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Abstract

Detection of volatile organic compounds (VOCs), which are widely used in
industrial processes and household products, is very important due to significant health
hazards associated with them. VOCs are commonly detected using photo-ionization
detectors (PIDs), suspended hot bead pellistors, or heated metal oxide semiconductor
functionalization layers. However, these techniques used for detecting VOCs often suffer
from one or more of the following issues - high power consumption, limited selectivity,
complicated functionalization technique and expensive characterization tools. On the
other hand, microcantilevers offer excellent avenues for molecular sensing that arises out
of their high sensitivity to various physical parameter changes induced by the analyte
molecules. Microcantilever heaters, which are extremely sensitive to changes in thermal
parameters, have been widely utilized for calorimetry, thermal nanotopography and
thermal conductivity measurements. Due to the small area of the microcantilever that
needs to be heated (i.e. the tip of a triangular microcantilever), they also offer the
possibility of reduced power consumption for high temperature operation. The present
study reports the multimodal VOC detection capability of unfunctionalized
microcantilever heaters made of AlGaN/GaN heterostructure, which can address many of
the limitations observed in other techniques.

The microcantilevers, fabricated on an Al1GaN/GaN on Si wafer, were found to be
excellent heating elements with high degree of localization and low power consumption

(<1 mW for a temperature as high as 700 K). While most of the microcantilevers had a

vi
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single conducting channel along the arms, some were specially designed to have two
parallel channels, isolated by semi-insulating GaN or air. The single channel
microcantilevers exhibited a dc response to different VOCs above particular threshold
voltages, which were found out to be strongly correlated to the latent heat of evaporation
for those analytes. At a constant dc bias which is above that threshold voltage, the
magnitude of the response for any VOC is a function of concentration and molecular
dipole moment of the VOC, which is another metric that can be easily determined and
calibrated. While threshold voltage is a reliable indicator for uniquely identifying a VOC,
the response magnitude can be used to estimate the concentration of the analyte also,
down to low ppm range with a response time less than 40 s. The microcantilevers with
two parallel channels are suitable for thermal conductivity based detection of any vapor
or gas, therefore it helps pinpointing the VOCs even better in an event where two
different VOCs have very close threshold voltages but significantly different thermal
conductivities. A numerical model, based on three dimensional heat transfer and Joule
heating equations, has also been developed for these microcantilevers. This model has
been employed to explain the physical phenomena associated with the sensor under
different bias conditions, and also to predict the response time of the heater alone, which
is much smaller than the response time of the overall system. The noise limited resolution
from the theoretical model is in the range of parts per billion and shows excellent promise
for the future application of this kind of sensor in detecting VOCs with very low power

consumption.
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Chapter 1

Introduction

1.1 Overview

Detection of small quantities of molecules is of significant interest for numerous
numbers of applications, ranging from gas sensing and environmental monitoring to
biological and medical diagnostics. These require the sensors to be inexpensive, power
efficient, easily deployable and miniaturized, yet sensitive enough to detect molecules
down to the single-molecule level. With the advancement of miniaturization technologies
molecular sensors are getting smaller and smaller in dimensions. Miniaturization is also
essential for in vivo physiological monitoring, sensor portability and minimized sample
volumes. Conventional molecular sensors suffer from extensive packaging, complex
electronic interfacing and regular maintenance, the use of novel Microlectromechanical
systems (MEMS) devices that integrate electronics and micro-mechanical structures on

chip could address all those drawbacks.

Microcantilevers are the most simplified MEMS based devices. Diverse
applications of microcantilevers in the field of sensors have been explored by many
researchers. These sensors have several advantages over the conventional techniques in
terms of high sensitivity, low cost, simple procedure, non-hazardous procedures and
quick response. A molecular sensor is usually evaluated with respect to three major

aspects: 1) sensitivity, 2) selectivity, and 3) miniaturization. An ideal sensor should have
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high sensitivity towards targeting chemicals, excellent selectivity to a specific signal of

interest, and a very small dimension.

In this work we are proposing molecular sensors that will be made of novel V-
shaped micro-cantilevers, in the form of arrays in a chip. Due to their reduced dimension,
many of the individual cantilevers can be integrated together in a chip, thus the final

device is miniaturized.

Particles that are smaller than the characteristic lengths associated with the
specific phenomena often display new chemistry and new physics that lead to new
properties that depend on size. The analyte molecules and the sensing elements are of
comparable size for microcantilever based sensing which promotes better sensitivity.
Again in the case of nanoscale sensors the size of the structure is reduced further, surface
to volume ratio increases considerably and the surface phenomena predominate over the
chemistry and physics in the bulk. This enhances the semsitivity even more since the

molecular interaction or sensing occurs at the surface.

The careful selection of superior material quality confirms the fast response.
AlGaN/GaN heterostructures contain a highly conductive two-dimensional electron gas
(2DEQ) at the interface, which is sensitive to mechanical load, as well as to chemical
modification of the surface, and can be used for novel sensing principles and as
transducers for MEMS applications. The selectivity of the sensor is improved by the
multimodal detection technique apart from the nature of the gas molecules themselves. In
multimodal detection technique independent parameters can be independently measured
and while they are combined together a unique signature for any particular molecule is

obtained.
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1.2 Chemical sensor arrays

A chemical sensor is a device that transforms chemical information, ranging from
the concentration of a specific sample component to total composition analysis, into an
analytically useful signal. The chemical information, mentioned above, may originate
from a chemical reaction of the analyte or from a physical property of the system

investigated.

A physical sensor is a device that provides information about a physical property
of the system. A chemical sensor is an essential component of an analyzer. In addition to
the sensor, the analyzer may contain devices that perform the following functions:
sampling, sample transport, signal processing, data processing. An analyzer may be an
essential part of an automated system. The analyzer working according to a sampling

plan as a function of time acts as a monitor.

Chemical sensors contain two basic functional units: a receptor part and a
transducer part. Some sensors may include a separator which is, for example, a
membrane. In the recepror part of a sensor the chemical information is transformed into a

form of energy which may be measured by the transducer.

The transducer part is a device capable of transforming the energy carrying the
chemical information about the sample into a useful analytical signal. The transducer as

such does not show selectivity.

The receptor part of chemical sensors may be based upon various principles:
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u Physical, where no chemical reaction takes place. Typical examples are those
based upon measurement of absorbance, refractive index, conductivity, temperature or

mass change.

a Chemical, in which a chemical reaction with participation of the analyte gives rise

to the analytical signal.

u Biochemical, in which a biochemical process is the source of the analytical signal.
Typical examples are microbial potentiometric sensors or immunosensors. They may be

regarded as a subgroup of the chemical ones. Such sensors are called biosensors.

In some cases it is not possible to decide unequivocally whether a sensor operates
on a chemical or on a physical principle. This is, for example, the case when the signal is

due to an adsorption process.

Sensors are normally designed to operate under well-defined conditions for
specified analytes in certain sample types. Therefore, it is not always necessary that a
sensor responds specifically to a certain analyte. Under carefully controlled operating
conditions, the analyte signal may be independent of other sample components, thus
allowing the determination of the analyte without any major preliminary treatment of the
sample. Otherwise unspecific but satisfactory reproducible sensors can be used in series
for multicomponent analysis using multivariate calibration software and signal

processing. Such systems for multicomponent analysis are called sensor arrays.

1.3 Classification of sensors

The development of instrumentation, microelectronics and computers makes it

possible to design sensors utilizing most of the known chemical, physical and biological
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principles that have been used in chemistry.

Chemical sensors may be classified according to the operating principle of the

transducer:

1. Optical devices transform changes of optical phenomena, which are the result
of an interaction of the analyte with the receptor part. This group may be further
subdivided according to the type of optical properties which have been applied in

chemical sensors:

a) Absorbance, measured in a transparent medium, caused by the absorptivity of the

analyte itself or by a reaction with some suitable indicator.

b) Reflectance is measured in non-transparent media, usually using an immobilized

indicator.

c) Luminescence, based on the measurement of the intensity of light emitted by a

chemical reaction in the receptor system.

d) Fluorescence, measured as the positive emission effect caused by irradiation. Also,

selective quenching of fluorescence may be the basis of such devices.

e) Refractive index, measured as the result of a change in solution composition. This

may include also a surface plasmon resonance effect.

f) Optothermal effect, based on a measurement of the thermal effect caused by light

absorption.

g) Light scattering, based on effects caused by particles of definite size present in the

sample.
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2. Electrochemical devices transform the effect of the electrochemical interaction
analyte — electrode into a useful signal. Such effects may be stimulated electrically or
may result in a spontaneous interaction at the zero-current condition. The following

subgroups may be distinguished:

a) Voltammetric sensors, including amperometric devices, in which
current is measured in the d.c. or a.c. mode. This subgroup may include sensors
based on chemically inert electrodes, chemically active electrodes and modified
electrodes. In this group are included sensors with and without (galvanic sensors)

external current source.

b) Potentiometric sensors, in which the potential of the indicator electrode
(ion-selective electrode, redox electrode, metaVmetal oxide electrode) is

measured against a reference electrode.

c¢) Chemically sensitized field effect transistor (CHEMFET) in which the
effect of the interaction between the analyte and the active coating is transformed
into a change of the source-drain current. The interactions between the analyte
and the coating are, from the chemical point of view, similar to those found in

potentiometric ion-selective sensors.

d) Potentiometric solid electrolyte gas sensors, differing from class 2(b)
because they work in high temperature solid electrolytes and are usually applied

for gas sensing measurements.
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3. Electrical devices based on measurements, where no electrochemical processes
take place, but the signal arises from the change of electrical properties caused by the

interaction of the analyte.

a) Metal oxide semiconductor sensors used principally as gas phase

detectors, based on reversible redox processes of analyte gas components.

b) Organic semiconductor sensors, based on the formation of charge

transfer complexes, which modify the charge carrier density.

¢) Electrolytic conductivity sensors.

d) Electric permittivity sensors.

