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Abstract: In this study, we characterized metal-oxide semiconductor field-effect transistor
(MOSFET) electrometers by radio-frequency (RF) reflection method, in which the MOSFET
constitutes the loss term of an LC tank circuit connected at the end of the transmission line, and
the charge signal is detected as the change in the reflectance of the RF carrier signal. By this
method, we can attain high-speed operation free from the constraint set by the output resistance
and the cable capacitance, and high sensitivity not limited by the low-frequency flicker noise. It
was demonstrated that a bulk MOSFET electrometer fabricated by the standard 65-nm process
technology could operate at room temperature with a charge sensitivity of 1.7x10~ e/\Hz for
charge signal frequency of 3 MHz. It was also found that the down scaling of the gate length
and the proper choice of the LC tank circuit parameters were important for obtaining the better
charge sensitivity.
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Introduction

Highly sensitive electrometers are required for the readout of qubit states' and many other applications
in sensing such as single-photon detection™**. Although single-electron transistors (SET) have been researched
for such applications’, metal-oxide semiconductor field-effect transistors (MOSFETSs) can now attain a charge
sensitivity in the order of 107 ¢/NHz at room temperature due to the aggressive down scaling®, though the
operation speed is rather low (~1 Hz). Considering the high-temperature and high-voltage operation as
compared with the counterpart, and the ease of manufacturing by integrated-circuit technologies, MOSFET
electrometers must have a wide range of usage. In this report, we will focus on the analysis by radio-frequency
(RF) reflection, expecting a high-speed operation free from the constraint set by the output resistance and the
cable capacitance, and high sensitivity not limited by the low-frequency flicker noise”®.

Experimental

Figure 1 shows the circuit diagram for the RF reflectance measurement. LC tank circuit including the
MOSFET electrometer is connected at the end of the 1-m coaxial cable, and the reflected signal is separated by
the directional coupler, and is monitored by the spectrum analyzer. An n-channel MOSFET with a gate length
Lg=70 or 300 nm and a channel width Wr=110 nm fabricated by 65-nm bulk complementary metal-oxide semi
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conductor (CMOS) process is used as an electrometer. In order to assure negligible gate leakage current, 5-nm
gate oxide is used, and the inversion-layer extended source/drain is adopted to suppress short-channel effects’.
Thanks to this device structure, high-sensitivity electrometer can be manufactured by the standard integrated-
circuit technology.
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Fig. 1. Circuit diagram for RF reflectance measurement. Pad capacitance C, stray capacitance around MOSFET
gate C; and coupling capacitance C, are 2 pF, 1.4 fF and 260 aF, respectively.
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Fig. 2. Transfer characteristics of the electrometer MOSFETSs with different gate lengths. Gate voltage V, is
applied via coupling capacitor C;. Drain voltage is 50 mV.

In the measurement, substrate voltage (V,,<0) is applied to accommodate AC signal in the drain. As
indicated in Fig. 1, the MOSFET includes a stray capacitance C; in the gate wiring, and the charge signal AQ
induced in the channel (in the unit of electron) is calculated from ¥, considering the C, and the coupling capaci-
tance C,. Note that, although the circuit configuration in Fig. 1 is basically the same as that of RF-SET'?,
voltage of the carrier signal can be increased more than that for the SET, resulting in an improved signal-to-
noise ratio (SNR) and elimination of the cooled preamplifier.

Results and Discussion

Figure 2 shows the transfer characteristics of the electrometer MOSFETSs with gate lengths Lg of 70 and
300 nm. Even with a relatively thick gate oxide of 5 nm, the device keeps the steep subthreshold slope for
Lg=70 nm thanks to the shallow inversion-layer source/drain’. However, the transconductance Gy, is barely
improved at the shorter Lg because of the large series resistance in the inversion-layer source/drain. Therefore,
the improvement in charge sensitivity for the shorter Lg is brought about only by the smaller input capacitance.
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Fig. 3. Drain resistance R, of the electrometer MOSFET with Lg=70 nm, and the calculated RF reflectance |a

for the tank circuit C=2 pF and various L's. The resonance frequencies for L=0.1, 2 and 40 pH are 360, 80 and
18 MHz, respectively.

