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We propose a micromachined device that utilizes the field-emission 共FE兲 phenomenon as a mean to
modulate signal for radio-frequency microelectromechanical system applications. In this article, we
present the stationary reference 共SR兲 device and the resonator-embedded 共RE兲 device and compare
their field-emission performances. The SR device contains no moving part and is used to examine
the conditions to excite field emission. The RE device has an embedded microresonator of bandpass
filter characteristic. Due to enhanced tip sharpness and closer gap, initial results show that compared
to the SR device, the FE current of the RE device has been increased by 192 times under the same
anode-cathode potential difference of 240 V and 2 ⫻ 10−8 Torr vacuum level. © 2006 American
Vacuum Society. 关DOI: 10.1116/1.2177231兴

I. INTRODUCTION
Recent development in the field of wireless communication devices and systems has opened up a wide range of
electronic applications including cellular phone, wireless local area network 共LAN兲, biomedical diagnosis, security system, and intelligent transportation system 共ITS兲 of automobile. The ultimate target of the wireless technology is to
establish the “ubiquitous” computer network by using consumer electronics, which requires further miniaturization of
hardware devices that could be produced at lower cost.
Conventional radio-frequency microelectromechanical
system 共rf-MEMS兲 mechanical filters1,2 and recently developed devices3,4 utilize capacitive coupling for both excitation
and detection. However, the capacitance diminishes quickly
when the device dimension decreases, which makes signal
detection difficult. Besides, direct capacitive coupling often
associates with impedance mismatching issues and small fan
out.
Recent vacuum microelectronics achievements5,6 have
widened the room for more application opportunities based
on the field-emission 共FE兲 effect. Micro- or nanomechanical
resonators have the advantages of generally high Q factor,
batch fabrication capabilities, and well-established MEMS
processes. As device dimensions such as tip radii and anodecathode gap decreases, field-emission current increases. This
work investigates the possibilities of signal detection by in*No proof corrections received from author prior to publication.
a兲
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927

J. Vac. Sci. Technol. B 24„2…, Mar/Apr 2006

tegrating the field-emission effect on MEMS device and by
comparing the characteristic of the stationary reference 共SR兲
device and that of the resonator-embedded 共RE兲 device; the
SR device contains no moving component, whereas a microresonator is integrated to the RE device using the same
photolithography step.

II. FIELD EMISSION FOR DETECTING OSCILLATION
The conceptual operation principle for the RE device is
illustrated in Fig. 1共a兲. In between the sharp silicon cathodeanode tips, an electrically biased silicon micromachined
resonator is located along the field-emission current path,
which is intervened by the resonator as an attempt to modulate the signal that transmits along the FE current. The electrons that pass the fixed screening aperture gates are finally
detected by the anode, by which a signal component of a
particular frequency is bandpass filtered. The higher the level
of vacuum we can achieve, the easier it is for field emission
to be excited, and since air damping is reduced, the microresonator can be oscillated at a larger Q factor. Frequency
signal picked up by the antenna is preprocessed and fed into
the driving electrode for the resonator. The objective of the
project is to correlate the information carried by the FE current and the dynamic characteristics of the MEMS resonator.
The electrical connections needed to operate the RE device
are illustrated in Fig. 1共b兲, in which the MEMS resonator is
implemented as a micromechanical bridge with a movable
tip driven by electrostatic coupling. The four tips are arranged in a cross shape that is different from the conceptual
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FIG. 1. Conceptual drawing of the proposed resonator-embedded fieldemission MEMS device that works as a bandpass filter. 共a兲 Parameters m, f 0,
and k are the resonator mass, modulated frequency, and elastic constant of
the resonator beam, respectively. 共b兲 Illustration of the electrical wirings for
the RE device. c, a, and g are the voltages for the cathode, anode, and the
gate, respectively. in and b are the sinusoidal input and constant bias voltages for the resonator, respectively. iFE is the output field-emission current.

drawing shown in Fig. 1共a兲 such that a small gap could be
made by the silicon micromachining technique, as discussed
in the following section.
III. FABRICATION
The fabrication process for the RE device is illustrated in
Fig. 2. In Fig. 2共a兲, we began the process with a silicon-oninsulator 共SOI兲 wafer with thicknesses of 10 m device
layer, 2 m buried oxide 共BOX兲, and 625 m handle layer.
After oxidizing and patterning the oxide mask, the mask pattern is transferred to the device layer by using the deep reactive ion etching 共DRIE兲 process as shown in Fig. 2共b兲. In
Fig. 2共c兲, the tips were sharpened by the anisotropic wet
etching of silicon in a 15 wt % tetramethyl ammonium hydroxide 共TMAH兲 solution at 60 ° C. Under the protection of
the oxide mask, TMAH anisotropic etching from the sides
causes the beam cross sections to become trapezoidal or even
triangular. Once TMAH etching is adequate to separate these
narrow connecting beams, the oxide mask can be remove in
a buffered HF 共BHF兲 solution. More timed TMAH etching to
further sharpen the tips might be necessary.
As leakage current is related to the surface conditions at
the interface between the BOX layer and the handle layer,
the timed partial BOX etching7 in Fig. 2共d兲 becomes a critical step. At the current stage, the exact mechanism of how
leakage current is related to the residual stress at the interface
J. Vac. Sci. Technol. B, Vol. 24, No. 2, Mar/Apr 2006

