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Abstract

A series of displacement transducers have been demonstrated which are based on

the detection of electrons that quantum-mechanically tunnel across a narrow gap between

electrodes. These transducers have important applications due to the sensitivity of the

tunneling mechanism to su~A variations in the electrode gap. In this paper, we describe

the recent development of wide-bandwidth electro-mechanical actuators and’simple

feedback circuitry which have been adapted for use in tunneling displacement transducers.

With these actuators and circuits, we have built tunneling transducers with cormol

bandwidths well in excess of 10 kHz. The design, fabrication, operation and applications

of these actuators are described
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Displacement transducers are frequently used in sensors for the detection of

physical signals. For the purposes of this discussion, we shall consider the displacement

transducer to be the element of the sensor which detects the deflection of another sensor

elemeng and produces an electrical signal proportional to that displacemen~ For example,

many accelerometers operate by using a conventional displacement transducer (capacitive,

inductive, optical) to detect the deflection of an elastically supported proof mass. The

performance (resolution, bandwidth, dynamic range) and operating requirements (size,

mass, power consumption) are often dictated by those of the transducer. In addition, well-

known scaling laws have been established which relate the performance of these

conventional transducers to their characteristics, such as volume, mass, and power

consumption. As a resul~ many sensors based on conventional transducers have already

been miniaturized as far as allowed by the scaling laws.

We have investigated the use of electron tunneling across a namow barrier between

metallic electrodes as a displacement transducer. In some cases, the tumeling transducer

can be expected to offer substantial advantages over conventional transducers in terms of

performance and operating requirements.

Electron tunneling was originally developed for use in tnicroscopy.1 As shown in

the early work on the Scanning Tunneling Microscope (STM), the current due to the

tunneling of electrons across a narrow barrier of width s is given by :

I= Vew(-atis)$ (1)

where O is the effective height of the tumeling barrier, V is the bias voltage (small

compared to 0), and a = 1.025 (A-1 e~l~). For typical values of @ ands, (1 eV and 10

A, respectively) the cment varies by a factor of three for each A change in electrode

separation. For this situation, an electronic circuit capable of detecting 1% variations in a 1

nA current from a 100 MQ source would be good enough to detect deflections as small as

0.003 A. If the detection were limited by shot noise in the tunnel current, the minimum

detectable deflection would be 1.2x 10-s A/~.

It is especially important to note that the displacement responsivity of the tumeling

transducer is not directly dependent on the dimensions of the transducer. As a resultj the

tunneling transducer may be miniaturized without loss of displacement resolution. This
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development creates an opportunity for miniaturization of a broad class of sensors without

loss of performance. A position sensor based on electron tunneling has already been

incorporated into the design for an accelerometer,z~ an infrared sensor,s~6 and a

rnagnetometer.T Several other applications are being considered as well. In addition,

MacDonald and coworkers have developed single crystal-based fabrication techniques for

miniaturized tumeling structures,g-lo and Fujita and coworkers have utilized surface

micromachining to consmuct an operational lateral tunneling sensor. 11 Theoretical issues

surrounding the fundamental limits to displacement detection with tunneling transducers

have also been studied.lz-ls Many of the fundamental issues, engineering issues and

applications associated with tunneling sensors were recently discussed at the first Tunnel

Sensors Workshop.16

Because tunneling only occurs when the tip is nearly 10A from the

counterelectrode, the gap between the electrodes must be controlled by feedback during

operation. This is usually accomplished by measuring the tunneling cument, comparing it

to a reference value, and applying correction signals to an electromechanical actuator. This

actuator may function by applying forces to the moving sensor element so as to keep the

tip-element gap constant (force-rebalance design), or by applying forces to a transducer

element so as to make the tip ‘follow’ the moving sensor element (dual-element design). If

the gain of the transducer/circuit/actuator is sufficient, the tunneling current w-illbe

maintained in the presence of external disturbances. By monitoring the feedback signals

produced by the control circuiL one cart detect the forces applied to the sensor element

(force-rebalance design) or detect the deflection of the sensor element (dual element

design). One advantage of the dual-element design is the possibility of independent tuning

of the actuator and sensor element dynamical, characteristics to simplify the design and

optimize the petiotmance of the sensor. One disadvantage of the dual-element design is the

need to fabricate a second micromechanical element with electrodes.

