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Real-time monitoring of minute quantities of charge plays an important role in quantum-physics
research and electrical measurements within modern high-end scientific instruments. High-precision
charge detection approaching the single-electron level at room temperature in analog or digital electronics
is limited due to the considerable thermal noise. Herein, we propose a method of charge measurement with
a resolution of 0.17 e/

√
Hz at room temperature by resonant electrometry based on tracking the quasidigi-

tal frequency output of a highly force-sensitive oscillator. Real-time charge monitoring by 67 electrons per
step is performed. We demonstrate a charge prebiased scheme for physically manipulating the quadratic
nature of charge sensing of the oscillator into parabolic and linear forms with dramatic improvements in
metrics such as sensitivity and resolution. Theoretical models for describing the underlying physics of both
the charge measurement and resolution amplification schemes are established and validated. Due to the
high quality factor of the resonator, the theoretical limit for the charge-input referred noise of the electrom-
eter induced by thermomechanical noise is estimated in the order of 10−4 e/

√
Hz. This study also provides

insights of resonant sensing applied to the next generation of electrometers and associated instrumentation
systems.

DOI: 10.1103/PhysRevApplied.14.014001

I. INTRODUCTION

Quantization of charge is defined by the elementary
charge carried by an individual proton or electron. The
unbalanced quantities of electrons and protons in various
physical entities, such as nuclear particles, ionic com-
pounds, and biomacromolecules, produce electropositive
or electronegative characteristics as a measurable physical
property. The accurate measurement of charge is thus of
significant interest. An electrometer is an instrument that
can precisely measure small quantities of electric charge.
Therefore, electrometers play an important role in sci-
entific research, such as biological and chemical charge
detection [1], quantum and nuclear physics [2], mass spec-
trometry [3], scanning tunneling microscopy [4], and space
exploration [5]. Electrometers can also be employed in
the instruments that require electrical measurements, e.g.,
multimeters, due to the fact that electrical parameters, such
as voltage or current, can be indirectly inferred from charge
measurements.

To date, high-precision electrometry has had a long
history and a variety of macro and micro electrome-
ters with different kinds of charge-measurement schemes

*xiejin@zju.edu.cn

have been developed [6–27], dating back from Coulomb’s
torsion-balance electrometer more than 200 years ago to
transistors, carbon nanotubes, and quantum-dot devices,
etc. Metallic single-electron transistors, such as aluminum-
based devices, have demonstrated manipulation and detec-
tion of single electrons, approaching metrological accuracy
of 0.5 part per 106 [6,7]. Alternatively, the semiconductor-
based counterparts, such as using gallium arsenide with
two-dimensional electron gas, have demonstrated relative
benefits of fabrication simplicity and higher sensitivities
by incorporating quantum dots with single-electron tran-
sistors [8–11]. A further concept of a mesoscopic charge
sensor is that of quantum-point contacts [12,13], where
conductance changes through the contacts pertaining to
input charge are detected. Due to the underlying physi-
cal mechanisms involving Coulomb blockade and single-
electron tunneling, these devices have limited dynamic
range. Another limitation for high-precision charge detec-
tion at electron level in analog and digital electronics is the
considerable thermal noise at room temperature. The use
of analog devices for electrometry, e.g., transistors, suf-
fers from electronic noise generated from many sources,
especially the thermal noise that suppresses the fundamen-
tal charge-sensing principle of Coulomb blockade. One
solution [8–12] for this is cryogenically cooling, which
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also limits the development of practical general-purpose
instrumentation and commercialization. Nanomechanical
electrometers can perform ultrasensitive charge measure-
ment approaching quantum limits but still require operat-
ing temperatures below 4.2 K [15,16].

To meet the requirements of portable and cost-
effective real-world electrometry applications, a concept
of resonator-based electrometers [17–27] for measuring
charge quantities at the electron level at room temper-
ature involving the utilization of resonators as the core
sensitive component, has been proposed based on micro
electromechanical system (MEMS) and nanoelectrome-
chanical system (NEMS) technologies. These electrome-
ters convert the perturbation from input charge to a change
in the output signal of externally driven resonators, e.g.,
measured by amplitude, phase, or frequency. In such a
context, mechanical resonators are preferred due to the
excellent quality factor they offer, exceeding the electronic
counterparts by several orders of magnitude [30,31]. Three
types of electrometers monitoring different output metrics
from the resonators have been reported. The vibrating reed
electrometers [17–20] utilize resonance motion to gener-
ate variable capacitances that modulate input charge to a
voltage output at twice that of the operating frequency of
the resonator. This property enables the electrometers to
run the detection at a higher frequency thus reducing the
effect of low-frequency noise, such as 1/f noise. In order to
achieve high sensitivity, a large capacitance for modulating
charge is required, which in turn causes significant on-
chip capacitive parasitics, which leads to charge leakage
and thus inaccuracy of detection. Recently, a fabrication
process based on silicon on glass instead of conventional
silicon on insulator has been reported to minimize inher-
ent parasitic capacitances and enhance charge resolution
to 1.03 e/

√
Hz [20]. Mode-localized electrometers boost

charge sensitivity by hundreds of times in terms of the
output metric of amplitude ratio based on the principle
of vibration energy localization between weakly coupled
mechanical resonators [21–23]. Yet, the charge resolu-
tion is limited by considerable amplitude noises from each
individual resonator. For this reason, the best resolution
reported is 9.21 e/

√
Hz [23]. Besides, the output metric

of amplitude ratio has nonlinear errors in measurement
range caused by inherent dynamics [28,29], which limits
the measurement range.

