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ABSTRACT

A novel design for a cantilever thermal sensor is presented, in which a hollow silicon nitride
beam structure encloses a microfluidic channel, through which analytes flow. This scheme is
readily integrated with microfluidics for sample delivery, and has a sample volume between 20
and 50 picoliters. Measurements are made by detecting the thermally-induced bending of the
cantilever due to its bimorph structure. The cantilevers are fabricated in matching pairs to enable
inherently referenced measurements, and interdigitated interferometry is used for sensitive posi-
tion detection.

Analytical modeling of the mechanical and thermal response of these devices predicts a thermal
power density sensitivity of up to 10-6 A /(W/m 3), and a temperature sensitivity of -300 nm/K at
timescales on the order of -10 ns for most measurement situations. The device resolution for
AC-modulated measurements at 50-60 Hz is limited by its thermomechanical noise of approxi-
mately 10-2 A /Hz"2 .

Prototype devices were successfully fabricated using a sacrificial polysilicon process and used to
perform a photothermal spectroscopy measurement with the acridine dye proflavine. The ob-
served absorption peak has a signal-to-noise ratio of about four and correlates well with known
absorption data for this dye.

Thesis Supervisor: Scott R. Manalis

Title: Associate Professor of Media Arts & Sciences and Biological Engineering
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1 INTRODUCTION

1.1 Thermal Measurements in Biology

The work described in this thesis is concerned with measuring thermal changes and heat

flows in biological systems. Such measurements yield valuable insight into the energetics of

biological processes. Our overarching research interests lie in making biological measurements

simpler, faster, more direct, and using smaller sample quantities, and our goal here is to apply

these principles to the thermal energy domain.

1.1.1 Macro-scale thermal methods

One example of a large-scale method is calorimetry: a very general heat measurement

technique that can be applied to a great many different chemical or biological systems. Modern

calorimetry instruments normally consist of an enclosed vessel, with a typical volume of a few

milliliters, into which the sample under investigation is placed. The heat evolved over time

within the sample is then quantified using thermoelectric transducers. These instruments can be

applied to studying an impressive variety of problems, including molecular kinetics and thermo-

dynamics (e.g. peptide or nucleic acid binding and interaction, conformational changes); heats of

dissolution and mixing; sorption processes; stability, curing and degradation; and general thermal

process monitoring. Even pieces of living tissue can be placed within a sample vessel [1, 2].

Another useful thermal measurement method is photothermal spectroscopy, valuable for

studying optical absorption and energy transitions within a sample. This is a measurement of

wavelength-dependent light absorption by a sample, by detecting the heat generated when light is
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absorbed. The absorption spectra measured this way are used in analytical chemistry, and bio-

chemical analysis. While this can be a very sensitive technique, it must always be done in a cus-

tom-designed apparatus [3], and sample sizes must be at least microliters to milliliters in volume.

Despite being quite well-developed and standardized, these macro-scale thermal methods

suffer from several fundamental limitations that limit their applicability. One general problem is

poor throughput, as changing samples is awkward and experiment timescales are long. But the

most significant shortcoming is the relatively large vessel volume and correspondingly large

quantities of sample material (pmoles) that they require. In comparison to molecular and cellular

size scales, these requirements are enormous, and high sensitivity in these measurements is only

achieved by virtue of averaging over a large number of molecules. This condition makes it im-

possible to perform ordinary large-scale thermal measurements in many commonly-encountered

situations when only a tiny quantity of a particular bio-molecule is available (e.g. having been

extracted from a cell culture). It is clear, therefore, that extending thermal methods to allow sen-

sitive, fast-throughput, low-volume measurements would be tremendously useful.

1.1.2 Smaller-scale approaches

Thus far, little research has been carried out on thermal measurement systems at scales

approaching single-cell volumes. However, two techniques that have been reported suggest

promising avenues of research.

The more recent of these is a picoliter-scale "nanocalo-

rimeter" built by Johannessen and co-workers at the University

of Glasgow [4]. This device uses a circular sample well (Fig.

1.1), the bottom of which is a thermopile transducer that meas-

ures the generated heat. The structure is microfabricated and

has a total volume of 270 pL. The authors report a detection Figure 11: Nanocalorimeter sam-
ple well. The floor of the well is a

limit on the order of 10 nW, and a thermal time constant of 12 series of Ni-Au junctions, making

ins, for sample volumes as small as 60 pL. The samples to be up a thermopile. The wall material
is polyimide; its 23pm thickness

measured are microinjected onto the sensor surface, and defines the well depth. (Reprinted
from [4].)

"capped" with liquid paraffin to prevent evaporation.

The other approach uses the bending of a microfabricated cantilevered beam for heat

sensing. This device has been used to perform scanning calorimetry to measure phase transition
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energy in nanogram samples of n-alkanes (paraffins) attached to the cantilever tip [5], and to

measure photothermal absorption spectra of molecules deposited on the cantilever surface [6].

The sensor's thermal time constant is sub-ms, and the authors report a 150 fJ detection limit.

Both schemes are promising steps toward nanoliter-volume heat measurement. Both

have problems, however, from the standpoint of capturing the thermal energy evolved in the

measured samples. Furthermore, bringing samples to the sensor is extremely cumbersome in

both cases, and potential methods to integrate sample delivery systems have not been explored.

It becomes apparent that in order to create a small-scale thermal sensor useful for biological

measurements careful attention must be given to heat transfer between sample and sensor, as

well as to facilitating sample throughput and transport to the sensor.

1.2 Cantilever Sensors

Sensors based on microfabricated cantilevered beam structures have been in use for sev-

eral decades. Often referred to simply as "cantilevers," their most well-developed application

today is for use as probes in scanning probe microscopy (SPM). With the advancement of mi-

cromachining technologies, researchers have worked to develop a number of other uses for these

flexible, slender, free-standing structures. Much of this work has been aimed at improving and

extending the capabilities of SPM, including operating many probes in parallel [7], implementing

different detection schemes (piezoresistive, interferometric) [7, 8], and realizing direct maskless

lithography techniques [9, 10]. Besides this, cantilever sensors have also been used for strain

and vibration measurement, and as acoustical transducers, flow sensors and even valves.

Much recent interest has been focused on using cantilever sensors for molecular detection

and other applications in the bio-sensing domain. Cantilevers have been used to observe chemi-

cal reactions in real time [11], and as ambient chemical detectors [12, 13, 14]. As we have al-

ready seen, some researchers have used cantilevers as thermal sensors [5, 6, 15]. Others have

used them to detect molecular binding events resulting from changes in surface stress [16, 17].

Still others have integrated electronic detectors onto cantilevers for molecular probing [18], and

resonating cantilevers have been used for mass detection of adsorbed molecules [19]. Clearly

taking advantage of the properties of these structures yields many novel and useful applications

where nanotechnology meets biology.
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In general, as we have seen, scaling down the size scale of biological measurements is a

desirable goal. We therefore investigate the potential of our cantilever sensor for carrying out

nanoliter-scale thermal measurements on biological samples. The high sensitivity, small volume,

and well-controlled heat transfer properties of a cantilever make it attractive for this application.

While the device described herein is perhaps not the ultimate biological thermal sensor, it is

hoped that sensor scaling and integration can help direct biological research towards high speed

and throughput assays, which can be done in parallel on many nanoscale samples.

1.3 Device Concept

This thesis describes a cantilever sensor innovation aimed at biological applications,

which introduces an entirely new way for the sensor to interact with the measured sample. For

making measurements on biological systems, a liquid environment is very much preferable, if

not required, and fluidic connections are often needed to achieve this. Rather than immersing

the cantilever in a fluid sample, or delivering the sample to its external surface, we make the can-

tilever hollow, flowing the sample through a U-shaped fluid channel on the inside (Figure 1.2).

(a) (b)

iannels

Figure 1.2: The microchannel cantilever. (a) Cut-away conceptual drawing, showing a sin-
gle cantilever with its internal fluid channel, which is continuous with channels on the support-
ing die. (b) Top view showing a pair of devices with their fluid channels and access ports;
inset shows interdigitated fingers and laser spot, for position detection (see Sec. 2.1.2).

This channel is continuous with other fluidic channels on the supporting silicon substrate. Since

the cantilever beam is, effectively, a free-standing microchannel itself, integrating it with a mi-

crofluidic network for sample delivery is natural and highly effective. With this scheme, we not

only maintain the liquid environment needed for biological assays, but our measured sample's
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volume is precisely controlled by the dimensions of the device, and is held entirely within the

sensor. This total volume is between 20 and 50 pL, which is equivalent to the volume of only a

few eukaryotic cells. We describe the benefits of this design throughout the thesis, along with

the special challenges that it presents.

1.4 Thesis Overview

Chapter 2 describes the detailed features of the device design, including key enabling

ideas, as well as the main parameters of the prototypical hollow cantilever sensor. Some varia-

tions on the basic design, which may prove useful in certain situations, are introduced. We also

describe the packaging that is needed for a complete experimental system with these devices.

Finally, we touch briefly upon the fabrication techniques used to make the cantilevers.

In Chapter 3, analytical models are used to predict the thermal and mechanical behavior

of the hollow cantilever in response to applied loads. We derive the temperature and heat power

sensitivity of the structure, and combine those results with device noise estimates to determine

the types of measurements that are possible with it. We also examine the effects on cantilever

performance of the design variations introduced in Chapter 2.

Chapter 4 describes the setup and details of a photothermal spectroscopy experiment, in

which this sensor was used. We show some preliminary results that demonstrate the functional-

ity of the device.

