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Microvolume field-effect pH sensor for the scanning probe microscope
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A pH sensitive scanning probe is realized by integrating a micron-sized field-effect sensor onto a
cantilever designed for an atomic force microscope. The hybrid device, called a scanning probe
potentiometer~SPP!, is capable of measuringpH gradients over a sample surface. The device was
used to profile thepH across a reservoir of laminar streams created by fluid flow in an array of
microfluidic channels of varyingpH. When a single SPP scanned, a 1.5 mm reservoir in a
10-channel array, thepH profile was measured in less than 1 min with a spatial resolution of 10mm
and sensitivity of less than 0.01pH units. © 2000 American Institute of Physics.
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A growing trend in biotechnology and medical diagno
tics is to increase speed and sensitivity of analysis w
reducing reagent cost by reducing reagent volume. Much
the progress in this direction is catalyzed by the ability
organize high-density arrays of DNA, proteins, or cells on
surface coupled with technology for building functional d
vices on the micron and nanometer scale. There is als
desire to analyze or ‘‘read’’ such molecular arrays witho
the need to label the molecules with chromophores, fluo
phores, or enzymes to enable optical detection.

Nonoptical tools available include the atomic force m
croscope~AFM!1 and electrochemical and field-effect d
vices, such as the ion sensitive field-effect transis
~ISFET!2 and the light addressable potentiometric sen
~LAPS!.3 The AFM allows high force sensitivity mapping o
biological cells and molecules such as DNA and protein4

The AFM can obtain stable images of individual biomo
ecules while operating in physiological environments.
advantage of the AFM over optical detection is that m
ecules can be imaged directly, and the dimensions of
probe determine the spatial resolution. When equipped w
special probes, such as chemically modified nanotubes5 or
silica spheres,6 the AFM is capable of detecting the molec
lar charge.

The benefit of the field-effect device is that it can d
rectly detect molecular and ionic charge. The LAPS dev
has been used in a microphysiometer to monitor the resp
of cells to chemical substances by measuring the rate
change ofpH as protons are excreted from the cells duri
metabolism.7 In other work, a silicon field-effect device wa
used to measure thein situ hybridization of unlabeled DNA.8

This experiment is a powerful demonstration of how ele
tronic detection can eliminate the inconvenient and co

a!Electronic mail: scottm@media.mit.edu
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process of labeling DNA probes with fluorescent or rad
chemical tags. Although the active area of most field-eff
sensors is greater than a square millimeter, scaling the
vices shows promise towards improving spatial resolut
and charge sensitivity.9

Here, we describe a new system for sensing molec
and ionic charge that incorporates key elements of the fi
effect sensor and the atomic force microscope. We h
combined these systems by integrating a 10mm310mm
320mmLAPS on a cantilever designed for the atomic for
microscope. When compared to the conventional LAPS3,7

the active area is reduced by 104 and the total silicon volume
is reduced by over 106. The hybrid device, called the scan
ning probe potentiometer~SPP!, has the ability to profilepH
changes on the surface of an arbitrary sample. The SP
also capable of imaging the topography of a sample w
operated with the AFM.

We show that the SPP is capable of profiling thepH
distribution of a patterned array of fluidic streams. Multip
solutions are organized on a surface with an open arra
microfluidic channels. The multiplicity of channels con
verges at a single junction, and because the flow within
channels is laminar at the junction, the solutions do not m
The pH in the multiplicity of channels can be monitored
real time by scanning a single SPP across the junction
this manner, we have analyzed up to ten different soluti
~from ten different channels! in less than one minute while
consuming 500 nl of each solution. The sensitivity of t
SPP is less than 0.01pH units and the spatial resolution is 1
mm. Together, the SPP and the microfluidic array provid
scalable approach for high throughput, low volumepH
analysis.

The SPP incorporates a silicon LAPS structure at the
of a silicon nitride cantilever and is microfabricated usi
conventional photolithography. A cross-sectional schem
2 © 2000 American Institute of Physics
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of the SPP is shown in Fig. 1. The fabrication process beg
by using an anisotropic etch to pattern the LAPS in the
layer of a silicon-on-insulator wafer~10 mm silicon on 2250
Å buried oxide!. This etch is stopped by the buried oxid
layer which is subsequently removed with buffered hydr
luoric acid. The LAPS structure is passivated with 6000 Å
low-pressure chemical vapor deposition~LPCVD! nitride on
500 Å of thermal oxide. Both films are removed from th
apex surface of the LAPS with an anisotropic dry etch, wh
the substrate nitride is protected with;1 mm of photoresist.
The etch removes all of the nitride from the apex while t
nitride on the vertical sidewalls remains. ThepH sensitive
area is formed on the apex by depositing an additional 60
of LPCVD nitride on 300 Å thermal oxide. Contact holes a
then etched at the base of the nitride-coated LAPS struc
and 1mm of Al is patterned over the contact area and also
the bonding area that is located a few millimeters away fr
the LAPS. In order to reduce the stress in the cantilever,
contact area is connected to the bonding area with a thin,
Å layer of Al. The Al is passivated with 6000 Å of plasm
enhanced CVD~PECVD! nitride that is deposited on 1000 Å
of low-temperature silicon oxide. The nitride is remov
again from thepH sensitive area and also over the bondi
area. The cantilevers are released by protecting the fron
the wafer with polyimide while etching the back in EDP f
;8 h at 105 °C. The polyimide is removed with an O2

plasma etch. An optical micrograph of the final device
shown in Fig. 2.

