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Robust microfabricated field-effect sensor for monitoring molecular
adsorption in liquids
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We show that a microfabricated field-effect sensor located at the terminus of a freestanding
cantilever can detect surface potential changes resulting from the adsorption of charged molecules
in an aqueous environment. The charge sensitive region, defined by lightly doped silicon, is
embedded within the heavily doped silicon cantilever. Since both the electrical trace and sensitive
region are passivated with thermally diffused silicon dioxide, the entire cantilever can be immersed
in buffer solutions and cleaned with strong acids without degrading its electrical response. As an
example, we demonstrate that the device can reproducibly detect adsorption of positively charged
poly-L-lysine (PLL) on silicon dioxide. We also demonstrate that PLL adsorption@ddcan be
measured in discrete solutions by scanning the cantilever through parallel, distinct streams within a
microfluidic channel array. €2001 American Institute of Physic§DOI: 10.1063/1.1423776

Molecular adsorption at the solid—liquid interface playssensor(LAPS),'? measures the current of photogenerated
an important role in various areas of industry and researcharriers drifting in the high electric field of the depletion
ranging from water purification systefn® coatings for con- region. The second measures the depletion region capaci-
tact lenses and biomedical impladtsp to state-of-the-art tively, by applying a small ac voltage to the bias voltage.
biosensors such as high-density DNA arfagsmd protein  We employ the latter. The SPP miniaturizes the EIS concept
chips? For many of these areas, it is desirable or even neckrom the millimeter scale to the micrometer scale and inte-
essary to measure molecular adsorption on a glass or quargzates it onto an atomic force microscope cantilever. In pre-
surface in real time without labeling the molecules for detecvious work® we have shown that the SPP can profile pité
tion. This is most commonly accomplished by detecting theof nanoliter volumes in a plurality of discrete solutions.
change in the refractive index due to molecular adsorptiorThese measurements were accomplished by submerging the
with techniques such as ellipsometrgcanning angle reflec- entire cantilever in microfluidic channels with widths below
tometry (SAR),® or optical grating wavemode light spectros- 100 um. The cantilever design allows the sensor to be rap-
copy (OWLS).” However, these techniques are difficult to idly (<1 9 scanned through many analytes which them-
miniaturize for high throughput screening assays orifor selves remain in spatially distinct locations. This enables
vivo applications. One recent approach for detecting unlameasurement of reaction dynamics, without complications of
beled biomolecules with a microfabricated device is to moni~volume exchange within a fixed chamber, including adsorp-
tor the mechanical bending of cantilevers due to moleculative losses to chamber walls and mechanical disturbances.
binding at their surfaces. The application of field effect sensors to bioanalytical

We are currently exploring the capabilities of microfab- tasks makes evident the need for an EIS sensor that is not
ricated potentiometric sensors for electrical monitoring ofonly reliable during operation in electrolyte solutions, but
molecular adsorption. Electrical detection has the advantagalso robust to a wide variety of stringent cleaning procedures
of providing direct access to interfacial parameters such asecessary to run multiple experiments with a single device.
surface potential or surface charge densities. In addition, mibrawing from integrated-circuit design methodology, our
croelectronic devices are well suited for parallel detectiomprevious devices relied on metal electrical traces passivated
and have the potential to be packaged for low volume analyby plasma enhanced chemical vapor depositiBECVD)
sis with simple readout circuitry. oxide and nitride films along the length of the cantilever.

The scanning probe potentiomet&PR? is a field-effect  Unfortunately, cleaning with acids can exacerbate defects in
device that consists of an electrolyte-insulator-semiconductamperfect PECVD passivation films, making it difficult to
(EIS) structure. This capacitive structure achieves a similarepeat experiments reliably. In this letter, we demonstrate
surface potential resolutidhto the ion-sensitive field-effect that a SPP with a heavily doped silicon electrical trace pas-
transistor(ISFET),"* but requires only one electrical connec- sivated with thermally grown silicon dioxide is robust to
tion to the silicon portion of the device. The extent of the aggressive cleaning procedures and can reliably monitor the
depletion region in the silicon portion of the device, which adsorption of poly-L-lysingPLL). We have verified robust-
provides a measurement of the potential at the electrolyteness by measuring similar current—voltage characteristics be-
insulator interface, is typically measured in two ways. Thefore and after the entire device is cleaned in 3;58,:H,0,
first, demonstrated by the light addressable potentiometrigpiranhag. We demonstrate the capability of the SPP to mea-
sure molecular adsorption dynamics in a system of micro-
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FIG. 1. Scanning electron micrograph of a scanning probe potentiometer. 0 1 2 3 4 5 6
Inset shows detail of sensor region that is 282 Time (min)

) . o FIG. 2. Change in surface potential vs time during poly-L-lysine adsorption
insulator (SOI) substrates. The device layer is initially 2.2 on the silicon dioxide sensor surface. After allowing the system to reach a

um thick p-type (boron-dopeﬁsilicon with 4—6Q cm resis-  stable baseline, the PLL solution was injectactow) in the fluidic chamber.
tivity, and the buried oxide layer is 1/Am thick. After mask- (&) Sensor A, run 1(A) sensor A, run 2(O) Sensor B, run 1(®) sensor

. .. . , run 2. Inset shows capacitance vs voltage characterization of SPP with
ing a small area for the charge sensitive region, the rest o?oox 100m? sensor region acquired in PBS buffgi 7.5, showing re-

the wafer is implanted with boron to achieve a relatively sponse of the device before and after 60 s clean in piranha solution. Char-
uniform doping level of~10*atoms/cm after the anneal. acteristic was measured at 7.9 kHz.