Finally, Chapter 5 deals with future work that will improve the operation of this meas-

urement system, as well as additional experiments and measurements that will be carried out

with it.

I 1



2 DESIGN

2.1 Enabling Concepts

Three major enabling concepts are fundamental to the device's operation: the thermal

bimorph, interferometric position detection, and differential measurement.

metal

supporting silicon nitride
substrate cantilever

cold

0 

hot

Figure 2.1: Thermal bimorph con-
cept. A temperature rise causes
thermal expansion in the cantilever
materials. Since the metal expands
more than the nitride, the entire can-
tilever bends (vertical dimensions are
greatly exaggerated).

2.1.1 Thermal bimorph

This is the means by which thermal energy changes

in the device are transduced into mechanical strain and, con-

sequently, beam deflection, which enables measurement of

the heat flow in the device. In a thermal bimorph, two dif-

ferent materials with unequal thermal expansion coefficients

are sandwiched together, such that any temperature changes

cause unequal thermal strain in the two layers, making the

entire structure bend (Fig. 2.1). For the hollow cantilever,

the structural material is silicon nitride (SiNx), and the bi-

morph structure is realized by evaporating a thin layer of

metal on one side of it - typically aluminum. This also pro-

vides an excellent reflective surface for interferometry, de-

scribed in the next section. Measuring the deflection of the
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beam gives a measure of the heat flow or the temperature change that caused it. The analytical

model used to relate beam deflection to heat flow and temperature change is presented in the

next chapter.

2.1.2 Interdigitated (ID) interferometry

Of the different methods that can be used to measure the bending of microcantilevers, the

most common is the optical lever, as used in the atomic force microscope (AFM). Cantilever

bending is observed by measuring the position of a laser spot reflected from the cantilever tip.

Another optical method, with some advantages over the optical lever is diffractive interferometry

with interdigitated (ID) fingers, used recently in various applications, such as the AFM [8], ac-

celerometers [20], and stress-based microcantilever sensors [21, 19].

The operating principle is based on a diffraction grating, which is formed by two sets of

interspersed microfabricated "fingers." When the phase-coherent light of a laser beam is focused

on this grating, it reflects as several diffracted

beams, referred to as modes, whose intensity

modulates as the finger sets displace out of

plane relative to one another (see Figure 2.2).

By fabricating a set of ID fingers between the

tips of the two cantilevers, and measuring the

intensity modulation of a single reflected laser

mode, the bending of the cantilevers relative to

each other can be measured with sub-angstrom

precision. Additional sets of fingers between

each cantilever and a fixed area of the die can

be used to provide absolute deflection informa-

tion for each cantilever individually.

The major advantage of using ID inter-

ferometry over the optical lever is twofold.

First, as described by Yaralioglu et al. [22], the

measurement is more sensitive than either opti-

cal lever or piezoresistor detection. Second,

x

(a) (b)

mod e et r mode pattem at detector

fingers cross-section

x'= = - - - x

fingers cross-section

x' x

dIA=-

Figure 2.2: ID interferometry. The incident laser
beam reflects from the diffraction fingers to produce a
pattern of bright and dim modes at the detector (la-
beled -2 through 2). Their brightness changes as the
two sets of ID fingers displace out-of-plane relative to
one another -a displacement of /4 is shown between
(a) and (b) (see also Section 4.2.2).
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each measurement is inherently referenced, either to a fixed position, or to a matched cantilever,

which is not the case with the optical lever. There is also the minor benefit of lower precision

required in detector alignment, since the diffracted modes do not change position; however, this

is partially offset by the higher precision required for aligning the measurement laser.

2.1.3 Differential measurement

When making any sort of measurement, performing a reference or control experiment is

always required, to eliminate any non-specific effects and isolate the experimental variable (in

our case, the thermal characteristics of a particular bio-molecule). Such a control measurement

must often be done separately, and subtracted from the experimental data. The ID position de-

tection scheme, however, lends itself very easily to making a measurement that is inherently ref-

erenced. The benefit of using such a method has already been reported by Savran et al. [16, 21],

and we take advantage of it in our design.

As seen in Fig. 1.2 (b), cantilevers are designed in matched sets of two, with identical ge-

ometry, and a set of ID fingers between them can be used to measure the differential deflection

between two cantilevers, such that one cantilever acts as a built-in reference for the other. This

provides real-time rejection of any common-mode signals resulting from nonspecific background

disturbances unrelated to the molecule being studied, such as ambient temperature fluctuations,

table vibrations, changes in light level, nonspecific adsorption of molecules to channel walls, etc.

For instance, using a differential cantilever pair, Savran et al. report a 50-fold reduction in sensi-

tivity to ambient temperature fluctuations over that of just a single cantilever [16]. Thus, for ex-

ample, one of our cantilevers can be filled with the analyte molecules dissolved in aqueous

buffer solution, while the other is filled only with the buffer, providing an ideal arrangement to

only detect specific signals from the analyte molecules themselves.

2.2 Sensor Design

2.2.1 Key design details

Initial cantilever design decisions were motivated primarily by the aim of achieving high

thermal sensitivity in the device, while incorporating the three enabling concepts mentioned

above. The basic design therefore includes a pair of hollow cantilevers with a U-shaped fluid
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channel passing through each one, and with a set of ID fingers fabricated between the beam tips

for relative position detection. As previously mentioned, the thermal bimorph is made by depos-

iting a thin film of metal on one side of the cantilever. Figure 2.3 shows the overall geometry

for two different hollow cantilever sensor designs used throughout the course of this work (see

Section 2.4).

(a) N

Figure 2.3: Cantilever mask layouts. Two different device layouts as drawn in Cadence, the CAD software used
for mask layout. (a) 500 pim long and 100 pim wide cantilevers with separate fluidic channels, used with the bonded
wafer process (see Section 2.4) (b) 500 pim long and 160 pim wide cantilevers, which share a common fluid channel,
designed for and fabricated using the polysilicon sacrificial process (see also Figure 2.8). The black scale bar in each
drawing is 500 pim. For process and mask details, refer to Appendix A.

An approximate device performance target was to achieve temperature sensitivity on par

with Savran's differential stress sensor [16], which is a solid nitride cantilever -1 pm thick, 100

pm wide, and 500 pm long'. After some preliminary calculations, and prior to rigorous analyti-

cal modeling, a set of "default parameters" was chosen for the hollow cantilever sensor. This was

done simply to have a starting point of reference within the parameter space that would give rea-

sonable performance and be realistic to fabricate. These default parameters are defined as fol-

lows: beams that are 500 pm long, 100 pm wide, and 1.75 pm thick, (using 500 nm of top and

bottom nitride, and a 750 nm thick fluid cavity) with a 100 nm aluminum metal layer. In the

next chapter, we will examine in detail the effects that these parameter choices have on the be-

SThis device has a sensitivity of 3.0x x1- K/A, or 334 nm/K, with these dimensions: 500 jim long, 100 jim wide, 1
pim thick silicon nitride, and 50 nm thick aluminum metal (compare with hollow cantilever sensitivity, Section 3.3).
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havior of the device. Much of this geometry can be varied in the fabrication process, and our

aim will be to determine which dimensions should be pushed to the limits of fabrication to obtain

the optimal performance from the sensor.

The choice of materials is dictated by a few fabrication and device performance con-

straints. Low-stress (silicon-rich) silicon nitride (SiNx) is used as the main cantilever structural

material, since its low residual stress allows the fabrication of cantilevered beams with little or

no stress-induced curvature - a critical requirement for an interferometric deflection sensor. In

addition, silicon nitride also serves as a nearly perfect etch mask for KOH, which is crucial for

the cantilever structures to be able to stand up to the long release etch at the end of the fabrica-

tion process (see Section 2.4 and Appendix A). Finally, nitride is optically transparent, which is

important for performing some types of experiments of interest, as well as permitting in-situ op-

tical monitoring of fluid flow in the device. Aluminum is the metal of choice, being inexpen-

sive, and with a higher-mismatched coefficient of thermal expansion to SiNX than other common

metals, which gives the device a greater thermal response (see Section 3.3).

2.2.2 Major design variations

At design time, several issues prompted consideration of two additional elements that

could be added to the basic hollow cantilevered beam structure. The first concern was the fabri-

cation challenge of producing hollow fluidic structures with the extreme height-to-width aspect

ratio (1:100) that our design requires. Anticipated problems included channel collapse and stic-

tion, cantilever breakage, and poor fluid flow. A means of stabilizing the channels was therefore

introduced: subdividing the fluid channels. Some devices were eventually fabricated with the U-

channel subdivided into six small channels, as shown in Figure 2.8(b) below. This scheme does

improve fabrication yield, and in Section 3.4 we evaluate the effect of this change on device per-

formance.

The second design alternative aims to increase signal strength. Though the purpose of

this device is to do thermal measurements at such small scales, at design time it was uncertain

whether the standard tiny fluid volume of -50 picoliters would produce enough of a response

from the hollow sensor. In order to have a greater possible range of total internal volume, a

"container" was added onto the end of the cantilever. Figure 2.4 shows a concept drawing of this

idea. This is a section with a thickness significantly greater than the thermal bimorph - 10-100
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pm - which is not intended to bend, but whose

purpose is to serve as a fluid vessel to poten-

tially boost the thermal signal with its greater

volume. By selecting the depth and geometry of

this vessel, we can precisely vary the sample

volume contained within the cantilever through

the 10 pL - 1 nL range. At the same time, we

retain thermal sensitivity by keeping the inner

cantilever section as a thin, flexible bimorph.

