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Abstract— An accurate calibration of an electric-field sensor is difficult to carry out due to
challenges involved in generating a uniform electric field over the sensor volume. Additional-
ly, capacitive coupling between the field source and the sensors and related instrumentation
tends to distort the measured field further. Sensor characterization includes not only calibra-
tion, but also determination of the frequency response (both magnitude and phase), noise
power spectral density, dynamic range, and linearity. In this paper, we discuss characteriza-
tion techniques for an unpackaged microelectromechanical systems (MEMS) electric field
sensor in a vacuum chamber. The use of oppositely charged square plates at a spacing of half
the plate width is advised by the IEEE 1308-1994 standard for generation of a uniform elec-
tric field. Previously, the U.S. Army Research Laboratory (ARL) has shown that by employ-
ing guard tubes in the construction of an electric field generating chamber, the fringing fields
can be controlled, and the spacing between the endplates can be increased while maintaining
a uniform field. A similar, smaller apparatus for generating a uniform axial electric field was
constructed to fit into a vacuum bell jar. The considerations and techniques for minimizing
error due to fringing and distortion from metal conductors will be presented, along with the
techniques and laboratory equipment used for characterizing the sensor.
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I. INTRODUCTION

There are a number of microelectromechanical systems (MEMS)-based electric-field
sensors (EFS) that have been reported in the literature. The majority of the reported sen-
sors are based on the field-mill principle with MEMS-actuated electrodes [1-11]. These
sensor types, when actuated at their mechanical resonant frequencies, operate optimally
in a vacuum environment to increase the resonator quality factor due to the absence of
air damping effects. To support the research and development phase of new EFS requir-
ing operation under vacuum, it is important to be able to characterize their sensor re-
sponse without the complexities associated with vacuum packaging. ARL has previously
shown that the accuracy of the generated electric field by an electric-field generator may
be increased by employing guard tubes around the perimeter [12-13]. This concept is
employed in the construction of an electric-field generator inside a vacuum system. The
current work presents a system that was built to test, measure, and characterize an un-
packaged, new, and unique MEMS electric-field sensor that requires a vacuum environ-
ment.

II. SENSOR PRINCIPLE OF OPERATION

The sensor, referred to as a steered-electron electric-field sensor (SEEF sensor), is de-
picted in operation in Fig. 1. Current flows through a micromachined tungsten cathode
filament, resulting in thermionic electron emission due to heating. A low work-function
coating on the tungsten keeps the operating temperature at around 1200 K. Some elec-
trodes (not shown) biased a few volts above the cathode potential act as a gate, control-
ling the electron current that flows upwards. Two electrodes at a distance of 2 mm away
serve as the anodes, and collect the current flowing upwards out of the cathode. Without
an external applied electric field, the electron currents collected at Anode 1 and Anode 2
are approximately equal. With an applied electric field perpendicular to the sheet of elec-
trons, the negatively-charged electrons are attracted to the source of the field through
Coulomb’s law and they are deflected slightly as they traverse the gap on their way to
the anode electrons. As a result, the electron current to Anode 1 decreases while the cur-
rent to Anode 2 increases by the same amount. The difference between the two anode
currents is the transducer’s measured quantity, and is proportional to the applied perpen-
dicular electric field.

Anode 1 Anode 2 Anode 1 Anode 2

\am \

Anodes at +100V collects f——_al
—=

emitted electrons

electron sheet
flowing upward

trajectory of electron
cathode generates electrons through sheet is deflected by
thermionic emission — applied field

Fig. 1 lllustration of the concept of operation for the Steered-electron electric-field (SEEF) sensor.
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The cathode must operate under high vacuum to avoid oxidizing, and so that electrons
do not collide with air molecules. Since the sensor is undergoing active research and de-
velopment with several design iterations that must be tested, vacuum packaging is a more
complicated and expensive process that will un-necessarily complicate development dur-
ing initial phases, hence the need for the vacuum electric-field characterization system.
As seen in Fig. 2, the SEEF sensor is assembled from a glass cathode chip on the bottom,
a 2-mm-thick glass spacer chip in the middle, and a glass anode chip on the top. The an-
ode chip has the pair of anodes on the bottom and bond pads on the top.

