JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 14, NO. 4, AUGUST 2005 691

A Micromachined Kelvin Probe With
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Abstract—This paper reports on a micromachined Kelvin probe
structure with an integrated scanning tip and an integrated elec-
trothermal actuator that provides axial dithering motion. The de-
vice is fabricated from metal foil by a modified microelectrodis-
charge machining process that allows electrical isolation within
the device. In particular, it permits the incorporation of a wide
epoxy plug that creates an insulating gap with low parasitic capac-
itance between the probe and the actuator. The epoxy structures
are found to withstand the thermal and mechanical conditions en-
countered during device operation. The device is used to measure
changes in the external surface potential of a parylene microfluidic
channel as a function of varying pH of liquid inside the channel. A
contact potential difference of =~ 6 V is measured for a change in
pH from 4 to 8 within the channel. The device is also used to map
embedded charge in a thin SiO, layer on a Si substrate, showing it
to be suitable for monitoring microelectronics manufacturing pro-
cesses. [1072]

Index Terms—Contact potential, oxide charge, pH, surface
potential.

1. INTRODUCTION

HE VIBRATING Kelvin probe is an effective and nonin-

vasive tool for the mapping of surface potential of surfaces
[1], [22], [26]. Since surface potential includes a component
due to work function and another due to trapped charge, this
tool can be used to map either quantity on a surface when the
other is kept uniform. For example, trapped charge is monitored
in semiconductor integrated circuits (IC)-fabrication because it
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has been correlated to the degradation of the device parameters.
The ability to measure local charge distributed across patterns
on production wafers can be a critical asset in predicting yield
and longevity of devices. This function can be performed by
mapping the contact (or surface) potential difference (CPD) be-
tween a probe and the sample wafer [14]. Since the Kelvin probe
method provides a noncontact and nondestructive diagnostic,
it can be used to monitor processes that are known to intro-
duce trapped charges in wafers, such as plasma etch and depo-
sition, ion implantation, and certain cleaning and wafer drying
operations. Conventional plasma damage characterization ap-
proaches [9]-[11], are based on electrical or surface analytical
techniques, which are not suitable for measuring local charge
distributions on patterned wafers.

Another potential application for scanning Kelvin probes is
the mapping of surface charge of a bio-fluidic tubular sample
[4]. Charge distribution on the wall, acquired during manufac-
turing or in routine operation, can impact the function and be-
havior of the fluid in the channel. For example, it has been
linked to cell adhesion and clotting of red blood cells on ar-
tificial surfaces [21]. A Kelvin probe can be used to map the
charge embedded in the wall by scanning the outside of the
fluidic channel using the electrolyte in the channel as an elec-
trode. A macroscale Kelvin probe has been used to measure the
surface potentials of organic overlayers on poorly conducting
liquid substrates [23], and a micromachined device based on
this principle has been developed for gas sensing [5]. Further,
as will be shown in this paper, under certain circumstances a
single point measurement can also be used to provide an indi-
cation of the local pH of the fluid.

Relative measurements of surface charge density have been
performed using atomic force microscopy (AFM) in an aqueous
electrolytic ambient [7], [13], [25]. When the AFM tip isin close
proximity to the sample, the electrostatic force produced by their
overlapping electrical double layers is detected by the AFM
tip and correlated to charge density. This method is effective
for measurements of biological samples in an aqueous environ-
ment. In nonaqueous environments, noncontact AFM methods
have recently been used for the mapping of surface [19] and
interface [17] charge on a semiconductor. However, these ex-
periments require ultrahigh vacuum (UHV) and, in some cases,
cooling of the system to liquid He temperature, which limit their
application.

1057-7157/$20.00 © 2005 IEEE
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Fig. 1. Electron energy band diagrams for two different metals separated by
an air gap, d. (a-left) before electrical contact (switch is open). (b-middle) after
electrical contact (switch is closed). (c-right) after inclusion of the bias potential.

