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ABSTRACT

We demonstrate charge detection with single-electron resolution at high readout frequency using a silicon field-effect transistor (FET) inte-
grated with double resonant circuits. A FET, whose channel of 10-nm width enables a single electron to be detected at room temperature, is
connected to resonant circuits composed of coupled inductors and capacitors, and these double resonant circuits provide two resonance fre-
quencies. When the FET is driven by a carrier signal at the lower resonance frequency, a small signal applied to the FET’s gate modulates the
resonance condition, resulting in a reflected signal appearing near the higher resonance frequency. Such operation utilizing the double reso-
nant circuits enables charge detection with a single-electron resolution of 3 x 10> ¢/Hz" and a readout frequency of 200 MHz at room tem-
perature. In addition, a variable capacitor used in the double resonant circuits allows charge-sensing characteristics to be controlled in situ.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0131808

Nanometer-scale field-effect transistors (FETs) functioning as a
highly sensitive charge sensor can be used to detect not only one elec-
tron functioning as a bit of information for data processing** but also
small amounts of charge originating from DNA,’ photons,’ and
mechanical ~ displacement of nanoelectromechanical — systems
(NEMSs).” In addition, sensors that can detect single electrons have
accelerated developments in academic research, including quantum
mechanics”” and information thermodynamics.'”"'® On the other
hand, the ability to sense a high-speed signal also promises further
development and improvement of applications, such as NEMS sen-
sors, detecting extremely small mass'”'® as well as academic pursuits,
such as exploring quantum mechanics.'” However, since high charge
sensitivity of the FET originates from its narrow channel,” its channel
resistance becomes large, resulting in difficulties in sensing a high-
speed signal from the RC rise time of the device, where R is the chan-
nel resistance of the FET and C is the shunt capacitance.

One of the solutions to the problem caused by the RC time is to
employ a reflectometry technique in which a resonant circuit com-
posed of one inductor and one capacitor is connected to the transis-
tor.”" This technique expands the bandwidth of the detectable signal

7,22-25

frequency and enables single-electron transistors,”””** quantum point
contacts,” and Si FETs” to detect single electrons with high speed.
The basic mechanism of reflectometry is analogous to heterodyne
detection commonly used for radio frequency (RF) signals and can be
applied to Si FETs at room temperature,”” which holds promise for
expanding the applications of reflectometry. However, detecting a sig-
nal of several hundred megahertz is still challenging because the fre-
quency range of a detectable signal is given roughly by the resonance
frequency divided by the quality factor of the resonant circuit. Since
better charge sensitivity requires a higher quality factor, an increase in
the resonance frequency is needed to achieve both faster sensing and
higher charge sensitivity at the same time. For example, to detect a sig-
nal of several hundred megahertz, the resonance frequency must be
about 10 GHz or higher even when a relatively small quality factor of
30 is obtained, as in our device for detecting single electrons.”

Here, we report a method for increasing the detectable signal fre-
quency in reflectometry operation of a FET charge sensor. Two reso-
nant circuits connected to the FET, resulting in two resonance
frequencies in which RF signals can be driven for the reflectometry,
which enables charge sensitivity with single-electron resolution,
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FIG. 1. (a) Bird's-eye view of the device. A top gate covers the entire area. The width and length of the sense-FET channel are estimated to be 10 and 100 nm, respectively.
The width of the nanowire channel, or bit line (BL), of the pass-FET is 10 nm. The length of the gate, or word line (WL), of the pass-FET is 15nm. The gap between the node
and sense-FET channel is 50 nm. Details of the fabrication are described in Ref. 27. (b) False scanning electron microscope image without the top gate. (c) Equivalent circuit.
In (b) and (c), the top gate is not shown here for simplicity. (d) Real-time detection of a single electron entering and leaving the node. Voltages applied to the top gate, WL, BL,
and drain of the sense-FET are 2, —2.35, —1, and 0.1V, respectively. Measurements are performed with an Agilent 4156C at room temperature. (a) and (b) are reproduced
with permission from Nishiguchi et al., Appl. Phys. Lett. 92, 062105 (2008). Copyright 2008 AIP Publishing. Nishiguchi et al., Appl. Phys. Lett. 98, 193502 (2011). Copyright

2011 AIP Publishing. Reproduced with permission from Nishiguchi et al., Appl. Phys. Lett. 103, 143102 (2013). Copyright 2013 AIP Publishing.

