RADIO-FREQUENCY REFLECTOM-
etry (RFR) is a technique that was devel-
oped to characterize the properties of
transmission lines by observing reflected
waveforms. Today, it is widely used in a
variety of applications, ranging from the
detection of faulty wires in cables [1] and
objects buried in the ground [2] to soil
moisture detectors [3] and the measure-
ment of dielectric properties of blood
[4]. Recently, one important applica-
tion of this technique, which requires a
very small amount of applied power, was
developed for the characterization of elec-
tronic nanostructures [5]. In this imple-
mentation, a microwave radio-frequency
(RF) signal is sent to a resonator coupled
to the specimen to be studied. If in a
specimen the change of some external
parameter (e.g., gate voltage) leads to
a change of an active [Figure 1(a)] or
a reactive (typically, capacitive) load
[Figure 1(b)] to the resonator, the
self-resonance is affected, resulting in
a change of magnitude [Figure 2(a)]
and phase [Figure 2(b)] of the reflected
signal. If an impedance matching condi-
tion is achieved, the modification of the
specimen parameter (e.g., the increase of
its resistance) will lead to a very signifi-
cant change in the reflection coefficient I"
[Figure 2(a)]. Here, we discuss two
important applications of the RFR tech-
nique on nanoscale devices.

First, RFR provides a method for fast
(<100 ns) and broadband (in excess of
100 MHz) sensing of single-electron tran-
sistors (SETs) [5] and quantum point con-
tacts (QPCs) [6], which are essential
readout elements for promising new tech-
nologies such as spin quantum bits [7]-
[9]. By contrast, the traditional methods
of probing these types of devices by mea-
suring changes in their conductance or
resistance suffer from very limited band-
width (<1 MHz) due to the high imped-
ance of the devices and parasitic input
capacitance of the sensing amplifier. In an
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Radio-frequency reflectometry is a technique
that was developed to characterize

the properties of transmission lines

by observing reflected waveforms.

RFR SET setup [5], the input RF sine
wave (with a frequency in the range of
10%-10° Hz) is reflected from a tank cir-
cuit, typically consisting of a lumped
inductor and a parasitic capacitor to
ground, acting as an impedance transform-
er, and the device under test (an SET or
QPC) acting as the load. The main
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FIGURE 1 RF reflectometry sensing. Here,
a change in the specimen characteristics,
such as (a) the active resistance or (b) the
reactive load (capacitance shown), leads to
changes in resonator characteristics and,
thus, changes in the phase and amplitude
of reflected signal.
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purpose of the inductor-capacitor (L-C)
impedance transformer is to transform the
high impedance of the device under test
closer to a standard transmission line resis-
tance, e.g., 50 Q. Because the impedance
transformer typically used in an RFR setup
is a resonant circuit, it also provides fre-
quency selectivity, attenuates unwanted
signals away from the resonant frequency,
and suppresses “pink” 1/f noise [10].
The second class of applications is the
use of RFR-based spectroscopy to enable
researchers to “look inside” devices to
understand the intricate physical mecha-
nisms of transport on the nanoscale. RFR in
this case is used as a unique characterization
tool for studying the properties of these
devices and the materials of which they are
composed. For this class of RFR applica-
tion, speed and wide bandwidth are typical-
ly of lesser concern than obtaining the
highest possible sensitivity. Even small
changes in the device capacitance, for exam-
ple, as might arise from a single defect level,
may be sufficient to produce a detectable
signal. The role of the resonator is to
increase the sensitivity of the reflected signal
(ie., the magnitude and phase) to changes

340 344 332

in the device impedance, thereby easing the
detection of small changes (e.g., caused by
single-electron charging of an SET island or
trapping,/detrapping effects near it).

The tools developed in the process of
pursuing these two applications are com-
plementary so that development in one
leads to the progress in the other. For
example, improvements in the charge sen-
sitivity of the RF SET qubit readout
enhance the detection capabilities of the
charged defect detecting technique.