We examine this option in greater detail as well

in Section 3.4. Figure 2.4 Hollow cantilever with a vessel. Con-
ceptual drawing showing a single cantilever and ves-
sel, as well as its associated on-chip elastomer fluidic
channels.

2.3 System-Level Design

2.3.1 Packaging

In order to enable experiments with these devices, world-to-chip connections must be

made, between some type of macro-scale fluid delivery system and the micro-scale integrated

cantilever fluid channels. The simplest and most adaptable scheme for doing this is to use

molded poly-dimethylsiloxane (PDMS) elastomer fluid channels bonded to the silicon die. Poly-

ethylene tubing is inserted into access holes punched through the PDMS block, and used to de-

liver samples to the microfluidic network. PDMS fluidics can be made quickly, and with a short

design cycle time, using techniques developed in the Whitesides group at Harvard [23] and fur-

ther refined over the course of this work. We take advantage of these methods and their simplic-

ity; however, assembling a complete system still proves quite complex and elaborate.

Briefly, PDMS fluidics fabrication begins by creating a master mold on a standard 4"

silicon wafer by spin-coating and patterning SU-8 (Microchem Corp.), a negative epoxy-based

photoresist. PDMS two-part elastomer (Sylgard 184 from Dow Coming) is mixed, poured onto

the silane-treated mold (to prevent adhesion), and cured for 30 minutes at 80* C. After this, the

PDMS is peeled off the mold, ready for use, while the mold can be reused many times without

any additional processing. After oxygen plasma activation, PDMS blocks with smooth surfaces
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can be subsequently bonded to many materials, including glass and silicon nitride, creating leak-

tight seals.

mon* fwoatic
light (vssftion)

polyethylene
tubing

PDMS L2

PDMS ------ -
ting layer dri1M

PDMS L1 DM glass slide

pblockr device die

cantilever backside
meas 1ment glass slide

Figure 2.5: Device package schematic. A side-view cross-section through the package chamber, indi-
cating key components. The PDMS pressure block and the joint between PDMS LI and PDMS mating
layer are pressure fit. All other PDMS surfaces are permanently bonded.

The full package for the device is a glass-enclosed chamber, having interior dimensions

of approximately 30 x 15 x 7 mm, which reduces noise caused by ambient air movement. The

chamber walls are two 1 mm thick glass slides. These are clamped in a machined aluminum

block, which provides support and mounting rigidity within the experimental setup. To make

package reuse possible, and enable easy switching of device dies, a two-level PDMS fluidic de-

livery scheme is used. The die-level PDMS ("PDMS Li" in Figure 2.5) is approximately 1 mm

thick, and has molded fluid channels 100 pm in height. It is bonded to the device die, and routes

fluids from round 1 mm ports directly to the cantilever microchannel in/out ports. In order to

connect to this layer, the front-side glass slide of the package is drilled with 1 mm through-holes

(using a Dremel rotary tool), to match those in PDMS LI, and its inside surface is bonded to a -1

mm thick PDMS "mating layer," also with matching 1 mm through-holes. The LI PDMS is

pressure-fit to the mating layer (the whole structure is pressed between the glass slides with a

block of PDMS), providing a leak-tight seal. Because this junction is not a permanent bond, a
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die can be removed and swapped out with minimal effort. The mating layer PDMS is necessary

because simply pressing PDMS against the glass is insufficient and allows leaks. The alignment

of all these layers is not critical since the features are mm-scale, and can be easily done by hand

with the assistance of a stereomicroscope. Attaching the Li PDMS to the die requires a little

more care, but can be done in a similar fashion with 50-100pm accuracy (see Figure 2.6).

The second level of fluidics ("PDMS

L2") is bonded to the outer surface of the

drilled glass slide, and provides a connection

from the tubing to the fluid ports through the

glass leading down to the die. This layer is

thicker (-3-4mm) to provide support for

1.09 mm O.D. polyethylene tubing (In-

tramedic PE20), which is inserted into 0.5

mm diameter holes cut in the PDMS. Since

PDMS is highly compliant, the tubing seals

snugly into these holes.

All holes through PDMS layers are

cut on a Universal Laser Systems X-600 la-

ser cutting system. Previously, holes Figure 2.6: Li PDMS attached to devices. Photo show-
ing 100 pm PDMS fluidic channels bonded on top of the
cantilever microchannel ports. Scale bar is 200 pm.

with a 16-gauge needle - an extremely im-

precise and time-consuming serial process. The laser cutter provides enormous gains in speed,

precision, and quality. Original CAD drawings from Cadence can be easily exported in a format

compatible with the laser cutter, allowing fluidic layout to be done together with the device mask

layout. Aligning the holes to existing fluidics molded in PDMS can be done with 100 pim accu-

racy by hand. Though the cutting process leaves a lot of residue on the PDMS, ultrasonic clean-

ing in isopropyl alcohol and water is sufficient to enable bonding and sealing of laser-cut pieces.

2.3.2 Fluid delivery

Since the very thin cantilever fluid channels have an extremely high flow resistance (only

0.5-1.0 pm high), the LI PDMS channels connect to their in/out ports using a bypass configura-
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tion (shown in Figure 2.7), which reduces the

time needed for sample fluid to reach the devices.

If the supplying PDMS channel were simply to

terminate on the SiNX port, in a straight-through

connection, any fluid already in the channel and

the comparatively enormous dead-volume in the

connecting tubes would have to be forced through

the cantilevers, which would take hours. Instead,

when the bypass channel is opened, since its flow

resistance is ~104 - 105 times lower, the PDMS

network can be filled with the sample, and the

desired analyte placed at the cantilever port in a

matter of seconds. Then, if we wish to force flow

through the cantilevers, we close the bypass

channel, and the sample is driven through the de-

vices.

Figure 2.7: PDMS fluidic connections to canti-
lever ports. Blue areas are PDMS channels, green
areas fluid channels in SiN, (taken from Cadence
design layout) Black arrows indicate flow direc-
tions in PDMS, white ones show flow in SiNX.
Note bypass connection to all input ports (2, 3, 5)

pl~mne is flowed in bypass mode to flush dead
Macro-scale fluid flow to the system is volume in PDMS. Output ports (1, 4) have a ter-

accomplished by means of pressure-driven sy- minated PDMS channel, since fluid is never forced
through cantilever channels this way.

ringe pumps connected to the tubing inserted into

the L2 PDMS. We use low pressures of 5-10 PSI to drive the flow, in order to avoid high pres-

sure forces, since it is not yet clear how much pressure the packaging can withstand before it

leaks.

2.4 Fabrication

While the fabrication process development and its details are outside the main focus of

this thesis, we briefly cover device fabrication here in order to provide some context for device

features and parameters which will be described in later Sections. Fabrication is treated in

greater detail in Appendix A.
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The hollow cantilever devices were fabri-

cated at the Microsystems Technology Laborato-

ries (MTL) at MIT using standard micromachining

techniques. In order to overcome the challenge of

creating freestanding hollow structures with ex-

treme aspect ratios, two different fabrication ap-

proaches were pursued in parallel in collaboration

with T. Burg. The first, based on wafer bonding,

was intended specifically for the hollow thermal

sensor. The second, based on polysilicon sacrifi-

cial layer etching, was primarily meant for use in a

resonant mass-sensor application, also using a hol-

low cantilever structure [19].

Both processes begin with an etch in silicon

of the appropriate depth (~0.5-1.0 pm) to define

the channel shapes, which are then conformally

coated with low-stress SiNx to form the bottom

half of the device. The processes diverge in the

steps used to attach and seal the top layer of ni-

tride. For the bonded process, a second wafer, also

coated with low-stress SiNX is direct-fusion-

bonded to create a "lid" for the hollow structures,

after which the second wafer is etched away in

KOH to expose the devices. Meanwhile, in the Figure 2.8: Fabricated device photos. (a) 300
im cantilevers with one-piece channels and (b)

sacrificial process, a layer of polysilicon is depos- 500 im cantilevers with subdivided channels.
Both were fabricated with 800 nm thick SiN, and

ited on top of the SiNX layer and polished down 500 nm fluid layer height. The dark rectangular
such that it only fills the channel trenches area is KOH-etched opening in die, into which

(CMP) scantilevers protrude. Note ID fingers, both abso-

(Damascene process). The top layer of SiNX is lute and differential. The fluid channels are cov-
ered by SiNx, except at the square ports. White

then deposited by CVD to close the devices. scale bars are 100 jim.

At this point, the two processes again follow the same steps, in which the joined SiNx

layers are patterned to define the device shapes, and openings are etched in the backside nitride
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to allow KOH etching of the silicon wafer bulk in order to release the cantilevers. The final

KOH etch step leaves the cantilevers protruding from the edge of the supporting silicon, and is

carried out for a longer time in the sacrificial process to etch out the polysilicon and hollow out

the channels. For the details of each process, see Appendix A.