The limitations in vibrating reed and mode-localized
cases can be addressed in the metrology of resonant elec-
trometry, which refers to tracking frequency change of
the resonator to probe charge on an integrated electrode
[24–27]. The reasons are (1) the gate capacitance for mea-
suring charge is expected to be as small as possible so that
the input charge can generate a large electrostatic force
to increase sensitivity; this can avoid large parasitics; (2)
the core oscillators are usually operated in the resonant
regime where frequency output are better decoupled from

amplitude noise. Resonant MEMS electrometry has pre-
viously been implemented by an axial strain modulation
scheme [24–26], where the charge-induced electrostatic
force is applied along the axial direction of a vibrating
beam resonator. This method is less sensitive compared to
the above-mentioned approaches, and is unable to identify
positive and negative charge polarities.

In this work, we demonstrate the charge measure-
ment by room-temperature resonant electrometry based
on frequency modulation of a micromechanical oscilla-
tor with resolution beyond a single electron. A highly
sensitive charge-detection scheme that uses stiffness per-
turbation on modal vibration of an oscillator is imple-
mented. The monitoring on output metric of quasidigital
resonant frequency of the oscillator offers ultrahigh sta-
bility with sub-1-ppb level of precision while the same
level of precision in tracking voltage or current for the
analog counterparts is a challenge. We further demonstrate
a charge prebiased scheme to manipulate the quadratic
nature of charge-frequency conversion to parabolic and
linear forms with dramatic amplifications on sensitivity
and resolution. The prototype resonant electrometer has
a resolution of 0.17 e/

√
Hz, exceeding the best reported

result of 16 250 e/
√

Hz when compared to other counter-
parts of resonant electrometry [22,24–27] at room tem-
perature. Additionally, the charge polarity can be distin-
guished. The proposed device has high resolution and large
dynamic range while preserving the merits of low cost and
low-power consumption as well as implementation in a
standard microfabrication process [32].

II. MODELING

Fabrication of the resonant electrometer is completed by
using a SOI wafer consisting of a 25-µm-thick phosphorus-
doped highly conductive (n-type) single-crystal silicon
device layer topping on a 2-µm-thick oxide layer and a
400-µm-thick handle layer, as shown in Fig. 1(a). The
detailed fabrication process is described in our previous
work [33]. The vibratory element on the silicon device
layer consists of a singly anchored circular beam (SACB)
with the other end set free. We use varying capacitance as
the electromechanical coupling mechanism for read-out of
the motion response from the SACB. Symmetric parallel-
plate capacitors are formed by sandwiching the attached
plate of the SACB between the driving and sensing elec-
trode and are used for capacitively driving the SACB
into resonance. In the meantime, the resonance motion is
monitored by detecting the varying-capacitance-induced
motional current output from the sensing electrodes. As a
result of spurious mode suppression by symmetric actua-
tion, SACB is deterministically operated at an elastic mode
deformed with elliptical shape, as depicted in Figs. 1(b)
and 2(a). The gate capacitor is formed by placing the free
end of the SACB beside the charge-input gate electrode
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(a)

(c)

(b)

FIG. 1. (a) Design illustration of the prototype micromechani-
cal resonant electrometer. The gold layer is used for wire bonding
the device with the drive and read-out circuits implemented on a
printed circuit board. (b) Schematics of the elliptical mode shape
of the circular beam resonator in the established polar coordinate
system. The blue and red dashed lines show the resonant motion
of SACB with elliptical mode shape while the black solid line
represents the position of equilibrium. (c) Optical micrograph
of the mechanical electrometer showing the silicon device layer
consisting of movable and fixed structures, and the experimental
implementations for open-loop and closed-loop operation.

with a 2.5-µm gap. When small quantities of charge are
applied on the gate electrode, an electrostatic attractive
force is generated across the gap of the gate capaci-
tor [see Figs. 2(a) and 2(b)]. The SACB will experience
this charge-induced force during resonant motion and the
natural frequency varies in response to this force. From

this viewpoint, we build a sensitivity model for describing
charge-frequency conversion in the resonator.

The resonator can be considered as an undamped spring-
mass vibration system, as modeled in Fig. 2(b). In order
to analyze the vibration behavior, a polar coordinate sys-
tem (r, θ ) is established, as shown in Fig. 1(b), where r
is the radius and θ is the polar angle. The x and y axes
are aligned with the directions of resonator actuation and
charge perturbation, respectively. In the case of a thin cir-
cular beam where the midsurface radius is much larger
than the radial width (the width of the beam in radial
direction), the elliptical mode shape � becomes indepen-
dent of the midsurface radius and can be described by an
angular position-dependent function �(θ ) = sin2θ . Thus,
the time-varying displacement � of the circular beam is
given by �(t, θ ) =�(t) × �(θ ), where t is the time and
�(t) is the generalized time-dependent modal coordinate.
The motions at different angular positions of the circu-
lar beam are all assumed to be harmonic and given by
�(t) = Asin(2π fN t +ϕ), where A is the vibration amplitude
at the natural frequency fN and ϕ is the phase determined
by the original state of the resonator. Accordingly, we
model the vibration system as single-degree-of-freedom
differential equation of motion using Lagrange’s method,
and obtain

d
dt

(
∂UK

∂�̇

)
− ∂UK

∂�
+ ∂UP

∂�
= 0, (1a)

UP = EI
2R3

∫ 2π

0

(
� + ∂2�

∂θ2

)2

dθ , (1b)

UK =
∫ 2π

0

1
2
ρwh

(
∂�

∂t

)2

dθ +
∑

j

1
2

mj

(
∂�(θj )

∂t

)2

,

(1c)

(a) (c) (d)(b)

