Coulomb blockade dominates elec-
tron transport at temperatures below approximately 10 K.

The LF measurement of G is shown in Fig. 1(a) as a
map of V4, and V, measured at T =800 mK. This measure-
ment reveals strong deviations from the regularly shaped
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Coulomb diamond pattern, namely, a distorted sawtooth pat-
tern along the conductance edge of the diamond at finite bias
with an abnormally large region of suppressed conductance
appearing as two overlapped diamonds, and two narrow
regions of negative differential conductance (NDC), marked
in red. Since the NDC lines have positive slope, they corre-
spond to the charge exchange occurring in the drain-island
area.” Therefore, we hypothesized that it is likely that a sin-
gle trap located near the SET drain (e.g., an As donor located
under the spacer), may be responsible for the observed fea-
tures. Magnetic field spectroscopy has been used previously
to measure the spin of single-charge traps with the Zeeman
splitting." To have a strong effect on the SET conductance
such a trap must be tunnel coupled to the SET island and the
drain, and capacitively coupled to the gate, forming a net-
work shown in Fig. 1(c).

We solve the steady state solution (fP = 0) of the master
equation for the vector P of probabilities of discrete charge
states of the island: %—lt) = I'P using the technique described in
Refs. 1-3. The matrix I' contains the transition rates for se-
quential tunneling through all four tunnel junctions of the cir-
cuit. The system is treated in the metallic limit; therefore, the
rates are obtained from the tunnel Hamiltonian using Fermi’s
golden rule. The result of this simulation is shown in
Fig. 1(b). A very good agreement between the simulation and
measurement is obtained. The capacitance values used in the
simulations, C, = 12 aF and C,= C,=8aF, were chosen to
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FIG. 1. (a) The charging diagram in the few electron regime measured as differential conductance G with a 50 ¢V drain modulation at 77.1 Hz. (b) Simulation
of G using the capacitance network between SET main island and trap shown in (c). (c) Capacitances and tunnel conductances used for best agreement with
the experimental data. The negative differential conductance features require an asymmetry between G,; = 0.05 % and G,,, =0.0007 % (d) Energy of the charge
states at zero V, bias as a function of V,. The different charge states are specified by (n,,, n,), where n,, and n, are the SET island and trap occupation, respec-
tively. The red (black) parabolas are for an empty (full) trap. The dotted line indicates the ground state of the whole system (SET and trap).
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match the period and charging energy of the Coulomb dia-
monds in Fig. 1(a). The coupling between the SET and trap
was then chosen to match the perturbed Coulomb diamonds in
Fig. 1(a) using the relationship'~*

C Cim
—£-018; B, = —’_0.45,
Xt Zt

Oy =

where Cs; = Cig + C;y + Cyy, s the total capacitance of the
trap and the other capacitances are as defined in Fig. 1(c).
The specific values of o, and f5, suggest that the trap has a
slightly stronger capacitive coupling to the SET island than
to the drain electrode. To obtain agreement between the sim-
ulation in Fig. 1(b) and measurement in Fig. 1(a), particu-
larly in the conducting regions, there is no need for an
asymmetry in the resistance of the barriers between the SET
island and the drain and source. Consequently, we have used
the same values, indicated in the legend of Fig. 1(c). In con-
trast, an asymmetry in the tunnel resistances between the
trap and the drain/SET island is required to achieve a good
match with the experiment (speciﬁcally, G,;=0.05 e,;
between trap and drain and G, =0.0007 -, between trap
and SET island). A lower value of R, enhances the NDC
features, while a lower R, softens them. This suggests that
the trap is located closer to the drain contact than to the SET
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island, which may, for example, correspond to an implanted
dopant located beneath the drain spacer.” The electrostatic
model of a single charge trap tunnel coupled to the SET can
be understood by considering the energy levels of the differ-
ent charge states of the system, defined by

2
CyVy +C,V,
€2<nm+ﬁ,n,— dVas + Cy g)
e

2(C2m + ﬁ[CZt)