After extensive work with both processes, the second proved much more successful, with

around 80% yield. Figure 2.8 shows two different sets of devices resulting from this fabrication

run. All experiments described in Chapter 4 were, therefore, performed with devices fabricated

using the sacrificial process. However, the mask layouts and design details for the two processes

are different, and not every feature of the successfully fabricated devices was specifically de-

signed for thermal applications. In Chapter 3, many of the calculations and derivations apply

equally well to devices fabricated using either process, and some analysis is done on features

unique to each process. In particular, the option of adding a vessel to the cantilever tip is only

possible using the bonded wafer process (a sacrificial layer is limited to a maximum thickness of

2 pm), while the subdivided U-channel modification is exclusive to the design used with the

sacrificial process.
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3 ANALYTICAL MODELING

Predicting the performance of the hollow cantilever sensor requires analysis in two key

domains. First, we examine the thermally-induced bending of the device, based on purely me-

chanical considerations. Next, we work in the thermal energy domain to derive the temperature

and heat flow profiles in the structure. We finally

combine these models to predict the cantilever de- Z
flection that will result from thermal energy re-

leased by samples held within the device.

For the analyses that follow, we assume a

simple hollow box structure for the cantilever, and 0

refer to geometrical parameters as illustrated in (b)

Figure 3.1. Figure 3.1 (a) shows the coordinate sys- +

tem used in modeling cantilever deflection, with LB t F fluid t-

representing the length of the bimorph section, and metal ttM

in figure 3.1 (b), which shows the beam cross- (c)

section, W is the cantilever width, and tM, tF, and tN

are the thicknesses of the metal, fluid, and nitride

layers respectively (for all analyses that follow, we lt
assume W >> tF, and approximate accordingly). Figure 3.1: Cantilever analytical parameters.
Similarly, material properties for the three layers (a) Cantilever side-view cross-section showing

coordinate system used for analysis. (b) End-
are denoted by symbols with the subscripts M, F, view cross-section showing various material

layer parameters. (c) Simple bi-material cross-
and N referring to the metal, fluid, and silicon ni- section with no internal fluid channel.
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tride layers, respectively. For mechanical analysis, E[,] are the elastic (Young's) moduli, and a[,]

are the coefficients of thermal expansion of the materials. For thermal analysis, K[, are the

thermal conductivities, p[,] the mass densities, and c[x] the volumetric heat capacities.

Below, we carry out both the mechanical and thermal analyses, and combine them to ob-

tain a full picture of thermally-induced bimorph bending in the hollow cantilever structure. We

also examine the effect of the two major device variations on device performance: subdivided

fluid channels and a vessel at the tip.

3.1 Mechanical Beam Bending

Using simple beam bending theory, for a simple two-material strip sandwiched together,

as shown in Figure 3.1 (c), the curvature caused by a temperature change is derived by balancing

strains and bending moments at the material interface, resulting in the following equation:

1 _ d 2z(x) _ (a, - a2) . AT(x). (3.1)
p(x) dx2  h + 2(EII1 + E2 2 (I + 1

2 hW Eit, E2 t2

Here, with x as the coordinate along the beam length (see Fig. 3.1(a)), curvature is denoted

by I , (where p(x) is the radius of curvature at every point along the beam) or equivalently
p(x)

d2z(x) where z(x) is the beam deflection. Also, in Eq. (3.1), h =ti + t2 is the total thickness of

the structure, and I, and 12 are the cross-sectional moments of inertia of each layer, given by

Ix = 12 in the case of a simple rectangular layer cross-section.

To analyze our hollow fluid-filled cantilever structure, we assume here that the fluid layer

exerts negligible stresses within the structure, since the fluid can flow through its inlet/outlet

ports in response to any strains resulting from cantilever deformation. We can therefore follow a

parallel method of strain- and moment-balancing to arrive at a similar expression for the beam

curvature due to thermally induced stress:

1 _ d2z(x) _ (am - aN)
p(x) dx2  hB 2(EmIm + ENIN + 1

2 hBW KEMtM 2ENtN
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in which hB = 2 tN + tF + tM is the corresponding total cantilever thickness and the cross-

sectional moment of inertia for the nitride box structure (gray in Fig. 2.1 (b)) is given by

_ .(4t' + 6tFtN N) F NIN =*N 6 (33)

It is noteworthy that the thermally-induced curvature has a very weak dependence on the

elastic moduli of the materials, but is linear with the mismatch in thermal expansion coefficients

between the two materials. This indicates that material am and aN are the material properties that

should motivate the material choice. Also evident is that the beam width has almost no effect on

the mechanical response. We will shortly see that the key geometrical parameters that govern

cantilever response are the various material layer thicknesses and the beam length.

3.2 Thermal Analysis

We would like to determine the temperature distribution T(x,y,z,t) in the cantilever, which

will result from heat generation within the fluid inside it. For the purposes of this analysis, we

assume that the fluid is water, and treat it as being stationary within the device (rather than flow-

ing through), with no forced convective heat transfer. We also assume convective and radiative

losses from the cantilever to the surrounding air to be negligible, leaving us to consider heat

transfer by conduction only, which will provide a good first-order approximation.

We take the heat flow equation as a starting point, and include the heat source term:

PC,,, _= K. V2 T+GEN (3.4)

where Q GEN is the heat power density (W/m3) generated within the fluid, p is the mass den-

sity, c. the volumetric heat capacity, and K the thermal conductivity. In order to simplify the

analysis, we assume uniform and steady heat generation throughout the fluid layer, boundary

conditions of zero heat flow at cantilever-air interfaces, and a perfect heat sink at the cantilever

base (constant temperature equal to the ambient, which we label as T = 0). We can further sim-

plify the situation by assuming steady-state conditions for this analysis, setting T =0 (we will

motivate this assumption shortly when we consider transient behavior). Finally, we can reduce
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the problem to only one spatial dimension: because the device is so thin, and due to its width-

symmetry and boundary conditions, the temperature through any cross-section can be considered

constant. Thus, the temperature profile only depends on x (the length dimension), and we end up

with

-= GEN (3.5)
ax 2  K

Solving this with the appropriate boundary conditions, with the cantilever tip located at x = 0,

and the base at x = LB, results in a parabolic temperature distribution

T(x)= 21cEFF 2 (3.6)

in which we use Q EFFand KEFF to represent the lumped "effective" heat generation and ther-

mal conductivity, respectively. Q EFF comes from scaling the generated power density by the

fraction of the device cross-section in which it actually occurs, yielding

F = .QEN (3.7)
EFF 2

N + t
F + tM

whereas KEFF is obtained by adding in parallel the thermal conductivities of the three layers,

which yields

_
2

tNKN +(FKF +(MKM (3.8)
EFF 2

N +tF +tM

Therefore, the final expression for the temperature profile in terms of device parameters is

T(x) = GENtF ( 2

4 tN1CN + 2 tFKF + _(MKM

cantilever tip
To supplement our steady-state picture, we can also

model some aspects of the sensor's transient behavior. C CN

Using lumped-element modeling of thermal conductivities

and capacitances (see figure 3.2), we can obtain an expres- gN

sion for the thermal time constant of heat propagation metal SiN fluid

along the length of the multilayer bimorph structure. In

the circuit, each material layer is represented by a capaci- cantilever base

tance (from the heat capacity), and a conductance (the heat Figure 3.2: Lumped-element circuit
model for transient thermal analysis.
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conductivity), with heat flow represented by current and a temperature difference by voltage.

Adding the capacitances and conductances in parallel, the time constant will be their quotient:

TB = CT = I4 (2PNCNtN + PFCFtF + PMCMtM)
gT (2 tNKN + tFKF + (MKM)

Note that the transient behavior is only weakly dependent on the layer thicknesses, such that

process variations will have minimal impact on this aspect of device performance. This means

that the layer thicknesses can be used to optimize thermally-induced bending performance, with-

out adversely affecting sensor response time. In this analysis, we have assumed no heat transfer

between materials, which is unphysical; however, this means our model provides a worst-case

estimate for device response time, and the actual structure will have a faster time constant. With

typical device dimensions, this model predicts time constants in the range between 1-20 ms.

Even the slowest 20ms time constant is fast enough for many measurements, since the timescales

of many biological events, such as reactions or binding events, happen over seconds or minutes.

Moreover, rB iS only important for situations in which heat must be conducted along the

entire length of the device - for example, if heating only happens at the tip of the cantilever (as

in the case of the design with the vessel at the tip). If heat is generated uniformly throughout the

device, the response is as fast as the time for heat conduction in the direction normal to the de-

vice layers (the z-coordinate) - from fluid sample out to the silicon nitride and metal. Since the

device is so thin, this happens in 10s of nanoseconds, allowing extremely fast device response.

These time constant calculations indicate that our initial approximation to consider only steady-

state conditions was valid, since the device responds quickly enough to reach steady state with

almost any thermal inputs it is likely to receive.

3.3 Cantilever Sensitivity

Having derived the thermal and mechanical behavior of the hollow beam structure, we

can combine the two analyses to calculate the beam deflection that we can expect in specified

conditions. Since we are interested in the deflection at the tip of the beam, which is where the ID

interferometric measurement is made, the cantilever sensitivity is therefore defined as tip deflec-

tion resulting from a particular thermal input. To find this, we simply insert the appropriate tem-

perature distribution into the equation for beam curvature, and solve for z(x) at x = 0.
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The simplest result that can be found this way is the ambient temperature sensitivity of

the device - its response when the entire structure's temperature changes uniformly to a constant

value. Inserting a constant for AT(x) into Equation (3.2), and integrating twice, we obtain

z(x)K = { p(x) dxdx = (cr2) 2 (3.11)
0 0 x=O

where (crv) represents the curvature pre-factor on AT(x) in Equation (3.2). With the "default"

set of parameters (see Section 2.2), the cantilever exhibits a sensitivity of 4.36x 10' K/A, which

is a deflection of 229 nm per Kelvin change in temperature. Figure 3.3 shows the dependence of

the temperature sensitivity on varying the key geometrical parameters of the device.
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Figure 3.3: Cantilever temperature sensitivity. The plots show the effect of changing the fluid cavity
height, SiN, layer thickness, bimorph length, and metal thickness, in (a), (b), (c) and (d) respectively.
As each parameter is varied, the others are held fixed at their default values: 500 pm long and 100 pm
wide cantilever, 0.5 pm thick nitride, 0.75 pm thick fluid cavity, and 100 nm thick aluminum metal.
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Since this device is intended for thermal measurements on samples contained within it,

the sensitivity to heat power generated in the internal fluid volume is much more important than

temperature sensitivity. We therefore substitute the parabolic temperature function T(x) from Eq.