TRANSPORT SPECTROSCOPY
IN MESOSCOPIC SYSTEMS

Transport spectroscopy is a characterization
technique where electron transport through
the sample is measured as a function of one
or more parameters. The information about
electron transport is typically revealed by
analyzing low-frequency differential con-
ductance “maps”—dependences of differen-
tial conductance G = dl4/dVes on two
variables such as gate and source—drain volt-
ages G(Vyg, Va). This technique is widely
used for the characterization of mesoscopic
structures (e.g., quantum dots, SETs, and
QPCs) [11]. The characteristic features
in such maps, the so-called Coulomb dia-
mond plot in the SETs, enable the determi-
nation of the type of transport mechanism
(e.g., resonant tunneling and quantum or
classical charge transfer) and device param-
eters such as gain, charging energy, and gate
sensitivity. At the same time, the deviations
from ideal models are used to identify vari-
ous charged defects (e.g., single donors and
dislocations [12]). Clearly, a measurable dc
current between the source and the drain of
the device is required to obtain these maps.

336 340 344
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FIGURE 2 The change in the (a) magnitude and (b) phase of the signal reflected from the tank circuit caused by a change in the channel resis-
tance of the HJFET coupled to it. The fully depleted FET channel, R ~ 500 kQ (blue curves, V; =—0.85V); matching condition achieved,
Rer = L/CReh = Zo = 50 Q; here, Ren ~ 120kQ (red curves, Vo =—0.81V).
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FIGURE 3 A simplified circuit diagram of the dual-port RFR setup. Two tank circuits are con-
nected to the gate and drain of the device. The dc biases and modulation signals are applied
through inductor inputs of the bias tees. RF signals are supplied through the directional
couplers, and reflected signals are picked up by the preamplifiers. The sample is bonded to a
printed circuit board with two surface mount inductors. In conjunction with the parasitic pad
capacitances to ground, it forms two separate resonant tank circuits, one at the drain and one
at the gate. The sample is cooled to ~ 3.5K, and the preamplifiers are cooled to ~ 20K using

a closed-cycle refrigerator.

Here, RFR-based spectroscopy offers a
versatile spectroscopic tool that is particular-
ly useful for the identification of single-elec-
tron charging in nanoscale devices. Unlike
dc spectroscopy, it does not require any dc
current flow and, thus, not only provides a
means for detection based on the change of
conductance but also enables the detection
of electron processes occurring in systems
with no dc current flow, for example, elec-
tron charging of a capacitor through a sin-
gle tunnel junction [13], [14].

gate modulation and hysteretic effects
was reported in [15], and the detection
of a charged defect leading to a transport
blockade in an SET was observed in [16].
In both cases, the origins of the charge
reflection mechanisms were determined
by analyzing the maps of reflected signals
and comparing them to simulations.

Since in the RFR configurations report-
ed to date the reflected signal was acquired
from only one port (e.g., a drain [5], [10],
[16] or a gate [17]-{19]), pinpointing the

The role of the resonator is to increase the
sensitivity of the reflected signal to changes
in the device impedance, thereby easing the

detection of small changes.

REFLECTOMETRY FOR
DEFECT IDENTIFICATION

In recent publications, we reported two
charging processes occurring in nanoscale
metal-oxide-semiconductor field-effect
transistors (FETs) identified by means of
RER spectroscopy. Charge trapping in
the polysilicon gate leading to unwanted
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spatial location of a particular charging pro-
cess is an elaborate and indirect process.
The technique we describe here not
only detects electron charging in nano-
structures but also enables the spatial iden-
tification of the location of the charging
events. The idea is to use two independent
channels to perform RFR measurements

on a three-terminal device. Single-electron
charging events occurring in the device
near the threshold, where it can be treated
as a passive network with no internal gain,
result in very small variations of the reflec-
tion coefficient. Therefore, the farther the
location of the charging event from a spe-
cific port, the stronger the attenuation of
the associated reflected signal. By monitor-
ing the reflection from two ports and
comparing the reflected signals, one can
positively identify the location of the spe-
cific events. In the following section, we
will illustrate the applications of this tech-
nique for an off-the-shelf short-channel
FET and for an ultrasmall nanoscale
silicon (Si) single-hole transistor (SHT).