This paper reports on a micromachined Kelvin probe with an
integrated scanning tip and actuator.! The actuator provides the
axial dither motion, and is electrically isolated from the probe by
the wide isolation layer. The device is fabricated from a single
sheet of metal foil using a two-step electrodischarge machining
process and then bonded to an insulating substrate. This pro-
vides a low-cost instrument suitable for measuring microscale
samples. Two sets of experiments are used to validate the basic
operation of the probe: a semiconductor sample with spatially
varying charge in the surface oxide, and a parylene microfluidic
channel with varying contents. The device concept and struc-
tural design are described in Section II; the microfabrication
process is described in Section III, the measurement results are
described in Section IV; and Section V provides the conclusions.

II. DEVICE CONCEPT AND DESIGN

The Kelvin probe method, which can be applied at room
temperature and pressure, uses a vibrating capacitor to mea-
sure CPD. The concept is illustrated in Fig. 1. When two
disconnected surfaces, such as the tip of a probe and a sample,
are brought into proximity, the vacuum levels are aligned
[Fig. 1(a)]; and when the two sides are brought into an elec-
trical contact, the Fermi levels are aligned at equilibrium
[Fig. 1(b)]. Electron flow is necessary for the equilibrium
to be achieved. As a result of this flow, the surface with the
larger work function acquires a negative charge, and the other
a positive one. An external bias may be used to compensate
the electric field resulting from this charge transfer [Fig. 1(c)].
When the system reaches equilibrium, the resulting potential
difference is the CPD

Verp = P12 =@ — &2+ Pp (D

where ®; and ®, are the work functions of the sample and the
probe tip, respectively, and @ p, is the potential due to trapped
charge that may exist on their surfaces. As the probe, which is
biased at —V}, with respect to the sample, is dithered in close
proximity to it, an ac current is induced by the modulation of
the capacitance (Cx ) between them

dCk
i:(VCPD-Ier)'< dtl ) (2)

IPortions of this manuscript have appeared in conference abstract form in [8].
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Fig.2. The energy band diagram for a charged oxide on Si system with applied
bias that results in zero electric field in the air gap.

Theoretically, V} is varied until the current goes to zero to de-
termine Vepp. In practice, the magnitude of the current does
not go to zero and is affected not only by noise, but by the finite
input impedance and the leakage currents of the test instruments
as well as parasitic pathways in the device and setup. Thus, in
practice, the rms current is monitored, and the bias that mini-
mizes it is —Vgpp.

The energy band diagram for the CPD measurement of a
semiconductor sample with a metal probe is shown in Fig. 2.
In this situation there is an additional potential drop of ¢g in
the semiconductor, which must be added to the right-hand side
(RHS) of (1). However, the magnitude of ¢g is relatively small
in most situations. The CPD is also affected by any charges
that might be trapped in the system, e.g., within the oxide or at
the oxide-semiconductor interface. A simple analogy is to the
flat-band voltage (VFp) of an MOS transistor (for which ¢g is
zero) [20], [27]

Qss 1 Fox g
o —p(x)dx

‘/EOX

Vrp = @12 —
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where C,y is the capacitance per unit area due to the oxide layer
on semiconductor, z.y is the thickness of the oxide layer, p(z)
is the local charge density distribution through the thickness of
the oxide layer, and (), is the total charge density per unit are
at the oxide-semiconductor interface. It is noteworthy that the
interface charge density is due to traps that are distributed in
energy across the bandgap in the semiconductor, so the magni-
tude of this term varies with the Fermi level. This means that
it can vary with the doping concentration in the semiconductor,
the temperature, and ¢g. While it also varies with applied bias
voltage, this dependence does not affect (2a), which is specifi-
cally for the flat-band condition. However, the charging and dis-
charging of interface traps can certainly distort the relationship
between the overall capacitance and applied bias.
The work function for a semiconductor is given by

kT N,
(bsemir, =X + — hl (_C)

2b
. N, (2b)

where Y is the electron affinity of the semiconductor, 7" is the ab-
solute temperature, k is Boltzmann’s constant, ¢ is magnitude
of charge on an electron, N¢ is the effective density of states
at the conduction band edge, and N, is the dopant concentra-
tion, assuming that the material is not degenerately doped. The
dopant concentration affects the Fermi level, and through that,
the work function.
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The situation for a liquid under a dielectric is quite similar to
that of the semiconductor under oxide. The work function for
the liquid is given by [6]