(3.9) into the expression for beam curvature, and again integrate twice:

z(x = (crv) - QGENtF 5L. (3.12)
4

tNKN + 2
tFKF + 2 tMKm 12

Here (crv) is the same curvature pre-factor from Eq. (3.2). Using Equations (3.2), (3.9) and

(3.12) we can now examine the various dependencies of the device performance on the geomet-

rical and process parameters.
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Figure 3.4: Parameter-dependent power sensitivity. As in Figure 3.3, non-varying parameters are
held fixed at their default values. In addition, for all four plots, the solid curve shows calculations for
cantilevers with single channels, and the dashed curve for cantilevers with six subdivided small chan-
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Figure 3.4 shows plots of device power sensitivity as functions of different parameters.

These are instructive for determining which design parameters are most worth optimizing as a

means of improving device performance. For example, doubling the fluid layer thickness from

0.75pm to 1.5pm gives only a 15% improvement in sensitivity, whereas halving the nitride layer

to 0.4pm gives an over threefold improvement in sensitivity, and increasing the cantilever length

from 300pm to 500pm increases it eightfold. It is natural that the cantilever dependence on bi-

morph length is so strong, since LB has a fourth power dependence in the analytical expression.

Another key result to note is that when only the ambient temperature response is consid-

ered, increasing the fluid cavity height decreases the device sensitivity, since the greater sidewall

height simply adds stiffness to the bimorph. However, when heat power is generated within the

fluid, having a greater fluid volume is advantageous, and in the range with which we are con-

cerned, the additional heat generation actually overcomes the increased stiffness, and a thicker

fluid layer improves sensitivity2.

3.4 Effects of Design Variations

We now briefly examine the changes in device performance that we can expect from the

two design variations introduced in Section 2.2.2.

3.4.1 Subdivided fluid channels

We first consider the subdivision of the U-channel into smaller fluid channels. The ac-

tual cantilevers that were fabricated, as shown in Figure 2.8 (b) have the U-channel divided into

six small ones, each 8 pm wide, with 4 pm dividers between them. This change effectively in-

creases the number of sidewalls in the structure from four (with a single central divider between

the arms of the "U" - top and left of Figure 3.5), to 24, shown at the bottom of Figure 3.5. Intui-

tively, we expect that these sidewalls will add stiffness to the structure, while small channels will

decrease the total fluid volume within - both these effects will combine to decrease power sensi-

tivity.

2 Beyond the range shown in Fig. 3.4, increasing the fluid layer thickness further reaches a maximum sensitivity of

3.75x 10-6 A/(W/m3) at 2.9 pm, slowly decreasing at higher fluid layer thicknesses. However, such large fluid layers
are never fabricated.
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Figure 3.5: Subdivided fluid channels. Schematic cross-sectional views are shown at the top and bot-
tom for the one-piece channels (top and left), and the subdivided channels (bottom and right), with ni-
tride, fluid and metal layers shown. Vertical dimensions in drawings are exaggerated.

Analysis indicates that the increased stiffness from the extra sidewalls contributes only a

negligible effect, and the power sensitivity reduction is caused primarily by the reduced volume

within the structure. With the channel subdivided into six, the volume inside the cantilever is

reduced by approximately 30%, and the overall reduction in power sensitivity is approximately

equivalent. This is illustrated on the plots in Figure 3.4 with dashed lines. The lowered sensitiv-

ity resulting from this modification is likely worth the improvement in yield, especially with the

longest devices - 500 pm cantilevers with one-piece channels have only about a 50% yield,

whereas subdividing the channel increases it to essentially 100%.

A less predictable change within the structure caused by subdividing the fluid channel is

the effect on fluid flow resistance. With the subdivided channels, the increase in flow resistance

is only about 45%, based on lumped-element Poiseuille flow calculations. However, smaller

fluid channels are more susceptible to blockage, and more sensitive to variations in channel di-

mensions. It is not yet clear which of these effects is dominant, and subdivided fluid channels

may prove useful and necessary in some situations.

3.4.2 Tip Vessel

The second major design modification under consideration is the addition of a vessel to

the cantilever tip. The intention is to increase the total fluid volume capable of generating ther-
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mal energy, which will then be conducted through the sensor to give a larger signal than a simple

uniformly thin hollow beam. We can approximate the heat distribution in a cantilever with a

vessel using a superposition of two solutions: (1) a sensor with no vessel (already treated in the

Section 3.2) and (2) a cantilever with a vessel with heat being generated only within the vessel

volume.

In the latter case, we consider heat

generated within the bimorph section to be . Lv

negligible in comparison to that generated jHv

within the vessel. This is true in cases of in-

terest to us, since the purpose of the vessel is L x

to overwhelm the heat generated in the bi-
Figure 3.6: Coordinates and dimensions for a canti-

morph. Referring to the coordinate system lever with a vessel. In this scheme, the cantilever tip

and dimensions in Figure 3.6, and applying is located at x = -Lv.

the appropriate boundary conditions, we solve the heat flow equation once again, and obtain a

linear temperature distribution through the bimorph described by

T(x) = QGEN -HvL (LB X), (3.13)
KEFF( 2 tN + tF + tM)

where we take the x = 0 to be at the junction between the vessel and bimorph sections, and

the cantilever tip is at x = -Lv. Note that the temperature distribution of Eq. (3.13) is valid only

for 0 < x < LB. Using this temperature profile in the curvature Equation (3.2), and integrating

twice, as before, the resulting power sensitivity expression is:

z(x = (crv) - QGEN - HvLv L. (3.14)
KEFF( 2 tN + F + tM) 3

Using this function, we can extrapolate from the slope at the bimorph-vessel junction to

derive the beam tip deflection at x = -Lv. For a 500im long device without a vessel, the power

sensitivity is ~3x 10-6 A/(W/m3), whereas by making the outer 200 pm of the beam a 50 pm deep

vessel, we can reach -6x 105 A/(W/m 3) - a twenty-fold increase in signal magnitude. Figure 3.7

demonstrates the benefits of adding a vessel to the cantilever tip. The trade-off between a longer

vessel and a shorter bimorph is evident, and it is clear that the vessel length that gives the best

signal increase is approximately 36% of the total cantilever length.
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Figure 3.7: Effect on device power sensitivity of different vessel sizes.
For all curves, the total cantilever length is held constant at 500 pm,
while the bimorph section length is varied correspondingly with the ves-
sel length (e.g. with a 150 pm vessel, the bimorph is 350 pm long).

3.5 Potential Applications

3.5.1 Minimum detectable deflection

The minimal detectable deflection

(MDD) signal of this cantilever sensor sys-

tem is equal to the noise present in the sys-

tem. Before the experiment is actually run-

ning, we can estimate the noise-limited

resolution from experience with similar de-

vices. In particular, the differential cantile-

ver system used by Savran et al. has the

noise characteristics in air shown in Figure

3.8 [16]. While the performance of the hol-

low cantilever will no doubt be different,

the device geometries are similar enough
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Figure 3.8: Noise power spectrum of differential stress
sensor fabricated by Savran et al (reprinted with permis-
sion from [16]).
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for this to provide insight into the types of measurements of which the hollow cantilever will be

capable (in section 4.3.1 we re-visit the accuracy of this assumption).

3.5.2 Possible thermal experiments

If we are interested in real time calorimetric measurements of biological reactions, these

occur over timescales of seconds or minutes. Unfortunately, at frequencies of 1 Hz and below,

our device requires a deflection greater than 1 nm for a signal to be detectable. The power den-

sity required to give such a signal is on the order of 106 W/m 3, even for the most sensitive com-

bination of device parameters. In biological reactions, such a power density is extremely

unlikely, and possible only for very energetic reactions, at very high concentrations. For in-

stance, Johannessen et al. measured the breakdown of hydrogen peroxide by catalase in their

nanocalorimeter [4]; this reaction is one of the "hottest" in biological systems, and at concentra-

tions of ~10mM their reaction reached ~106 W/m 3. Clearly, under physiological conditions (i.e.

with lower concentrations and tamer biochemistry), power densities are much lower, and detec-

tion using the hollow cantilever is unfeasible.

A type of measurement that does appear promising, however is photothermal spectros-

copy. As already mentioned, some photothermal measurements using flexible microcantilevers

have already been reported [6, 12], but these have used samples adsorbed to a dry cantilever sur-

face exposed to air, with no inherently differential readout. This type of measurement would be

interesting to carry out using the hollow cantilever system, which provides far better control over

sample delivery, and maintains a liquid environment. Detection is easier in this type of experi-

ment for two reasons. First, since pulsed modulation of the light source is possible, we are able

to operate the device at 50 Hz and above, where the noise power density is three orders of mag-

nitude lower than near DC. Secondly, high power density is achievable in a photothermal ex-

periment by using high analyte concentration and illuminating with a high-power light source.