EXPERIMENTAL RESULTS
AND DISCUSSION

MEASUREMENT SETUP

To implement the proposed technique,
we built a dual-channel reflectometer, the
schematics of which are shown in Figure 3.
Each channel contains a bias T, a direc-
tional coupler with an attenuator, and a
cold preamplifier that are connected to the
two tank circuits. The resonant frequencies
of the two tank circuits are in the range
of 0.3-1 GHz. To increase the signal-to-
noise ratio, an amplitude modulation tech-
nique is used, where a small signal at a
frequency fir ~ 2 kHz is applied to the
gate. Homodyne detection with a quadra-
ture demodulator is used to recover the
modulated signals. After demodulation,
the sidebands at fi are rectified with two
lock-in amplifiers to recover full vectors of
the signals proportional to the derivatives
of the reflection coefficients dI 4win /dVy
and dIgue /dVy, respectively. In addi-
tion to this, the low-frequency differential
conductance was measured simultaneously
with the reflected signals using standard
lock-in amplifier techniques.

TESTING THE METHOD WITH
GALLIUM ARSENIDE FET

Electron transport in a heterojunction FET
(HJFET) with a short (< 0.3 um)and
wide (> 100 pm) gate offers an oppor-
tunity to study a number of interesting
physical processes near the conductance
threshold. At a high electron density, these
devices act as high-speed amplifiers, taking



advantage of the high mobility of elec-
trons traveling through the channel. The
high electron density provides screening
of the random fluctuation potential from
the ionized impurities [20]. This situation
changes dramatically near the threshold,
when the screening of electrostatic poten-
tial fluctuations breaks down. A number
of mesoscopic eftects, including Coulomb
blockade, resonant tunneling, and quan-
tum ballistic transport, can be observed
in the transitional region from a fully
depleted to a fully conducting channel. In
gate-controlled conducting channels with
large width-to-length (W /L) ratios, a per-
colation path is first formed in a region with
the lowest electrostatic potential and the
highest electron density [21], [22] due to
large-scale potential fluctuations caused by
random dopant distribution. As electron
density under the gate increases, there is a
high probability that a random “dot” (or
several dots) connecting the source and
drain shown in Figure 4 may form in this
region. At a low temperature (T < 10 K
for the devices discussed here), transport
through this dot is governed by a Cou-
lomb blockade [23] or resonant tunneling
through one or several localized states [24].
Then, as the electron population increases,
the depleted regions acting as tunnel barri-
ers disappear due to the increased electron
population, and the dot merges with the
source and drain regions, forming a nar-
row constriction. In short-channel devices,
whenL < / (where / is the electron mean
free path), electrons can travel through such
constrictions quasi-ballistically, leading to
one-dimensional conductance quantiza-
tion [25]. In addition, a number of iso-
lated puddles, which are tunnel-coupled
to the source and drain but not contribut-
ing to the dc current, become populated
until a continuous percolation path forms
between the source and the drain. (A
crude analogy would be water filling a
potential landscape—water first accumu-
lates in isolated puddles before merging
into a stream.) This process of puddle for-
mation—population with electrons of iso-
lated dips in a potential profile—cannot be
traced by means of conventional transport
spectroscopy as there is no dc current asso-
ciated with it. By contrast, these charging
events can be detected with the RFR tech-
nique because, at a low temperature, the

FIGURE 4 Animage showing the various charging processes guided by the Coulomb blockade
for a wide-channel HJFET at a low temperature. Several charging processes are shown, includ-
ing electron hopping to isolated localized states near the source and drain and electron trans-
port from source to drain through a “dot” created by the random fluctuation potential. The red
color corresponds to areas of high electron density under the gate, and the depleted regions

are colored gray.

charge population of an isolated puddle
coupled to a source or drain is also gov-
erned by a Coulomb blockade and is similar
to the charging of a single electron box—a
structure composed of a single tunnel junc-
tion and one (or more) nonleaky capacitors
[26]. The energy price of electron travel
associated with this process leads to power
dissipation that is detectable by RER, which
was recently demonstrated in [14].

Here, we performed the dual-port
RER spectroscopy using a device with gate

voltage increases, a number of lines form-
ing a diamond-like structure emerge from
the nonconducting background (black) as
Vg increases from -0.64 V. These charac-
teristic features correspond to the forma-
tion of a Coulomb blockade dot—
conductance is strongly suppressed every-
where except for the regions where the
dot population changes. This information
revealed by the differential conductance
map, however, does not shed any light on
charging events that do not contribute to

Transport spectroscopy is a characterization
technique where electron transport through
the sample is measured as a function of one

length L <0.2pm and gate width
W =160 um (NE3210S01). The experi-
mental results are presented in a gray-scale
map [Figure 5(a)—(c)]. First, if we look at
a dc differential conductance map
[Figure 5(a)], it shows that, as the gate

or more parameters.

the conductance. That is where the RER
technique comes in handy.