FIG. 2. (a) Mode shape of the SACB from finite-element simulation. Spring-damper-mass vibration system for describing the res-
onating circular beam under the stiffness perturbation by charge input on the gate capacitor (b) without and (c) with charge (QP)
prebiased scheme. In the simplified calculation of undamped assumption, the damping coefficient c = 0. (d) Illustration of the sensi-
tivity and resolution amplification of the charge prebiased scheme based on the quadratic sensitivity curve of the stiffness perturbation
charge-sensing scheme. The coordinate system with the black arrow line corresponds to the original stiffness perturbation scheme in
(b) while the inside coordinate system with the red arrow line corresponds to the measurement under charge prebiased states in (c).
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where UP and UK are the potential energy and kinetic
energy of the system. E and ρ are the elastic modulus
and material density with values of 169 × 109 Pa and
2330 kg/m3 for single-crystal silicon. I is the moment of
inertia. For a rectangular cross section of the beam, we get
I = hw3/12. R, w, and h are the midsurface radius, radial
width and thickness of the circular beam with values of
127.3, 5, 25 µm. mj denotes the attached mass on the
beam at different angular positions θ j. In this case, the two
attached masses are at the nodes with maximal displace-
ment, which yields

∑
mj = 2.57 × 10−10 kg. Given that

�(θ ) is time independent and �(t) is position independent,
Eq. (1) can be further deduced as

mB�̈ + KB� = 0, (2a)

KB = d2UP

d�2 = EI
2R3

∫ 2π

0

(
� + ∂2�

∂θ2

)2

dθ , (2b)

mB = d2UK

d(∂�/∂t)2 =
∫ 2π

0
ρwh�2dθ +

∑
j

mj �(θj )
2,

(2c)

where KB and mB are the mechanical stiffness and effec-
tive mass of the SACB. Substituting the harmonic motion
term �(t) to Eq. (2a), the natural frequency fN of the res-
onator can be derived as fN = √

KB/mB/2π . Under the
electrostatically forced vibration, as shown in Fig. 1(c)
where an ac voltage VD (VD � VP1) is applied to provide
dynamic force for driving the SACB in the vicinity of the
natural frequency while a dc bias voltage VP1 is used to
polarize the parallel-plate capacitors for electromechani-
cal coupling, an electrical stiffness KE is introduced to the
system as we have analyzed in Refs. [34,35], given by
KE=−4ε0SPVP1

2/g3, where ε0 is the dielectric constant
with value of 8.85 × 10−12 F/m under vacuum; SP and g
are the plate area and gap distance of the parallel-plate
capacitors with values of 4200 µm2 and 3 µm. As shown
in Fig. 2(b), given that the vibration amplitude A of the
elliptical mode shape along y direction is much smaller
in comparison to the gap distance of the gate capacitor
G = 2.50 µm, at the maximal mechanical displacement,
the potential energy change UC to the vibration system
while charge (Q) to be detected through loading on the gate
capacitor is given by

UC = G2

2ε0SC

∫ A

−A

Q2

(G + y)2 dy, (3a)

KC(Q) =
d2UC

dA2 = − Q2

ε0SCG
, (3b)

where KC(Q) denotes the perturbed stiffness to the res-
onator deduced from the displacement derivative of UC.

SC is the plate area of the gate capacitor with a value of
300 µm2. Equation (3b) indicates that the charge-perturbed
stiffness is independent of vibration amplitude. Combin-
ing all the equations above, we derive the frequency
response fC(Q) of the resonator under charge perturbation
as follows:

fC(Q) = 1
2π

√
KB + KE + KC(Q)

mB
= fR

√
1 + KC(Q)

KB + KE
,

(4)

where fR is the resonant frequency under forced vibration
and zero charge input. By expanding Eq. (4) into Taylor
series, the relative frequency change γ is given by

γ = fC(Q) − fR
fR

= − Q2

2ε0SCG(KB + KE)
. (5)

Accordingly, a relative charge sensitivity � can be cal-
culated as � = γ /Q2 = −250.60 ppb/fC2 using the given
parameters while VP1 is fixed at 20 V. Equation (5)
describes the quadratic nature of the charge detection by
stiffness perturbation scheme. Based on that, we further
propose a sensitivity amplification to the charge measure-
ment by introducing charge prebiased states to the gate
capacitor. To carry out the charge prebiased scheme, S2
is switched to connect with VP2 and meanwhile VP1 is dis-
abled so that the resonator is polarized on the SACB. In
this case, the gate capacitor is precharged by VP2, lead-
ing to a prebiased charge QP on the gate capacitor, given
by QP= εSCVP2/G, as can be seen in Figs. 2(b) and 2(c),
which clearly depicts the difference between the situations
of stiffness perturbation without and with charge prebiased
scheme. By taking this prebiased state as outset, the new
relative frequency shift in response to charge addition is
given by

γP = fC(QP + Q) − fC(QP)

fC(QP)

=
√

1 +
KC(QP + Q) − KC(QP)

KB + KE + KC(QP)
− 1. (6)

From Eq. (3), we obtain KC(QP+ Q) = −(QP+ Q)2/ε0SCG.
By substituting that into Eq. (6) and then expanding Eq. (6)
into Taylor series with higher-order terms neglected, we
obtain

γP = −Q2 + 2QPQ
2ε0SCG[KB + KE + KC(QP)]

. (7)

As can be seen, the charge prebiased scheme increases the
original quadratic sensitivity into a parabolic sensitivity by
adding a linear term 2QQP. Notice that, under the original
stiffness perturbation scheme described by Eq. (5), either
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positive or negative charge leads to downward frequency
shift. However, with the prebiased states, given that QP is
positive, the charge polarity can be distinguished. The res-
onant frequency shifts upward and downward when mea-
suring positive and negative charge, respectively. While
QP � Q, neglecting the Q2 term in the numerator of Eq. (7)
only causes a negligible measurement error. Assuming that
error is less than 1‰, we have Q2/2QQP < 1‰. Subse-
quently, we can get QP/Q > 500 and this relation can be
easily satisfied when the charge quantities to be measured
are ranged from single electron to hundreds of electrons.
In terms of QP � Q at the prebiased states, we linearize
the relative sensitivity �P as follows:

ΓP =
γP

Q
= 2QP

2ε0SCG[KB + KE + KC(QP)]
, (QP � Q).