3 x 107° /Hz"%, at 200 MHz signal frequencies. The achievement of
this sensitivity, together with readout frequency, is the record at room
temperature as far as we know. It should be also noted that our pro-
posal using the two resonant circuits could be adaptable to other devi-
ces driven by the reflectometry. Also, since the frequency of the
detected signal changes from experiments to experiments, we propose
a simple adjustment of sensing characteristics by using a variable
capacitor that constitutes the resonant circuits.

To demonstrate the reflectometry, we used a charge sensor based
on a 10-nm-channel Si FET (hereafter referred to as the sense-FET)
integrated with random access memory (DRAM) as shown in Fig. 1.
The FET of the DRAM (hereafter referred to as the pass-FET) uses a
gate or word line (WL) to control electron motion between the node
and bit line (BL). When the node is completely filled with about 100
electrons in equilibrium, single electrons go and back between the BL
and node. This single-electron motion is monitored in real time as dis-

can be used as a reference voltage corresponding to that of a single
electron. This reference voltage, 8.9mV, is used for estimating the
charge sensitivity in this work because, unlike electrons, the BL voltage
is arbitrarily controllable.

Figure 2(a) shows schematics of the reflectometry measurement,
in which double resonant circuits are connected to the sense-FET. The
double resonant circuits are composed of two inductors with L of 431
nH, a stray capacitor with Cgay of 5.2 pF originating mainly from the
wiring of the sense-FET and circuits, and a variable capacitor, Cy,.. A
carrier signal is applied to the sense-FET via the double resonant cir-
cuits, and the reflected signal is monitored. Figure 2(b) shows the
reflection coefficient (S;;) characteristics of the sense-FET combined
with the double resonant circuits. Two sharp dips appear at lower and
higher resonance frequencies, freso 1, and freso.11> Of 72 and 268 MHz,
respectively, due to the double resonant circuits. These two resonance
frequencies are given roughly by the following simplified equations:

crete changes in current flowing through the sense-FET, dlejectrons a5

shown in Fig. 1(d), because the node functions as a gate of the sense- P P
2Cstray + Cvar — 1/4C +C
FET [Fig. 1(c)]. This dlgectron 1S given by the transconductance of the fresoL = — Stray Var Stray Var : 1)
sense-FET multiplied by the variation of the node’s voltage caused by 2n 2L Csiray Cvar
a single-electron charging of the channel.”” On the other hand, when
the pass-FET opens completely, the voltage at the node is equal to that 1 | 2Gstray + Cvar + 1/4Cstray” + Cvar’
at the BL. Therefore, when the pass-FET opens, the change in the BL Jreson = 5 : @
21 2L CStray CVar
voltage, which in turn modifies the sense-FET’s current by dluectrons
(a) ’ . N (b) © = r
I [ Carriersignal ~ 0 T 300 [\ fesori
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FIG. 2. (a) Schematics of reflectometry measurements. For simplicity, the DRAM is not shown here. The pass-FET is turned on by the WL, and the node is electrically con-
nected to the BL, to which a target signal is applied. Stray capacitance Csyy Originating from wiring of the sense-FET and circuits is evaluated to be 5.2 pF from reflection coef-
ficient S44 characteristics. Cys; is a variable capacitor (Johanson Manufacturing 5201). An inductance L is 431 nH, Coilcraft 2929SQ. (b) Sy4 characteristics. Cys; is 1.68 pF.
freso-L @nd fresoyy are defined as lower and higher resonance frequencies, respectively. The characteristics are measured by a vector network analyzer (Rohde & Schwarz
ZNB). Voltages applied to the top gate, WL, and BL are 2, 2, and 0V, respectively. (c) Change in feso.. and fieso- as a function of Cy,,. Closed marks are experimental results.
The solid lines are curves fitted to the experimental results with Egs. (1) and (2) in the main text.
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As shown in Fig. 2(c), these equations can reproduce the experimental
results obtained when the resonance frequencies are tuned by Cy,y,
which means that the simplified equations can be used to estimate the
resonance frequencies.