Figure 5(b) and (c) shows the ampli-
tudes of signals reflected from the drain
and gate, respectively. These reflectance
maps make visible many additional features
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FIGURE 5 An experiment with a short-channel HJFET at T = 3.5K. (a) A “DC” differential con-
ductance “map.” The map of the magnitude of signal reflected from (b) the drain, dGarain/dVg,

and (c) from the gate, dGgate/dV,.

that stay obscured in the conductance map
[Figure 5(a)]. In particular, for the regions
in Figure 5(a) where the conductance
drops below the noise floor, two sets of
lines are still clearly visible: one with posi-
tive slopes, a=dVs,/dVy>0, and
another with negative slopes, p < 0.
(Strictly speaking, since the derivatives
dI’ /dV; of the peaks in reflectance I" are
measured, for each peak, we observe two
features: a peak and a valley. For simplicity,
we will refer to each double line feature as
a line.) Most notably, while lines of both
types are visible in the signal reflected from
the gate, only lines with a positive slope
are visible in the drain-reflected signals.
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To explain these observations, we turn
to recent experiments where charging of
the Coulomb-blockaded states that do not
contribute to conductance was detected by
RFR [15], [16]. The observed lines are
identified as charge population changes in
the Coulomb-blockaded objects: in this
process, a small amount of power is dissi-
pated along with the capacitance change
[17], leading to small but detectable
changes in the magnitude and phase of the
reflected signals. The slopes of these lines are
defined by the capacitive coupling from the
charging states to a respective electrode [26]
so that o = dV4/dVy = Cg/(Cg+ Cs)
and p=—C,;/Cq. Here, Cg, C, and Cy

are capacitances from the Coulomb-blockaded
object to the gate, source, and drain elec-
trodes, respectively. When the Fermi level in
the drain electrode is aligned with the elec-
trochemical potential in the charging
object, single-electron charging occurs
near the drain. This corresponds to the
lines with positive slopes (o); charging
occurring near the source corresponds to
the lines with negative slopes (p). When
an RF signal comes from the gate, the
detected change in the reflection comes
from electron population change near
both the source and the drain, and, thus,
we observe both types of lines.

Conversely, for an RF signal applied
from the drain side, only lines with positive
slope, associated with charging near the
drain only, are observed in the reflected sig-
nal. This is expected since near the thresh-
old, where the conductance between the
source and drain is very low, the charging of
the states capacitively coupled to the
(grounded) source is less likely to respond
to the RF signals applied to the drain. Only
when the conductance through the channel
increases (Vg >—0.635V), a few faded
lines with a negative slope also emerge in
the drain-reflected signal. The values of
a = 0.8 and p =—6 indicate that charg-
ing objects in this case have a stronger cou-
pling to the gate than to the source or
drain. Taking into account the geometry of
the sample (i.e., a large area where isolated
puddles of charge might form), we attribute
the majority of the observed lines in a range
of Vg where the channel is nearly com-
pletely depleted to single-electron charging
of isolated puddles.

The results of the experiment presented
in Figure 5 demonstrate that the proposed
RER technique reveals complementary
information necessary for the identification
of spatially separated charging processes
guided by a Coulomb blockade.

DUAL-PORT RFR FOR NANOSCALE Si

METAL-OXIDE-SEMICONDUCTOR SET

After confirming the validity of the pro-
posed technique on a convenient model
system, we applied it for an investiga-
tion of charging of the few first charged
states in ultrasmall Si SHTs. The devices
are fabricated using nanowires on Si-on-
insulator (SOI) complementary metal-
oxide semiconductor technology [27].