4. Mass sensitive devices transform the mass change at a specially modified
surface into a change of a property of the support material. The mass change is caused by

accumulation of the analyte.

a) Piezoelectric devices used mainly in gaseous phase, but also in
solutions, are based on the measurement the frequency change of the quartz

oscillator plate caused by adsorption of a mass of the analyte at the oscillator.

b) Surface acoustic wave devices depend on the modification of the
propagation velocity of a generated acoustical wave affected by the deposition of

a definite mass of the analyte.

5. Magnetic devices based on the change of paramagnetic properties of a gas

being analysed. These are represented by certain types of oxygen monitors.

6. Thermometric devices based on the measurement of the heat effects of a

specific chemical reaction or adsorption which involve the analyte. In this group the heat
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effects may be measured in various ways, for example in the so called catalytic sensors
the heat of a combustion reaction or an enzymatic reaction is measured by use of a
thermistor. The devices based on measuring optothermal effects can alternatively be

included in this group.

This classification represents one of the possible alternatives. Sensors have, for
example, been classified not according to the primary effect but to the method used for
measuring the effect. As an example can be given the so-called catalytic devices in which
the heat effect evolved in the primary process is measured by the change in the
conductivity of a thermistor. Also, the electrical devices are often put into one category

together with the electrochemical devices.

Sensors have also been classified according to the application to detect or
determine a given analyte. Examples are sensors for pH, for metal ions or for determining
oxygen or other gases. Another basis for the classification of chemical sensors may be
according to the mode of application, for example sensors intended for use in vivo, or
sensors for process monitoring and so on. It is, of course, possible to use various
classifications as long as they are based on clearly defined and logically arranged

principles.

The biosensors are not presented as a special class because the process on which
they are based is, in general, common to chemical sensors. They may be also
differentiated according to the biological elements used in the receptor. Those may be:
organisms, tissues, cells, organelles, membranes, enzymes, antibodies, etc. The
biosensors may have several enzymatic systems coupled which serve for amplification of

the signal.
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1.4 Chemical sensors for environmental monitoring

Figure 1.1 shows various applications of chemical sensors including monitoring
automobile emission gasses, medical diagnosis, industrial control, national security,

indoor air quality control, and environmental evaluation.

The regulation on automobile emission usually involves toxic gases such as

nitrogen oxide (NOx), carbon monoxide (CO), or volatile hydrocarbons.

A general medical examination requires measuring these substances in human
body such as glucose, blood oxygen, and cholesterol, which lead to determine possible

disease or disorder of a patient.

In a research lab or industrial factory, it is extremely important to prevent
accidents from leakage of flammable gases such as H:, thus the concentration of H> on

working sites needs to be monitored in real-time.

Automobile emission
gases: NO, NO, CO

Indoor air quality:

Flammabl :H
o able gases: H, I acetone, ethanol vapor

\ /
Chemical Sensors

/ \

Environmental monitoring:

pH, metal lon

Medical diagnosis:
blood oxygen, glucose

National security:
explosives (TNT,
DNT, RDX)

Figure 1.1 Various applications of chemical sensors
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There are indoor air pollutants such as volatile organic compounds (VOCs)
including acetone, ethanol and isopropanol. These organic compounds are widely used as
ingredients in household products and extensive exposure to these VOCs can lead to

disorder, sickness or even death [1].

Particularly, there have been significant increasing technical demands on
indentifying explosive chemicals_due to challenges of anti-terrorism worldwide. Sensors
are required to be deployed at public transport station, plaza, schools, and commercial
buildings to detect trace amount of explosive molecule such as TNT, DNT, and RDX [2].
Apart from explosive chemicals, recently in last few decades there have been several
incidents of the use of CWAs (mustard gas, sarin, etc.) around the world that killed
thousands of lives and threatened the whole civilization [3]. These incidents worldwide
highlight the importance of having a continuous detection and monitoring of these kinds

of chemical agents and explosives for both defense and homeland security.

Chemical sensors are expected to play a critical role in environmental monitoring
(both indoor and outdoor) and environmental control (air, water), facilitating a better
quality of life. The projected increase in global energy usage and unwanted release of
pollutants has led to a serious focus on advanced monitoring technologies for
environmental protection, remediation, and restoration. In a recent study, the World
Health Organization (WHO) reported that over 3 million people die each year from the
effects of air pollution. Furthermore, reports from World Energy Congress (WEC)
suggest that if the world continues to use fuels reserves at the current rate, the
environmental pollution in 2025 will create irreversible environmental damage. Long-

term exposure to air pollution provokes inflammation, accelerates atherosclerosis, and
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alters cardiac function. Within the general population, medical studies suggest that
inhaling particulate matter (PM) is associated with increased mortality rates which are
further magnified for people suffering from diabetes, chronic pulmonary diseases, and
inflammatory diseases. Pollution, in general is contamination that renders part of the
environment unfit for intended or desired use. Natural processes release toxic chemicals
into the environment as a result of ongoing industrialization and urbanization. Major
contributors to large-scale pollution crisis are deforestation, polluted rivers, and
contaminated soils. Other sources of pollution include emissions from iron and steel
mills; zinc, lead, and copper smelters; municipal incinerators; oil refineries; cement
plants; and nitric and sulphuric acid producing industries. Of the group of pollutants that
contaminate urban air, nitrous oxide (NOx), fine suspended PM, sulphur dioxide (SO2),
and ozone pose the most widespread and acute risks. Recent studies on the effects of
chronic exposure to air pollution have singled out PM suspended in smog (NOx) and
volatile organic compounds (VOCs) as the pollutant most responsible for life-shortening
respiratory and associated health disorders. Since the Clean Air Act was adopted in 1970,
great strides have been made in the U.S. in reducing many harmful pollutants from air,
such as SO». Levels of NOy, however, have increased by 20% over the last 30 years.
Sources of NOx include passenger vehicles, industrial facilities, construction equipment
and railroads, but of the 25 million tons of NOx discharged annually in the U.S., 21% of
that amount is generated by power plants alone, resulting in rising threats to the health of
the general population. Furthermore, the SCanning Imaging Absorption SpectroMeter for
Atmospheric CHartographY (SCIAMACHY), shows rapid increase in NOx columns

worldwide, especially since 2003.
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Rapid detection of contaminants in the environment by emerging technologies is
of paramount significance. Environmental pollution in developing countries has reached
an alarming level thus necessitating deployment of real-time pollution monitoring
sensors, sensor networks, and real-time monitoring devices and stations to gain a
thorough understanding of cause and effect. A tool providing interactive qualitative and
quantitative information about pollution is essential for policy makers to protect massive

populations, especially in developing countries.

1.5 Microcantilever heater based environmental sensors

Detection of volatile organic compounds (VOCs), which are widely used in
industrial processes and household products, is very important due to significant health
hazards associated with them.[1] VOCs are commonly detected using photo-ionization
detectors (PIDs),[2] suspended hot bead pellistors,[3] or heated metal oxide
semiconductor functionalization layers.[4]-[7] The detection methodology using PIDs is
based on high-energy photon (typically > 10.5 eV) induced ion generation, while that
using hot bead pellistors takes advantage of the exothermic reaction (from auto-ignition
of VOCs) to produce a change in resistance. Heated metal oxide (i.e. TiO2 or SnO2)
based sensing also relies upon a change is resistance, but at a temperature below the auto-
ignition temperature of the VOCs. However, all the above techniques suffer from the
problem of high power requirement as well as poor selectivity among VOCs, which is
often important for proper identification of the source of a problem. Although the last
method requires somewhat lower operational power, it involves complicated

functionalization process with metal oxides.
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Microcantilevers offer excellent avenues for molecular sensing that arises out of
their high sensitivity to various physical parameter changes induced by the analyte
molecules.[8]-[15] Microcantilever heaters, which are extremely sensitive to changes in
thermal parameters,[16]-[21] have been widely utilized for calorimetry,[16] thermal
nanotopography[17] and thermal conductivity measurements.[18] Due to the small area
of the microcantilever that needs to be heated (i.e. the tip of a triangular microcantilever),
they also offer the possibility of reduced power consumption for high temperature
operation. ~ However, achieving repeatable and reliable functionalization of a
microcantilever, especially over a small area, is a challenge that has thwarted practical
applications of microcantilever based sensors. On the other hand, unfunctionalized
microcantilevers (typically made of Si) are not particularly sensitive toward a specific
analyte, and are generally accepted to be incapable of performing selective detection.
Thus, only a handful of studies utilizing uncoated microcantilevers to perform unique
molecular detection have been reported so far.[13], [22], [23] In these studies, detection
is generally based on changes in physical properties of the media surrounding the
cantilever (i.e. viscosity,[23] thermal conductivity,[22] or the analyte (i.e. deflagration
temperature[22]). However, these techniques are applicable only to a few specific
analytes, and selective detection still remains a major challenge, especially when the
analytes are diluted (or present in minute quantities) or have similar physical properties
i.e. VOCs.

III-Nitride heterojunction (especially AlGaN/GaN) based microcantilevers offers
a unique opportunity for realizing these microscale heaters, taking advantage of presence

of high carrier (electron) density in close proximity to the surface,[24] which allows for
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highly efficient surface heating. In addition, strong spontaneous polarization of III-
Nitride surfaces allows these heaters to interact better with VOCs, which are typically
strongly polar in nature. Finally, AIGaN/GaN heterojuntion based heaters are capable of
operating at high temperature and harsh environment due to chemical inertness and wide
bandgap of III-Nitrides. With commercial availability of high quality III-Nitride
heterojunciton epilayers on Si, the fabrication of these heaters is also quite
straightforward. Although, III-Nitride based microcantilevers have been demonstrated

earlier,[11], [25], [26] there is no report so far on triangular microcantilever heaters and

their sensing applications.
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Chapter 2

Fabrication of AlIGaN/GaN Microcantilever Heaters

Microcantilevers, as we have discussed previously, offer outstanding
opportunities for bio/ chemical sensors, as they can be highly sensitive to specific
bio/chemical analytes. In addition, micro heated cantilevers have been shown to be
extremely useful for calorimetry [3,4] and chemical sensing [5]. While several studies
have shown that microcantilevers can be fabricated with internal resistive heaters [6,7],
little work has been done to converge microcantilevers with microhotplates for sensing
applications. Microfabricated hotplates have previously been used for various sensing
applications, including as a Pirani gauge [8], gas sensor [9], and a flow-rate sensor [10].
In some cases, the method or materials of microsensor fabrication limit its performance.
The main design considerations for microhotplates are thermal isolation and temperature
uniformity that can be achieved through free standing heatable microstructures, which are
either bridges or cantilevers. King et al. fabricated micro hotplates which were made of
Silicon microcantilevers. Figure 2.1 (a) Scanning electron microscope (SEM) and (b)
infrared (IR) microscope images of the fabricated heated cantilever, indicating heating
only near the free end of the cantilever [7]. shows (a) scanning electron microscope
(SEM) image and (b) infrared (IR) microscope image of the heated cantilever during

steady electrical excitation. The IR image is approximately 0.5 mm?. The doped silicon
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cantilever is fabricated in a “U” shape such that it forms a continuous electrical path. The
region near the cantilever free end is a highly resistive heater and the legs have lower
electrical resistance. The IR image confirms substantial heating only near the free end of

the cantilever.