Through use of the tunneling transducer, the extreme sensitivity to displacement

allows the amplification and measurement of small deflections with relatively simple

circui~. As a resul~ the characteristics of the electromechanical actuator used to umrol

the separation between the tumeling electrodes often impose the dominant limitations to the

performance of the tumeling system. For example, piezoelecrnc actuatom are favored for

STM applications because they maybe easily cor@ured to provide lateral scanning in



addition to precise vertical control. However, piezoelectric actuators suffer from sensitivity

to temperature, hysteresis, and creep. STM instrument manufacturers have solved these

problems by calibration and compensation techniques, but these techniques aR

inappropriate for many sensor applications because of complexity and cost.

For the application of tumeling as a displacement transducer, it is important that the

characteristics of the actuator are compatible with the measurement nxpirements. In

particular, the actuator must have adequate bandwidth, dynamic range and precision to

perform the measurement of interest. In contrast to S~, it is not necessary for the

actuator to allow lateral scanning, nor is it necessary to allow a mechanism for replacing

tips and samples. Because of these considerations, piezoelectric actuators are not ideal for

tunneling sensors. Instead, we have developed actuators which are fabricated entirely from

micromachined silicon components, and use electrostatic deflection to control their

position. Silicon miixomachining offers the capability for micrometer control over the “

shape of rnicromec.hanical structures, and the opportunity to fabricate the majority of the

micromechanical structure from silicon.

It is important for any transducer to be insensitive to environmental sources of

noise. For example, an infrared detector based on a tumeling displacement transducer

should be insensitive to vibration. As is well known, early STMS were extraordinarily

sensitive to vibration, and required the construction of large, complex vibration isolation

systems for their use. In order to adapt tunneling for use as a transducer for sensor

applications, the built-in sensitivity to vibration, as well as other environmental stimuli such

as temperature and pressure, must be reduced. Since the tumeling transducer is

fundamentally a mechanical struct&e, the sensitivity to vibration is best eliminated through

careful mechanical design. When a mechanical element is subjected to an acceleration at

frequencies below its resonance, the amplitude of deflection is inversely proportional to the

square of the mechanical resonant frequency. Therefore, sensitivity to vibration is best

reduced by increasing the mechanical resonant fnxpency of all elements of the transducer.

It is also important to reduce the sensitivity of the transducer to temperature. By using

electrostatic deflection of micromechanical structures, we capitalize on the insensitivity of

electrostatics to temperature, and the weak sensitivity of mechanical characteristics, such as

Young’s Modulus, to temperature.
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The original tumeling sensors based on the use of micromachined actuators with

electrostatic deflection consisted of low-stiffness structures to allow their deflection over a

considerable range (>100 p.m).3 These large deflections were necessary to achieve the

‘coarse approach’ as well as the ‘fine control’ with a single technique. Prototype

transducers based on this design were operated and characterized. These prototype devices

were based on simple micromachining techniques, and consisted of folded cantilever

springs with a total mass of about 30 mg, and a total area of about 2 cm2. Displacement

sensitivities approaching 0.001 &~ were measured with these prototype tumeling

transducers.

The requirement for deflection over a considerable range with electrostatic forces

led to a need for soft mechanical suspension for the moving transducer element and to

resonant frequencies of less than 200 Hz. To achieve stability in the control of these

elements, the bandwidth of the feedback control system was resrncted to less than this

resonant frequency. Many external stimuli, such as laboratory accelerations, contained

components outside the 200 Hz bandwidth. These higher ilequency excitations caused

variations in the tip-counterelectrede separation that were not countered by the feedback

circuit, and cxcasionally led to ‘crashing’ of the tip into the counterelectrode. In these

devices, the tip was attached to the 30 mg actuator element, and the counterelectrode was

supported by a solid substrate, so darnage in the form of removal of the gold or even

crushing of the tip was possible, and would result in the failure of the sensor.