This advanced process on 300-mm SOI
wafers has been developed to meet the
requirements for the end of the Interna-
tional Technology Roadmap for Semi-
conductors [28] near the 7-nm node.
Here, the channel forming the SHT
island is 25 nm long, 15 nm wide, and
11 nm thick. The nanowire is etched
away from the SOI film (mesa isolation)
and covered by a bilayer gate oxide made
of a few angstroms of silicon dioxide
and then several nanometers of hatni-
um silicon oxynitride (HfSiON). The
gate overlaps the wire (see Figure 6)
and is made of a first layer of titanium
nitride (TiN), followed by polycrystal-
line Si. This complex set of materials
was introduced in microelectronics to
meet the scaling requirements, but it is
also a well-known source of charge traps,
especially at the interfaces between dif-
ferent materials.

In contrast to the experiment with an
HJFET described previously, in which the
formation of the Coulomb-blockaded pud-
dles is a matter of chance and results from
random potential fluctuations, the formation
of the island in the SHT is the result of care-
ful device design. Yet, there are possibilities
for fabrication defects leading to deviations
from the ideal device behavior. Figure 7
shows the measured results for the SHT
described previously. The first map
in Figure 7(a) shows a differential conduc-
tance versus Vg and Vg. In the range
—0.85V <V;<—0.65V, there are nine
casily identifiable Coulomb diamonds, where
cach diamond corresponds to a stable charge
configuration on the SHT quantum dot and
single-clectron charging occurring (single
hole, in this case) at the border crossings. For
Vg >—0.65V, the conductance signal
drops below the noise floor. As a guide for
the eye, we draw a line indicating the first
hole that is observable in the conductance
map. But is there a way to determine when
the very first hole enters the dot?

Let us now turn to the reflectometry
maps. These maps are measured at the two
device ports, the gate and the drain,
respectively, and each consists of two com-
ponents of the reflected signals (R and
©). Figure 7(b) and (c) represents the sig-
nals reflected from the drain; Figure 7(d)
and (e) represents the signals reflected
from the gate of the SHT. In the area of

()

=

(d)

FIGURE 6 The Si SHT experiment: (a) a simplified diagram of the device test circuit, (b) a cross
section with implanted donor atoms (the spacers above undoped regions are acting as tunnel
barriers), (c) an SEM micrograph of a cross section of an Si SET, and (d) a side view of the

device with a gate overlapping the nanowire.

the map situated to the left from the tilted
dashed line, there is a clear match between
the diamond pattern in the conductance,
Figure 7(a), and charge transitions delin-
cated by the experimentally obtained lines
in the reflected signals [Figure 7(b)—(e)].
In this region, two distinctly different sets

of lines can be identified in the reflection
maps: 1) tilted lines with a slope
a=dV,/dVy ~ 1, visible in Figure 7(b)
and (d), and 2) nearly vertical lines with a
slope p=dV,/dV4 ~—oo, which are
observable in the gate reflection shown in
Figure 7(c) down to Vg ~—0.78 V, but

RFR-based spectroscopy offers a versatile
spectroscopic tool that is particularly useful
for the identification of single-electron charging

in nanoscale devices.

JUNE2015 | IEEE NANOTECHNOLOGY MAGAZINE | 29



Vds (mV)

Vs (MV)

-800 ~700
V, (mV)
(b)

Vas (MV)

—800 —700

V, (mV)
(d)

—800 —700 —600 —-500
Vg (mV)
(a)

Vds (mV)

—600 =500 -800

Vds (mV)

107°S

108S

107S

10°S

| _104v

+1074V

-700 -600 -500
V, (mV)
(c)

—1074V

+1074V
—-600 -500 -800 —700 —-600 -500
V, (mV)
(e)

FIGURE 7 The experimental results obtained for Si SHT. (a) The differential conductance (plotted in log scale) with black corresponding to low
conductance. Maps of the magnitude and phase of the signals reflected from (b), (c) the drain dT4ain/dVy and (d), (e) the gate, dT gae/dV,.

The carrier frequencies are f; = 453 MHz, and f, = 319 MHz. The dashed tilted line is a guide for the eye to delineate the first charge transition
detectable by the low-frequency transport spectroscopy technique.

are not clearly visible in drain reflections
[Figure 7(b)]. By applying the same analy-
sis as used for Figure 5, we identify the sin-
gle-hole charging processes occurring in
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the SHT device as follows. First, from the
values of a and B, we conclude that in this
device Cs, Cy K Cg, as expected from the
device design.