2
82 (nr _ Cfdvds + Ctgvg)
e

2Cs;

Here, Cs; is assumed to be relatively small (1.4 aF here)
so that the total capacitance of the SET island is given by
Csn = Cq+ Cs + C, = 28 aF. In Fig. 1(d), the energy levels
are shown at zero drain bias as a function of V, using the
capacitive coupling in Fig. 1(c). The dotted line corresponds
to the ground state of the system. The intersection of the
parabolas at approximately V,=10mV and 30 mV represent
the degeneracy points of the SET island. The intersecting
parabolas at V,=20mV represent the degeneracy point of
the trap, i.e., a change in the trap occupation. The simulation
of the occupation probabilities of the SET island and trap are
shown, respectively, in Figs. 2(a) and 2(b). Over the entire
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FIG. 2. (a) Calculated occupation probability of the main dot. (b) Calculated occupation probability of the trap. (c) Second derivative (d*n, /dV?) of the calcu-
lated trap’s population shown in b. (d) The corresponding RF reflected signal dI"/dV, measured over the same region as shown in (a), (b), and (c) with a carrier
RMS value of 5.5 ¢V and a gate modulation of 0.2 mV. The inset of (d) shows the cross section of the dashed line at V=0 in the main figure.
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range of the plot, the SET island occupation varies from 0
to 2, with a fixed value of 1 within the central blockaded
region. It is in this region that the trap occupation, n,,
changes from O to 1 (see Fig. 2(b)). No direct source-drain
current is associated with this process, hence this change in
trap occupation is not directly detectable in a LF conduct-
ance measurement. Moreover, the charging of the trap leads
to the enhancement of Coulomb blockade, strongly suppress-
ing carrier transport through the SET.! Nonetheless, the trap
population change modulates the reflected RF signal by gen-
erating a small, capacitively coupled load on the tank circuit.
Since the frequency of the RF excitation is higher than
the tunneling rate [' for trap charging 2nf > T = fﬂ
~ 300 MHz), the power dissipated in the process saturates at
its maximal level, thus improving the signal to noise ratio."’

A map of dI'/dV, signal is shown in Fig. 2(d). Since
this is a second derivative of an oscillatory signal, a change
in charge state corresponds to a coupled (peak-dip) pair of
lines (delineated by red/blue).” Three such “paired lines”
with a positive slope (dV4/dV,) are clearly visible in experi-
mental data Fig. 2(d). By applying the same technique as in
Ref. 7, we calculated the second derivative of trap popula-
tion, d2nt/dV§, shown in Fig. 2(c). This derivative, which
resembles our measured signal, also shows coupled pairs of
lines. As expected in our model, the charge exchange
between drain and trap (n,: 0 < 1) blocks the current flow
through the SET.

At V,=20mV, V4, =0 this transition corresponds to the
system following the ground state as illustrated in Fig. 1(d),
with no fractional trap population, leading to blockaded state
with negligibly small differential conductance (Fig. 1(a)). At
non-zero drain bias the model predicts two regions, labeled
A and B, respectively, where the blockade is partially lifted
and charge redistribution between SET island and trap
occurs leading to a fractional trap population (1,=0.5, see
Fig. 2(b)). These charge transitions (i.e., n,: 0 <> 0.5, and n;:
0.5 < 1) manifest themselves as two paired lines at finite
drain bias located left and right of the center line, also exper-
imentally observed in Fig. 2(d). In LF measurement, these
transitions are visible as two NDC lines, indicated by a red
color in Figs. 1(a) and 1(b). There, a charge exchange

Appl. Phys. Lett. 104, 233503 (2014)

between the trap and the drain occurs, leading to an addi-
tional electrostatic repulsion for the electrons trying to tunnel
in and out the SET island.

The application of RF reflectometry-based single-elec-
tron spectroscopy enables investigation of the charging proc-
esses that cannot be detected with traditional LF single
electron spectroscopy. In this paper, we report the direct ob-
servation of charging of a trap located near the drain that
blocks transport through the SET and show consistency with
theoretical predictions.
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