Preliminary calculations indicate that a power density of 106 W/m 3 is achievable, and should be

easily detectable at noise levels of -0.01 A/Hz"2 . We present more detailed calculations in the

next chapter, together with experimental results.
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4 EXPERIMENTAL

In order to demonstrate the functionality of the device, it has been used to perform a pho-

tothermal spectroscopy measurement. Based on simulation results, and knowing the typical

noise levels expected with our instrumentation and experimental setup, we hypothesized that

such a measurement should be possible with the hollow cantilever sensor. This chapter de-

scribes principles of photothermal spectroscopy, the experimental setup, and some initial results.

4.1 Photothermal Spectroscopy

This is a sensitive analytical method used to study the optical and thermal properties of a

PDMS
fluid channel

* *0

monochromatic illumination

metai iayer (Al) I I
heat evolved

olecules in sample

Figure 4.1: Photothermal spectroscopy schematic. Monochromatic illu-
mination passes through the nitride and some energy is absorbed by mole-
cules in the fluid within. This energy is converted to heat, which is con-
ducted outward through the layers of the structure, as well as along the canti-
lever toward the substrate.

sample. Its aim is essentially

to observe the changes in the

thermal properties of a sam-

ple that result from a tem-

perature shift induced by

photo-absorption. This

method is, in a way, a more

accurate measure of absorp-

tion than spectrophotometry.

The latter method measures

transmission, and does not

account for reflection, scat-
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tering, or re-emission of light energy (as in fluorescent molecules, for instance), whereas photo-

thermal measurements only measure energy absorbed and converted to heat. Generally, a photo-

thermal spectroscopy experiment uses a variable-wavelength monochromatic light source to ex-

cite the sample. The excitation wavelength-dependent absorption can be observed by various

means, including optical, pressure, or temperature sensors. With optical readout a laser is most

often used, as is the case in our experiment. The resulting signal is filtered, processed and re-

corded.

Interestingly, Bialkowski notes in the preface his monograph on photothermal spectros-

copy methods, "... there are no commercial photothermal spectrometers. All wishing to use pho-

tothermal spectroscopy must construct their own apparatus" [3]. Typically, in such an apparatus,

refractive index changes or pressure waves resulting from sample fluid heating are detected.

These measurements have high sensitivity, sometimes detecting only a few absorbing molecules

in the sample.

The smallest volumes for photothermal measurements are usually microliter-scale. How-

ever, the sensitivity and signal strength are enhanced in smaller volumes, so a nanoliter-scale

photothermal spectrometer is a promising direction of inquiry. The hollow microchannel canti-

lever is promising for use with photothermal spectroscopy, with the potential to improve upon

the photothermal absorption measurements using microcantilever sensors that have already been

reported [6, 12].

4.2 Experimental Details

4.2.1 Experimental setup

As described earlier, the cantilever sensor is held in a dual-window chamber, intended to

give optical access to both the top and bottom surfaces of the cantilever, as shown in Figure 2.5.

The transparency of packaging materials like PDMS and glass is crucial to enable the use of the

two illumination sources required for photothermal spectroscopy measurements: one is the vari-

able-wavelength monochromatic excitation beam, and the other is the deflection measurement

laser. The monochromatic light source is a 175W xenon lamp (CVI Laser Y1603) aimed

through a computer-controlled monochromator (CVI Laser CM 110), which uses a 600 Im slit to

only pass light within a narrow spectral band only 4 nm wide. The narrow-band light is output
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using a 2 mm fiber-optic bundle, after which it is focused to a -1 mm diameter spot to illumi-

nate the cantilever pair. Since this light source does not have stringent focusing and positioning

requirements it can pass through the thick layers of PDMS to strike the devices from the front

(top side in Figure 2.5). This is in contrast to the measurement laser, which demands much more

precise focus and minimal optical distortion, and is therefore passed only through a single glass

slide. The aluminum layer on the back side of the devices simultaneously provides a reflective

surface for the measurement laser, and allows the excitation beam from the front to pass through

the transparent silicon nitride and reach the fluid inside the cantilever (in fact, reflections of this

light off the backside aluminum can pass back through the sample fluid, boosting the signal).

chopper wheel
(f=53 Hz)

fiber-optic
bundle device mount/holder

fiber output
focusing lenses

cantilever die

photodetector
(apertured)

c beamsplitterachromatic
laser focusing lens

t current output
(to electronics and
data acquisition)

1=670 nm
laser diode
(biasing)

1=635 nm
laser diode

(measurement)

Figure 4.2: Optical system for photothermal spectroscopy experiment. Note three main components:
(1) measurement laser and detector (2) biasing laser, (3) chopped monochromatic illumination

The optical measurement system for the experiment is set up as shown in Figure 4.2. A

3 mW measurement laser (Thorlabs DL3148-021) with X = 635 nm is collimated and sent

through a beamsplitter on the way to the device. It is focused onto the ID fingers of the cantile-

vers through a 60 mm focal length achromatic doublet lens, which is mounted on an x-y-z mi-

crometer positioning stage, allowing precise alignment of the laser spot. The diffractive modes

are reflected off the ID grating, back through the achromatic lens, and are steered by the beams-

plitter onto the detector photodiode. An iris aperture is used to select only one (spatially station-
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ary) mode onto the detector. The mode's intensity modulation is recorded and translated into

equivalent cantilever deflection, which provides a measurement of the thermal power generated

in the cantilever.

From the detector, the optical signal becomes electronic, as the diode outputs a photocur-

rent proportional to the intensity of the incident laser mode. This current is passed across a 100

k resistor and into a pair of voltage pre-amplifiers (Tektronix AM502), which are used to pro-

vide a moderate gain (5x), control the signal offset, and high-pass filter it to minimize the effects

of low-frequency drifts and disturbances. The signal is then passed to a lock-in-amplifier (Stan-

ford Research Systems SRS830) for narrowband measurement (see section 4.2.3 below), and

finally into a LabVIEW (National Instruments) computer-controlled data acquisition system for

data recording. A LabVIEW "virtual instrument" (VI) is used to sequentially step the mono-

chromator output wavelength through a specified range, sample and average the lock-in ampli-

fier's output at each step, and store the data.

4.2.2 Biasing

An important element required for properly con-

trolled measurement is a means of controlling the bias I best bias point

point at which the cantilever operates. The intensity of

each mode I has a nonlinear dependence on the relative optimal

out-of-plane finger displacement d, of the form bias range

Ioc sin 2  ,such that for a finger displacement equal _0 /4

In OC si2nto % wavelength of the illumination laser, one mode's

intensity modulates from zero to full brightness. To
Figure 4.3: Biasing characteristic of ID

achieve maximum deflection sensitivity, the device mode readout.

needs to operate where the slope of this function is

greatest - midway between the maximum and minimum. Unfortunately, due to stresses and

other device variations resulting from the fabrication process, it is impossible to precisely control

the relative position of the two cantilevers' ID finger sets at equilibrium, so the device's inherent

bias is unpredictable. However, we can use a second laser to deliver a precisely controlled

amount of heat to one of the cantilevers, bending it as needed to the desired bias point. For this
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we use a ) = 670 nm, 10 mW laser (Toshiba TOLD9225) driven by a variable-current laser

driver (ThorLabs LDC500), focused at the base of one of the cantilevers.

In addition, by modulating this bias laser to swing the mode intensity through its full

range, and recording the slope at the bias point, we can calibrate our measurement, enabling us to

correlate output voltage to nanometers of deflection at the bias point. Significantly, the stability

of this bias point has an important effect on the final measurement: since the output characteristic

is nonlinear, deviations from the bias point cause corresponding fluctuations in the slope. Keep-

ing the bias drift constrained to within 10% of full swing ensures that the error in slope is less

than 1% [24]. Typically, over the timescale of a single photothermal experiment (3 min or

about 5 mHz) the noise is low enough that the bias easily remains within this range (e.g. at 1

mHz, the noise in Savran's devices is 10 nm/Hz1 /2, while 10% of full swing is 16 nm).

4.2.3 AC measurement

In order to minimize the effects of noise in our measurement system, we follow the ex-

ample of many previous photothermal measurements [3, 6], taking advantage of the device's

rapid thermal response to optical excitation (see section 3.2), and combine pulse-modulated illu-

mination with phase-sensitive lock-in amplification to narrow the measurement bandwidth. Be-

fore entering the monochromator, the excitation light source is modulated using an optical chop-

per wheel (Thorlabs MC1000) at a frequency of 53 Hz, creating a square-wave pulsed optical

excitation signal. The chopper's synchronous electronic output is used as the reference input

into the SRS830 lock-in amplifier, which only amplifies a narrow bandwidth around the 53 Hz

reference frequency. This effectively eliminates all noise components outside this narrow band;

therefore, assuming satisfactory bias stability, the measurement resolution is only limited by the

noise power density at 53 Hz, which is ~10-2A/Hz" 2.

4.3 Results

This section discusses some initial experimental results, demonstrating the operating

characteristics of the differential hollow cantilever sensor, and a proof-of-principle application to

photothermal spectroscopy. It is clear that there is much that can be still be improved, and this is

discussed in Chapter 5.
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In this section, unless noted otherwise, all experiments that are described were done with

a pair of 300 ptm long single-channel cantilevers, with 800 nm nitride, 500 nm fluid layer, and 60

nm of aluminum on the back side. The monochromator was used with a 600 tm slit, and the

lock-in time constant was set to 100 ms. The LabVIEW VI acquired data in the range of illumi-

nation wavelengths between 350 and 700 nm, in increments of 2 nm, pausing for 0.5 sec between

steps, sampling each data point at 1 kHz and averaging 500 samples.