As mentioned previously, the nearly ver-
tical, negatively sloped B-lines are attribut-
ed to the charge exchange occurring near
the grounded source, and positively sloped



a-lines correspond to single-electron
charge transitions occurring near the drain
of the device. There are four o-lines with a
slope =1 in Figure 7(b) and (d) at
Vg >—0.76 V that have no matching ver-
tical lines, yet they are still associated with
charge transfers through the dot, which is
indicated by a measurable conductance for
these lines on the low-frequency conduc-
tance map [Figure 7(a)] at a high source—
drain bias.

On closer inspection, however, it can
be seen that two more lines with the same
slope ~1 can be identified in the plot of
gate reflection magnitude [Figure 7(d)].
These lines cross the Vg =0 axis at
Vy=—0.67V and =—-0.64V in a
region where the dc conductance is below
the measurement noise floor. These are
likely the very first holes that are contribut-
ing to the population of the island. The
poor contrast (i.e., the weak signal)
observed for these transitions can be
attributed to very low tunneling rates asso-
ciated with these charging events due to
the very large source and drain barrier
resistances. Nonetheless, the reflectometry
technique enables resolving and identifying
these transitions.

The previous observations indicate
that the population of the dot in this par-
ticular device begins with an easier
charge exchange between the dot and
the drain, so charge transfer through the
dot is limited primarily by the source
junction, which has a larger resistance
under these conditions. The correspond-
ingly lower tunnel rate at the source
leads to an immeasurably small change
in the reflection associated with the
charge transfer at the source, and, conse-
quently, no vertical lines are observed
even in the gate-reflected signal. After
the first few holes are added to the dot,
the charging (and associated dissipation)
on the source side becomes detectable in
the gate-reflected signal, leading to the
appearance of B-sloped lines, along with
a-sloped lines and ultimately closed
Coulomb diamonds.

But the reflectometry signals also reveal
that—in addition to SHT dot charging—
other charging events can be detected and
identified well below the onset of conduc-
tance through the dot. These additional
charging events appear to be unrelated to

SHT dot charging. We now consider three
such features in Figure 7(b)—(e).

First, there is a vertical line with a large
magnitude appearing near Vg =—0.605 V
clearly visible in the gate reflection signal.
The fact that this line is vertical indicates a
complete decoupling from the drain of the
device. Second, there is a line with a posi-
tive slope o ~ 3, which is only visible in
the phase map of the gate-reflected signal
[Figure 7(¢)] near Vg =—0.72 V.

As we had previously shown [15], the
lines with a slope a > 1 correspond to the
charging of objects extrinsic to the main
dot of the device. For example, it could be a
dopant located near the source and very

detailed analysis is required to unambigu-
ously resolve this.

CONCLUSION

To summarize, we proposed and imple-
mented a charge detection technique that
enables spatial identification of the charg-
ing processes in mesoscopic systems. In
contrast to the previously reported experi-
ments, this technique enables one to dis-
tinguish between charging mechanisms
corresponding to charge transport through
the channel and charging processes that do
not contribute to charge transfer between
the source and the drain. In addition, the
analysis of the combined reflected signals

Electron transport in a heterojunction FET with
a short and wide gate offers an opportunity

to study a number of interesting physical
processes near the conductance threshold.

weakly capacitively coupled to the drain.
Alternatively, it can be a charged defect,
tunnel-coupled to the gate [15] and asym-
metrically capacitevely coupled to the
source and drain electrodes, so that the
drain voltage has only very minor influence
on this charging process. Neither of these
two lines is visible in the drain-coupled
signal, indicating that these particular
charging objects are far away from the
drain. The third line, which is visible in
Figure 7(c)—(e), has a slope of o ~ 1 and it
crosses the Vgo=0 at Vo =—0.55V.
The fact that it becomes visible not only in
the gate-reflected signal but also in the
drain-reflected signal indicates that it origi-
nates from charging events occurring in
closer proximity to the drain. This charac-
teristic suggests that it could be a dopant
located near the drain and capacitively cou-
pled to the gate. The predominance of
phase change for the second and third
charging objects is indicative of a predomi-
nantly capacitive load on the tank circuit
[19] [Figure 1(b)] and may correspond to
a change in the differential capacitance dur-
ing charge switching, although a more

holds promise for improving understand-
ing of the details of charging mechanisms,
including the issues of Sisyphus resistance
[14] and quantum capacitance [29].
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