Top glass layer with bond
pad to anode L .

S

e i

- {ﬁ l_l-:-_.__

2mm
spacer chip

anodes patterned
underneath top glass chip

electron flow path

|| electrons

1l
~ I cathode over /
z cavi = -

Fig. 2 Photograph showing stack of three glass chips mounted on a printed-circuit board: cathode chip on the
bottom, spacer chip in the middle, and anode chip on the top.

I1l. ELECTRIC FIELD GENERATORS

The goal of an electric-field generator is to generate a known electric field with a high
degree of spatial uniformity over a working volume, to be used for calibration and char-
acterization of EFS. Only quasi-static fields are of interest to this sensor application. In
this regime of low frequencies (typically less than 100 kHz), the magnetic and the elec-
tric field are approximated to be uncoupled. The standard method of generating an elec-
tric field is through the use of parallel conducting plates of separation distance d held at a
potential difference V. When the plates are of infinite size, the field everywhere between
the plates is given by

E=V/d (V/m). 1)

For plates that are of finite size, the actual field differs from Eq. 1 due to the effects of
fringing. The fringing extends all the way to the center, but it is minimized there. The
IEEE Standard 1308 electric-field generator illustrated in Fig. 3(a), suggests using square
parallel plates, which are spaced at half of the length of the plate edge [14]. Fringing
errors are not controlled in this scheme; however, the standard indicates that by using the
suggested dimensions, the uniform area is maximized in the center. A major disad-
vantage is the relatively small separation between plates, which can lead to capacitive
coupling effects between a device under test in the center and at the end plates.
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Fig. 3 Shown are diagrams of various electric-field generator schemes.

Fig. 3(b) presents an ideal quasi-static uniaxial E-field generator, where the endplates
are surrounded by uniform-resistivity walls. Current flowing along the walls produces a
linearly graded fall of potential along the walls, creating planes of constant voltage
through the inside volume. IEEE Standard 644 suggests a more practical scheme as
shown in Fig. 3(c) [15]. ARL has constructed a room-sized electric-field generator based
on this principle, which can generate uniaxial electric fields with high accuracy and uni-
formity over more than 1 m? volume [12-13].

The available bell jar vacuum chamber volume (Fig. 4) is a mechanical constraint that
must be worked around. The limited space available in a vacuum bell jar makes the E-
field generation scheme presented in Fig. 3(a) appealing. However, small spacing be-
tween the plates leads to a capacitive coupling effect, and the uniform field volume is
limited. Thus, it was decided to use a method shown in Fig. 3(d), which is based on the
room-sized ARL E-field cage (Fig. 3(c)).

Cylindrical bell jar piece ~—
®=125in

1475 in

Cylindrical feed-through piece ——
®=1175in

: —
0 2%

Fig. 4 Drawing and photo of vacuum system outfitted for E-field sensor testing.

IV. DESIGN OF VACUUM E-FIELD GENERATOR

Fig. 3(d) presents a scheme where guard rings are used as in Fig. 3(c), but there are
rings in the center that are removed/omitted. The resistors in the resistor divider are iden-
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tical, with the exception of the resistor spanning the gap, which must be an integer mul-
tiple depending on how many rings are missing from the middle. When a voltage is ap-
plied to the endplates, the current flow in the series resistor circuit should generate a lin-
ear fall of potential across the rings as a function of position. Fig. 3(d) is preferred for the
vacuum chamber testing over Fig. 3(c) because the omission of the ring tubes in the cen-
ter allows for sample removal/insertion, as well as convenient routing of drive and signal
wires. A diagram showing the vacuum cage concept, as compared to a standard parallel
plate cage, is shown in Fig. 5. The design approach and concepts will now be discussed.

11 guard tubes, 3

buT / om\itled

|EEE 1308 E-field ARL Vacuum E-field
Ca?e Cage
[— | C——
0 25 5 (in) 0 25 5 (in)

Fig. 5 Diagram showing comparison of ARL Vacuum E-field cage to a standard parallel plate arrangement per
IEEE 1308.