(2¢)

AET In( f;c; 0
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where A is Avogadro’s number; z; is valence on the ion species
of interest in the liquid; 1? is the standard chemical potential
for unity activity, a;, which is the product of the activity coef-
ficient, f;, and concentration, ¢;, of the ion species. (In dilute
solutions, f; =~ 1.) The variation in ionic concentration pro-
vides a nominal deviation of 59 mV/dec that is quite similar
to the variation in semiconductor work function due to doping
level, as expressed in (2b). As for semiconductors, a number
of complicating factors must be considered, although the nature
of the complexities and their relative contributions can differ.
For example, interfering ions, which tend to be a greater chal-
lenge for liquid samples than for solid-state samples, cause a
deviation from the value of the work function predicted by (2c).
The CPD measurement for a liquid is further affected by vari-
ations in the other terms in (2c¢) that control the work function.
In addition, variations in concentration can affect the CPD indi-
rectly, in a manner analogous to the interface traps at the semi-
conductor-oxide interface. For example, zeta potential, which is
to some extent analogous to ¢ in that it represents the potential
drop from the proximity of the wall into the depth of the sample,
is affected by both pH and concentration [16]. In addition, the
surface charge that the polymer wall acquires due to its inter-
action with the electrolyte in the microchannel is dependent on
pH among other factors. In general, protonation, deprotonation,
adsorption and other reaction equilibria define a net charge den-
sity on the surface. The mechanism for the establishment of sur-
face charge is an area of active investigation [16]. Typically, the
surface charge density is calculated using the following relation
for zeta potential data, which is obtained in turn from electroos-
motic and streaming potential measurements [12]

c
oc = 1/8kTeqqnl sinh (22(]]21 )

and ¢§ = ((/exp(—K7)); & = /(2n022¢%/e,qkT) where
o, is the surface charge density; €, is the permittivity of the
buffer; ¢S is the potential drop across the double layer; n? is the
number concentration of the electrolyte; ( is the zeta potential; y
is the thickness of the inner Helmholtz layer that determines the
zeta potential; and & is the inverse of the diffuse layer thickness.
A number of researchers have reported that the zeta potential
changes linearly with pH over the range of 2—-8 pH [16]. Further,
zeta potential is proportional to the surface charge density as
sinh(z) in (2d) can be approximated by x for small values of
x. As will be shown in Section IV, this is consistent with the
measured results obtained in this effort.

From this discussion, it can be seen that in most practical
situations, theoretical predictions of CPD from first principles
can be a challenge because the values of all the variables are
not available. Despite this, CPD measurements can provide sig-
nificant value in many contexts, particularly as empirical stan-
dards are established and used in monitoring processes that have
narrow tolerances.

(2d)
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Fig.3. Schematic of the pEDM Kelvin probe device showing the dimensions
of the structure.

A. Device Design

The reported device includes an actuator that provides the
axial dither motion, the sense probe, which is electrically iso-
lated from the actuator, and a lead transfer beam for the probe
(Fig. 3). A wide isolation region is essential to minimize capaci-
tive coupling between the drive signal of the actuator and probe.
An insulating glass substrate also helps in this regard, as does
the choice of actuator. The bent-beam actuator is electrother-
mally driven by passing current through the bent beam, which
amplifies the resulting deformation into an outward motion of
the tip [24]. It is selected because it offers nonresonant dither
motion with amplitude in the 10-pm range with drive voltages
of a few volts. The low voltage minimizes the coupling of the
drive signal to the sense probe, while the large amplitude non-
resonant displacement permits the dithering frequency and am-
plitude to be varied to suit the needs of the measurement. For
measurements made along micromachined capillary channels,
the electrical ground is provided by the conductive fluid present
in the channel. However, the low conductivity of the liquid, and
the long and narrow shape of the channel, can make the access
resistance to the point of measurement large, and create a slow
RC time constant. To accommodate this, the dither frequency of
the Kelvin probe is kept low, sacrificing sense current amplitude.