(8)

Equation (8) models a linearized region where frequency
linearly shifts against input charge. By comparing Eqs. (8)
and (5), we can get �P ≈ 2QP× �, which indicates that,
in the linearized region, QP functions as an amplification
factor to the charge sensitivity.

To intuitively illustrate the underlying mechanism, we
plot the sensitivity curve of the stiffness perturbation
scheme, which shows a quadratic relation between the
frequency variations and input charge on the coordinate
system with black arrow line in Fig. 2(d). The sensitiv-
ity amplification benefits from the quadratic nature of the
charge sensitivity where dramatic changes in frequency
response occur at a region with large quantities of input
charge. With charge prebiased states, the outset for charge
measurement changes, for example, to the origin of the
new coordinate system with the red arrow line. Strength-
ening charge prebiased states functions as moving the
measurement along the quadratic curve to a more highly
sensitive region. Thus, the relative sensitivity is signifi-
cantly boosted and meanwhile can be linearized around
the offset point set by the charge prebiased scheme when
measuring charge quantities at the electron level. The
linearized region expands with the increase of QP. The
amplification factor is determined by the quadratic charge
sensitivity � and the prebiased charge QP. According
to the theoretical model and designed parameters, while
42.48fC quantities of QP is precharged on the gate capac-
itor, �P can reach 3.50 ppb/e. For mechanical oscillators
with high quality factor, sub-1-ppb frequency stability is
achievable [36] so that the resonant electrometry utiliz-
ing mechanical oscillators can achieve charge resolution
beyond single electron.

III. VERIFICATION

The experimental setup for the resonant electrometer is
shown in Fig. 1(c), where two implementations, viz. the

open loop and closed loop for the purposes of electrom-
etry function verification and tracking of the frequency
output in real time, are shown. Firstly, we validate the
theory of charge detection by the stiffness perturbation
scheme. In that case, the main body of the circular beam is
grounded by switching S2 to ground (GND). By enabling
VP1= 20 V, the resonator is polarized on the driving and
sensing electrodes. By passing through a transimpedance
amplifier (TIA), the motion-induced motional current from
the sensing electrodes is amplified as VOL, which is the
output in open loop while S1 is switched off. To close the
loop, we switch S1 on to feedback VOL to a phase-locked
loop (PLL). Within the PLL, the phase of VOL is detected
by a phase detector (PD) for feeding to a proportional-
integral-derivative (PID) controller to enable control on
a voltage-controlled oscillator (VCO) to output VD as the
driving signal with shifted phase by ϕ. Therefrom, we can
precisely control the phase difference ϕ between VOL at
the output port of the resonator and VD at the input port.
The Barkhausen criteria are satisfied and a stable oscil-
lation can be achieved to output the resonant frequency
in real time. The oscillation amplitude and frequency are
demodulated as VCL for output. The prototype electrome-
ter is tested at room temperature and in a vacuum chamber
with pressure level under 20 mTorr. For the calibration
of charge sensitivity, we use voltage and current source
to generate and maintain known quantities of static and
flowing charge Q on the gate capacitor, respectively. The
quantities of input charge are determined by current inte-
grating over time for current source and by multiplication
of step voltage and the gate capacitance Cg for voltage
source. Cg can be determined by finite-element simulation
using the geometric parameters mentioned above, e.g., the
plate area SC and gap distance G, and the dielectric con-
stant under vacuum ε0 = 8.85 × 10−12 F/m. In this case,
Cg is found as 1.06 fF.

We map the frequency spectra of the electrometer in
both open and closed loop in response to different quan-
tities of charge on the gate capacitor, as shown in Fig. 3. In
the open-loop test, the spectral responses under forward-
and backward-frequency sweep in the absence of input
charge are consistent, which indicates that the resonator
works in the linear regime. The resonant frequency is
found to be 143 029 Hz with an offset phase of 52°, match-
ing the theoretical result of 142 ± 2 kHz calculated by
Eq. (4). The error estimate of ±2 kHz is subject to 1% fab-
rication error in dimensions of the circular beam, e.g., the
radical width and midsurface radius, which are the most
possible error sources that affect the resonant frequency. In
closed-loop operation, by locking phase difference of the
input and output ports at different values, the correspond-
ing oscillation frequencies and amplitudes are recorded
as shown in the dot plot, which are also consistent to
the results from open-loop test. This clearly shows good
oscillation tracking function of our control loop. Then
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FIG. 3. Open-loop and closed-loop characterizations of the
spectral response of the electrometer subject to different quan-
tities of input charge on the gate capacitor. Dot plots are the
results from closed-loop mapping and are obtained by changing
the offset phase. The solid and dashed line plots are the open-
loop results from frequency forward and backward sweep of a
frequency response analyzer, respectively.

with 21.24fC and 42.48fC quantities of charge applied, the
frequency responses from the open-loop and closed-loop
results consistently shift by −113 and −444 ppm. In par-
ticular, in the closed-loop operation, while the oscillator is
operated at different locked offset phases with their corre-
sponding oscillation amplitudes, the changes in oscillation
frequencies in response to charge addition is nearly iden-
tical. This validates the functionality of charge sensing by
frequency modulation within the resonance bandwidth in
the stiffness perturbation scheme. As seen from the deriva-
tives of the frequency-phase curve in Fig. 3, the noise
conversions between phase to frequency are minimal at
the resonance peak. The lower the noise level, the higher
the resolution. Therefore, the offset phase is preferred to be
locked at the resonance peak for oscillation. Thus, we keep
the offset phase locked at 52° for charge measurement. The
charge sensitivity at the resonance peak in closed loop is
calibrated and quadratically fitted as −247.04 ppb/fC2, as
shown in Fig. 4. The sensitivity results from open-loop test
and theoretical models are also plotted and summarized in
the inset table where a good agreement between theoretical
and experimental sensitivities can be found.