4.3.1 Absolute and differential spectra

We first demonstrate the ability of the differential cantilever pair to reject common-mode

signals coming from both cantilevers. Figure 4.4(a) compares the differential spectrum of a pair

of empty (unfilled) devices to the absolute spectrum of one of the cantilevers. The differential

spectrum is featureless, and shows a 10-fold reduction in signal compared to the absolute deflec-

tion. The peaks in the absolute spectrum result from variations in incident light power, as well as

absorption in the silicon nitride layers, which have previously been observed to give absorption

spectra of this shape (data not shown). These background effects are effectively cancelled by

using the differential readout, as intended, and the flat spectrum is noise-limited. This is evident

from comparing the differential spectrum in Figure 4.4(a) to the spectrum in Figure 4.4(b), which

shows the noise measurement of the differential readout, with the monochromatic illumination

turned off (this noise measurement was taken with a different device of the same type, and with

the lock-in time constant at 30 ms, which accounts for the higher variability in the signal). The

noise magnitude is -0.002-0.003 nm, which is comparable to Savran's measured noise PSD of

0.001 nm at 50 Hz. This suggests that hollow cantilever noise estimates using Savran's device's

noise characteristics as predictors of hollow cantilever performance, are justified.
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Figure 4.4: Empty cantilever spectra. Measurements taken on 300 pam long devices, before
filling with sample. (a) Differential vs. absolute deflection. (b) Noise spectrum taken with the
monochromator illumination switched off.

4.3.2 A dye absorption spectrum

As a demonstration of the ability of the hollow cantilever to act as a thermal sensor, we

present here a photothermal spectrum of the dye proflavine (3,6-diaminoacridine hydrochloride)

dissolved in water, recorded with the hollow cantilever. This measurement was taken differen-

tially using the forced flow regime - both cantilevers' bypass channels were stopped - flowing

de-ionized water through one of the cantilevers, and the proflavine solution through the other.

We now examine some of these results.
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Figure 4.5: Proflavine absorption spectra. (a) Absorption curves, normalized by peak value,
from device measurement, compared with two known data sources: PhotochemCAD database,
and a transmission spectrophotometer measurement. Peak values are at 425, 445 and 435 nm,
respectively. (b) The measured absorption spectrum compared with a theoretically calculated
peak (appropriately scaled PhotochemCAD data).
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Figure 4.5 (a) shows the normalized absorption spectrum data, shown in comparison to

two known optical absorption spectra for proflavine, one from the PhotochemCAD photochemis-

try database [25, 26], available from the Oregon Medical Laser Center, and the other from a

spectrophotometer absorption measurement done at MIT's Center for Environmental Health Sci-

ences (CEHS). The peak width and location show good agreement with the optical data. The

peak of our measured spectrum is centered at 425 nm, compared to 435 nm and 445 nm for the

known data. Interestingly, the chemical supplier Sigma-Aldrich states in its catalog that the ab-

sorption peak of this compound is 456 nm. With this much variation in existing data, and ac-

counting for the possibility of a calibration offset in the monochromator, we can be confident

that the data in Figure 4.5 is a true absorption measurement. It is important to stress that the

comparison data are purely optical measurements based on transmission; they are not photother-

mal spectra, so we should not necessarily expect what we observe with our cantilever sensor to

exactly match this.

Finally, worth noting is the lower noise floor present in this measurement than what has

been observed thus far. The peak in this spectrum is at a deflection of 2.5 pm (.0025 nm), which

would be lost in the previously observed -3 pm noise, whereas here we achieve a signal-to-noise

ratio (SNR) of about 4, with a noise floor of -0.7 pm, which is about four times lower than be-

fore. Preliminary data suggest that, when filled with fluid under steady pressure, the hollow can-

tilevers may exhibit lower thermomechanical noise than when they are empty, but more meas-

urements and analytical modeling are necessary to verify this and determine its causes.

While the location and shape of the absorption peak correlate well with known data, the

true magnitude of the cantilever deflection in this measurement is far below what would be ex-

pected with the experimental parameters. The expected cantilever deflection has been calculated

and plotted together with the deflection data in Figure 4.5 (b). The expected deflection is found

by determining the equivalent generated heat power density in the device, and inserting it into

the analytical model from Chapter 3 to obtain deflection. According to the Beer-Lambert law,

the transmitted intensity of light passing through an absorptive sample is given by I = Io I0 (,L),

where I0 is the incident intensity, e is the molar absorbance of the sample, c the sample concen-

tration, and L the path length. Proflavine has an absorbance peak of c=3.9x 104 1/(M-cm) at 445

nm, the solution used in the experiment is 10 mM, and, assuming a path length of 0.5 ptm (one

pass through the fluid layer, without reflections), we find that only about 4.4% of the incident
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light power is absorbed by the sample. Scaling the monochromator output power of 40 pW at

445 nm by the fraction of the beam area intercepted by the cantilever, and by the absorbance fac-

tor, we find the total absorbed power to be 0.1 pW. Dividing by the total fluid volume of 22.5

pL (2.25 x 1012 M3) we obtain an equivalent power density of 4.5x 106 W/m3 . The sensitivity of

the cantilever being used is 9.6x 10-9 nm/(W/m 3), which gives an expected deflection of 0.043 nm

at X=445 nm.

The measured signal is about 20 times lower, and there are several likely causes. The

most significant of these is the fact that the outlet channels of both cantilevers are joined, (as

seen in Figures 2.3 and 2.8) allowing diffusion of dye backward from the junction, out of the

sample cantilever, and into the reference one. Thus, we are likely detecting a difference in con-

centration between the two cantilevers, which is much smaller than the actual concentration of

dye in the sample. The measurement is further degraded by the fact that conditions in the two

cantilevers are not sufficiently the same for a true differential measurement. Contributing to this

effect is the asymmetry of the fluidic connections to the input ports of the sample and the refer-

ence cantilevers (see Figure 2.6). This plays a role in making both the bypass fluid flow rate, as

well as the cantilever through-flow, very unequal, further degrading the inherently differential

character of the measurement.

Another possible effect could be transport of the generated heat out of the cantilever by

the fluid flowing through it, before the heat can bend the device. However, at the low pressures

used in this experiment, the fluid flow velocity through the cantilevers is at most 20 pim/sec,

making it highly unlikely that this appreciably affects heat transfer properties. In fact, due to

rapid heat transfer through the device layers (see Section 3.2), the flow speed can be increased

100-fold without having an effect on thermal behavior, and may even help to overcome the dif-

fusive mixing mentioned above. We discuss more potential improvements to thermal experi-

ments with these devices in the next chapter.

In summary, the sensor at least partially meets the original goals of achieving sensitive

low-sample-volume, high-throughput thermal measurement. The device sensitivity is only me-

diocre, but can certainly be further optimized. The sample volume is near the lowest practical

limits for a device through which the sample must pass (rather than simply resting on the sensor).

Finally, the device throughput shows potential, and rapid sample switching is achievable with

slightly more sophisticated microfluidic networks.
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5 FUTURE WORK

Continued work on the hollow cantilever thermal sensor has three main phases. First,

within a several-week timescale, a number of follow-up experiments can be done, both with de-

vices already available and fabricated, as well as with those currently in progress through the

fabrication process. Second, on a timescale of several months, the measurement system can be

fine-tuned at the design level, and a new generation of devices fabricated, incorporating the de-

sign enhancements. Finally, new experiments can be performed with the new device generation,

pushing the measurement system to its resolution limits.

5.1 Follow-up Experiments

A number of experiments can be carried out almost immediately with the sacrificial

polysilicon design (Figure 2.3(b)), using devices from wafers which are nearly completed, except

for KOH release. Because the cantilever pairs in this design all share a common outlet channel,

it is difficult to achieve complete separation of the measured and reference sample. However,

there are existing fluidic designs that have better-matched flow resistance and geometry than the

device used for the measurements described in Chapter 4. This will enable better differential

measurement, and with higher flow rates to mitigate diffusive mixing, the system will produce a

better photothermal signal. In addition, more complete noise characterization can be performed,

comparing both absolute and differential noise levels in unfilled devices with those flowing wa-

ter under steady pressure. Finally, system calibration experiments can be performed by flowing

water of different temperatures through the cantilevers and observing their bending.
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To add to these experiments, devices with separated fluidic paths for each cantilever in a

differential pair are currently in fabrication. The design originally used with the wafer bonded

process (Figure 2.3(a)) is being fabricated using the sacrificial process. This process is just as

well-suited to this design, which has excellent symmetry and well-matched PDMS fluidic con-

nections. These devices emerging from fabrication will shortly enable further experiments with

a refined photothermal system.

5.2 Next Generation System Improvements

Changes to improve the measurement system can be categorized into three broad areas:

the fabrication process, the device design, and the fluid delivery system. All three are crucial

factors contributing to device performance, and developing them can lead to numerous

significant improvements for the measurement system.

5.2.1 Fabrication process

Since the sacrificial polysilicon process is largely successful, changes to it can be aimed

at improving yield and device quality. In particular, the anisotropy of the final KOH release

needs to be improved to minimize device and die undercut during the long sacrificial etch step.

Also, longer devices have a tendency to crack when the fluid channel is one-piece, which is

likely caused by stresses in the nitride layers, and generated during KOH release. These issues

need to be addressed to produce more long devices, which show the best sensitivity.