FIG. 2. Fabrication process illustrates how the sharp anode-cathode tips of
the RE device are formed. The same process can also be used on the SR
device except that the vapor-HF etching is optional. 共a兲 The process begins
with transferring the mask pattern to the front side of an oxidized SOI wafer.
共b兲 With the protection of an oxide mask, TMAH etching shapes the precursor tips. 共c兲 Oxide mask removal and further TMAH etch separate and
sharpen the tips. 共d兲 Partial vapor-HF etch appears to help reduce leakage
current. Exact reason for such behavior is not fully understood.

layer and how it can be confidently avoided remain unclear
to us. For the RE device that contains a resonator, we used
vapor-phase HF etching to prevent movable components
from sticking to the substrate.8 The etching time must be
adequate to sacrificially release the MEMS resonator but not
too long to completely remove the exposed BOX layer. The
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ments on both the tip sharpness as well as the gap distance
between the cathode and the anode tips of this device were
achieved. Due to the tailored etching timing, the anodecathode gap is observed to be reduced to about 3 m.
IV. EXPERIMENT
The experimental setup includes a semiconductor parameter analyzer 共SPA, Agilent E5263A兲 and the vacuum chamber that provides the 2 ⫻ 10−8 Torr 共2.7⫻ 10−6 Pa兲 vacuum
environment. The current flow through the anode channel ia
and cathode channel ic as shown in Fig. 3共c兲 can be measured simultaneously by the SPA. A multichannel electrical
interface is used to provide electrical feedthrough to the
chipset from outside the vacuum chamber. In our experiment, one output channel of the SPA provides a constant
positive anode voltage a, which is equipotential to the gate
voltages g, and the other output channel sweeps a negative
cathode voltage c, while the SPA simultaneously captures
the electrical current variation along the circuit in the nanoampere range. The general purpose interface bus 共GPIB兲
input/output 共I/O兲 interface of the SPA is connected via a
GPIB-universal serial bus 共USB兲 conversion module to a
personal computer 共PC兲 installed with the LABVIEW® software. An interface program is written for control and data
acquisition.

V. RESULTS AND DISCUSSION
FIG. 3. 共a兲 SEM picture of the SR device showing that the anode-cathode
gap is about 5 m. 共b兲 A close-up at the cathode tips. 共c兲 Electrical connection schematics overlaying with the SEM picture of the whole RE device. In
our experiment, the gate voltages are equipotential with the anode voltage.
共d兲 SEM picture focused on the TMAH-processed tips of the RE integrated
device. Anode-cathode gap is reduced to about 3 m.

The field-emission phenomenon can be mathematically
described by the governing Fowler-Nordheim5,10 共FN兲 equation shown in 共1兲. It expresses the FE current density J as a
function of the external electric field F and the material work
function  共⬃4.5 eV for bare silicon兲,
J = 1.54 ⫻ 10−6

fabrication procedures are the same for the SR device except
that vapor-HF etching is not needed as it contains no moving
part. The overall fabrication process contains only one photolithography step, one deep RIE step, and several chemical
etching steps. The present process for making sharp tips is
more straightforward than the tip sharpening by stressinduced thermal oxidation,9 and it could be completed by
shorter processing time. The chip was then placed under a
microscope on a probe station. The microactuators were mechanically displaced by probes to determine if the resonators
were fully released and whether further etching would be
needed. Once successful release was ensured, the chip was
then wire bonded to a chip holder. After connecting a device
to an ac power supply, mechanical oscillation at the tip was
to be observed.
Scanning electron microscope 共SEM兲 pictures of the SR
device and a close-up view at one of its tips are shown in
Figs. 3共a兲 and 3共b兲, respectively. The anode-cathode gap is
observed to be about 5 m. Figure 3共c兲 shows the RE device
with the corresponding electrical connections. A close-up
view at its tips is shown in Fig. 3共d兲. Fabrication improveJVST B - Microelectronics and Nanometer Structures
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In 共1兲, the units of the FE current density J and external
electric field F are A cm−2 and V cm−1, respectively. The FE
current iFE can be expressed in terms of J and the effective
FE tip area ␣ as shown in 共2兲,
iFE = ␣J.

共2兲

The relation between F and the electric field coefficient ␤
and the anode-cathode potential difference ac is shown in
共3兲,
F = ␤兩a − c兩 = ␤ac .