Based on the quadratic curves in Fig. 4 and with the
known quantities of the prebiased charge on the gate
capacitor, the frequency will change parabolically with
charge addition. To verify this, we switch S2 to VP2
to precharge the gate capacitor and disable VP1. In this

FIG. 4. Quadratic sensitivity curves of the stiffness perturba-
tion charge-detection scheme from theoretical, open-loop and
closed-loop results. The inset table shows the values of the fitted
and calculated sensitivities for comparison.

case, VP2 also provides polarization to the parallel-plate
capacitors to enable the output of motional current dur-
ing resonance. The parabolic sensitivities under four sets of
preapplied QP from 21.24 to 42.48fC are characterized by
means of open-loop and closed-loop calibration, as shown
in Fig. 5 where the experimental results from open-loop
and closed-loop test all match well with our theoretical pre-
dictions by Eq. (7). We further use γ P= B1 × Q2 + B2 × Q

FIG. 5. Parabolic sensitivity curves of the charge prebiased
scheme from theoretical model, open-loop, and closed-loop
results with different quantities of preapplied QP for amplifi-
cation. The inset table lists the parabolically fitted sensitivities
of the closed-loop results and the calculated sensitivities from
Eq. (7).
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to fit the experimental parabolic curves from closed-loop
results, as shown in the inset table of Fig. 5, together
with the calculated coefficients of B2 =−2QP× B1 and
B1 =−1/{2εSCG[KB+ KE+ KC(QP)]} from Eq. (7). The
consistency of experimental and analytical results veri-
fies the parabolic nature of the charge sensitivity of the
electrometer at prebiased states. Under different values of
QP, the quadratic term B1 has values close to the origi-
nal quadratic sensitivity in Fig. 4. As expected, the charge
prebiased scheme mainly introduces an additional linear
term B2 leading to sensitivity enhancement. So that, when
increasing QP by two folds from 21.24fC, the quadratic
term B1 is only increased by 5.3% while the linear term B2
is boosted by 208%. This verifies that the prebiased QP acts
as an amplification factor to enhance the parabolic sensitiv-
ity. Within the measurement range of ±QP, the linear term
B2 dominates the charge sensitivity while out of that range,
the quadratic term B1 starts to dominate. Further, the polar-
ity of input charge is distinguished as the frequency shifts
upward for measuring positive charge and shifts opposite
for measuring negative charge.

Onward to the charge measurement down to electron
level, the amplification by the charge prebiased scheme
becomes significant and can be effectively translated into
resolution enhancement. In such a context, the method of
open-loop operation is impractical due to the limitations
associated with sweep time and frequency accuracy as very
fine frequency sweep is required. Instead, the closed-loop
output is preferred for high-precision and real-time track-
ing of the change in oscillation frequency associated with

FIG. 6. Linear sensitivity curves of the charge prebiased
scheme from the theoretical model and the closed-loop results
under different quantities of preapplied QP for amplification.
The inset table shows the linearly fitted sensitivities of the
closed-loop results and the calculated sensitivities from Eq. (8).

input charge. Figure 6 plots the theoretical and closed-loop
testing results of charge measurement at the electron level
under the prebiased states with different QP required for
amplification. As predicted, the experimental sensitivity
curves at different prebiased states all show good linearity
and agree well with the theoretical curves from our mod-
els. A ppm level of the linear frequency shift is observed
regarding the input of hundreds of electrons. The exper-
imental sensitivities are linearly fitted and summarized
in the inset table, together with theoretically calculated
sensitivities �P from Eq. (8). The experimental sensitiv-
ity of 3.61 ppb/e under a preapplied QP of 42.48fC is
found, which is consistent with the theoretically calcu-
lated �P of 3.50 ppb/e. This clearly validates the linearized
region for electron-level charge measurement that we pre-
dict in Fig. 2(d). Monitoring the linear frequency change
to derive charge quantity can avoid the effect of residual
charges while at the same situation, monitoring the original
quadratic frequency change causes inaccurate derivation
of charge quantity because the unknown quantity of resid-
ual charge on the gate functions as prebiased charge that
changes the charge sensitivity. The boundaries of the lin-
earized region are determined by the amplification of the
preapplied QP and the nonlinear error the charge mea-
surement can undergo. For example, for 1% affordable
measurement error and a preapplied QP of 42.48fC, the
linear region can be calculated to be ±5310 e according to
Eq. (7). Although a higher QP gives rise to a better elec-
trometer performance, the prebiased scheme is limited by
the pull-in effect of the capacitive transducers [37], e.g.,
the parallel-plate capacitors in this case.