Many important signals include components at frequencies above 100 Hz.

Examples include audio pressure signals, mechanical vibrations, and irhred signals from

spectrometers. To enable sensing of signals above 100 Hz with tumeling transducers, we

have begun using a new series of micromachined actuators. These new actuators are

important because they are designed to offer resonant frequencies above 10 kHz. The new

actuators achieve the higher resonant frequencies primarily through substantial reduction in

actuator mass. As a result, the new actuators have smaller range of deflection (+ ~),

which precludes their use for coarse approach between tunneling electrodes. Using silicon

micromachining techniques to better define the initial separation between the tumeling

electrodes, it is possible to accomplish the needed coarse approach during assembly.

Two different types of wide-bandwidth actuator have been designed and tested

The fiit of these consists of a small micromachined cantilever. Several techniques are
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available for the fabrication of suitable cantilevers. 17 In order to precisely control the

cantilever thickness, an etch-stop is required. For our studies, we have obtained

commercially piepared silicon wafers with a 4pm thick layer of heavily doped silicon

grown epitaxially on one surface. The chemical etch rates for heavily doped silicon in

common etchants such as Ethylenediamine Pyrocatechol (EDP) are as much as 3 orders of

magnitude smaller than for intrinsic silicon. Lateral patterning of the cantilever is achieved

by plasma etching techniques that are less selective. This actuator was designed for an

accelerometer application with a specified measurement bandwidth of 5 kHz.

The cantilever’s dimensions are 0.7mrn x 0.7 mm x 4 pm. Given these

dimensions, its resonant frequency and stiffness may be calculated and are 37 kHz ~d 17

N/m respectively.lstlg l%is actuator is used as the control element of a miniature,dual-

element accelerometer, whose design concept is shown in Fig. 1. This accelerometer

operates by using the wide-bandwidth cantilever to follow the motion of the suspended

proof mass at all frequencies below the resonant frequency of the cantilever. The use of a

separate transduca element to follow the motion of the proof mass is driven by the need for

measurements of acceleration both below and above the resonance of the proof mass. The

design, fabrication and characterization of this accelerometer will be described elsewhere.~

The second wide-bandwidth actuator consists of a diaphragm. These diaphragms

are fabricated by coating the front surface of a silicon wafer with low-stress LPCVD silicon

nitride. The diaphragms are released by etching square holes through the wafer horn its

back surface with a chemical etchant that does not etch silicon nitride, such as EDP, and

then coated with 2000 A of Au. A drawing of a diaphragm positioned above the tunneling

and deflection electrodes is shown in Fig. 2. This actuator was designed for an infrard

detector that will be used to detect variations in inthred power at modulation tkquencies of

up to 10 kHz. For the infrared sensor, the dimensions of the membrane are 2mm x 2 mm x

0.7 ~. A series of concentric circular corrugations with an inside radius of 0.5 mm are

used to release the remainin g tensile stress. It is expected that the dynamical characteristics

of the diaphragm will be dominated by the unstressed region. The resonant frequency and

stiffness for an unstressed circular diaphragm of these dimensions are calculated to be

about 18 kHz and 4 N/m respectively.zl The linear range of deflection for this actuator

may be extended by corrugation of the diaphragm. The fabrication and characterization of

the infrared sensor will be described elsewhere.~
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Onc important advantage to the use of the cantilever or the mcrnbranc as a tunneling

contact is that these elements are not rigid and do not carry much momentum. Therefore,

the amount of force between the tunneling electrodes during a ‘crash’is limited During the

operation of sensors with the wide-bandwidih actuators, thexe have ken no sensor failures

related to wear or damage at the electrodes. For use of tumeling as a transducer in any

practical application, we strongly recommend that one of the contacts be supported by a

compliant element.