共3兲

For the SR device, the values of ␣ and ␤ are estimated to be
8.9⫻ 10−14 cm2 and 6.4⫻ 105 cm−1, respectively. By combining and rearranging 共1兲–共3兲, the field-emission current iFE
can be written in terms of the anode-cathode potential difference ac, effective tip area ␣, electric field coefficient ␤, and
work function  as shown in 共4兲,
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FIG. 4. 共a兲 I-V characteristic curve of the SR device. Experimental data
agree well with theory. Each data point is averaged from five measurements
with error bars of one standard deviation. Anode voltage a is fixed at
200 V. Cathode voltage c varies from 0 to 100 V. At a 240 V anodecathode potential difference, FE current is measured to be about 0.489 nA.
Current flows through the cathode channel ic and the anode channel ia are
equal with opposite signs, which indicates that the leakage current flow
through the substrate is negligible. 共b兲 Corresponding FN plot. A straight
line curve fitting clearly indicates the occurrence of the FE effect.
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The experimentally acquired FE current data can now be
fitted with 共4兲. As shown in the I-V curve of the SR device
with a 5 m anode-cathode gap 关see Fig. 3共a兲兴 in Fig. 4共a兲,
the experimental data agrees well with the theory. At a bias
voltage of 300 V 共anode and cathode are at +200 and
−100 V, respectively, and gate voltages are equipotential
with anode兲, the FE current was measured to be 4 nA. The
magnitudes of the current flow through the cathode channel
ic and the anode channel ia are equal but with opposite signs.
This indicates that the leakage current through the substrate
was negligible. A corresponding FN plot is shown in Fig.
4共b兲. A straight line fit clearly indicates that the current acquired was excited by the field-emission effect.
J. Vac. Sci. Technol. B, Vol. 24, No. 2, Mar/Apr 2006
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FIG. 5. 共a兲 I-V characteristic curve of the RE device. Each data point is
averaged from five measurements with error bars of one standard deviation.
Slightly varied TMAH etching time produces closer gap of 3 m and
sharper tips which result in larger FE current. Anode voltage a is fixed at
150 V. Cathode voltage c varies from 0 to − 90 V. At a 240 V anodecathode potential difference, the FE current is measured to be about
94.03 nA, which is a 192 times improvement with respect to the SR device.
共b兲 The experimental data in the corresponding FN plot can also be fitted
with a straight line.

The FE effect was also achieved in the RE device. After
tailoring the device design and the fabrication conditions, the
anode-cathode gap of the RE device was reduced to 3 m,
and the FE current was measured to be over 90 nA at a bias
voltage of 240 V as shown in Fig. 5共a兲. The values of ␣ and
␤ were estimated to be 1.1⫻ 10−13 cm2 and 5.8⫻ 105 cm−1,
respectively. A corresponding FN plot is shown in Fig. 5共b兲.
For comparison purpose, at a 240 V anode-cathode voltage,
the FE currents of the SR and the RE devices are estimated
from their corresponding fitted curves to be 0.489 and
94.03 nA, respectively. A 2 m gap reduction and sharpness
enhancement give a 192 times FE current improvement. We
believe that the FE performance could be further improved
by coating the emitter tips with materials of lower work
functions, such as molybdenum 共Mo兲 or carbon nanotube
共CNT兲.
VI. CONCLUSION AND OUTLOOK
The stationary reference 共SR兲 device and the resonatorembedded 共RE兲 device for MEMS rf bandpass filter have
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TABLE I. Comparison between the SR device and the RE device.

been fabricated using simple one-mask process based on the
silicon micromachining technology. The field-emission 共FE兲
effect was clearly observed on both devices. A comparison
between the SR device and the RE device is shown in Table
I. Thanks to a refined fabrication process, the FE current of
the RE device is 192 times higher than that of the SR device.
However, we noticed drifting of the FE current as experiment duration prolonged. Possible cause is that the bare silicon tips are, in fact, slowly being damaged. Also, taking the
chip out from the vacuum chamber oxidizes the tips rapidly.
Leakage current dominates and no FE effect can be observed
when the chip is put back into the vacuum chamber and
reoperated at the same vacuum level. Possible solution is to
metallize the tips with materials of lower work function to
increase the FE current, decrease the threshold voltage, and
delay the oxidation.
The RE device with integrated MEMS oscillator has also
been successfully fabricated and released by vapor HF. Oscillation can be observed by inputting an ac signal. The next
step is to design a device with increased resonance frequency
and to demonstrate modulation capabilities.
We are also interested to look into the following issues in
order to make the operation of the device portable. First,
both the threshold voltage and operation voltage must be
further lowered such that high-voltage power supply is not
needed. Second, the effect of an oxygen-free working environment on the FE current will be studied. We will investigate how to effectively and reasonably package the device
such that expensive high vacuum packaging is not needed.
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