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We demonstrate high-speed charge detection at room temperature with single-electron resolution
by using a radio-frequency field-effect transistor (RF-FET). The RF-FET combines a nanometer-
scale silicon FET with an impedance-matching circuit composed of an inductor and capacitor.
Driving the RF-FET with a carrier signal at its resonance frequency, small signals at the
transistor’s gate modulate the impedance of the resonant circuit, which is monitored at high speed
using the reflected signal. The RF-FET driven by high-power carrier signals enables a charge
sensitivity of 2 x 10~*e/Hz* at a readout bandwidth of 20 MHz. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4822430]

Charge sensors based on a nanometer-sale transistor
have been widely studied to detect extremely small signals,’'
such as image charges from DNA,? single-electron charge-
coupled devices,” and mechanical motion.* One of the major
breakthroughs in charge sensors was the development of the
radio-frequency single-electron transistor (RF-SET). By
using an impedance matching circuit, the RF-SET achieved
both extremely high charge sensitivity and a wide bandwidth
(1.2 x 107> e/Hz*> at 1.1 MHz).> Because of this unique
combination, the RF-SET also has stimulated fundamental
research on single-electron transport via a quantum dot for
quantum information processing.®® The RF-SET offers
three advantages for charge detection: (i) a single-electron
transistor with high charge sensitivity due to Coulomb-
blockade transport via a tiny island,' (ii) a reflectometry
technique by connecting the SET to an impedance matching
circuit composed of an inductor expands the readout band-
width, and (iii) substantial reduction of low-frequency flicker
noise due to the high operating frequency. However, in prac-
tice, the RF-SET is limited to use in only cryogenic sensing
applications due to its reliance on Coulomb blockade.
Silicon SETs with large charging energy can increase the
working operating temperature; however, it is still in practice
limited to less than 13K.” The idea of the RF-SET has in
recent years also been extended to charge sensors based on
quantum point contacts (QPCs) in the form of the
RF-QPC:!° however, like the RFE-SET, the RF-QPC also
requires cryogenic temperatures.

Silicon field-effect transistors (FETs) with nanometer-
scale channels represent a unique room-temperature charge de-
tector that also achieves charge sensitivity with single-electron
resolution.'' The small channel allows current characteristics
to be modulated sensitively by a single electron'' and has the
smaller Flicker noise in comparison with wide channels,12
leading to a charge sensitivity of 1.3 x 1072 ¢/Hz™> even at
room temperature. Such features of the silicon nanometer-
scale FET expand the range of detectable charge signals and
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have been recently used to sense infrared radiation,13 mole-
cules," and mechanical motion.'> However, the operation
speed of the dc FET is slow (~2 kHz) due to the large channel
resistance Rc combined with the large stray capacitance Cg at
the drain contact, giving a large R-Cs time. Additionally, the
flicker noise at low frequency necessitates heavy filtering to
achieve low noise, which also limits operation speed.

Here, we introduce a reflectometry technique using a
nanometer-scale silicon FET incorporated with an LC tank
circuit, which is referred to as an RF-FET. We use the tank
circuit to match the low impendence of the RF electronics to
the high-impedance of the nanometer sized FET channel.
The nano-FET has capability of single-electron detection at
room temperature and allows us to use a high-power carrier
signal for reflectometry. Combining these two features, we
achieve a combination of a room-temperature charge sensi-
tivity of 2 x 10~* ¢/Hz*> with a 20 MHz readout bandwidth.

Figures 1(a)-1(c) show the schematics for DC measure-
ments of a FET-based electrometer (E-FET) used to detect a
single electron. The detailed fabrication and mechanism are
explained elsewhere.'' A storage node (SN) is located close
to the channel of the E-FET and connected to another
transistor (T-FET) which transfers single electrons. The
nanometer-scale E-FET’s channel as well as a narrow gap
between the channel and SN enable single electrons in the
SN to modulate the current /g flowing through the E-FET
due to capacitive coupling between the SN and E-FET’s
channel. Additionally, the nanometer-scale FET reduces the
Flicker noise.'> As a result, the motion of single electrons
entering and leaving the SN can be monitored as a quantized
change in /g even at room temperature as shown in Fig. 1(e).
Using this quantized change in /g and transconductance of
the E-FET, we calibrate the signal level corresponding to a
single-electron sensitivity in the E-FET."'