IV. RESULTS AND DISCUSSION

A. Charge noise floor

In order to analyze the translation of amplification and
linearization of the sensitivity into resolution enhance-
ment, the frequency noise floor of the electrometer with
and without the charge prebiased scheme are defined
as fH(ω) and fL(ω), respectively. The charge resolu-
tion for the original stiffness perturbation scheme is
given by � = [fL(ω)/|�|]1/2 while the enhanced resolu-
tion in the region with linearized sensitivity is given by
�P= fH(ω)/|�P|. By combining Eqs. (5) and (8), we can
derive the resolution amplification factor λ as

λ =
�

�P
≈ 2QP√

2εSCG[KB + KE + KC(QP)]

√
fL(ω)

fH (ω)
. (9)

Equation (9) can be simplified as λ ≈ 2QP�1/2fL(ω)1/2/
fH (ω), which indicates that λ is proportional to the preap-
plied QP and the root square of �. The metrology of
resonant electrometry uses frequency as the output metric,
which demonstrates sensitive charge-frequency conver-
sion and can effectively decouple charge sensing from

014001-7



DONGYANG CHEN et al. PHYS. REV. APPLIED 14, 014001 (2020)

(a) (b)

FIG. 7. (a) Real-time frequency responses of the electrometer in monitoring charge accumulation on the gate while the device is in
prebiased state with QP of 48.41fC. The yellow line shows the averaged frequencies in a certain time period. (b) Measured frequency
noise floor fH (ω) as a function of offset frequency at the high charge-sensitive operation point corresponding to the starting point of
(a). The left Y axis is the relative frequency noise floor and the right Y axis is the input-charge-referred noise-floor rescaling from the
left Y axis by dividing the linearized sensitivity to intuitively show the resolution of the resonant electrometry. The inset shows the
measured frequency noise floor fL(ω) as a function of offset frequency at the low charge-sensitive operation point corresponding to the
starting point of Fig. 4.

other noise sources in frequency domain. Thus, fH (ω)
and fL(ω) mainly come from thermomechanical noise of
the vibration and electronic noise of the loop. In that
case, the two parameters have the same level of magni-
tude even though at different charge-sensitive operation
points. The independence of frequency noise with respect
to the charge sensitivity ensures effective translation of
sensitivity amplification to the charge resolution. Detailed
verification is demonstrated next.

In Fig. 7(a), the real-time frequency responses of the
electrometer in monitoring charge accumulation on the
gate is presented to show how frequency fluctuations influ-
ence charge detection at the electron level. With averaging
of the frequency responses in a certain time period to
minimize random fluctuations, we clearly observe linear
frequency shift in real time in response to the charge input
of 67 electrons per step, as shown by the yellow line.
Accordingly, fewer electrons can be detected by tracking
distinguishable smaller frequency change above the aver-
aged random noise. Therefore, the ultimate threshold of the
electron detection depends on the level of the averaged ran-
dom noise, which relates to the measurement bandwidth
of charge. In order to characterize the noise floor of the
electrometer, the high and low charge-sensitive operation
points are defined, which correspond to the operations of
the device with and without the charge prebiased scheme,
i.e., the operation regime on the gray area in Fig. 2(d) and
on the pink area of which the charge sensitivities are given
by Figs. 4 and 6, respectively. The time series data of fre-
quency fluctuations at the high and low charge-sensitive
operation points have been recorded and then processed

with the fast Fourier transform to obtain the noise spectral
density fH (ω) and fL(ω) in a broad offset frequency range,
as shown in Fig. 7(b) and the inset, where the left Y axis
is the frequency noise floor. The right Y axis of Fig. 7(b)
is the charge-input-referred noise-floor rescaling from the
left Y axis by dividing the linear sensitivity of 3.61 ppb/e.
The enhanced resolution �P is derived as 0.17 e/

√
Hz sub-

ject to a white noise level of 0.61 ppb/
√

Hz obtained by
the horizontal dashed line in Fig. 7(b). Notice that, there
is no measurement bandwidth being applied to the charge
detection, the resonant electrometer already has the abil-
ity to resolve 67 e in real time. The noise spectral density
in Fig. 7(b) suggests that, by narrowing down measure-
ment bandwidth, the frequency fluctuation in Fig. 7(a) can
be reduced to achieve a better performance of real-time
electron detection. For example, a time-resolved detec-
tion of a single electron requires a measurement bandwidth
below 35 Hz. In comparison, the inset shows that the fre-
quency noise floor at the low charge-sensitive operation
point is 1.1 ppb/

√
Hz, which yields an unamplified res-

olution � of 417 e/
√

Hz. Accordingly, the experimental
value of λ is derived as 2453, which is very close to the
theory of 2333 derived from Eq. (9). Experimental results
prove that the frequency noise floor does not scale with
the charge sensitivities of the operation points in resonant
electrometry. fH (ω) is slightly lower than fL(ω) because the
charge prebiased states increase the driving force on the
transducers and the subsequent increase of the mechanical
motion is beneficial for the phase noise of the oscillator and
hence the frequency noise [38]. Under the charge prebiased
states, the operation point corresponding to fH (ω) is the top
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TABLE I. Comparisons of the state-of-the-art electrometers at room temperature.

Year [Ref.] Sensor type Sensitive element Output metric Resolution (e/
√

Hz)

2004 [42] Coulombmeter Transistor Analog 62 500
2014 [43] Coulombmeter Transistor Analog 6250
2008 [17] Vibrating reed Resonator Amplitude 6
2008 [18] Vibrating reed Resonator Amplitude 52.4
2013 [19] Vibrating reed Resonator Amplitude 23
2018 [20] Vibrating reed Resonator Amplitude 1.03
2016 [22] Mode localized Resonators Amplitude ratio 7900
2018 [23] Mode localized Oscillators Amplitude ratio 9.21
2017 [27] Resonant Resonator Frequency 203 000
2018 [25] Resonant Resonator Frequency 16 250
2008 [24] Resonant Oscillator Frequency 25 000
This Work Resonant Oscillator Frequency 0.17

bifurcation point (as can be seen in our previous work [39])
in nonlinear resonance regime, which has been proved to
have better noise performance than the operation points
at linear regime corresponding to fL(ω) [40]. Besides, the
potential noises contributing to fH (ω) from feedthrough
effect is effectively removed by isolation of the capac-
itive feedthrough at the nonlinear bifurcation point by
using a phase-controlled oscillation technique. Detailed
demonstrations of the technique can be found in a separate
study [41].