Figure 3 shows the gate voltage dependence of the drain resistance R4, and the RF voltage reflectance

|ot| for various tank circuit L's calculated by'"'*.

o=(Z-Z)Z+Z). (1)

Here, Z,=50 Q is the characteristic impedance of the coaxial cable, and Z is the impedance of the LC tank
circuit including the Ry of the MOSFET electrometer given by

Z=ioL+(ioC+1/Ry) . )
The angular frequency @ (or frequency /') of the RF carrier signal is set at the resonance point
o=2nf=(LC) "~ (3)

The Ry changes largely over six orders of magnitude, but bottoms out at around 10> Q. Even for such a
large Ry, appreciable change in |a| can be obtained by properly selecting the L. Note that, if the L is excessively

large, e.g. L=40 uH, the turning point"® appears in |o, and the frequency of the charge signal is also limited by
the low resonance frequency.
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Fig. 4. d|aj/dV, and the loaded quality factor Q as a function of V,. d|a/dV, is proportional to the intensity of

charge signal in the reflected RF spectrum. The Q is proportional to the drain voltage amplified by the LC tank
circuit.

Figure 4 shows the d|a|/dV,, which is proportional to the level of the charge signal in the reflected RF

spectrum, and the loaded quality factor O given by'"'".

O=[(LICY "?ZHLIC)*R™.  (4)
The Q is proportional to the drain voltage amplified by the LC tank circuit. If the L is increased from 0.1 to 2

uH, the reflected charge signal increases by a factor 18, but the amplitude of the carrier signal should be
reduced by a factor 4.3 in order to keep the drain voltage lower than its upper limit. Therefore, the net



Hiroshi Inokawa et al /Int.J. ChemTech Res.2014-2015,7(3),pp 1623-1627. 1626

improvement in SNR is expected to be 4.2 (=18/4.3). In the same manner, the improvement by the change from
L=2 to 40 pH is 2.7, although the d|a|/dV,, shows an unnatural dip at around V= —10 V corresponding to the

turning point in |a|. Considering the expected characteristics in Figs. 3 and 4 for different L's, we experimen-
tally verified the cases for L=0.1 and 2.2 uH

Figure 5 shows the frequency spectra of the reflected signal for different levels of input charge signal
AQ. On both sides of the central carrier signal, charge signals appear 3 MHz away from the center, reflecting
the frequency of the input charge signal. Since the levels of the charge signal in the spectra are proportional to
the input AQ, the signals are properly identified. SNR can be obtained as the charge signal level above the noise
floor, and the charge sensitivity dq, i.e. the minimum detectable charge, can be calculated by

8q = AQ/SNR/RBW'?. (5)
Here, RBW is the resolution band width of the spectrum analyzer.
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Fig. 5. Frequency spectra of the reflected signal for L=2.2 pH, Lg = 70 nm, ¥, = —10 dBm, and RBW=3 kHz.

AQ is the charge induced in the MOSFET channel by the input V. Charge signal in the spectra is proportional
to the AQ.
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Fig. 6. Charge sensitivity as a function of the carrier amplitude for different gate lengths Lg of the electrometer
MOSFET and different L's of the tank circuit.

Figure 6 shows the charge sensitivity as a function of the carrier amplitude V; for different Lg's and L's.
The charge sensitivity is improved as the carrier amplitude increases due to the improved SNR, but it saturates
at the V;, corresponding to the drain voltage |V4=1 V, i.e. V=3 dBm for L= 0.1 uH and V;=—-10 dBm for L=2.2
uH as indicated by the vertical dashed lines in Fig. 6. The |V is limited by the substrate voltage V= —1 V in
order to prevent the forward biasing of the drain-substrate junction. The reduction of the MOSFET gate length
Lg is also found to be effective in improving the charge sensitivity. The best sensitivities for L= 0.1 and 2.2 pH
are 3.3 and 1.7 x 10~ e¢/VHz, respectively. Although these values are behind those of SETs "' it is
practically important that the MOSFET electrometer can operate at room temperature. Compared to the reported
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MOSFET electrometer with an operation speed of ~1 Hz’, the merit of the high-speed operation by the RF
reflectance method is obvious. Moreover, the device shown here can be made in a bulk silicon substrate by the
common CMOS process, and does not require special structure or silicon-on-insulator substrate®®.

Conclusion

By the use of the RF reflection method, a MOSFET electrometer fabricated by standard integrated-
circuit technology with a gate length of 70 nm could operate at room temperature with a charge sensitivity of
1.7x10™ ¢/NHz and charge signal frequency of 3 MHz. It was also found that the down scaling of the gate
length and the proper choice of the LC tank circuit parameters are important for obtaining the better charge
sensitivity.
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