In Fig. 2, we introduce the RF-FET. An equivalent cir-
cuit of the RF-FET is shown in Fig. 2(a). The E-FET is con-
nected to an inductor L of 431 nH. The inductor is connected
in parallel with a stray capacitor Cgq of 5.2 pF originating
from the E-FET and wiring. In order to characterize the
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FIG. 2. Reflection coefficient S11 characteristics. (a) Measurement sche-
matics of the RF-FET with inductor L =431 nH. The stray capacitor Cg
originating from the E-FET and wiring is evaluated to be 5.2 pF from S11
characteristics. The vector network analyzer is Rohde & Schwarz ZNB.
(b) S11 characteristics when Vyg is changed in 0.4 V steps. The resonant
frequency of the tank circuit is 106 MHz. (c) Change in S11 at f,., when R¢

FIG. 1. Calibration of the single-electron signal level using a dc FET elec-
trometer. (a) A birds-eye view. The upper gate (UG) convers the entire area.
The device is oxidized after a lithographic patterning and etching.'' The de-
vice is estimated to have following dimensions after oxidization: the width
and length of the E-FET channel are estimated to be 10 and 100 nm, respec-
tively; the channel width and gate length of the T-FET are 10 and 20 nm,
respectively; the gap between the SN and E-FET channel is 50 nm. (b) A
scanning electron microscope image without the UG. (c) Equivalent mea-
surement circuit for (d) current (/g)-voltage (Vyg) characteristics and (e)
real-time single-electron detection. In (d), channel resistance (Rc)-Vyg char-
acteristics are also shown. Vi and Vsg are 2 and 0V, respectively. In (e),
Vue, Vig, and Vg are 2, —2.35, and —1V, respectively. Since the SN is
completely filled with electrons (~100 e), the potential energy of the SN is
the same as that of the SG, and thus single electrons shuttle between the SN
and SG. Each quantized change in /g caused by the single-electron shuttling
is constant. Measurements are performed with an Agilent 4156C at room
temperature. For simplicity, in Figures 2—4, the combination of the T-FET
and E-FET is equivalently expressed by only the E-FET: the T-FET is
turned on using Vi g of 2'V.

resonance frequency of the resulting LC tank circuit, meas-
urements of the reflection coefficient S11 of the RF-FET are
performed with a vector network analyzer. Figure 2(b) shows
S11 characteristics of the RF-FET as a function of frequency.
A sharp dip at a resonance frequency f.s, of 106 MHz is
observed with a quality factor Q =3.03. Using the measured
resonance frequency of the RF-FET together with the known
self-resonant frequency of the inductor (550 MHz), we deter-
mine the total stray capacitance of the RF-FET configuration
to be 5.2 pF, most of which arises from the capacitance of
the drain pad to the substrate and from wiring between the
FET and inductor.

In Fig. 2(b), we demonstrate the operation principle of
the RF-FET. In the RF-FET, a voltage applied to the upper
gate (UG) changes the channel resistance and, consequently,
changes the sharpness and depth of S11characteritics at f;eo-
This modulation of S11 characteristics is essential for the re-
flectometry technique: a target signal to be detected by
the RF-FET is monitored as the change in S11 caused by the
modulation of Rc. To maximize the charge sensitivity, the
dip in S11 at the resonant frequency should be as large and
as sharp as possible. Theoretically, this is achieved by

is changed by Vyg. In (b), (¢), Vg is changed in an empirical range so as to
suppress damage to the E-FET.

making the channel resistance Rc as close as possible to
L/CsZy, where Z is the characteristic impedance of the RF
electronics (Zo =50 Q).>1%17 Figure 2(c) shows the change
in S11 at f,.s, when R¢ is changed by tuning the UG voltage
Vug. When Rc is reduced and thus becomes closer to L/
CsZy, the dip in S11 becomes deeper, as expected. In the fol-
lowing, we operate the RF-FET at a gate voltage Vyg =2V,
corresponding to a channel resistance Rc =40k€Q, in order to
optimize the sensitivity. Note that it is possible to obtain a
deeper dip in S11 at larger channel resistances by reducing
the stray capacitance Cs, which could be achieved in future
devices by reducing the capacitance of the drain pad to the
substrate.