Electrical traces are defined by patterning the highly doped

silicon region. The mask is removed, and a thigkl um) cells. A standard method for activating glass or silicon diox-

the.””"?" OXide is grown to passivate the d_eyme. The thICl‘ide surfaces for further immobilization of biomolecules is to
oxide is then cleared from the charge sensitive region of the, ;. pure or modified poly--lysiHé. Since PLL is a

SPP, and replaced with a 100 nm layer of thermally diffuse
?;(gljcijc?;\ V\lilhéi? I:%rrrlrt];ctth(:eu:;n;l:esumr;%ceeir?]i[rtze di(;heggg jlirr:ilrt':xsﬁ'a"y to the negatively charged silicon dioxide of the SPP.
is deposited and patterned to make contacts. Finally, the can-
tilevers are released with a deep reactive ion etch. " .

A scanning electron micrograph of a completed device isthe positively charged PLL layer is expected to compensate
shown in Fig gl We have fab?icart)ed SPPs V\?ith active Sensr_1egative surface charges of silicon dioxide and therefore sig-
ing areas ran.girllg from pm on a side to 10um on a side nificantly change the.surface poteptial of the SPP. .
and demonstrated similar surface potential resolution for the. The PLL a(_jsorpt|on data in F|g_. 2 was taken with de-
range of sensors. In a closed fluidic chambery50changes vices mounted in a small-volume fluidic chamber. Two small
are observablenia 1 Hzbandwidth. commensurate with the inlet and outlet ports allowed injection of analytes. Data are
demonstrated resolution of Commércial LAPS deviéeEne shown for two trials with each of two devices. For each trial,
thickness of the passivation oxide and the high doping Ieve‘ihe sens$_r surfac_e was first cleaned by piranha SO|U']EIOn and
of the electrical trace guarantee that the response of the SPREN equilibrated in 10 mM HEPES, 5 mM Na@Hi 7.4, for

is dominated by the response of the lightly doped active ares€Veral hours. The sensor signal was calibrated by measuring
A Ag/AgCI wire is used as the counterelectrode in solu-th€ response to a 10 mV change in bias potential between the
tion. The device is typically biased such that the ”gh“ySPP and the Ag/AgCl electrode. First, it was determined that

doped silicon is depleted to about half of its maximum dep|e_|nject_ion of buffer solution dic_i not alter_ t_he steady state sen-
tion depth, where the capacitive response to surface potentiP! Signal. Next, buffer solution containing 0.1 mg/mL PLL
changes is linear and most sensitive. A 0.1 V ac signal a25 kDa poly-L-lysineHCI, Sigma, in 10 mM HEPES, 5
1-10 kHz is applied to the bias voltage to generate a charghM NaCl, pH 7.4) was injected in the fluidic chamber. Fig-
ing current. The charging current is amplified with a currentureé 2 shows the rapid drop of the surface potentia-6
amplifier and then its root-mean-squdrens) amplitude is mV due to adsorption of PLL to the sensor surface. Within
monitored with a lock-in amplifier. Gain and offset are ad-several seconds the surface was saturated and a second in-
justed with a differential amplifier and captured with datajection of the same PLL solution did not further decrease the
acquisition software. sensor output. Nor was the sensor response changed by ad-
Devices are characterized by measuring differential caditional injection of buffer solution, indicating that the PLL
pacitance versus applied bias voltageC—V curve. Figure  surface layer is stable and does not desorb significantly in
2 (inseb shows theA C—V characterization of a device with solution. As shown in Fig. 2, these measurements are repro-
a 100< 100um? sensitive region. The robustness of the pas-ducible to within 5%(+2 mV) among different sensors and
sivation layer is demonstrated by the similarity AC—V  even if the sensors were cleaned with a piranha etch between
characteristics taken before and after cleaning the device fdhe measurements. In separate experiments, concentrations
60 s in piranha. down to 0.1ug/mL could be detected. In this case, the time
For biosensing applications, silicon dioxide surfaces argesponse was slowed down and successive injections of iden-

often functionalized with a sensing layer of biomolecules ortical concentrations lead to successive drops in surface po-
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R R introducing the device to the PLL stream do not alter the
\ ' b surface potential after adsorption. The rms noise of the sen-
sor in the microfluidic channels is150 wV in a 1 Hz band-
width.

In conclusion, we have shown that the scanning probe
potentiometer can monitor the adsorption of charged mol-
ecules. Sensor performance is reliable through multiple ex-
periments and cleaning cycles for more than 90 days, pro-
viding robust and reproducible surface charge detection. We
anticipate the future use of the SPP to monitor interactions
between charged molecules or enzymatic reactions occurring
close to the sensor surface. The cantilever design allows in-

o 10 20 30 40 dependent chemical functionalization of sensors, enabling
Time (s) differential measurements. The direct electrical detection
scheme and the miniaturized configuration could lead to the
FIG. 3. Change in surface potential vs time durptg change, and poly-L- deyelopment of parallel sensor arrays for low-volume, high-
lysine adsorption on sensor in microfluidic channdlsise) Schematic . . .. .
views of silicon microfluidic channels. Top side of channels are open, devicéhrOUghput gnaly5|s. _The S|mpI|c.|ty Qf the electrical readout
is partially immersed as shown in cross section. SPP can be scanned amoRROWS promise for wireless applications.

channels in reservoishown in top view without removing it from solution . )
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