Table I lists charge resolutions of the high-end commer-
cial instruments [42,43] and the state-of-the-art electrom-
eters [17–20,22–25,27] that use resonators or oscillators
as the core sensitive elements. A significant improve-
ment in resolution is seen relative to other works on the
resonant electrometers, and the resolution compares favor-
ably with vibrating reed and mode-localized electrometers.
The technical reasons are elaborated in the Introduction.
The upper boundary of the resonant electrometry for the
parabolic charge sensitivity at charge prebiased state with
QP = 42.48fC is limited by the pull-in effect [37] in the
gate capacitor under the input of large quantities of charge.
An empirical model for predicting the pull-in limit is
described in Ref. [37]. For the gate capacitor with capaci-
tance of 1.06fF, the upper limit of charge detection is found
as 770fC, which yields a dynamic range over 149 dB.
Although the electrical analog electrometry systems with
transistors, carbon-nanotube, quantum dots, and quantum-
point contacts [6–14] generally have charge resolution at
the order of 10−3–10−6 e/

√
Hz that far exceed the resolu-

tion of our device, they require extremely low temperatures
and can only detect charge in the few-electrons regime.
In the proposed resonant electrometry system, both high
resolution and large dynamic range are achieved.

The frequency noise in the region of high offset fre-
quency is significantly attenuated due to the use of a low-
pass filter (LPF) in the control loop for frequency demod-
ulation. The noises evident in the measurements presented
in Fig. 7 are due to a combination of mechanical noise

and electronic noise sources. For the mechanical noise in
the oscillator, the thermomechanical noise f (ω)M from
Brownian motion is dominant, which can be estimated
by [24]

f (ω)M ≈
√

kBTΔf
2πKBfN QFA2 , (10)

where kB is the Boltzmann constant and T is the temper-
ature. �f is the resolution bandwidth. QF is the quality
factor of the mechanical oscillator, the value of QF is
derived as 50 000 by the 3-decibel method according to
the spectral response in Fig. 3. Accordingly, the thermo-
mechanical noise is estimated to be 1.76 ppt/

√
Hz and this

yields an ultimate threshold of the charge noise floor as
4.88 × 10−4 e/

√
Hz for room-temperature resonant elec-

trometry. The analysis on mechanical noise indicates that
the resolution of the resonant electrometer is mainly dom-
inated by the electronic noises from interface circuits. The
proposed experimental prototype for resonant electrome-
try clearly shows extremely sensitive charge measurement
with single-electron resolution. The established theoreti-
cal models also provide strategies that can further enhance
the resolution of resonant electrometry for several orders
of magnitude, e.g., narrowing down the gap features of
the electrometer to the nanoscale, strengthening the pre-
biased state to move the measurement to a more sensitive
region or properly integrating interface circuits on chip to
minimize electronic noises.

B. Interfacing charge

When interfacing charge, three situations are consid-
ered, viz. charge loading for a single measurement, and by
constant and varying charge-flow rates. We use voltage and
current source to perform charge measurement at the three
situations. The experimental setup is shown in Fig. 8(a).
Ideally, the gate electrode should be properly insulated for
preventing leakage of the input charge. In the highly doped
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(a)

(c)

(b)

FIG. 8. (a) Experimental setup for interfacing charge on the gate. Real-time frequency output of the prototype electrometer in
response to the charge loading by a single-step charge input (b), and by constant current input (c),(d) and varying currents (e). The
right Y axis of (c) and (e) denote the charge quantity on the gate with the increase of time, which is rescaled from the left Y axis by
dividing the experimental sensitivities of 3.61 ppb/e. For all the charge measurements the gate capacitor is prebiased by VP2 = 40 V,
which corresponds to a preapplied QP of 42.48fC. iC and iL show the flows of charge accumulating on the gate and leaking through
parasitic series resistance-capacitance (RPCP) branch.

silicon device, the resistance (RS) at the gate is small and
is negligible. However, in capacitive resonators, undesired
parasitic elements are introduced, for example, the par-
asitic resistance (RP) resulting from the oxide layer and
the parasitic capacitance (CP) resulting from the on-chip
capacitive gaps and electrical interface circuits. Therefore,
the charge at the input node leaks with a time constant
defined by these parasitics. This influences electrometry
performance. To perform electrometry with charge load-
ing by one time, we switch Sv on and use voltage source
Vin to charge the gate capacitor with 3121 and 6242 units
of elementary charge, respectively. Then, we switch Sv off
at t = 0 and record the frequency output of the device in
time domain, as shown in Fig. 8(b). As expected, the fre-
quency responses all follow an exponential decrease. The
detection is within the regime of linear charge-frequency
conversion; therefore, the Y axis is equivalent to charge
quantities. Therefore, Fig. 8(b) indicates the leakage of
the loaded charge on the gate electrode through the par-
asitic RPCP. In spite of the different quantities of input
charge, the charge leakage has the same time constant. This
is determined by discharging characteristics of the par-
asitic series resistance-capacitance branch, as previously
noted. The time constant τ for the discharging process is
found as 20.9 ms from exponential fitting, which yields
RP × CP = 20.9 ms.