Figure 3(a) shows the detection of a signal representing 50 elec-
trons by the reflectometry technique. The carrier signal, whose fre-
qQUENCY fearrier 18 close toO freso.1, is applied to the sense-FET combined
with the double resonant circuits via a directional coupler [see Fig.
2(a)]. The power of the carrier signal should be as large as possible for
better charge sensitivity, and it was adjusted to be 10 dBm in this dem-
onstration. This power is the empirical upper limit that does not dam-
age the sense-FET: when the power becomes larger, hot electrons are
generated in the channel” and then sometimes increase background
noise. In addition, since the large power heats the FET’s channel up,”
its increased temperature might increase the background noise. On
the other hand, other devices used for reflectometry, including single-
electron transistors and quantum point contacts, must be driven by
much smaller power, e.g., —42 dBm or smaller, due to their operating
principles. Therefore, the FET has a significant advantage in terms of
charge sensitivity. By opening the pass-FET and connecting the BL
electrically to the node, an RF target signal to detect, whose frequency
iS frarges 1S applied to the BL, i.e., the gate of the sense-FET, as shown in
Fig. 2(a). The root mean square voltage of the target signal, 445 mV
(=8.9mV x 50), then corresponds to the BL voltage and changes the
sense-FET’s current by 50 X dlgjectron» Which means that the target
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FIG. 3. (a) Detection of the target signal with the reflectometry technique. Frequencies
of the target signal are 10 (red) and 200 MHz (blue). The frequency and power of the
carrier signal are 71.7 MHz and 10 dBm. freso. and fresony are 72 and 268 MHz. The
resolution bandwidth of the spectrum analyzer is 100 kHz. The carrier signal is applied
through a coupler, and the reflected signal is monitored with a spectrum analyzer
(Rohde & Schwarz FSL). The signal generator for the carrier and target signals is
a Rohde & Schwarz SMB 100A. (b) Charge sensitivity characteristics as a function of
frarget WNEN Fesor AN frego are tuned by Gy, The characteristics when a single reso-
nant circuit composed of one inductor and Cyy is connected to the sense-FET are
also shown. In (a) and (b), L and Cay are the same as the ones in Fig. 2. The voltage
applied to the top gate and word line is 2 V.
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signal represents 50 electrons. When the frequency spectrum of the
reflected signal is monitored by a spectrum analyzer, two peaks appear
at either side of the main signal peak at f., e [Fig. 3(a)]. The side
peaks arise from the mixing of the carrier and target signals applied to
the sense-FET, with the difference being fiarger. Thus, in Fig. 3(a), the
side peaks at 62 and 82 MHz represent the detection of a 50-electron
signal at fiarge of 10 MHz.

In reflectometry, frequencies of the main and side peaks must be
within the frequency range showing a dip in the S;; characteristics.
This is because all the signals need to be injected into the resonant cir-
cuit near the resonance condition, which determines the range of the
detectable frger. In this manner, the range of the detectable fi g esti-
mated from the full width at half minimum of the S;, characteristics
around fres, 1, is about 26.6 MHz [see Fig. 2(b)], which is confirmed by
the appearance of the side peaks originating from figec of 10 MHz, as
shown in Fig. 3(a). On the other hand, since the double resonant cir-
cuits have two resonance conditions as shown in Fig. 2(b), a side peak
can also appear around freor, and the target signal at fiargee Of
200 MHz can be monitored as this side peak, as shown in Fig. 3(a).