In both of these devices, a micromachined silicon tip is fabricated on a silicon wafer

by undercutting a 25pm square of mask material with an anisotropic etchant. This same

process step forms the recess which contains the tip and deflection electrodes. After

etching, these surfaces are passivated with 1 pm of thermally-grown SiQ, and a gold

electrode pattern is created by a modifkl liftoff technique. An SEM micrograph of a

typical tip and electrode pattern that results from this process is shown in Fig. 3. It is

important to note that we do not employ any tip sharpening techniques. We have found

that, for the purposes of a z-component transducer, contdling the “sharpness” of the tip is

not important for controlling sensor performance. We have used tips such as the one

shown in Fig. 3, which has a radius of curvature of 1-5 pm, or we have used tips which

have a 5pm flat mesa on the end. Sensors with ‘sharp’ or ‘flat’tips have had

indistinguishable behavior and performance. The exponential nature of the tunneling

process virtually guarantees that the observed cument will be dominated by individual

atoms on the tunneling electrodes? whatever the shape of the electrode surfaces.

Since tumeling takes place between the atoms on the surfaces of the tunneling

electrodes, it is critically important that the electrode material be metallic. In all of our

successful experiments, we have utilized Au films as tumeling electrodes. Au is a nearly

ideal metal for this purpose because it does not undergo chemical reactions to form

insulating surface layers when exposed to air. Most other metals utilized for STM tips (W,

Ft-Ir, ...) have reactive surfaces which may require speciidized cleaning treatments under

Ultra-High Vacuum (UHV) conditions to allow stable tumeling. For the purposes of

sensor applications, it will be impractical to maintain UHV conditions at the tunneling

electrodes during manufacturing, assembly, and operation. Therefore, we have

concentrated on development of Au-based electrode processing techniques which allow

long-term, trouble-free operation of the tumeling electrodes in air at atmospheric pressure.
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The original tunneling sensors were meta.llized by e-beam evapmion of pure Au

films through rnicromachined shadow masks onto the oxide-passivated silicon surfaces.

More recently, a liftoff-based lithographic technique has been developed which allows

much higher density electrode patterns. In liftoff, photoresist is pattem~ metal is

deposited and the photoresist is dissolved, lifting’ the parts of the pattern that were

deposited on photomsist. Since liftoff requires strong adhesion between the Au and the

SiOz coating on the tip and surrounding surfaces, it is common to utilize an intermediate

adhesion layer. For example, a 100A Cr layer may be deposited on the surface before the

gold deposition. The f~st Cr atoms arrive at the sutiace and react to form C@3, which is

strongly bound to the Si02 s&face. The last Cr atoms remain as metallic Cr, and can form

strong bonds to the first Au atoms. Unfortunately, we have found that some of the Cr can

diffuse to the surface of the Au fdm, where it forms an oxide which prevents the sensor

from tunneling. Devices fabricated with Cr adhesion layers were found to operate poorly

after fabrication, and stopped working altogether within a week of the evaporations. X-ray

Photoemission Spectroscopy (XI%) indicated the presence of Cr@3 on the surface of these

devices. We have found that deposition of a Ti adhesion layer followed by a Pt diffusion

barrier layer, and the Au layer results in clean tunneling electrodes. In this case, the Fh

layer is thermodynamically stable, and prevents the migration of Ti through to the gold

surface. Tunneling sensors based on this electrode combination have already been operated

for as long as 18 months in air without evidence of electrode degradation. Other

combinations of adhesion layers and diffusion barriers can be made to work, but it is

important to guard against the possibility of contaminant diffusion to the Au surface.

Conventional STM feedback loops must control complex electromechanical

structures with low frequency resonances. The design and operation of these feedback

loops are complicated by the presence of low-frequency resonances because of the related

distornons in the response spectrum. In these new wide-bandwidth actuators, the lowest

mechanical resonant frequency is above, 10 kHz. Therefore, the gain and bandwidth of the

elecrncrd circuit used to control. the sensor maybe substantially larger than that used in

typical STMS or in previous tunneling sensors. Because of this, the feedback circuitry

used may be simplified. Figure 4 shows a typical feedback circuit that has been used to

control tunneling between a rnicromachined tip and the diaphragm actuator.
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Both of these devices arc operated in the following manner A 150 mV tunneling

bias is applied to the electrode on the actuator, and the electrode on the tip is grounded