In Fig. 3, we demonstrate detection of a high-frequency
signal applied to the gate using reflectometry of the RF-FET.
Schematics of the reflectometry setup using the RF-FET is
shown in Fig. 3(a). Since the T-FET is turned on using Vi g
of 2V, the side gate (SG) is electrically connected to the SN.
An RF carrier signal S.,ie; Whose frequency f..ier 1S close
tO freso 18 applied to the RF-FET. f.,ic: is adjusted so that the
slope of S11 characteristics [see Fig. 2(b)] at feurier 1S the
steepest, which leads to the highest charge sensitivity. A tar-
get signal Si,ee to be detected is then applied to the SG via
the on-state T-FET, which is tuned here using its gate to act
as a conducting channel. A frequency spectrum of a reflected
signal S;.r is then monitored with a spectrum analyzer. In
order to evaluate the charge sensitivity precisely, the ampli-
tude of Suge applied to the SG is adjusted to correspond to
the change in SN voltage caused by a single electron, as cali-
brated using the dc measurements, i.e., the change in /g
caused by a single electron and the transconductance of the
E-FET (Fig. 1).! 118 Figure 3(b) shows the frequency spec-
trum of S;ep when Sygee With frequency fiareer of 10 MHz is
applied to the SG. In S,¢ from the RF-FET, two peaks in
addition to Scarier appear. These side peaks arise from mix-
ing of Scamier applied at the drain of the nano-FET with S,ee(
applied to the SG. The distance between the main peak and
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FIG. 3. Reflectometry technique using the RF-FET. (a) Measurement sche-
matics. A carrier signal Sc,ier 1S applied to the RE-FET through a coupler.
A target signal to be detected is applied to the SG. A reflected signal S,y is
monitored by a spectrum analyzer after signal amplification of 28 dB. L and
Cg are 431 nH and 5.2 pF, respectively. The spectrum analyzer is a Rohde &
Schwarz FSL. Signal generators for Scarier and Siaree; are Rohde & Schwarz
SMB 100A. Frequency spectra of S,.¢ (b) without and (c) with a mixer. The
carrier signal has a power of 10 dBm and a frequency of 100 MHz. Power of
Siarget 18 —28 dBm, which corresponds to a signal level of 1e(rms). The
resolution bandwidth is 100 kHz.

each side peak corresponds to fiureer, allowing us to identify
Starger as the origin of the side-band peaks.7’9’10

In order to quantitatively asses the charge sensitivity of the
RF-FET, we feed St from the RF-FET into a mixer, together
with Scamier- Doing so, the sideband peaks shown in Fig. 3(b)
are down-mixed to a single peak in the output of the mixer at
the same frequency as Siuge; applied to the SG. The spectrum
of the resulting signal out of the mixer is shown in Figure 3(c).
Note that the noise floor comes from the spectrum analyzer and
not the intrinsic noise of the RF-FET. Sy,q corresponding to a
single electron is detected with a signal-to-noise ratio (SNR)
of 21dB and charge sensitivity of 2 x 10~*e/Hz’>, which
is given by e/(2x RBW) 2107 5N®20 where the factor
2 accounts for the power collected from both side bands, and
RBW is the resolution bandwidth of the spectrum analyzer
configured during the measurements (100 kHz).

In Fig. 4, we evaluate the charge sensitivity as a function
of the power P aier Of Scamier- In principle, increasing the
amplitude of S¢,yier Will result in a larger amplitude of the
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FIG. 4. Charge sensitivity characteristics of the RF-FET. (a) Dependence
of the charge sensitivity on power Peyrier With Py =—28dBm and
ftarger=10MHz. (b) Dependence of charge sensitivity on fige Wwith
Parrier=10 dBm and Py, = —28 dBm. The shaded area represents the fre-
quency range in which the noise floor originating from the spectrum analyzer is
increased at low frequencies, as shown in Fig. 3(c).
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charge-detection signal. In RF-SET devices, the maximum
P amier 15 limited by the small charging energy of the SET:
further increases of the amplitude of S, do not increase
the charge signal due to vanishing transconductance of the
SET. A significant advantage of the RF-FET is that the trans-
conductance is linear up to much higher source-drain vol-
tages, allowing significantly larger P, ier to be used. In Fig.
4(a), we show the change in the charge sensitivity of the RF-
FET as a function of P uyier- Increasing P,qier, the charge
sensitivity is improved as expected. In Fig. 4(a), the
improvement of the charge sensitivity shows a tendency to
saturate at P, larger than 10 dBm because large Parrier
increases the noise coming from the FET, degrades mobility
of the FET, and puts the FET in a pinch-off condition. Note
this saturation power corresponding to a AC voltage of
707 mV. This is considerably higher than the maximum use-
ful AC source-drain voltage for an RF-SET, which is limited
to the charging energy of the SET, typically in the range of a
few mVs.