Figure 3(b) shows the charge-sensitivity characteristics as a func-
tion of fiareee When the resonance frequencies are tuned by Cy,,. The
charge sensitivity, namely, the minimum detectable charge in a fre-
quency range of 1Hz, is given by 50 e/(2 x RBW) *°10~ SNR/20),
where the factor of 50 accounts for the target signal representing 50
electrons as described above. The factor of 2 accounts for the power
collected from both side bands, RBW is the resolution bandwidth of
100kHz of the spectrum analyzer configured during the measure-
ments, and SNR is the signal-to-noise ratio of the side peak. We
achieve the best charge sensitivity of ~2 x 10> ¢/Hz"® at 10 MHz.
When fiyrget i lower than 8 MHz, the charge sensitivity becomes worse
because the noise floor near fig; is higher than for frequencies further
than 8 MHz away from it. Since this higher noise near fi,ge: appeared
even when the sense-FET was disconnected, it could arise from trans-
mission characteristics of the double resonators. When figee is
increased from 8 MHz, the charge sensitivity gradually degrades
because frarget + fearrier cOrresponding to the frequency of the side peak
moves away from f,es, 1. for the resonance condition. Then, the charge
sensitivity recovers at around freo-H — fearrier D€CAUSE frarget + fearrier
approaches feop for the other resonance condition, followed by a
degradation again. Additionally, by modulating S;; characteristics
using Cyy, as shown in Fig. 2(c), the fiarger dependence of the charge
sensitivity is modulated, and the sensitivity reaches 3 x 10~ e/Hz"* at
200 MHz. This modulation of the charge sensitivity is useful for detect-
ing a signal from an object that oscillates in a narrow frequency band-
width, such as in a NEMS, so that the frequency giving good charge
sensitivity can be adjusted to the target signal.

It must also be pointed out that the double resonators improve
the charge sensitivity in the frequency range higher than 100 MHz,
where the charge sensitivity of the single resonator is not good enough
for single-electron detection as shown by open circles in Fig. 3(b). The
possible reason the charge sensitivity of the double resonant circuits is
better than that of the single resonant circuit even at frequencies lower
than 100 MHz is that channel resistance of the FET is closer to that for
impedance-matching condition of the double resonant circuits than
that of the single resonant circuit.

The charge sensitivity can be further improved by using an
amplifier. The noise in the sense-FET at high frequency is dominated
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by thermal noise, which is given by —174+ 10log(RBW)
= —124 dBm at room temperature and, thus, buried in the noise floor
(—95 dBm) of the spectrum analyzer. Therefore, there is still a margin
of 29 dB for further improvement of the charge sensitivity by using an
amplifier. When an amplifier (Mini Circuit ZFL-500LN+) with gain
of 28 dB was connected to the double resonators combined with the
sense-FET, the noise floor was —88 dBm. Therefore, the signal-to-
noise ratio with consideration of the background noise and amplifier
gain would be estimated to be 21 [= 28 — (—88+95)] dB and, thus,
the charge sensitivity would be improved to 1.8 x 10~ *and 2.7 x 10™*
¢/Hz*? at 10 and 200 MHz, respectively. The careful choice of a low-
noise preamplifier and large-gain amplifier allows further improve-
ment of charge sensitivity.

To improve the performance further, optimization of the double
resonant circuit is needed. Optimal charge sensitivity can be achieved
when the sense-FET is impedance-matched with the double resonant
circuits. As shown in Fig. 2(b), the minimum S;; is larger than —40,
which means that there is a window to adjust the impedance matching
for better sensitivity. On the other hand, as shown in Fig. 3(b), while
the charge-sensitivity characteristics can be modulated by Cy,,, the
charge sensitivity at which the fi,.,e dependence of the charge sensitiv-
ity shows a dip structure at higher than 100 MHz degrades with a
reduction in Cy,,. This means there is a trade-off between detectable
frarget and charge sensitivity. One way to mitigate this trade-off would
be to reduce Cyay to improve the charge sensitivity. The channel resis-
tance of the FET varies by a few orders of magnitude because the top
gate adjusts the channel resistance and potential energy of the node so
that good charge sensitivity of the FET together with high controllabil-
ity of single electrons by using the word line can be achieved. The
reduction in Cyyr,y could make the impedance matching for such
widely varying channel resistance of the FET.

In conclusion, we demonstrated reflectometry of FET charge
sensors using double resonant circuits. Due to their double resonance
characteristics, the detectable frequency of the signal to detect can be
extended to 200 MHz with a high charge sensitivity of 3 x 10> e/Hz">.
There is still room to improve this sensitivity by using an amplifier and
optimizing the circuits. When future state-of-the-art technologies for
high-performance FETs, e.g, subnanometer-node FETs composed of
Si, graphene, and/or carbon nanotubes, are able to detect single elec-
trons at intentionally high speed, the reflectometry would boost sensing
speed further.
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