In some situations it might be appropriate to have a later-
ally symmetrical layout for the lead transfer from the probe
(Fig. 3), so that there is no net lateral force on the probe as it
is pushed forward by the actuator. One possibility is to repli-
cate the attachment that is presently used so that there lateral
symmetry on the two sides of the shank. This would, however,
increase the loading force on the actuator and create the need
for a stronger drive signal. In addition, if traditional electrodis-
charge machining is used (as will be discussed in Section III),
the presence of the additional beam can increase the machining
time. In this effort, only the asymmetrical layout has been fab-
ricated and tested.

Miniaturization of a Kelvin probe structure can potentially
increase kT/C noise from the reduction in sense capacitance.
When the signal is weak, the noise from the sense electronics
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can also be relatively significant. Another potential source of
noise is the thermomechanical vibration of the probe (although
this will be relatively small in most cases). To some extent the
increase in noise is an essential compromise for spatial resolu-
tion and the overall size advantage.

III. FABRICATION

The micromachined Kelvin probe is fabricated by a modified
microelectrodischarge machining (4EEDM) process. This tech-
nique is attractive because it can be used to fabricate parts from
any electrically conductive material. Batch mode pEDM, per-
formed with electroplated arrays of electrodes, offers very high
throughput [28]. However, normal pEDM by itself does not
allow electrical isolation since all the mechanically connected
features are all electrically connected. In the case of the micro-
machined Kelvin probe, the probe tip must be isolated from the
dithering actuator, preferably by a large width of isolation to
minimize the capacitive feedthrough of the drive signal [2].

The starting material is a commercially available 30 pm thick
stock metal sheet of MetGlas 2826MB; it is an alloy of primarily
Ni and Fe [Fig. 4(a)]. First, a traditional pEDM step is per-
formed to define the shape of the epoxy plug in the work piece
[Fig. 4(b)]. The piece is removed from the 4EDM oil bath and
cleaned in an ultrasonic bath with detergent. A quick-hardening
two-part epoxy is properly mixed and applied onto the machined
work piece to fill the plug [Fig. 4(c)]. The epoxy is allowed to

Fig. 5. SEM picture of the device and the close-up pictures of the tip area and
the isolation plug.
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Fig. 6. The response of the electrothermal actuator.

cure for over 12 h to achieve proper mechanical stiffness and ad-
hesion. A lapping step is performed for both sides of the work
piece to remove the excess cured epoxy [Fig. 4(d)]. The work
piece is cleaned before returning to the 4EDM machine for the
definition of the rest of the microstructure with the rest of the
features aligned to the epoxy plug, which is released by cutting
along its edges [Fig. 4(e)]. Finally, the finished part is attached
to a substrate for testing [Fig. 4(f)]. A glass substrate is used
to minimize parasitic capacitance that might cause the sensed
signal to leak away. The finished structure is shown in Fig. 5. In
a variant of the device, a larger Kelvin probe tip is attached onto
the micromachined device for sample which has coarse spatial
variation and weak Kelvin probe signals. The larger tip has an
area of 0.01 mm? and is made of tungsten. Also shown in Fig. 5
in the inserts is a close up of the tip area and the epoxy-filled
isolation.

IV. EXPERIMENTAL RESULTS

The operation of the integrated electrothermal actuator was
verified by driving it with a supplied current while monitoring
the displacement of the tip by a calibrated optical method. The
actuator generated a maximum displacement of 9 ym when ac-
tuated at 85 mW with a resistance of 4.2 €2 (Fig. 6), satisfying
the displacement requirements. (For this device, < 5 pum of dis-
placement was needed to generate a Kelvin probe signal.)