Infrared Microscopy

0

Figure 2.1 (a) Scanning electron microscope (SEM) and (b) infrared (IR) microscope
images of the fabricated heated cantilever, indicating heating only near the free end of the
cantilever [7].

In this chapter we will describe the different process for a representative device
and scanning electron micrograph images of various MEMS devices. All the fabrication
processes were carried out in the Microelectronic Research Center (MiRC) in Georgia

Institute of Technology, Atlanta, GA.

2.1 Wafer information

A six inch AlGaN/GaN wafer grown on Silicon (111) substrate was purchased
from NTT Advanced Technology Corporation, Japan for this work. The wafer was diced

into ~ 44 (1.8 cm by 1.8 cm) square pieces. Before dicing, the wafer was coated with
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photoresist (Microposit SC1827) and then baked for 5 mins at 110°C. This was solely to
protect the top surface from any damage that could happen during wafer dicing. The

different layers of the wafer are shown in Figure 2.2.

1 nmi-AIN Layer

300 nm Buffer Layer

Figure 2.2 Different layers of the AlIGaN/GaN wafer grown on Si (111) substrate with
mesa and cantilever layer as shown.

Silicon substrate (111) of ~ 720-800 pm thickness was used to grow the
AlGaN/GaN layer [211]. A 300 nm buffer layer (not disclosed by the company) was used
as a transition layer before growing 1 pm undoped GaN layer. This transition layer along
with the undoped GaN form the thickness of our microcantilevers, although the
overetching of Si from the bottom of the wafer also reduced the cantilever thickness to
600-800 nm. On the top of the GaN layer, a thin layer of 1 nm AIN was used to form
abrupt junction and better electron confinement in 2DEG by tuning the bandgap. Above

that layer we have our active layer of AlGaN of 15 nm and 2 nm of GaN cap layer.
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Figure 2.3 Mask layout - the final design including all the layers superimposed showing
the schematic of the final outcome of the fabricated devices. The mask design has the
provision for auto dicing each sample into several chips.

2.2 Mask design

Two 57x57%0.09” bright field masks (material: chrome, substrate: quartz) were
ordered from Photo Sciences Inc., USA after designing in AutoCAD 2013. There were 7

lithographic layers in the fabrication process (described in details in the next section),
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Figure 2.3 shows all these layers superimposed on each other. Three layers (Mesa
isolation, GaN cantilever outline, and Backside Si etch) were of 1.8 cm by 1.8 cm size
and other three layers were of 1.4 cm by 1.4 cm size. The back side alignment layer for
through wafer Si etching was mirrored with respect to the first two top layers since the
design was asymmetrical. The wafer was diced in 1.8 cm by 1.8 cm square pieces, though
the active device area was of 1.4 cm by 1.4 cm size. The additional free space around the
active area was to facilitate sample handling and to avoid using the relatively thicker

photoresist film near the edge of the sample.
2.3 Details of the fabrication steps

In this section the fabrication related issues, problems and solutions are discussed
in two subsections covering the top cantilever outline followed by through wafer Si
etching from backside. The first sub-section is segmented into six sub-sections where
each lithography step and associated process steps are discussed (process flow shown in
Figure 2.4). For further details readers are advised to refer to the appendix. Positive photo
resist (Microposit SC 1827) was used for the first process step, whereas negative photo
resist (NR71-3000P) was used for the rest and NR5-8000 was used in Bosch process for
releasing cantilevers.

2.3.1 Top GaN microcantilever outline

2.3.1.1 Step 1-Mesa outline:

Mesa is the active region on which the AlGaN/GaN heterostructure channel is
fabricated. This is because AlGaN/GaN layer has 2DEG throughout the wafer, therefore
it is conductive all over and needs to be isolated from other patterns on the sample. Only

in this layer SC1827 was used (the litho parameters are given in appendix).
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PECVD SiO; (300 - 400 nm) was deposited using Unaxis PECVD tool
(deposition rate is 50 nm/min) at the beginning. The oxide was patterned and then etched
in Plasma Therm Inductively Coupled Plasma (ICP) tool (etch rate is 180 nm/min,
CHF3/0; gas). Then BCI3/Cl; based dry etching recipe of GaN was used in Plasma
Therm ICP to etch 180-200 nm thick AlGaN/GaN to isolate the mesa. After the etching,
the PR was completely removed from top oxide layer using resist remover, oxygen
plasma cleaning in Reactive lon Etcher (RIE), and if necessary dipping in hot sulphuric
acid (H2SO4) for 5-10 minutes. The resist got crosslinked in ICP and it became literally
impossible to remove with just resist remover or acetone. However, bare AlGaN/GaN
mesa should never be exposed to oxygen plasma, otherwise 2DEG would be completely
damaged. Once resist is removed, Buffered Oxide Etchant (BOE) should be used to
remove the SiO> off the mesa.

2.3.1.2 Step 2-GaN cantilever outline:

In this step, GaN was etched down to make an outline for the cantilever. GaN was
etched down in the pocket area up to the substrate where silicon got exposed. This
process was exactly same as step 1. Only difference is the deposited oxide was 1.2 pm
thick. Over etching (assuming 2 um thick GaN) was performed as the etched down GaN
had other layers. BCl3/Cl» plasma, used for etching GaN, also etched exposed Si (verified
using Tencor Profilometer) with same etch rate of 340 nm/min, but this did not affect any
fabrication process as ultimately the exposed Si was etched from backside completely. In
this step and the next ones in this sub-section, negative photo resist (NPR) NR71 was

used (see appendix for details). After the etching of oxide similarly as step 1, resist was
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removed. After resist removal, wet chemical etching of the oxide was done using

Buffered Oxide Etchant (BOE).

y
n).

GaN AlGaN
si [ sio,
- Photoresist
Metal
I Annealed Metal

Figure 2.4 Process flow diagram of top GaN microcantilever. (a) A diced AlIGaN/GaN
on Si sample; (b) PECVD SiO; (300 - 400 nm) deposition; (c) Coat sample with SC1827
photoresist; (d) Pattern photoresist; () Pattern the mesa layer with ICP etching of oxide;
(f) ICP etching of AlGaN; (g) Remove oxide using BOE; (h) PECVD SiO; (1.2 pm)
deposition; (i) Pattern cantilever outline with NR71 photoresist; (j) ICP etching of oxide;
(k) ICP etching of GaN; (I) Oxide etching with BOE; (m) Pattern Ohmic Contact using
NR71; (n) E-beam deposition of Ti/Al/Ti/Au metal stack; (o) Lift-off of ohmic layer; (p)
Rapid thermal annealing of ohmic contacts; (q) Pattern probe contact using NR71; (r) E-
beam deposition of Ti/Au metal stack; (m) Lift-off of probe contact layer.
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Figure 2.5 Optical images taken at various stages of fabrication: (a) Mesa outline;
(b) Cantilever outline; (c) Ohmic contact deposition; (d) Probe contact deposition.

2.3.1.3 Step 3-Ohmic contact:

For ohmic contact multilayer metal stack of Ti (20 nm)/Al (100 nm)/Ti (45 nm)/Au (55
nm) was used. Getting a good ohmic has always been a challenge [252] and multilayer
metal stack gives low contact resistance [253]. The reason for choosing this metal stack
is well explained in [252, 254]. For a good and easy metal liftoff process,
overdevelopment is suggested after post bake of resist as very thin layer of resist would
be always present.

The metal liftoff was done in warm resist remover (RR41), then the sample was

put in fresh warm resist remover for 10-15 minutes, followed by cleaning with
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isopropanol. No oxygen plasma cleaning was done on the sample with bare AlGaN/GaN
mesa. After lift-off was done, the contact was annealed in SSI RTP at 825 °C.

2.3.1.4 Step 4-Probe contact:

Large metal pads (250 pm by 250 pum) were deposited for characterization which
were connected to the ohmic contacts. Gold (250 nm) with adhesion layer of Ti (20 nm)
was used for this metal deposition step. The lift off process remains the same as
mentioned in step 3. Optical images at different stages of cantilever top outline

fabrication is given in Figure 2.5.

2.3.2 Through wafer Si etch from backside using Bosch process

The cantilevers were released by through wafer etching of Si using STS
ICP etcher. We used ‘Bosch process’ where the etcher alternates between an ‘etch’ cycle
and ‘passivation’ cycle (Figure 2.6). During the etch cycle, Si was isotropically etched
using SFs for 10 seconds, then the etched region was passivated with a polymer (C4Fs)
for 7 seconds in the passivation cycle. The whole process continued alternatively as long
as the cantilever was not released, resulting in a high aspect ratio Si etch with vertical

side walls.