An aluminum vacuum bell jar with dimensions as in Fig. 4 was used. This bell jar acts
as a Faraday shield that surrounds the electric-field generator cage. Extensive modeling
and simulation was performed using an in-house Method of Moments modeling soft-
ware. In these models, a grounded conducting sphere was positioned in the center of the
cage, representing the region of interest (ROI) enclosed within that sphere’s volume.
Using this technique, the error can be easily quantified within the volume because the
electric-field on a sphere in a uniaxial ambient field is an exact solution. This gives a
worst-case error for an object represented by the dimensions of the sphere in the model.
For the design constraints, square end-plates of 5.9 in and 0.25 in thickness were used
due to the available vacuum chamber bell jar dimensions. A length of 6.0 in (inside end-
plate to inside end-plat) was chosen to comfortably fit inside the chamber. The guard-
rings are made square in perimeter (like the end-plates), as well as cross-sectional area. It
has been previously shown that the spacing between rings must not be large compared to
the cross-guard ring sectional area [16].

A variety of 3D Method-of-Moments models were generated and analyzed. Guard
rings with square cross-sections of 0.25 in were selected based on modeling. Fig. 6
shows the percent error (deviation from the theoretical ideal field from Eq. 1) for several
arrangements of an E-field cage. The more guard rings employed in the design, the lower
error in the resulting error in the E-field and the higher uniformity. Models were also
simulated for a configuration where there were five guard rings, but one was omitted
from the center. One significant result is the minimal difference between the fields due to
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five guard rings and five guard rings with the center ring omitted. This is explained be-
cause the majority of the error introduced into the entire field structure is caused by er-
rors close to the end plates, not by errors introduced due to perturbations occurring near
the center. This modeling shows verification of the concept in Fig. 5(d).

T " | 0
= 4 2 './1 guard ring . —a —
S 1 I 8 —2
= 3 (W | = 3 3
1] (W ', (3
o V4 I o
o 2 | o 2 4
£ \| 5,1 omitted £ s
sy j| 20 +omitte Sy 5,1 omitted 6
E il £ 8
& T - S S| ' T B w— 2t —=5-1]
§ -1 2 é 1 6 ]
3
[ \ 5.7 / : [ 5
= =
S 4 5 S
g 6 g3 4
[ [
o -4 Y / 8 Q4
!

e LA - 3 I —=5-1 e .

Left Plate Center Right Plate Bottom Center Top
Along Horizontal Axis Along Vertical Axis

Fig. 6 Percent of E-field error comparing varying amount of guard rings, as well as a configuration where there
is one guard ring omitted from the center. The inside spacing between endplates is 6.0" and the endplates are
5.9" on an edge and 1/2" thickness. The guard rings are spaced equi-distant between the endplates, and the
omitted guard rings are missing from the center. The cage is enclosed in a faraday shield.

To further study the effect of omitting guard rings, Fig. 7 shows the error contained in
the fields inside a spherical ROI for several configurations of the guard tubes. For em-
phasis, an E-field generator with no guard tubes (and close spacing, similar to what
would be suggested by IEEE 1308) is also shown on the plot. The 11-3 configuration
gives excellent results for a spherical ROl up to 1 inch in diameter.
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Fig. 7 Percent of E-field error within a spherical ROI for various ROI diameters and cage configurations. The
endplates are 5.9" on an edge and 1/2" thickness. The guard rings are spaced equi-distant between the endplates,
and the omitted guard rings are missing from the center.
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V. REALIZED VACUUM E-FIELD GENERATOR SYSTEM

Based on the analysis of the various method-of-moments simulations in the preceding
section, a finalized E-field generator design was selected with a square plate of 5.9 in, 11
guard rings with three omitted from the center, guard rings with cross-section area of 0.25
in, and an inside plate separation of 6 in. Note that 11 tubes create 12 spaces, which im-
plies 0.5 in per space. The distance between the inside of the endplate and the center of
the first guard tube is 0.5 in. The (air) space between adjacent tubes is 0.25 in (0.50 in -
0.25 in), while the (air) space between the center two tubes is 1.75 in (4 x 0.50 in — 0.25
in).