Next, we switch Si on and use current source iin to per-
form charge injection on the gate electrode with constant

flow rate of from 0.23–0.53 nA, respectively. As shown
in Fig. 8(c), at the short time of charge injection, the fre-
quency responses shift linearly with time increase, which
corresponds to the linear sensitivity results in Fig. 6.
Besides, the slope of the linear curves also changes linearly
against the rate of charge injection iin, due to the fact that
the charge sensitivity keeps constant even though there is
simultaneous leakage (iL) of iin through the parasitic series
resistance-capacitance branch. The charge interface circuit
suggests that the ratio of the flow rate of charge leakage
iL through CP and charge accumulation iC on the gate
capacitor CS is independent of iin but depends on CP/CS,
given by iL/iC= CP/CS. This can be used to experimentally
identify the value of CP. For example, iC is 4376.7 e/s at
iin = 0.33 nA. Then we get CP/CS = 470 488 for the pro-
totype electrometer. This result is constant and can also be
obtained by using other iin in Fig. 8(c), e.g., iin = 0.23, 0.43,
and 0.53 nA. For a CS of 1.06fF in this device, CP is esti-
mated as 499.66pF. Such a significant parasitic capacitance
is mainly from the coaxial cables used for experiments and
the SOI wafer that has an embedded capacitor consisting
of a 2-µm-silicon-dioxide layer sandwiched between the
highly doped silicon device layers and the substrate. Fur-
ther reduction of CP can be implemented by employing a
silicon-on-glass wafer [20]. In Fig. 8(d), with the longer
time for charge accumulation on the gate, the frequency
response eventually exhibits a parabolic nature that cor-
responds to the parabolic sensitivity in Fig. 5. Further, in
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Fig. 8(c), we add a right Y axis derived by using the left
Y axis to divide the experimental sensitivity of 3.61 ppb/e,
which clearly shows the charge quantities accumulated on
the gate in real time. Figure 8(e) shows the frequency
output in response to the charge injection with random
flow rates between 0–0.53 nA. While the device being
operated in the regime with linearized charge sensitivity,
the curve consists of linear branches with different slopes
resulting from the different flow rates of charge injection.
One advantage for measuring charge in the linear sensitive
regime is that, no matter the charge input having con-
stant or varying flow rates, the temporal frequency shift
results can always reflect the variation of input charge
quantity in real time, as indicated by Figs. 8(c) and 8(e),
which directly demonstrate the variation of charge quan-
tity in the right Y axis. Such a feature enables the proposed
electrometer being directly used in monitoring the reac-
tions in chemical ions, physical particles, and biological
molecules, etc.

C. Discussion

Although the scaling laws endue the miniaturized sen-
sors with many operational advantages, such as smaller
footprint, greater sensitivity, and larger dynamic range,
it also gives rise to a higher noise level, particularly for
analog signals. This is the root cause that impedes the
resolution of the devices with output metrics of analog
[42,43] or amplitude signal [17–20,22,23] in Table I. Mon-
itoring on the quasinature frequency from a mechanical
oscillator as the sensor output is less affected by noise
conversions from vibration amplitude, feedthrough [44],
or other analog noise sources. Besides, the approach by
precisely controlling phases in the loop for oscillation
is beneficial for suppressing phase noise and thus fre-
quency instability. Therefore, our sensing method may be
instructive for developing high-performance microscopic
oscillators and sensors, including providing an alternative
perspective for overall loop-control strategy and leading to
a change in the output metric of interest. Additionally, the
highly force-sensitive mechanical oscillator in our work
benefits from the scheme of stiffness perturbation that uses
force to perturb modal vibration. This shows an alternative
way for sensing contactless forces, which can be widely
employed for measuring most of the physical quantities
that can generate electric, magnetic, and inertial forces,
such as magnetic and electric fields, mass and pressure,
acceleration and angular rate, etc. In that case, the method
of stiffness perturbation and closed-loop frequency mon-
itoring can be developed as a common mechanism for
a variety of sensors, as well as the concept of exploit-
ing the nonlinear nature of the sensitivity for resolution
enhancement.

More importantly, the micromachined electrometer can
be integrated on-chip as a micromodule for embedding

in the scientific instruments that requires high-precision
and real-time electrometry. For example, one can use the
device as a core component in a mass spectrometry system
for acquiring ion information to determine elemental and
isotopic signatures of a sample or to elucidate chemi-
cal composition and identity of a mixture sample. The
parameters of interest in high-resolution surface imaging,
such as electrostatics and short-range forces, are also mea-
surement applications that our electrometry method focus
on. This makes our method attractive for the applications
in microscopy technologies, including measuring electron
flow in a ballistic electron emission microscope and mea-
suring electrostatics of the intermolecular forces for atomic
force. Additionally, most of the electrical parameters, e.g.,
electric potential, voltage, current, can generate electro-
static force across capacitive gaps, which conforms the
fundamentals of charge measurement in this work. For
example, Fig. 8(c) indicates that the frequency-shift rate
can be used as an output metric for measuring the input
current. Therefore, with proper design of the gate capac-
itor, the proposed resonant electrometry implementation
can be utilized as the core measurement unit to develop
advanced instrumentations, such as voltmeters, ammeters,
and multimeters.

V. CONCLUSION

In conclusion, we theoretically model and experimen-
tally verify the underlying physics of the ultrasensitive res-
onant electrometer by tracking resonant frequency change
of a built-in micromechanical oscillator with a charge-
detection scheme of stiffness perturbation. We further
demonstrate a charge prebiased amplification scheme for
physically manipulating the quadratic charge sensitivity
into a linear form with dramatic resolution enhancement
over 2453 times. The experimental charge resolution is
0.17 e/

√
Hz. Analysis on thermomechanical noise indi-

cates the proposed resonant electrometer has a theoret-
ical resolution limit on the order of 10−4 e/

√
Hz. The

high-performance quasidigital microscale electrometer can
be employed as the core sensing element for portable
and cost-effective electrometry instrumentation systems.
Future work will focus on integrating interface circuits
with the device for minimizing electronic noise.
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