Passivation Etching

Figure 2.6 Working principle of Bosch process: passivation cycle and etch cycle.
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2.3.2.1 Existing problems with previous process:

The usual practice of processing this particular layer involves depositing thick
Si0O2 on the back side which acts as the hard mask for Si etching. Then patterning with
NR 71 resist (4 um thick), the oxide is wet chemically etched using BOE. The resist is
then removed from the backside and also from the top side (which acts as a protecting
layer of the devices on the top side from spinner and BOE). After that the sample is put
into ICP to etch Si for releasing the cantilevers. This process is faster and easier; however
there are several key factors that affect the final outcome. In ICP the selectivity is about
90:1 between Si and SiOs. For a wafer of 500 um thick (our first generation wafer from
Nitronex Inc), the oxide needs to be 7-8 pm thick on the backside of the sample and also
in the carrier wafer. The carrier wafer is needed for mounting small samples with cool
grease before loading in the ICP chamber. Now if the pocket (where the Si will be
etched) is big enough and the layer has symmetric design with moderately thick Si
substrate, the above mentioned process works fine but will have lot of undesirable
undercut of Si, resulting in over hung cantilevers. This process becomes totally
inapplicable and impractical if:

(a) The thickness of Si wafer is above 600 um, as the thickness of oxide would be
more than 8 um which would require longer tool time. Like our recent wafer
which is 720-800 pm, the oxide thickness should be more than 10 pm. The
PECVD tool in MiRC allows 3 um thick film deposition at a time, but the
quality becomes bad. So it is advised to deposit 2 um thick oxide (50 nm/min

deposition rate needs 40 minutes), then run clean process for 2 hours and
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deposit again. That means more than 14 hours of total processing time is
required from that tool.

(b) If the design has asymmetry with pocket size varying from 50 um to 800 pum,
the etch rate of Si in ICP will vary significantly as bigger pocket gets etched
faster. Eventually it will take almost double the theoretical time (400
nm/cycle, each cycle is 17 seconds long) to completely release suspended
structures from all the pockets. Most importantly BOE etching of that thick
oxide with a large variety in pocket size is literally impossible to control,
resulting in under-etched or over-etched SiO; mask and eventually a totally
deformed structure after etching Si with that hard mask. The fabrication yield
would be very low with this process.

(c) The tool time required for the ICP would be ~ 12 hours for releasing all the
structures, assuming 1000 pum thick (taking into account for the different
pocket sizes) Si and etch rate of 400 nm/cycle. That much deep Si etching
would obviously result in a lot of undercut.

2.3.2.2 New process development to release suspended structure:

To account the above mentioned problems and to ensure higher fabrication yield
with zero undercut in the microcantilevers, new process was designed. The process flow
is shown in details in Figure 2.7. The details of this new process are described below:

(a) Thinning down of bare Si substrate: To deal with ~800 um thick Si, the

samples were first thinned down in STS ICP using the Bosch recipe to make
the thickness about 400 pm. The other recipe can be used just with SF¢ etch

cycle with no passivation cycle which would be faster. However, selectivity
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ratio would be lower with SiO> (measured to be 40:1 instead of 90:1). But this
does not affect anything at all as long as the carrier wafer has enough oxide
(in this case the thickness was 9 um). To mount the sample cool grease was
used carefully on the top side, at the corners and open area outside 1.4 cm
square box. As there will be no resist removal step in this whole process,
unfortunately the top surface was not protected with any resist coating. Also
the resist may get cross linked for this long duration of Si etching, so if
possible the resist coating on the top surface should be avoided. Another
important thing is, if the cool grease is not applied enough, the samples get
very hot and metal layers get peeled off from the surface (see appendix). So
this step was done in intervals with 260 cycles runtime with 10 minutes pause.
Total 760 cycles of the Bosch recipe was run to etch ~350 — 400 um Si with
an etch rate of ~500 nm/cycle (the etch rate is higher as bare Si was etched).

The tool time was ~4 hours.

() (b)

GaN AlGaN si B sio, [JjPhotoresist Metal [ Annealed Metal

Figure 2.7 Process flow diagram of through wafer Si etching from backside using Bosch
process. (a) A flipped sample - thinning down the Si substrate (~ 400 um) in ICP ; (b)
PECVD SiO; (4 um thick) deposition; (c) Photoresist NR5-8000 (8 pum thick) coating;
(d) Pattern the resist layer and etch SiO> in RIE; (e) Through wafer Si etching in ICP
using Bosch process; (f) Schematics of the released GaN.
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(b) Oxide deposition: As the thinned down sample has become ~400 pum thick, so
a total of 4 um thick oxide was deposited in Unaxis PECVD tool in two slots.
After 2 pm deposition (50nm/min) a clean process was run for 2 hours and the
final 2 pm was deposited. Though from the selectivity 5 um thick oxide seems
necessary, but the photo resist would support the extra etching cycles. Also,
even if the oxide gets etched down at one point, the pattern would be already
there, and the Si substrate would only get thinned down without any harm. It
is a good practice to prepare carrier wafer which could be low quality clean Si
wafers with at least 8§ um thick oxide. Each wafer should be used only once in
the ICP. The tool time was 2 hours and 40 minutes in Unaxis PECVD and it
was same in STS PECVD 2. But the later had better quality oxide than the
former with only drawback being less number of samples to be loaded inside
it. If time permits, it is better to use the later tool to deposit oxide following
the same procedure.

(c) Photolithography: The thinned down and oxide deposited sample was
patterned with NRS photoresist. The litho parameters are given in the
appendix (similar to NR71). The reason for using NRS5 was its thickness,
minimum being 8§ um (at 3000 rpm) and maximum being 100 pm (at 500
rpm). The resist acts as a mask not only for etching oxide but also during Si
etching. The selectivity was found to be 1:1 with oxide in RIE and 40:1 with
Si in ICP. So there should about 4 um resist left after etching oxide to cushion

against etching the first 140 — 160 um Si. That also helped in depositing

27

www.manaraa.com



thinner oxide film. However care should be taken to choose the thickness of
the resist; as for higher thicknesses, resist thickness was not uniform and after
development there was a broadening in the narrow areas of the profile. The
optimized thickness was found to be 8 pm which gave good results. Up to 15 -
20 pm thickness would be fine with NRS. Both NR5 and NR71 are good etch
resist but NR71 offers maximum thickness of 12-14 um but is less reliable.
The litho step was same as before, but after the development, oxygen plasma
cleaning was run for 1-2 minutes to ensure no resist film was remaining in the
pockets.

(d) Dry etching of oxide: The 4 um thick oxide was etched down using NRS as
the mask in two slots with 2 pm film being etched every time and running a
complete clean process for 3 hours in between in Plasma Therm RIE. The etch
rate was 50 nm/min but over etching was done (assuming 5 um thickness) to
ensure complete etching of the oxide from the pocket. As the backside was
rough, it became harder to justify if a thin film of oxide was remaining or not.
However it would again not affect the process due to longer etching of Si. It is
to be noted that, as the etching was done assuming 5 pm thick oxide, the
remaining resist would be 3 pm, which would be good enough to provide
additional support during Si etch. Before optimizing the process, two samples
were simultaneously processed but one was used in RIE to etch oxide and the
other one was etched with BOE to compare the results. After the etching, the
damages due to BOE was visible but still it was processed further. The total

tool time was ~4 hours.
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(e) Deep Si etching with Bosch process: The samples (~400 pm thick Si
substrate) were mounted on carrier wafer with sufficient cool grease. While
applying grease with swab on the top surface, the nearby area surrounding the
top pocket (where the GaN was etched) was avoided as the exposed cool
grease (after etching Si) would be sputtered and re-deposited all over the
sample. The standard Bosch recipe was used and the samples were processed
for 1000 — 1200 cycles in slots of 250 cycles and 10 min pause in between, so
that the samples did not get over heated. Over etching did not affect as GaN
was barely etched with SFs (about 200 — 300 nm). However in the new wafer
the cantilever thickness was 1.1 um after mesa etching. So care should be
taken or this can aid in thinning down GaN slowly if different thickness of
cantilever is required. Visual inspection would be enough to ensure complete
etching and also the samples would be auto diced as per design. The total tool
time in STS ICP was ~6 hours. The SEM images of some of the many
different released structures are shown in the next section. While Figure 2.8
through Figure 2.11 show some photographs taken at various steps of the
Bosch process, Figure 2.11 compares the final results with previous process

and the new process.
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Figure 2.8 Photograph of samples (top) before thinning down the Si substrate (bottom)
after thinning down. The samples were dismounted carefully from the wafer with very
thin syringe/niddle and sharp tweezers not to damage the devices on the top surface.
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Figure 2.9 Photograph of samples (top) after patterning resist on the PECVD oxide
(bottom) after etching the oxide in RIE.
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Figure 2.10 Photograph of samples (top) after through wafer Si etching; (bottom) auto-
diced into smaller chips.
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Figure 2.11 Photograph of samples comparing the releasing of microcantilevers with
two different techniques which shows the incompatibility and inapplicability of the old
technique for processing sophisticated designs.

2.4 Image Gallery: Optical and Scanning Electron Microscopy (SEM)

210 W135B30T3

H211 W165B45T 3

H

Figure 2.12 Optical image of the top outline showing the single channel microcantilever
heaters.
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Figure 2.13 Optical image of the top outline showing the (top) dual channel
microcantilever heaters and (bottom) compound microheater structures.
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Figure 2.14 Optical image of the top outline showing the micro hotplates.
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Figure 2.15 Optical image of the microhotplate with resistance temperature detector
(RTD).
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Figure 2.16 Optical image of the entire top outline




Figure 2.17 SEM image of single channel microcantilever heaters, (top) from
top; (bottom) from an angle.
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Figure 2.18 SEM image of (top) single channel triangular microcantilever heater (SC-
TMH); (bottom) close-up of the tip.
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Figure 2.19 SEM image of dual channel and compound microcantilever heaters, (top)
from top; (bottom) from an angle.
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Figure 2.20 SEM image miscellaneous microheater elements: (top) zigzag microheater;
(middle) Microhotplate; (bottom) close-up of the heating elements shown above.
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Figure 2.21 SEM image of (top) continuous tip dual channel microcantilever heater
(CTDC-TMH); (bottom) close-up of the tip.
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Figure 2.22 SEM image of (top) split tip dual channel microcantilever heater (CTDC-
TMH); (bottom) close-up of the tip.
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Chapter 3

Experimental Setup and Modeling

3.1 Electrical characterization and sensing setup

For electrical characterization, both Agilent B2902 and Keithley 2612A source
measuring units (SMU) were used. While transmission line matrix (TLM) measurements
were performed using a probe station, regular I-V characterization was performed on
wire-bonded devices.