For the final E-field generator mechanical design, additional elements were added to
support sensor measurement tests: a center shielding post to shield signal wires from the
generated E-field, as well as offer mechanical support for the sample holder; and side
tubes to shield drive wires and a bottom shielding plate. The final realized design is
shown in Fig. 8. For connections between the uniformly spaced endplates, 255-Q resis-
tors were used. For the gap where three guard rings are omitted, a resistor of 1020 Q was
used. This gives a total resistance of 3.06 kQ. This load is high enough that it may be
driven by a 50-Q source function generator, and low enough that the distortion due to RC
effects at frequencies up to tens of kHz is not compromised.

Endplateinside separation: 6.0”

8x Guard Rings
(resistor-connected to end-plates)

Center Tube

(shielding, wire-routing, mechanical
sample support)

Side Tubes

(shielding and wire-routing for
endplate drive cables)

Shielding Plate

Plasticsupports
(attaches the shield plate to vacuum

chamber mounting holes)

Fig. 8 Photos of E-field generator installed in vacuum system, with bell-jar cover removed

To verify the electric-field generator performance, the voltages on each of the guard
rings and endplates are measured differentially using an automated testing system. The
end plates are driven with a dual-channel function generator, configured to drive one
plate at 180° out of phase to the other plate. This creates a virtual AC ground in the center
plane of the cage. For two frequencies, the voltages of the plates and guard ring versus
distance are plotted in Fig. 9(a). The potential falls linearly with position. For an under-
standing of the frequency response and a calculation of the resistor mismatches, the mag-
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nitude and phase of the differential voltage across each resistor is measured, and com-
pared to the theoretical magnitude based on the resistor-divider network in Fig. 9(b). At
frequencies below 20 kHz, the resistors are matched better than within 0.1%. Above 20
kHz, parasitic effects of the system begin to manifest. However, even at 50 kHz the error
is less than 1%. At 100 kHz, the voltage error is less than 3% due to the parasitics.

3
8 ; H 25
""""" ideal 0 -
25 ——10Hz 77”]&7” 2 —©—05in
—6—2102kHz FHEHHH o —©—1in
< | ——15in
% S 15[ —s—2in
£15 W+ —e—ain
> 1 2 1 45in
H § ——©—5in f
0.5 e 05 —©—55in RoEy
o :2?%2‘828 Vs aPplied end-end — 6in p . gw- A
0 2 4 6 O ik
Distance Along Cage Axis (inches) l l l l l l l l l l l l
-0.5
10 Hz 100 Hz 1kHz 10 kHz 100 kHz
Frequency
(a) Voltage vs Distance (b) Amount of voltage error for each resistor (matching)

Fig. 9 Electric-field cage performance measurements. (a) Voltage vs distance (b) Voltage percent error for each
resistor. This indicates resistor value mismatches. At high frequencies, inductive parasitic effects in the system
begin to dominate. The voltage error is less than 0.1% at frequencies below 50 kHz.

VI. CHARACTERIZATION OF MEMS SENSORS IN VACUUM

Several characterization measurements are possible in the constructed apparatus.
Measurements of frequency response are made by sweeping the frequency of the voltage
applied across the endplates of the E-field generator. Linearity is obtained by sweeping
the E-field amplitude. For noise measurements, the endplates are held at zero applied
voltage, using the aluminum vacuum chamber bell jar as a good Faraday enclosure to
screen out stray E-fields. Finally, from the above measurements, it is possible to deter-
mine the limit of detection. An automated testing system based on phase sensitive detec-
tion was built and constructed to carry out the previous measurements on each device.
Many SEEF devices were measured, but only representative results are included in this
paper. A thorough discussion of the devices tested is beyond the scope of this paper.