The Kelvin probe provides a very small current signal, which
can be a challenge to measure. If a parallel plate approximation
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is used for the capacitance between the probe and sample, the
signal amplitude is

dCx
Cdt

=2-f-<vch+vb)-s~A~<

=Verp + W) -

1)
g0 —9a 9o

where f is the actuation frequency,  is the permittivity of the
medium (air), A is the tip capacitor area, go is the initial ca-
pacitor gap, and g, is the actuation displacement. Assuming a
tip area of 0.01 mm?, Vopp = 1V, an actuation frequency of
13 Hz, and a capacitive gap of 5 pm (with 50% gap modulation
due to actuation), the tip current is in the order of 500 fA. Hence,
it is important to minimize noise from the measurement setup
and electronics. The current signal was fed through a transcon-
ductance amplifier (SR570) set at 1 V/pA and then detected with
a lock-in amplifier (SR830 DSP) that was frequency locked to
the actuation frequency. The current sensing resistance shown
in Fig. 2 is inside the instrument, which has a virtual ground at
its input and an equivalent input impedance of 1 M2; using an
actual resistor for current sensing would have produced a po-
tentially unacceptable level of Johnson noise due to the large
resistance necessary to sense such small currents. The actuation
frequency was selected to avoid harmonics and subharmonics
of common noises such as 60-Hz power line interference. The
Kelvin probe signal is maximized when the tip-to-sample av-
erage gap is minimized and when the dithering amplitude is
maximized. Given the displacement characteristics of the inte-
grated actuator, an average gap of ~ 5 pm with a dithering am-
plitude of 2—4 pm was selected. Potential harmonic distortion
of the output signal is mitigated by the use of a lock-in amplifier.
The lock-in amplifier essentially provides the rms probe current
[3]. The measured rms probe current as a function of V}, is com-
pared for two locations on a charged sample in Fig. 7. These
results were obtained with a tungsten tip with a sense area of
0.01 mm? and a 13-Hz dither. As shown, the Vepp must be
extrapolated from tangents drawn to the response curve at high
bias values, because at low currents the amplifier noise and par-
asitic feed through from the drive signal can be significant. Es-
sentially, the expected triangular-shaped response of rms current
magnitude is superimposed on a noise floor of approximately
150-200 fA. When the tip-to-sample separation is changed, the
slope of the current-to-bias response curve changes (Fig. 8).
Measurement artifacts from this are eliminated by keeping the
tip-sample separation constant during a scan. Generally, this
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Fig. 8. The Kelvin probe signal obtained at different gap separation; this result
indicates that when the tip is too far, the signal is not reliable.

means that the slope of the rms tip current to V;, should be sim-
ilar for all readings.

Two sets of experiments were used to validate the basic opera-
tion of the probe: a semiconductor sample with spatially varying
charge in the surface oxide, and a parylene microfluidic channel
with varying contents. In one, the probe was used to provide a
spatial map of charge distribution of a sample that was other-
wise uniform and invariant over the period of observation; in
the other, the probe was held at a fixed location over a sample,
and a single point measurement was taken for differing channel
contents.

The use of the Kelvin probe to map charge distribution over
a sample surface area can be useful in a number of contexts,
particularly in assessing plasma implantation and vacuum ul-
traviolet (VUV) photoemission. In order to evaluate the capa-
bility of the fabricated Kelvin probes in this regard, a test wafer
was exposed to VUV radiation from a synchrotron to mimic
charging due to photoemission during IC fabrication, as shown
in Fig. 9(a). Fig. 9(b) shows the areal distribution of Vopp on
an Si sample with 359-nm-thick oxide to VUV radiation. Spa-
tial variation of Vopp from 1 to 7 V over a few hundred microns
is evident. The position of the peak corresponds to the center of
the VUV exposure.

The measurement setup for the microfluidic tests is shown
in Fig. 10. Electrical access to the interior of the channel was
provided through an Au electrode that was in contact with the
fluid inside the channel, but did not extend along its full length.
The electrical equivalent circuit is shown in Fig. 11: the capil-
lary wall capacitance is C,,, the Kelvin probe sense capacitance
is Ck, while R¢c and C¢ are due to the coaxial cable from
the probe tip to the amplifier, which has an input impedance
of R4 and C4. Also, Rp is the internal resistance of the bi-
asing dc source together with the cable resistance from the bi-
asing source to the conductor inside the channel. These compo-
nents are not affected when the pH of the liquid in the channel
is changed. On the other hand, several components are poten-
tially affected by change in pH. These include Zp; (composed
of Rp1, Cp1) and Zpy (composed of Rps, Cp2), the imped-
ances of the double layers at the electrolyte-metal and elec-
trolyte-polymer interfaces [15], respectively. Also affected is the
resistance of the fluid between the two double layers, Rp, al-
though the impact of this is diminished in comparison to the
much larger impedance due to the Kelvin probe capacitance,
Ck . Due to the large input impedance of the amplifier, the cable