In Fig. 4(b), we present data demonstrating the large read-
out bandwidth of the RF-FET. Fig. 4(b) shows the dependence
of the charge sensitivity on frequency fiurger Of Siarger. We
achieve a charge sensitivity of ~2 x 10~* ¢/Hz" in a range of

frarger between 8 and 20 MHz. When fi,o¢; is lower than 6 MHz

(shaded area), the charge sensitivity becomes worse due to
large noise floor originating from the spectrum analyzer
[shown in Fig. 3(c)]. At high frequencies, the charge sensitivity
is gradually degraded due to the bandwidth limitation of the
tank circuit, given by f.so/Q = 35 MHz, where Q is the quality
factor of S11 characteristics [Fig. 2(b)].'*'*!” In reflectometry
experiments with tank circuits, higher Q is, in general, desira-
ble to obtain a higher charge sensitivity. However, this higher
Q also leads to a reduced detector bandwidth. By taking
advantage of the large P, possible with the RF-FET, a high
charge sensitivity can be achieved even a relatively small Q of
3. Doing so, we are able to achieve a combination of a high
charge sensitivity of 24 x 10 *e/Hz with a bandwidth of
30MHz. Using the RF-FET, we have both enhanced the
charge sensitivity and simultaneously expanded the bandwidth
of charge detection with the nanoscale FET by more than two
orders of magnitude.

Another noteworthy feature of the RF-FET using a com-
bination of the T-FET and E-FET is a precise evaluation of
the charge sensitivity. Since the charge sensitivity is
extremely small, its evaluation needs a standard signal with
high precision, which is, typically, a single electron. In other
reports using RF-SETs, current characteristics originating
from the Coulomb blockade are used to evaluate the standard
signal corresponding to a single electron. However, as it is
extremely difficult to achieve Coulomb blockade at room
temperature, another way to evaluate the standard signal is
required. The combination of the T-FET and E-FET which
allows single-electron detection at room temperature as
shown in Fig. 1(e) plays an important role in the evaluation
of the standard signal.

Finally, we discuss the ideal charge sensitivity in terms of
the fundamental noise limits in the RF-FET. As shown in Fig.
3(b), Siarger is monitored using a reflection signal at fearrierfrarget-
Therefore, the charge sensitivity or SNR is dominated by the
noise in the frequency range of the readout bandwidth centered
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at f.amier» Which substantively eliminates flicker noise at low
frequency. The noise in an FET at high frequency originates
from the Johnson noise, which is given by —174+ 10
log(RBW) = —124 dBm at room temperature. Since the gain
of the amplifier is 28 dB, the theoretical noise floor originating
from the RF-FET is expected to be —96 dBm, which is lower
than the noise floor (—91 dBm) of the spectrum analyzer in our
measurements. A larger amplifier gain could increase the SNR
by 5 dB, resulting in a further improvement of the charge sensi-
tivity to 1.1 x 10~* e/Hz".

In summary, we have demonstrated a reflectometry tech-
nique using a small FET at room temperature. Using an FET
that is optimized to detect single electrons and taking advant-
age of the high power carrier signal possible with the FET, a
combination of a charge sensitivity of 2 x 10~*e/Hz"> with
a bandwidth of 30 MHz is obtained at room temperature. The
high-sensitivity and large bandwidth of the RF-FET, not
before possible outside of cryogenic experiments, will open
up applications such as detecting tiny charge signals from
devices such as nano-mechanical sensors.
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