A measurement of sensitivity and frequency response is shown in Fig. 10. The plot on
the left shows amplitude magnitude data in units of volts. Each trace corresponds to a
frequency sweep using a particular applied field amplitude. The lines for 0.0182, 0.181,
1.8, 17.9, and 178.4 V,,/m appear to follow the same frequency response. Thus, 17.9
V/m was chosen to form a linear calibration and translate the data into units of transduced
field (V/m). At high fields, the device exhibits greater gain above about 1 kHz: this non-
linearity can be seen in the data for 178.4 VV/m. This non-linear performance may limit
the effective dynamic range for some applications. At low fields, the device noise will
also limit the dynamic range: this can be seen in the 18.2 mV/m field measurement. Fig-
ure 8b shows that the device has good (corrected) linearity over a 40-dB dynamic range,
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and relatively poor linearity (or a lower frequency response) over almost 80 dB of dy-
namic range.

Sensitivity with Amplitude Calibrated Sensor Response
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Fig. 10 The device frequency response was measured using various amplitudes for the applied field. One curve
(1.8 Vimg/m) is selected as the calibration to translate the sensor response to transduced units of Vms/m meas-
ured, for a particular Vims/m applied.

Phase Response of Anode Signal for Fixed Applied Field Strength
180
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Fig. 11 Phase response of Anode 1 and Anode 2 signals taken individually. The phase indicates the deviation
from the phase of applied electric field. A fixed field strength was used.

The phase response from the current collected at each of the anodes in the SEEF sensor
is shown in Fig. 11 for a fixed applied field strength. The relative phase difference be-
tween the two anodes is approximately 180°, which confirms proper electron-beam de-
flection in the SEEF sensor in response to an applied electric-field. There is a frequency-
dependence in the phase response of the sensor to an applied field.

Noise spectral density measurements were obtained by doing time-domain sampling of
the sensor outputs for 20 seconds. Measurements were also taken without the sensor con-
nected so that the noise contributions of the transimpedance amplifier and the digitizer
may be determined. The raw voltage data, after processing with an FFT with 50 mHz
frequency bins, is plotted in Vn/rtHz in Fig. 11 (left). The linear calibration obtained in
the Fig. 10 data may be applied to Fig. 11 (left) to finally determine a fundamental limit
of detection at each frequency point in the spectrum, shown in Fig. 11 (right). It is im-
portant to note that the limit of detection of the sensor in Fig. 11 (right) assumes a signal-
to-noise ratio (SNR) of 1. A sensed field of 18.2 mV/m is below the noise power spectral
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density line at low frequencies, but above the noise at higher frequencies. This reinforces
the data in Fig. 10.

\c'ol!age Moise Spectral Density for efed26 on 20 OCT 201 1. 134841, 6}?0998 Field-refarred MNoise Spectral Density for efed2s on 20 OCT 2011, 13:48:41.670898
1Vim o

——Device CunnadeWnenlnnal
Ampifier
NI-PXI DAQ Grounded

_ 100 mi/m |20

il oy, M| ;
e 100 Hz 1 iz 10 kHz 100 e 1kHz 100 iz
Frequency Frequency

Fig. 12 (left) Noise spectral density in terms of Vrms/rtHz. The noise may be seen in terms of the device trans-
duction physics, signal conditioning (transimpedance amp), and DAQ. (right) Field-referred noise spectral
density in terms of (Vrms/m)/rtHz. The limits of detection read off the plot assume an SNR of 1.

VII. CONCLUSION

As research progresses in the area of MEMS E-field sensors, some devices will oper-
ate optimally under a vacuum environment. This paper has presented a testing system
that may be used in the research and development process for such novel E-field sensors
to quickly obtain sensor characterization measurements prior to expensive vacuum pack-
aging. In an iterative design-process, more sensor concepts can be fabricated and subse-
quently measured in a shorter period of time.

The testing system described in this paper uses a variant of the ARL E-field cage, with
guard tubes to create the largest and most uniform electric fields in a vacuum chamber.
A phase-sensitive source and detection electronics are used to measure frequency re-
sponse, noise power spectral density, linearity, and dynamic range. Examples of each of
these measurements are provided in this paper.
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