A custom fluidic delivery system consisting of a 1
channel array was used to demonstrate the capability of
prototype SPP. An optical micrograph of a 10-channel ar
is shown in Fig. 3. The channels are defined in silicon wit
deep reactive ion etch and are patterned to intersect in
common reservoir. A top view of this reservoir is shown
Fig. 3~a!. In this image, the microscope is focused on the
of the channels~colored region! and the dark areas are sha
ows from the bottom of the channels. The channel dept
;200mm and is revealed in the cross-sectional image sho
in Fig. 3~b!. Because the channel volume is low, the Re
nolds number is sufficiently low to maintain laminar flow fo
reasonable flow rates. The concept of laminar flow with

FIG. 1. ~Color! Cross-sectional schematic of the scanning probe potenti
eter ~SPP!.
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intersecting junctions has been demonstrated previous10

With laminar flow, the solutions emanating from the te
channels do not mix in the reservoir. The solution flow ra
is set to a maximum value 500 nl/min for a channel width
110mm. If the flow rate is further increased, the solution w
leak out of the channels. By increasing the channel spac
to 200mm, the flow rate can be increased to over 10ml/min.

The operating principle of the LAPS has been describ
in previous work3,7 and is only summarized here. The LAP
is connected to an external circuit that is used to meas
both an alternating photocurrent and to apply a bias volt
between the silicon and electrolyte solution. The photoc
rent is generated by illuminating the silicon with an intens

-FIG. 2. ~Color! Optical micrograph of the silicon LAPS structure integrate
on a silicon nitride cantilever that is;1.3 mm thick and 350mm long. The
pH sensitive area of this device is 100mm2 and protrudes approximately 10
mm above the nitride cantilever. Since the topography is much larger
the optical depth of focus, the image was computer generated by supe
posing three images acquired at three optical focal lengths. Electrical
nection is made to the LAPS structure through a bond pad located on
cantilever die.

FIG. 3. ~Color! ~a! Top view of the microfluidic channel array. The channe
are defined in silicon with a deep reactive ion etch~DRIE! to a depth of
;200mm. ~b! Cross section of channel array. Solutions are pumped thro
the open channel array with a syringe pump that holds ten syringes.
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modulated laser diode. Between the electrolyte and silico
a thin layer of silicon nitride. Silicon nitride is sensitive t
pH over a widepH range due to the proton binding capac
of Si–O and SiNH2 groups at the electrolyte interface. Th
surface potential at this interface is related to the surf
density of protons. The electric field in the space-charge
gion of the silicon adjacent to the sensing surface is dep
dent upon the sum of the applied bias voltage and the sur
potential. When the silicon is forward biased, no photoc
rent flows through the external circuit. When the silicon
reversed biased, a depletion region is formed below the
gion of thin nitride. The voltage gradient in the depletio
region separates electron-hole pairs created by the inte
modulated illumination. This creates an alternating photo
tential that drives an alternating photocurrent through
external circuit under reverse-bias conditions. Direct curr
between the silicon and electrolyte is negligible. In Fig.
the amplitude of the photocurrent~I! is plotted as a function
of applied bias (V) for solution ofpH 4, 7, and 10.

The pH from multiple solutions is profiled by scannin
the SPP across the reservoir formed at the junction of the
channels, while carrying out the analysis described in
legend of Fig. 4. A plot of the sensor potential versus ti
during the scanning process is shown in Fig. 5. The rela
potential difference between each channel correlates clo
to the actual channelpH ~listed above the plot! except for the
first and last edge channels. The SPP is scanned wi
computer-controlled motor that translates the channel a
in steps equal to the channel pitch. The travel time betw

FIG. 4. ~Color! Alternating photocurrent vs applied bias voltage (V) be-
tween the LAPS and electrolyte solution. The curve is measured in t
channels that contain a buffer solution ofpH 4, 7, 10. The LAPS measure
ment is made withp-type silicon with a doping of;1014 cm23. The solution
is grounded downstream of the reservoir with an aluminum electrode. A
nm laser diode is intensity modulated~near 100%! at a frequency of 7 kHz
and a lock-in amplifier is used to measure the alternating photocurrent
plitude. ThepH sensitivity of the present LAPS devices ranged from 40
50 mV perpH unit, which is slightly below the expected value of 61 mV
unit at 23 °C. For solutions of similar ionic conductivity,pH can be deter-
mined by measuringI, while fixing the bias at the maximumI vs V slope.
Since the width of theI –V transition is nearly 2 V, thepH response is fairly
linear over a widepH range. The described measurement can be calibr
to the sensor potential provided theI –V slope is known. The rms noise o
the LAPS is less than 500mV which yields apH sensitivity of;0.01 units.
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channels is; 1 s, the wait time at a given channel is 5 s, a
the flow rate is 500 nl/min. ThepH resolution of the LAPS
sensors is less than 0.01pH units in a 1 Hzbandwidth.

In summary, we used a microfabricated cantilever w
an integrated field-effect sensor to profile thepH of laminar
streams within a microfluidic channel array. The combin
system is scalable, and provides a high-resolution tool
directly synthesizing, switching, and investigating nanoli
volumes in a plurality of discrete solutions. We envision th
the scanning probe potentiometers can be used to imagepH
gradients produced by individual cells as well as the cha
distribution from patterned arrays of biomolecules such
DNA and proteins.
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FIG. 5. ~Color! Surface potential of the LAPS vs time as the SPP is scan
across the junction shown in Fig. 3~a!. The cantilever stops in each chann
for a period of 5 s. ThepH of the buffer solution in each channel is liste
above the plot. The channel pitch is 150mm and the flow rate is 500 nl/min