through a 10 MQ resistor. A large voltage is applied to the deflection electrodes,

electrostatically attracting the membrane down towards the tip. When the membrane is

within 10A of the tip, a tunnel current of 1.5 nA appears. A voltage drop across a 10 MQ

resistor in series with the tip arises whenever tunneling occurs. A low-noise operational

amplifier in follower configuration is positioned near the transducer to lower the source

impedance for measurement of the tunneling cunent. A single op-amp is then used to

compare the preampl~ler output with a set-point and generate an error signaL This low-

voltage, wide-bandwidth error signal is then added to a high-voltage, narrow-bandwidth

offset to produce the voltage that is applied to the defhxxion electrodes. The high voltage

signal may be generated by a power supply that is initially adjusted to set the error signal

near zero.

h this confQuration, the output of the fmt preamplifier never exceeds the range

between the bias voltage of 163 mV and ground. We have found this preamplifier

configuration to be more stable than other possible circuits, such as a virtual ground

configuration that drives the preamplitler output to the supply voltage rail in the presence of

a sensor overdrive. If the error amplifier is positioned near the transducer, the preampl~ler

may be eliminated. The resulting feedback circuit requires only a single operational

a.mplifler, an external offset voltage, and a few fixed-value resistors.

A CA3140 amplifier is used for both the prearnplifkr and the emor amplifier in the

circuits studied in this work. Other FET-input amplifiers maybe used as well. The input

impedance of the first amplifier should be substantially higher than the 100 MCI source

impedance of the transducer. Also, the inptit current noise of the amplifier should be low

enough that it does not dominate the final noise of the sensor. The CA3 140 has input noise

of 2 x 10-13A/=, which is lower than other noise sources that we have obsemed in

operation of these sensors. Since the noise and bandwidth in these systems have not been

limited by preamplifier characteristics, we have not been generally concerned with

optimization of these elements.

These transducers were made operational and routine characterizations were carried

out. For all the measurements described in this repom the transducer was operated in

laboratory air at atmospheric pressure. Stable tumeling was achieved in a typical
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transducer with an average deflection voltage of 120 V. Figure 5 shows a measurement of

the voltage noise horn the feedback circuit measured at the ouput of the mr a.mpwkr,

and at the transducer deflection electrode for a membrane transducer. The signal at the

deflection electrode is smaller at higher fre@encies because of the low-pass filter which

consists of the resistor network in the feedback loop and the stray capacitance at the

deflection electrode.

This noise spectrum exhibits a typical l/f character, in agreement with tunneling

noise spectra seen elsewhere.zs-zs The source of the l/f noise in these devices has not

been experimentally determined. Migration of individual gold atoms at room temperature

has been observed in STM experiments. Others have attributed noise in tunneling in air to

migration of adsorbtd water molecules through the tunneling region. Either of these

mechanisms can be expected to produce randomly-timed steps in the feedback signal,

which could be expected to produce the shape of the observed spectrum. Also, relaxation

of the package which holds the two elements of the structure can also be expected to

introduce low fkequency noise. Finally, we have observed that.building pressure

fluctuations from the air handlers in the adjacent clean room can be a source of low

frequency noise in our measurements. Packaging ~e sensors in air-fdled, stiff-walled

containers often results in reduction in the observed noise spectrum. Studies of noise in

these devices are continuing at JPL and elsewhere.

It is necessary to perform an independent measurement of transducer stiffness to

convert noise in the feedback signal to emors in the position measurement. We have used a

laser interferometer26 to measure electrostatically-induced deflections of the membrane near

the operating voltage. A typical sensor was brought into tumeti”g at an average deflection

voltage of 120 V. The deflection voltage was reduced to 110 V, and a 5 V, 40 Hz

sinusoidal oscillation was added to the 110 V offset. The resulting oscillation in the

deflection of the membrane was measured with the laser interferometer, which recorded an

amplitude of 400A. Therefore, the transducer responsivity is given by:

(2)

With the measured voltage noise of the transducer operating in air in the laboratory as

shown in Fig. 4, the displacement resolution may be calculated. The measured
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displacement resolution of this transducer is then 0.007&~ at 10 Hz and less than

0.0001 A/& at 10 kHz. The interferometer measurement is independent of oscillation

frequency to beyond 2000 Hzj indicating that squeeze fdm damping does not affect the

dynamics of the diaphragm at these frequencies.