3.1.1 Sensing setup

Sensing experiments were done in a small chamber, which housed the wire-
bonded sample. The chamber had an inlet and an outlet; wires from the device were taken
out through a small opening near the outlet, which was stuffed with Teflon tape. A
roughing pump along with a valve (V3 in Figure 3.1) was connected to the outlet to
quickly remove the analyte vapor out of the chamber whenever necessary. The inlet side
of the chamber had a mixer assembly — consisting of a mixer junction with valves, a
bubbler and two mass flow controllers. One mass flow controller was used to flow ultra-
high purity (UHP) N, the other one was used to flow UHP N into the bubbler to produce
saturated vapor at room temperature. Both N> and vapor lines had two valves (Vi and V2,
respectively) connected to them to control the flow of the gas/vapor and eventually
merged into the mixer junction, which directed the vapor mixture into the inlet of the

chamber. The purpose of using the mixer was to dilute saturated vapor with UHP N to
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obtain different concentrations, hence the flow rate of both MFCs were adjusted to get
the desired ratio of N> and vapor. However, for low concentration (below 200 ppm), the
Nz-vapor ratio could become extremely large, creating a backflow of N from the mixer
towards the bubbler. In order to avoid that, for such low concentrations, vapor flow rate
was kept 5-20 times higher than its calculated value; but the flow valve V, was opened
and closed in a pulsed manner to maintain a duty cycle less than 1. The higher flow rate
with lower duty cycle effectively kept the average flow rate very low with reducing the
probability of any backflow. After each sensing experiment, V2 (vapor flow valve) was
closed, but Vi and V3 were kept open. As a result, UHP N flushed the chamber while the
pump connected to V3 quickly took out the residual vapor mixture from the chamber.

UHP N,

(O—{ mrc

Electrical
Connection

Chamber ~>[>—> Pump —)O

Exhaust

(O—| mrc

UHP N,

Bubbler

Pulse

Figure 3.1 VOC sensing setup.
3.1.2 Sensing Modes for SC-TMH
Sensing characterization for single channel triangular microcantilever heater (SC-
TMH) was done in two different biasing modes. In the first mode (steady-state mode),
applied voltage bias was swept as a staircase function, where a fix dc bias was maintained
for 20-30 s before changing the bias to the next level. During this time, current through
the device was measured at a sampling frequency of 5-10 Hz. The whole process was run

twice; first time in UHP N> environment to obtain the reference, and then the second time
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in presence of the analyte vapor. The vapor flow was started right after the first run and

sufficient time (up to 2 min) was given for the vapor concentration to reach the steady

state before the second run was started.

The second mode (transient mode) used the same staircase function, but sampling

frequency was higher (up to 25 Hz) to observe sharp changes in current. Also each step

was of 90-120 seconds duration. Each bias step had three stages — UHP N flow to obtain

reference flow, vapor mixture flow to obtain time-resolved response of the device and

finally, again UHP N> to observe recovery time. Since a single sweep was used to obtain

the reference, SENSOr response and sensor recovery, second sweep was not necessary.
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Figure 3.2 Bias and exposure configuration for SC-TMH sensing experiments: (top)
Transient mode; (bottom) Steady-state mode.
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3.1.3 Sensing Modes for DC-TMH

For dual channel triangular microcantilever heaters (DC-TMH), the inner arm
(channel) was designated as the heater arm (channel) and the outer arm (channel) was
designated as the sensor arm (channel). Only steady-state mode characterization was
done for these devices, as transient response was expected to be of similar nature.
Besides, since the response of DC-TMH comes from a combined contribution of both
channels, time response may not be of great physical significance due to the uncertainty

associated with the contributing factors.

00
0$%e Sensor e %% Sensor
)
—\ N\
Heater Heater
® ® ¢ ¢
. +
V,=0.5 v+ Vi
-(A—F -BO—O
Vs Vs=0.5VYd,

Figure 3.3  Steady-state operating modes of the DC-TMH: (left) Self-heating mode;
(right) Secondary heating mode.

For any DC-TMH based sensing experiments, the sensor channel was used as the
transducer. In other words, the response was recorded from the sensor channel only.

However, either channel can be used as the source of heating; this results in two different
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modes of steady-state operation (Figure 3.3). In the first mode, namely “self-heating
mode”, the sensor arm is biased at variable dc bias, just like SC-TMH devices. The heater
arm is biased at a fixed low dc bias (~0.5 V), although it does not affect the response of
the sensor channel.

In the second mode, called “secondary heating mode”, the sensor arm is kept at a
fixed low dc bias (~0.5 V) while the heater arm is biased at variable higher dc voltages.
Here the sensor channel does not experience any significant self-heating, but still
becomes hot due to the Joule heating on the heater arm. Therefore, the behavior of the
sensor arm is thermally modulated by the heater arm, making it analogous to a three-

terminal electronic device.
3.2 Thermal characterization setup

The temperature of the micro cantilever heater under a voltage bias was
determined using Raman spectroscopy and infrared thermal microscopy. Raman
spectroscopy was performed to measure the local temperature of the cantilever with

electrical excitation.

Figure 3.4 Experimental setup of Raman spectroscopy for measuring the temperature of
tapered V shaped heated cantilever.
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Figure 3.5
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(a) Raman spectra of the heated cantilever for 300, 400, 500 and 600 K
temperature on the hot plate. E> Peak becomes wider as temperature increases. (b) Shift
in E> and A1(LO) peaks towards lower wave number as temperature goes up.

Raman characterization setup

In this work a micro-Raman setup by Olympus was used. The sample excitation

utilized a 632 nm HeNe laser while the collection was performed with an 800 cm’
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spectrometer and an 1800 mm™' grating. The slit was set at 200 pm to maximize the
spectral resolution. An 80x objective was used to collect the Raman signature of the
devices which provided a focal spot of 2 pm.

The effects of temperature on the phonon energy measured by Raman scattering
are primarily due to the thermal expansion of the lattice, thus a downshift of phonon
frequency with temperature is observed. In our experiments, a micro cantilever chip was
mounted on a temperature calibrated miniature hotplate and heated up to different
temperatures. Raman spectroscopy was used on different areas of the cantilever to obtain
the E2 and A1(LO) peaks at those temperatures. Multiple readings were taken at different
regions of the cantilever to check the uniformity of the data and the average peak values
were taken for each temperature. Figure 3.5(a) shows the Raman spectra of the micro
cantilever for four different temperatures. Here we see that as the temperature increases,
E> peak becomes wider and both E> and A1(LO) peaks shift towards lower wave number.
Figure 3.5(b) shows the peak shift for E> and A1(LO) with change in temperature.

3.2.2 IR microscopy setup

An Inframetrics PM280 Ultra Cam infrared camera (Figure 3.6), fitted with
microscopic lens, was used to read the apparent temperature of the cantilever surface.
The emissivity of the camera was then adjusted to match the temperature of the camera
readout with the hotplate temperature. It was found out that an emissivity of 0.43-0.56
gave the best match within a temperature range of 300-700 K. The emissivity could be
approximated as a linear function of temperature, so we took all IR readings at a constant

emissivity of 0.5 and then corrected the resulting data using an interpolation function that
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correlated the apparent temperature with actual temperature, taking the variation of

emissivity into account.

Figure 3.6 Infrared (IR) thermal microscopy setup.
3.3 Simulation model

In order to explain various experimental results, a theoretical model based on heat
transfer and Joule heating was developed. The framework of the model was based on the
following equations for heat transfer (Equation (1) and Equation (3))?’! and Joule heating

(Equation (2)) which were solved simultaneously and iteratively using finite difference

method in MATLAB.
oT 1
pdcpa+v-(— K, VT+updeT)+Qvap =E|VV|2 (1)
ved(tvr—1)= o
v (p(T) W) =0
n-: (Kc VT) = CIO + h(Tmf —_ T) + SO-(Tlilf _ T4) (3)

Equations (1) and (2) were solved for different domains of the system, whereas

(3) was used as a boundary condition at the interface of the solid and surrounding air
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domains. Here, pqs = material density, C, = heat capacity, T = absolute temperature, K. =
thermal conductivity, Qvap = heat loss due to evaporation of analyte molecules (when
applicable), Jo = electrical current density, V = potential profile, p(T) = electrical
resistivity as a function of temperature, n = unit vector normal to the interface, d =
thickness of the domain, qo = heat source inside the domain, h = temperature dependent
coefficient of convection for air,?®! Tins = temperature far away from the cantilever, € =
emissivity of the solid surface, ¢ = Stefan-Boltzmann constant.

The temperature dependence of the electrical resistivity was modeled using I-V
characteristics. At a given low voltage bias (~0.1 V), total resistance R was obtained.
Then the entire device was divided into small segments of length Ax along the path of
current conduction. At any given position x, the width of the channel W(x) was obtained
from the SEM image of the cantilever. If the thickness is given by d, then resistivity p is
given by,

— R — RAx (4)
4 L aRwx)

A chip, not bonded to a chip carrier, was mounted on a temperature calibrated
hotplate and micro positioner probes were used to make electrical contact. The hotplate
was heated to different temperatures up to ~450 °C and resistivity was obtained for each
temperature. Since the whole device was heated uniformly, resistivity was same
everywhere. Then the following empirical relation was obtained (Figure 3.7) —

p(T) = —1.44 x 1074T? + 0.144 T + 1.037 (%)

If the temperature profile along the cantilever arms is known (from Raman or IR
imaging), that can be used to obtain the local resistivity profile. This profile can also be

calculated theoretically using the heat transfer and Joule heating.
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Figure 3.7 Variation of local resistivity as a function of temperature.