One extra processing step is worth investigating, which may help to improve resulting

devices after fabrication is completed. Hydrofluoric acid (HF) etches silicon nitride extremely

slowly, and can be used to carefully thin the structural nitride of the cantilever sensors both from

the inside and the outside. This can increase the internal fluid volume, while thinning the enclos-

ing walls, both of which will raise device sensitivity. This is potentially a means of improving

yield as well, since structures can be fabricated with thicker nitride to be more robust during re-

lease, and later thinned to reach high sensitivity.
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5.2.2 Device design

This area of improvement includes any work to be done with the silicon wafer-based ge-

ometry and layout of devices, and involves re-designing the photomasks used for fabricating the

sensors. The most obvious change to be made to the device layout, which will likely have the

greatest impact on performance, is separating the fluid systems of the two adjacent cantilevers in

a differential pair. When the two devices no longer share a common channel, the experimental

and reference samples will not mix, and the full magnitude of the photothermal signal can be ob-

served. In addition, device layout on the chip should be designed in conjunction with attached

fluidics to properly match devices in a differential pair to each other (more on this in the next

section). Finally, cantilever and wafer through-hole geometry should be optimized to enable ab-

solute deflection measurement of each device in a pair, as well as differential measurement be-

tween them, allowing complete characterization of device operation.

5.2.3 Fluid delivery system

From the results of experiments using the existing differential hollow cantilever setup, it

becomes clear that for true and effective differential measurement, it is insufficient to only match

the pair of cantilevers to each other. All parts of the fluidic networks attached to both devices

should also be matched, in order to create truly identical conditions in the two devices. This has

not been achieved yet with the devices described in this thesis. Therefore, efforts toward im-

proving the fluid delivery system must primarily focus on using available die space to create

equivalent fluidic networks for both devices in a pair.

Other useful improvements in fluidics include reducing the "dead volume" in the PDMS,

adding integrated valves in multi-level PDMS [27] for sample flow control, and ultimately, wa-

fer-level fluidic integration.

With this in mind, work is in progress on integrated wafer-level anodic bonding to the

device wafer of Pyrex (borosilicate glass) wafers with etched microchannels. This should allow

much higher pressures for fluid delivery and much more robust packaging. It is anticipated that

this will be fairly difficult to achieve, and will be a long-term goal for the next device generation.
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APPENDIX A
FABRICATION DETAILS

Below we explain in some detail the two fabrication processes used throughout the work

described in this thesis. Both processes use three masks, and either mask set can be used with

either process to yield the same result. Some key issues for each process are discussed below,

and the detailed fabrication steps are shown on the following pages.

Figure A.1: Cantilever mask layouts. (this is the same as Figure 2.3, repeated here for easy reference) CAD mask
layouts for (a) the bonded nitride process, and (b) the sacrificial polysilicon process. Black scale bar is 500 pm.
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A.1 Bonded Nitride Process

Device fabrication begins by etching the channels (mask 1) into a silicon wafer with a

reactive ion etcher (RIE). Next, low-stress silicon nitride is deposited on the wafer and a second,

unpatterned wafer. The nitride surfaces of both wafers are smoothed using chemical mechanical

polishing (CMP) and the polished nitride layers are then bonded together. The top nitride layer

of the unpatterned wafer is dry-etched away, and all of the exposed silicon is removed with po-

tassium hydroxide (KOH) to access the now-bonded double-layer devices. The cantilever out-

lines and channel port openings are etched into the nitride (mask 2) by RIE and the backside ni-

tride is etched (mask 3) to create openings for the appropriate wafer through-holes. Finally, the

silicon wafer is etched in KOH such that the cantilevers overhang from a silicon die.

In figure A. 1(a), the channels etched in silicon with mask 1 are shown in red, green indi-

cates the cantilever outline and the top edge of silicon die (mask 2), and blue is the backside ni-

tride edge (mask 3) which produces the wafer through-hole outlined in white.

The critical steps for this process are the CMP and bonding of the nitride layers. These

steps are based on the work of the Elwenspoek group at the University of Twente [28, 29]. They

have achieved satisfactory bonding between nitride layers, after polishing the nitride to have sur-

face roughness of less than 0.5 nm. However, it is unclear if the bond strength can be good

enough to form a robust freestanding structure. Efforts at fabricating devices this way have so

far shown bond yields of at most 60% after top wafer etch back, with most of the devices break-

ing and delaminating after further processing. Currently, the utility of this process remains ques-

tionable at best.

A.2 Sacrificial Polysilicon Process

This process starts identically, using mask 1 to RIE the channels in silicon. Next, low-

stress silicon nitride is deposited on the wafer, followed by a polysilicon deposition that is

slightly thicker than the depth of the initial etch. The polysilicon is CMP-ed down to the nitride

surface, such that only polysilicon filling the trenches remains. At this point, a second low-stress

SiNX layer is deposited, as identical to the first as possible (for stress matching). Again, as in the

49



first process, the cantilever outlines and channel port openings are etched into the nitride (mask

2) by RIE and the backside nitride-poly-nitride multilayer is etched (mask 3) to create the back-

side openings for KOH. The final KOH etch not only releases the cantilevers, but also etches out

the sacrificial poly from inside the channels, creating the hollow structures.

In Figure A.1(b), the fluid channels of mask 1 are shown in green, the red shape is the

topside cut in the silicon nitride that defines the cantilever shapes and the through-hole opening

from the front, and gray is the backside mask outline which defines the KOH release from the

back side (the white is unpatterned bulk silicon in this case, not open space).

In this process, the sacrificial channel etch-out is the critical step. The sacrificial poly

etch rate is comparable to the bulk silicon rate of -0.8 pm/min., despite the constricted dimen-

sions of the cantilever channel. However, the etch must continue for -17 hours to completely

clear the cantilever channels, which is considerably longer than the -7 hours that the through-

wafer etch takes. This causes significant undercutting of the die and cantilevers (see light-

colored rectangles around nitride opening in Fig. 2.8) - techniques are being explored to improve

the anisotropy and selectivity of KOH to the different crystal planes of silicon in order to correct

this. A more robust, but more complicated solution, is to separate the release and sacrificial

etch-out steps, first opening only the channel ports to access the cantilever channels and etching

out the poly in KOH, and only later etching wafer openings and releasing the cantilevers.

The following pages show the detailed fabrication process steps for the two processes

described above, using the facilities at the MTL and in the Manalis Lab at the Center for Bits and

Atoms within the MIT Media Laboratories.
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A.3 Damascene CMP Sacrificial poly-Silicon Fabrication Process Steps

# Ste Machine Lab arameters

HMDS TRL HMDS, prg. 5
photoresist coater TRL OCG825, lum

pre-bake TRL 90C, 30min
MASK I EVI TRL 2.5s
develop photo-wet-i TRL OCG934 1:1

post-bake TRL 120C, 30min

etch Silicon RIE een ML* 1-2um

clean & stri resist re-metal iranha ICL blue beaker, 10min

rca clean RCA IICL I
4low-stress Nitride VTR JICL 10.5-lum

[Irca clean RCA ICLI
LPCVD Polysilicon 6B-nPoly ICL 2um

CMP Polysilicon CMP ICL stop at nitride
6 post-CMP clean pre-metal piranha ICL 10min blue + 10min

green beaker

7rca, clean IRCA IICL I
low-stress Nitride IVTR IICL 10.5-lum

HIMDS TRL HMDS, prg. 5
hotoresist 2 sides coater TRL OCG825 ,2x lum

pre-bake TRL 90C, 30min
MASK 2+3 (front+bck) EVI TRL 2.5s
develop photo-wet-l TRL OCG934 1:1

post-bake TRL 120C, 30min

etch Nitride + Poly RIE (green) ML* front& backsie in
9.ash resist RIE (reen) NIL*

1release etch IKOH (geen) MIV 180 C; -0.8 urn/mmn

7 n e silicon
Polysilicon
low-stress silicon nitride (SiNs)

*ML = Manalis Lab
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A.4 Direct-bonded Silicon Nitride Fabrication Process Steps

# Step Machine Lab parameters

HMDS TRL HMDS, prg. 5
photoresist coater TRL OCG825, lum

pre-bake TRL 90C, 30min
MASK I EV TRL 2.5s
develop photo-wet-I TRL OCG934 1:1

post-bake TRL 120C, 30min

etch Silicon LAM490B ICL 0.5-1 um

clean & strip resist pre-metal piranha ICL blue beaker, 10min

(add unpatterned clean 6" wafer before VTR deposition)

low-stress Nitride IVTR ICL b0.5s ur

C rdI < 0.5 nm roughness
CIVI nirideCMP(both wafers)

double piranha + 10min yellow +
post-CMP clean 50:1 dilute HF TRL 10min green piranha

+ 10 min HF

rca clean RCA TRL
1 mbar pressure

direct fusion bond EV501 TRL2000 pistn ce

anneal tube B3 TRL 4 hrs @500 C

etch Nitride RIE (green) ML* etch back top layer

etch Silicon KOH (green) ML etch away top wafer

HMDS TRL HMDS, prg. 5
hotoresist 2 sides coater TRL OCG825, 2x lum

re-bake TRL 90C, 30min
MASK 2+3 front+bck EVI TRL 2.5s
develo photo-wet-l TRL OCG934 1:1

post-bake TRL 120C, 30min

i etch Nitride AME5000 ICL Ifront & backside
ash resist lasher 1GbL

release etch IKOH (geen MNL* 180 C; -0.8 unm

*ML = Manalis Lab
losilicon

low-stress silicon nitride (SiNj)
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