696 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 14, NO. 4, AUGUST 2005

— Photo
Electrons
O Holes -
@ Electrons \.\ Electro-
AN ‘\\
e | 0| meter
~_|o|e
22 9
T lo|e =
N e A o\
- ./' A Compensating
'\I—@—@— 7 Charge
»
Ammeter Bias Hole Space
Charge
A 3
Photo-electron Dielectric  Conductive
Collector Layer Substrate
SiO2 Si

(b)

Fig. 9. (a) Charging during IC fabrication emulated by exposing a Si wafer
with 359-nm-thick oxide to vacuum UV synchrotron radiation. (b) Areal map
of the resulting Vopp showing a portion of the exposed region.

To Lock-in
SKP Amp.

Vibrating

Tipt
Electrical

Double
Layer
(EDL)

Tip Current
—

a— Vibrating
} Capacitor
Surface
Charge

Parylene Au Electrode Oxide

Liquid
Electrode

Substrate

(b

Fig. 10. (a) Measurement setup for microfluidic surface potential using
Kelvin probe. (b) The microfluidic channel used in the measurements had
3-5-pum-thick parylene walls and was 20 g high [18].

resistances, Rp, R¢ are relatively small. Of course, all these
potential changes that can take place because of the change in
pH are in addition to those discussed in Section II.
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Fig. 11. The equivalent circuit for the microfluidic channel measurement using
the micromachined Kelvin probe.
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Fig. 12. (a) Measured sense current amplitude. (b) Phase at a single spot above
the microchannel with a tip-sample spacing of & 5 pm and dither amplitude of
a2 2 pin. Both plots contain offset values which are inconsequential.

Experiments were performed to determine relationship be-
tween the Vepp above a single point of the microchannel and
the pH of the solution within it. The measured sense current for
a pH 8 buffer is shown in Fig. 12. Despite the offset caused by
leakage currents and other nonidealities (as discussed in Sec-
tion II), the minimum of the curve that corresponds to —Vcpp is
evident in the current magnitude plot of Fig. 12(a). It is notable
that the phase response in Fig. 12(b) also shows a sharp transi-
tion near this value. As with current magnitude, the phase de-
pends on a variety of factors, including the measurement setup
and instrumentation.
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The contact potentials for three different cases are plotted in
Fig. 13, showing that the relationship is essentially linear. Acetic
acid-sodium acetate and Tris-EDTA buffer systems were used
to ensure that the pH in the channel was uniform and not af-
fected by local residues when the system was flushed. The total
concentrations of the solutions for all three pH measurements
were kept constant at 100 mM. A contact potential difference of
~ 6 V was measured for a change in pH from 4 to 8 within the
channel. This correlates well with observation in Section II that
surface charge on the polymeric wall of the channel would have
linear dependence on the pH of solution in the channel. Overall,
these measurements suggest that despite the complexity of theo-
retical predictions and the many unknown variables, under con-
trolled circumstances it may be possible to use CPD measure-
ments for noncontact evaluation of liquids in microchannels.

V. CONCLUSION

This paper has demonstrated how a relatively simple design
and fabrication process can be used to form a micromachined
Kelvin probe with an integrated dither actuator, and further, how
the device can be used to provide surface potential measure-
ments for both semiconductor and microfluidic diagnostics. The
electrothermal actuator achieves a maximum of 9 pm displace-
ment when actuated at 85 mW. The Kelvin probe tip is electri-
cally isolated from the actuator using a process modification that
permits wide expanses of dielectric materials to be embedded in
the structure. The device was successfully used to measure the
two-dimensional charge variation in SiOs on a Si substrate and
solution variations of pH in a microfluidic channel. In the latter
context, it is possible to envision a microfluidic system with a
Kelvin probe integrated above critical positions in the channel,
permitting integrated in-line measurements in real time to con-
trol chemical reactions.
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