The measured deflection of 80 w corresponds to a membrane stiffness of about

30 N/rnj which is substantially larger than the ca.lculatd v~ue of 4 N/~21 me ‘

discrepancy is likely due to remaining tensile stress in the diaphragm, the added stiffness of

the Au fdm, and contributions from non-bulk effects.

Measurements of the effective tunnel barrier height,+, are an important indication

of the cleanliness of the tunneling electrodes. For tunneling between clean gold electrodes

in air, values for $ of between 0.05 and 0.5 eV are to be expected. The tunneling barrier

height was measured in the following manner A 1 mV, 10 Hz oscillation voltage was

added to the reference input of the feedback loop, causing the feedback loop to modify

deflection voltages so as to produce a 0.1 nA oscillation in the tunneling cument. To

produce this oscillation, the feedback loop adds a small voltage oscillation to the deflection

voltage, which was measured to be 2 mV in amplitude at the output of the op-arnp. From

Eq. 1, the height of the tumel barrier, $, is given by :

& -131 -larav 1 0.1 nA 1
= xx ‘Z7-wz = 1.025 x 1.5 nA 0.002 V ~ (3)

@= 0.17 eV.

At different times and with different sensors, this measured banier height may vary by as ~

much as a factor of 5.

The effect of variations in barrier height is explained as follows: It is important to

remember that the feedback loop applies rebalance forces to maintain the position of the

membrane. In this case, the system will provide feedback signals as needed to keep the

position of the membrane very nearly constant in the presence of external forces. Since the

feedback force necessary to achieve balance is always very nearly equal to the signal force,

regardless of the actual value of the barrier height, the responsitity should stay

approximately constant. For example, if the gain in the system is 100 at the signal
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frequency, a 2x reduction in the barrier height will produce a change in responsivity, R,

given by:

43
R = Ml- ~) = (0.980%>” (4)

or less than a 270 reduction. This is a general property of fome-rebahmced sensors, and

explains why force rebalance designs are in wide use for precision measurements of

physical signals. The signalhoise ratio for the tunnel transducer system is affected by

variations in the barrier height, because the noise is propornonal to the reciprocal of the

square root of the ba.mierheight, For this reason, it is important to use electrodes which

offer reasonably high barrier height under operating conditions. For tumeling in air, Au

films are the best available choice.

Figure 6 shows a measurement of the bandwidth of the transducer. For this

measurement, a white noise voltage modulation is added to the reference input of the error

amplifier in the feedback loop. The feedback loop responds by generating an ampli.fkd

modulation signal at the deflection electrode, which produces modulations in the position of

~e membrane, as well as modulations in the tumeIing current. Within the bandwidth of

the transducer system, the measured modulation will match the amplitude and phase of the

reference modulation. Figure 6 shows the ratio of the measured modulations to the

reference modulation as a function of frequency, recorded by a standard spectrum analyzer.

At all frequencies up to 50 kHz, the transducer is able to accurately reproduce the reference

modulations. Above 50 kHz, this response begins to roll off because of the limited

bandwidth of the preamplifier. Figure 7 shows the phase shift between the measunxi

modulations and the white noise modulations. This phase shift is less than 5 degrees for

frequencies below 10 kHz, increasing to 30 degrees at 50 kHz. At frequencies above 100

kHz, capacitive coupling between the noise source and the transducer contribute to the

measurement, as evidenced by the variation in the phase shift at those frequencies. There

was no evidence for the mechanical resonance of the membtie in these measurements.

Some informal life-testing experiments have been carried out on these transducers.