Since at very low concentration (in parts per million range or below) partial
pressure of analyte molecules become very low, they can be considered as ideal gases;
and therefore, kinetic theory of gases can be applied to calculate the amount of latent heat
(Qvap) taken away per unit of time from a heated surface of area Ay, by the molecules.

From the kinetic theory of gases, the number of molecules colliding with a surface

of unit area per unit time is given by

dN 1 6
dr = varms ©)
where,

P
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_ ’3kT (8)
Urms = 7

n is the number of molecules per unit volume and vims is the root means square
velocity of molecules of mass M at temperature T. k is Boltzmann’s constant (1.38x10723
JK1). P is the pressure which, for a dilute gas, is given by the product of partial pressure
P, and fractional concentration C,

P=PBC )

Finally, the latent heat taken away due to the vaporization of condensed VOC

molecules from a heated surface of area An per unit time is given by

dN AHyq
Quap = Koap (An 57 M) 572 (10)

dt Na

where, AHvap = molar latent heat of evaporation, Na= Avogadro’s number
(6.023x10% molecules/mol), Kyap is an empirical fitting parameter that is determined
from experimental results. The term in the parenthesis in (10) gives the total mass of
VOC molecules interacting with the heated surface. After substituting the parameters in

(10) from (6)-(9), the final expression for Qvap 1s found out to be

AHyap [3M (11)

Ny KT

1
Qvap =2 KvapAh Pp C

The empirical parameter Kyap 1s required to match the response of a device to a
particular VOC of a certain concentration. It is in general a function of the dipole moment
and concentration of an analyte, applied bias across the device and the physical

dimensions and nature of the device surface.
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Chapter 4

Results and Discussions

4.1 Electrical Characterization Results

The I-V characteristics of the SC-TMH are shown in Figure 4.1 where a linear
low bias and a non-linear high bias region can be clearly identified. Because of the
significant self-heating of the device, current is generally observed to decrease at higher
biases (> 5.5 V) as tip resistance increases rapidly with rise in temperature. Figure 4.2
shows >400% change in resistance (from 13 to 67 kQ) as the bias changes from 0 to 15

V, with a power dissipation of 3 mW at 15 V.
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Figure 4.1 -V characteristics for a SC-TMH device.

TLM 1is used to determine the quality and characteristics of the metal-

semiconductor contact. The metal contacts must supply the required device current. It
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should also have a voltage drop across the contact that is small compared to the voltage
drop across the active device region. The metal contacts are either referred to as Schottky
or Ohmic based on a distinctly non-linear or linear I-V characteristic, respectively where
an ohmic contact is desirable. The TLM test measures different electrical parameters
including the contact resistance, transfer length and sheet resistance. Figure 4.3 shows a
portion of the TLM pattern before and after the Rapid Thermal Annealing (RTA). The
separation of the pads were 5, 10, 15, 20, 25 and 30 pm and the dimension was 150 pm
by 300 pm. As seen from Figure 4.4 the total resistance has a fairly linear relationship

with the contact distance. Generally the resistance versus contact distance has a linear

relation in the form,
R = Rsheetd+2RC (12)
VA
where, R is the total resistance between two adjacent contacts, Rsieer 1S the sheet

resistance of the channel, and Rc is the total contact resistance of each contact. Applying

a linear fit for the graph in Figure 4.4 we get the parameters given in Table 4.1.
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Figure 4.2 1-V characteristics for a SC-TMH device.
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BEFORE ANNEALING AFTER ANNEALING

Figure 4.3 TLM contact pads, before annealing and after annealing
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Figure 4.4 The total resistance between contacts as a function of distance

Table 4.1 Calculated parameters from the TLM test

Width, W | Contact Sheet resistance, | Transfer Contact resistivity,
(um) resistance, Rc | Rsh (Q/o) length, pc (Q-cm”"2)

Q) Lt (um)
300 6.70 334.67 12 4.82E-04
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As shown in Figure 4.4 x-axis intercept is 2Lr where Lr is the transfer length.
Transfer length is the distance below the contact where the applied voltage gets
attenuated by 1/e factor (e = 2.718). Moreover, the specific contact resistivity, 0. can be
expressed as,

Pe = L7 Rojeer (13)

All the calculated value found out from our TLM test is shown in Table 4.1. As
observed from the calculated values the contact resistivity is low which shows that the

contacts in these TLM patterns are ohmic.

Figure 4.5 IR microscopy image of a first generation SC-TMH device with 50 V dc
bias. (a) In air; (b) In 2000 ppm isopropanol vapor.

4.2 Sensing and Thermal Characterization Results

4.2.1 Thermal Characterization of SC-TMH
In, temperature profile along the length of a first generation SC-TMH is shown
using infrared (IR) thermal microscopy Figure 4.5. It should be noted that, most of the

reslts shown in work are from the second generation of devices, which were more
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sensitive and energy-efficient. The first generation devices had lower conductivity, hence
up to 50 V dc bias had to be applied for various sensing experiments. However, certain
measurements could only be done on the first generation devices only; therefore in very
few cases those results are presented. Here, the tapered shape of the cantilever gives rise
to a sharp temperature variation along the arms, especially near the tip, as observed from
the infrared (IR) image of the cantilever. To determine the impact of analyte flow on the
temperature profile of the cantilever arms, IR images of the cantilever with and without
the presence of isopropanol were recorded. In Figure 4.5(a), the cantilever (dashed line)
is shown at 50 V bias without any analyte flow, the red region at the tip is the hottest spot
with a temperature of about 330 °C. Figure 4.5(b) shows the cantilever image with 2000

ppm molar concentration of isopropanol vapor under the same 50 V bias.
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Figure 4.6 Line scan along the cantilever arm shown in the IR microscopy image of a
first generation SC-TMH device with 50 V dc bias in Figure 4.5. Inset shows an
equivalent circuit model of the cantilever.
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Figure 4.6 shows a line scan depicting average temperature variation along the
arms of the cantilever. Here we see that the peak temperature at the tip is reduced by ~30
°C in presence of 2000 ppm of isopropanol vapor, while the temperature profile becomes
wider. Interestingly, the side arms adjacent to the tip area exhibit an increase in
temperature by ~20 °C. It is interesting to note that the current in our TMH sensor
increased, i.e. the overall resistance decreased, in presence of isopropanol vapor. Thus,
any exothermic reaction between the VOC and air can be ruled out in contrast with hot

bead pellistors.[3]
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Figure 4.7 Response of a SC- TMH sensor to 500 ppm of formaldehyde at 10 V dc bias.
Current magnitude changed by 2.17% with rise time and fall time of 8 s and 13 s
respectively. Two sensing cycles are shown here to demonstrate repeatability.

4.2.2 VOC Sensing Using SC-TMH
The response of a second generation SC-TMH upon exposure to 500 ppm molar
concentration of formaldehyde vapor is shown in Figure 4.7, where the current changes

from 227.1 to 231.9 pA (2.17% change) in about 10 s, at a device bias of 10 V. Two

59

www.manaraa.com



consecutive cycles to demonstrate complete recovery and repeatability of the device. The
rise time, defined by the time taken by the current to go from 10% to 90% of the steady
state value, is found to be ~8 s. The fall time (defined as the time for the maximum signal
to decay from 90% to 10% of its value) was found to be ~13 s. Comparable rise and fall
times were observed for other analytes as well. No change in current was observed for
water vapor, up to 5 V of bias.

Considering the temperature profiles shown in Figure 4.6, we propose a model
explaining the response of the TMH sensor in presence of organic vapors. To facilitate
our model description, we assume the overall cantilever resistance to consist of several
lumped resistors connected in series, each describing the resistance of a specific zone
along the arms of the cantilever. These resistances are shown in Figure 4.5(a) and Figure
4.6 as R¢ (contact resistance), Ry (side arm resistance), R> (resistance near the tip) and Ryp
(resistance of the tip region). At lower biases (< 1 V), the device exhibits an [-V with
almost constant resistance [Figure 4.1], indicating the absence of any significant self-
heating. At higher biases (> 1 V), I’R loss increases, causing the tip temperature and
resistance Rp to go up. However, the temperatures of Rc and R do not increase as much
as Rgp with an increase in bias voltage, therefore, these resistances do not change
significantly. If a volatile vapor is injected into the test chamber, the vapor molecules will
initially tend to condense in close proximity of the cantilever, but the heated tip region
will cause their immediate evaporation. This results in a net loss of thermal energy from
this region (defined by resistance Rip) causing its temperature to become lower. The
regions of the side arms away from the tip (defined by resistances Rz and Ri) do not

participate in rapid evaporation of analyte molecules, so the thermal energy loss due to
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the evaporation of VOCs is not significant there. Since the whole device is under a
constant voltage bias, reduction in Rgp will cause an increase in voltage drop across Ri
and R> (R. is likely to be much smaller and the voltage drop across it can be neglected).
Since R> can be expected to be larger than R; at high temperature, the voltage drop across
it is more significant, resulting in a higher temperature rise in that region and
consequently larger increase in resistance. Therefore, the total resistance between the
arms of the cantilever is affected by the opposite changes in Ryp and Ry, in agreement

with the IR image line scan shown in Figure 4.6 under isopropanol flow.
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Figure 4.8 Normalized change of current (%) for the SC-TMH device at different dc
biases and with analyte concentration of 2000 ppm.

At a moderate bias voltage, i.e. ~0.5-0.8 V, even if a VOC vapor actually causes a
reduction in Ry, (by reducing temperature), the increase in R; (due to increase in

temperature) can compensate for it, since the overall rise in temperature is still low at that
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bias. Thus, the current can remain unchanged even in presence of a VOC vapor at lower

biases. However, as the bias voltage is increased for a given VOC flow, depending on the

extent of the temperature drop of Ry region (which correlates with the molar latent heat

of evaporation, AHyap of the VOC), a threshold voltage bias can be reached where the

reduction in R¢p would be more than the increase in Ry, thus an increase in current would

be observed. Existence of such a threshold voltage, and its dependence on AHyap,

has been experimentally observed, and are shown in Figure 4.8.