For membrane transducers fabricated as destibed above, an individual device has been in

continuous operation for more than 18 months with no observable degradation in

performance. An ini%wedsensor based on this device has been in continuous, unprotected
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operation in the lobby of the JPL MicroDevices Laboratory for more than 14 months,

where it has been subjected to mostly uncontrolled experimentation @l signals, shocks,

handling, power-supply failures, earthquakes,...). All failures to date for devices of this

type have resulted from operator error (mechanical rupture of membrane, application of

voltage to the wrong leads). We have delivered devices to collaborators at NASA

Goddard, Rose-Hillman Institute of Technology, NAWC Wruminster, UCLA, Stanford,

and some industrial collaborators, all of whom report successful operation. This collection

of experience supports the conclusion that reliable, easily operated tunneling transducers

can be built and packaged for real app~cations

In summary, we have constructed a series of tunneling displacement transducers.

These transducers are fabricated using silicon micromachining techniques which have been

adapted to produce the required electrode cleanliness. The most recent devices, which are

based on high-resonant frequency mechanical elements can be USUIfor measurements of

displacement signals at frequencies as high as 50 kHz. Sensors based on the use of

tunneling transducers with wide control bandwidths are presently being designed, built and

tested.
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Wide-bandwidth cantilever B+ Ep~Layer

Tunneli;g contacts
Cantilever deflection
electrodes

Fig. 1 This drawing shows the design concept for the tunneling accelerometer. A wide-
bandwidth cantilever is controlled by the feedback circuit to follow the motion of the proof
mass. Since the resonant frequency of the cantilever greatly exceeds that of the proof
mass, feedback output signals at frequencies above and below the resonant frequency of
the proof mass may be obtained. In ‘tis design the clectmde gaps are about 15 P, and the
tip is about 15pm in heigh~
frequency of 100 Hz.

Themass is7~x7m mx206~a ndhasa resonant

Deflection Electrodes \ Tip

Fig. 2 This drawing shows the design of the membrane transducer. A gold-coated
silicon nitride membrane is electrostatically deflected to within tunneling range of a
micromachined tip. Variations in external forces applied to the membrane are canceled by
feedback-generated variations in deflection force so as to keep the membrane in the same
place. In this design, the gap between deflection electrode and membrane is about 50 pm,
and the tip is about 50pm tall. The membrane is 2 mm x 2 mm x 0.5 ym.

Fig. 3 This SEM micrograph shows a typical micromachined silicon tip which results
from the fabrication process. The lithographically-pa~emed gold electrodes for tunneling
to the tip and for deflection of the transducer element are shown as well.
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Fig. 4 This drawing shows the feedback circuit that is used to control the tunneling
transducer. A bias of 163 mV is applied to a 10 Mf2 resistor in series with the tunneling
tip. The appearance of a tumeling current results in a voltage drop at the input of the
preamplifier, which is operated in follower configuration. A second amplifier compares the
measured voltage with a reference value and produces an error signal. The error signal is
added to a high-voltage offset and applied to the deflection electrode.

7.0



.“

103

102

101

10°

10”1 r

10-2

10-3

104 E = ~.:.-1 n 1 1 I t 1

-

~o-d ..~~ I a I t 4 I u

10-2 10-1 10° 10* 102 103 104 105 106

Frequency (Hz)

Fig. 5 This p~ot shows the measured voltage noise at the output of the feedback loop
during operation of a tunneling transducer. The upper curve is recorded at the output of the
error amplifler, while the lower curve is recorded at the deflection electrode. The noise at
the deflection electrode is reduced by feedback loop resistance and stray capacitance
combining to produce a low-pass filter at approximately 1 kHz.
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Fig. 6 This plot shows the ratio of measured modulation to input white noise modulation
in the tunneling current as a fimction of frequency for frequencies between 2 kHz and 200
kHz. The feedback control system is able to reproduce the input white noise modulation at
all frequencies up to 50 IcHz.
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Fig. 7 This plot shows the phase shift between the measured and requested oscillation in
tunneling current for frequencies between 2 kHz and 200 kHz. The phase shift is less than
5 degrees for frequencies below 10 ~, but increases to 30 degrees at 50 kHz. Coupling
between the noise generator and the transducer leads to errors in this measurement above
100 lcr-rz.