Table 4.2 Dipole Moment (1) and Latent Heat of Evaporation (Hyap) of VOCs

Hexane 0.08 315
Toluene 0.43 323
Isopropanol 1.66 45.4
Ethanol 1.69 38.6
Methanol 1.7 353
Acetone 2.85 30.5
Diethyl Ether 1.30 27.3
Trichloroethylene 0.81 34.6
Formaldehyde 2.33 24.3
Dimethylformamide | 3.86 321

Figure 4.8 shows the percentage change in current caused by dilute vapor (2000

ppm molar concentration) of four different VOCs: isopropanol (IPA), methanol, hexane

and acetone, as the applied voltage bias was varied from 0 to 15 V. Five readings were
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averaged at each bias point and a 7-points moving average filtering was performed to
ensure better consistency and noise reduction. Here we clearly see the existence of such
threshold voltages. Also after 11 V, sensor response drops sharply due to two main
reasons — (1) Convection flow at high temperature prevents analyte molecules from
approaching the device surface, (2) Other means of heat transfer dominates over the heat
loss due to VOC evaporation, reducing its effect on the device response.

From the measured data points, the approximate uncertainty in the threshold
voltage was estimated to be +£0.05 V. As can be seen from Figure 4.8, each analyte
corresponds to a distinct threshold voltage (Vi) below which it does not cause any
noticeable change in current. In the present work, Vi, is arbitrarily defined using a current
magnitude change of 0.06% or higher (considering our noise level of 0.022% and a signal
to noise ratio of >2.5) in presence of an analyte; however, for a low noise environment, it
can be defined at a lower value as well. To determine the Vi from our measurements we
use the following methodology; if within a voltage range of 0.1 V the change in current is
at least 0.06% (in presence of an analyte vapor), then the mid-value of that voltage range
is defined as V. The current response at Vi (also known as threshold response) is given
by,

(Ivap - IO)| (14)

Vin

(Ivap - IO)|
Al

I, Io|

Vin+0.1

IO|

Vin+0.1 Vin

For any other voltage V>V, current response is given by,

(Ivap_10)| (15)
|4

v

63

www.manaraa.com



Here, Lvap and Ip are the currents measured with and without analyte vapor,
respectively. The same is also done for dry UHP N instead of analyte to obtain the
background response for the carrier gas (dry UHP N») and the noise signal, which was
found to be within 0.022% over the entire bias range (0 to 15 V).

The threshold voltage for each analyte was observed to be very consistent over
multiple sets of experiments performed in a period of more than six month utilizing
several identical devices. To verify if a generic correlation indeed exists between AHyap
and Vu, as predicted by our model, threshold voltages of ten different analytes with latent
heat varying over a wide range were determined (Table 4.2). The plot of Vi, versus AHyap
is shown in Figure 4.9, where an excellent linear correlation is observed. This is in
agreement with our proposed model (please refer to the explanation of Figure 4.6, where
a correlation between Vi, and AHyap was predicted), and clearly indicates that such a well-
defined correlation can be utilized to perform selective detection of VOC vapors from
their unique threshold voltages. It should be noted here that the temperature of the tip
(measured using the IR camera) at the threshold voltage was always lower than the auto-
ignition temperature for all the ten VOCs studied, ruling out any combustion related
effects. Also, as mentioned above, no effect of water vapor of similar molar concentration
(2000 ppm) was observed even up to a bias of 5 V, which is much higher than the
expected Vi of water (< 2 V) based on its AHyap of 40 kJ/mol. This, therefore, rules out
any interference from water vapor in realistic sensing environments.

To investigate any dependence of the Vi on analyte concentration, detection was
performed with much diluted (down to ~50 ppm concentration) vapor of some of the

VOCs. The Vi values were found to increase only by ~0.5 V as the vapor concentrations
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were reduced 40 fold from 2000 to 50 ppm. As the analyte concentration is decreased,
fewer molecules are able to interact with the cantilever, thus causing the Vi to increase.
Although, the relatively small magnitude of change in Vu is unclear to us at this point,
nonetheless, Vi is obviously an important parameter that can be utilized in a practical
sensor to uniquely identify different VOCs over a specified range of concentration,

especially in indoor environments.?*!

fFY T rroerfgryrnrrrrorov ooy g
5F Linear Fit (500 ppm), V, = 8.49-0.17 AH___-
S 3 é\ VOC Concentration: 100 - 2000 ppm
2% 9 .
> L L = \I i
g 5 - k% ]
g °f s ]
© [ él ]
> L J. ¥ ~ \‘ b
E 2} L, -
(o] B ~
= o ~ -
2 I Vi, ]
= 1F ~ *L ]
- [ rJ
- Single Channel Cantilever 1
0 i L ] L L L L l L L L L l L L 'l L l L L L 'l I L ]

25 30 35 40 45
Latent Heat of Vaporization, AHvap (kJ/mol)

Figure 4.9 Dependence of threshold voltage of detection on latent heat of evaporation of
VOCs. The error bars indicate the range of values recorded for different concentrations
within a range of 100-2000 ppm. All threshold voltages are below 5 V.

In order to identify the threshold voltage, it is also important to observe the
dependence of current magnitude change at the threshold voltage. In the post-threshold
biasing region, more and more analyte molecules can interact with the heated cantilever
tip as the effective area of the hot zone (corresponding to Rip) increases with bias
voltage. Increased temperature also increases the convection flow, creating a low
pressure region in the vicinity of the heated tip of the cantilever. This causes faster

circulation of analyte vapor around the cantilever tip resulting in more molecules to
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interact with the tip per unit time. Therefore, just above the threshold voltage, for the
same analyte concentration, current is mostly governed by the effective area of the heated
tip region as shown in Figure 4.10, where the analyte with the lowest threshold voltage
has the lowest threshold response because of the smaller effective area of hot zone at that
voltage. Extrapolating all the curves towards low concentration gives a noise limited

resolution of ~1.5 ppm. The threshold response is defined in (15).
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Figure 4.10 Detectability of threshold voltage at low concentration. The response at
threshold voltage is determined using the equation given below. Extrapolating the
threshold response vs. concentration curves, we find the noise limited resolution to be
around 1.5 ppm with 0.022% being the rms noise magnitude.

Above the threshold voltage, percentage change of current in presence of a
particular VOC depends on the concentration of analyte vapor. We define sensitivity of
the sensor as the percent change in current for one decade change in analyte
concentration; change in current is calculated at threshold voltage using (16). We denote

this sensitivity by S, which is calculated using the following expression,

Alen Alen (16)
Io Io
C C
S — 2 1
Gz
log (22)
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where C; and C; are the vapor concentrations (Cz > Cy).

Table 4.3 Sensitivity, rise time and fall time for different analytes at threshold voltage.

pmalyte o (V) Sensitivity, Rise Time (s) = 1oooFaH ”I;i(;ge (s)
S (%/dec) 1000 ppm|500 ppm ppm | ppm | ppm 50 ppm
Toluene | 2.9 0.0921 5.1 8.2 19.8 | 122 14.3 18.3
Methanol | 2.5 0.0756 5.6 8.9 21.0 11.7 15.1 17.6
Acetone 3.6 0.1429 53 8.5 19.6 11.9 14.8 19.4
DMF 3.1 0.1297 5.2 8.4 20.4 12.4 15.3 18.7

Table 4.3 shows the sensitivity, rise and fall times of the SC-TMH sensor for

1000, 500 and 50 ppm concentrations of toluene, methanol, acetone and DMF vapors.

We find that an analyte with a higher threshold voltage leads to higher detection

sensitivity, which is also evident in Figure 4.10, where the slope of the fitted line is

higher for such an analyte. Table 4.3 also lists the rise and fall times of the sensor for

different analytes. It is observed that the rise/fall times are similar for all four analytes.
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Figure 4.11 Normalized change of Current for three different concentrations, shown as a
function of dipole moment.
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4.2.3 Effect of Polarization on VOC Sensing

Since III-Nitrides have strong polarization properties, it is interesting to explore
possible correlations between the magnitude of the molecular dipole moment of the
analyte VOC and the magnitude of current change caused at a fixed applied bias. Figure
4.11 shows the percentage change in current for ten VOCs (measured at a constant bias of
10 V) plotted against their dipole moment. We find that as the dipole moment of the
analyte VOC increases, the response magnitude also increases, which is expected since
the molecules with higher dipole moment are expected to have stronger interaction with
the highly polar AlGaN surface.[29] This would cause a larger change in tip temperature
and hence in the overall magnitude of the current change. Although the physical
mechanism of molecular interaction is unclear to us at present, it is possible that the polar
AlGaN surface is responsible for attracting the polar VOC molecules toward it, (which is
dependent on the dipole moment) and allowing them to condense to a certain extent.
When the condensed molecules evaporate, the latent heat taken away (and hence the
response magnitude) is therefore also proportional to the molecular dipole moment. For
example, acetone, in spite of having a rather low AHyap, still caused the largest change in
current at 10 V, since its dipole moment is the highest among all the analytes studied. If
multiple analytes have very similar dipole moments, the change in current depends on
their latent heat of evaporation, which is clearly evident from Figure 4.11 with respect to
isopropanol, ethanol and methanol. Here all three have similar dipole moments (in the
range 1.6 — 1.7 D), so the one with highest latent heat of evaporation (isopropanol)
caused the largest change in current. We would like to point out here that the effect of

polarization is clearly observed only at high bias voltages. At low bias voltages, closer to
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the Vu for a particular analyte, the response is primarily controlled by the temperature
distribution of the tip (please refer to earlier discussions). Although polarization effect is
also present for this bias range, it is insignificant compared to the other effects. However,
at high bias voltages (i.e. over 8-9 V, which is much higher than the Vu of analytes
considered here), effective surface area of the hot zone near the tip tends to saturate
(temperature still keeps increasing though), allowing the surface polarization to play a
dominant role in controlling the heat transfer to the analyte molecules, and consequently
the device response.

At lower concentrations, results shown in Figure 4.11 is not suitable to pin-point
an analyte as the slope of the fitted line becomes smaller; bringing all data points closer
along the Y-axis. However, this can be used to estimate the concentration of the analyte

as the curves are separated by a detectable margin for different concentrations.
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Figure 4.12  Effect of polarization on sensor response evident using a SC-TMH sensor
covered with 10 nm thick PECVD Si0z: (a) Vin vs AHyap shows an upward shift in Vi;
(b) No correlation with response magnitude with dipole moment.

Figure 4.12 shows the effect of polarization on sensor response even more clearly.

We repeated our experiment using a SC-TMH sensor which was coated with about 10 nm

thick PECVD SiO». As a result, we saw that threshold voltage increased by 3-6 V, the

change was more severe for analytes with low latent heat of evaporation. In Figure

4.12(b), there is no correlation with normalized change of current and dipole moment of

the analyte at a constant bias if the device is coated with SiO». Also the response is less in
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magnitude than the one obtained from a regular SC-TMH device with no oxide coating.
These two observations indicate that the polarized surface of AIGaN enhances the sensor

response so that it can be observed at a lower Vi in a more predictable manner.
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Figure 4.13 Response of continuous tip DC-TMH at (a) self-heating and secondary
heating mode; (b) difference between the Vi values obtained in both modes as a function
of self-heating Vin.

4.2.4 Sensing Using DC-TMH
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For continuous tip DC-TMH sensor, there are two modes of operation as
explained earlier (Section 3.1.3, page 46). For self-heating mode, the sensor arm had a
variable dc bias and the heater arm had a 0.5 V fixed dc bias. But for secondary heating
mode, the heater arm had a variable dc bias and the sensor arm had a 0.5 V fixed dc bias.
For both modes response was recorded only from the sensor arm, but that response was
correlated with the variable bias. Figure 4.13 shows the difference in these two modes in
terms of Vi for the same set of analytes. Figure 4.13(a) shows that Vth for self-heating
mode is very similar to a SC-TMH device, which is also a self-heating device with
similar dimensions and conductivity. However, the slope of Vi is higher for secondary
heating mode. Figure 4.13(b) shows the difference of Vi values obtained in self-heating
and secondary heating mode as a function self-heating Vi (Vinseir). This shows that fitted
line intersects X-axis at around 0.5 V. This signifies that if there existed a VOC which
would register a Viselr of 0.5 V, for that VOC both self-heating and secondary heating
modes would give the same Vi as Vel increases above 0.5 V, the deviation increases
as well. It should be noted that in secondary heating mode, the sensor arm was biased at
0.5 V which matches with this X-axis intercept. While the exact explanation for this
observation is still unclear, we believe it happens due to the difference in electric field at
the tip of the sensor arm in these modes. For self-heating mode, this electric field keeps
increasing as the bias is increased, and so does the temperature. But in secondary heating
mode, while the temperature increases due to the secondary heating, sensor arm observes
the same electric field due to the constant dc bias. If the sensitivity of the device is a
function of electric field as well, then this difference should indeed affect the response.

When both arms are biased at 0.5 V (in either mode), the electric field and temperature
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become consistent with each other and the difference in response diminishes. That is
why, the difference in Vi, becomes zero at 0.5 V bias.

Unlike the continuous tip DC-TMH, split tip DC-TMH has an air gap between the
tip regions of the two channels. Characterization in self-heating and secondary heating
modes are possible; self-heating mode being analogous to the steady-state mode of SC-
TMH. However, secondary heating mode is much more complicated, as heat conduction
takes place through a gaseous medium involving analyte molecules. This results in a
more complicated picture, where thermal conductivity of the analyte plays an important
role in addition to all other existing factors such as latent heat of evaporation, dipole
moment, local electric field variation, etc. Coating the device with SiO; can reduce or
nullify the effect of one or more factor, making the contribution of thermal conductivity
more dominant. The detailed study of this type of device is beyond the scope of the

current work and will be addressed in a future account.

4.3 Simulation Results

The simulation model described in section 3.3 (page 50) provides us some insight
into the thermal characteristics of the device that could not be measured experimentally.
Using the model described above, calculated temperature profiles are obtained and shown
in Figure 4.14, for 10 V dc bias, with and without 1% of isopropanol vapor flow. For
simplicity, we assumed a Gaussian distribution of vapor concentration centering at the
middle point of the tip with a magnitude matching the theoretical calculation laid out in
(11). The full width half maxima (FWHM) of that Gaussian profile was matched with the
FWHM of the line scan profile of temperature obtained in Figure 4.14, which is shown in

Figure 4.15. Therefore, the solution is iterative, where analyte distribution (the Gaussian
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plot), joule heating (i.e. temperature), non-linear heat transfer (conduction, convection

and radiation) and temperature dependent resistivity — all where determined self-

consistently through an iterative solver. Figure 4.15 also shows the lowering of tip

temperature in presence of VOC, as well as broadening of the temperature profile.

UHP N,

1% IPA

400

Temperature (°C)

Figure 4.14 Simulated temperature profile for SC-TMH under 10 V dc bias, in UHP N>
and 1% isopropanol.
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Figure 4.15 Temperature profile line scan along the length of the SC-TMH, extracted

from Figure 4.14.
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Figure 4.16 Simulated peak temperature of SC-TMH as a function of applied bias with
or without analyte vapor flow (1% isopropanol).

Figure 4.16 shows the simulated peak temperature of a SC-TMH under different
bias conditions. We can see that, in UHP N> environment, the peak temperature almost
saturates after 13 V due to significant self-heating. However, the temperature profile in
1% isopropanol starts to vary from very low voltage (~1 V, close to the Vu of
isopropanol) and starts to deviate more as bias voltage increases. However, at high bias
(> 11 V) this curve starts to approach the reference curve (for UHP N3) instead of
saturating. This happens due to the lowering contribution of VOC-induced heat transfer
(which is assumed not to be a strong function of temperature) at high bias, where other
modes of heat transfer dominate more. Asymptotically these two curves would come very
close to each other if a higher is applied. This is consistent with the observation in Figure

4.8, where we saw response of SC-TMH going down at high bias.
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Figure 4.17 Simulated temperature profile for continuous tip DC-TMH under 10 V dc
bias, in (a) UHP N> and (b) 1% isopropanol.

Figure 4.17 and Figure 4.18 show the simulated temperature profile for a
continuous tip DC-TMH device in secondary heating mode. Here heating arm is biased at
12 V dc and sensing arm is biased at 0.5 dc bias. Figure 4.18 shows that the peak
temperature for both channels are significantly close, which happens due to the high
thermal conductivity of GaN. In presence of VOC (1% IPA), peak temperature goes
down for both channels. Broadening of the profile is also visible here for both channels,
but not as much as the SC-TMH due to the wider tip region of the DC-TMH cantilever

that spreads out the heat distribution, making localized changes less pronounced.
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Figure 4.18 Simulated temperature profile (line scan along the length of the cantilever)
for continuous tip DC-TMH under 10 V dc bias, in (a) UHP N; and (b) 1% isopropanol.

Figure 4.19 and Figure 4.20 show the simulated temperature profile for a split tip
DC-TMH device in secondary heating mode. Here heating arm is biased at 12 V dc and
sensing arm is biased at 0.5 dc bias. Figure 4.20 shows that the peak temperature for both
channels are very different due to the air gap. In presence of VOC (1% IPA), peak
temperature goes down for both channels. Broadening of the profile is more pronounced
on the heater arm, since the air gap makes is almost thermally isolated from the sensor
arm, making it analogous to SC-TMH. However conductivity of IPA vapor is lower than
air, therefore in presence of 1% IPA, the sensor arm gets even lower heat from the heater
arm due to the low conductivity as well as the other effects (e.g. latent heat, etc) all
lowering the temperature even more. This makes the temperature change on the sensor

arm in presence of [PA more significant.
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Figure 4.19 Simulated temperature profile for split tip DC-TMH under 10 V dc bias, in
(a) UHP N3 and (b) 1% isopropanol.

Finally, Figure 4.21 shows the timing diagram for all types of devices simulated
in this work. It shows the transient response of the devices ignoring all electrical transient
and sensing transients - both bias voltage and analyte concentration were assumed to
follow an ideal step profile. This is only to show the thermal transient associated with the
device, and should not be confused with the rise and fall times obtained experimentally.

This also shows that rise and fall times are limited by the time required by the analyte
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flow to establish an equilibrium concentration, as thermal response time is several order

magnitude lower than actual device response time.
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Figure 4.20 Simulated temperature profile (line scan along the length of the cantilever)
for split tip DC-TMH under 10 V dc bias, in (a) UHP N> and (b) 1% isopropanol.

Table 4.4 Calculated peak temperature, FWHM of temperature profile and
heating/sensing time constants.

FWHM FWHM | Time Time
. Peak Peak
Cantilever (um) (um)  [constant, (us) |constant, (us)
Temperature, Temperature, |/, . ; .

Type °C (UHP N) (UHP °C (1% IPA) (1% Heating  infsensing in 1%
N>) IPA) |UHP N, 1PA

SC-TMH 425.89 5.68 386.17 15.56 |47 66

CTDC-TMH, 420.79 17.77 374.99 30.29 |75 94

heater arm

CTDC-TMH, 406.53 14.39 351.60 19.59 |112 143

sensor arm

STDC-TMH, | 15 55 1912 39219 3820 |53 74

heater arm

STDC-TMH, |, ¢ 96 1404 |140.55 21.06 |89 119

sensor arm
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Figure 4.21 Simulated transient response of various TMH devices showing thermal rise
and fall times. Electrical transient is neglected here, as well as the delay associated with
analyte flow (abrupt change in analyte concentration is assumed).

Table 4.4 summarizes all the results shown in Figure 4.14 through Figure 4.21.
Here we see the thermal response time during heating (in UHP N») and sensing (in 1%
IPA) phases, peak temperature values for UHP Nz and 1% IPA as well as their associated

FWHM.
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Chapter 5

Conclusion

In conclusion, we have demonstrated novel AlGaN/GaN heterostructure based
triangular microcantilever heaters for environmental sensing. A robust fabrication process
has been developed and a variety of simple and complex structures are fabricated. It has
been shown that these devices can be used as multi-modal volatile organic compound
(VOC) detectors with exceptional reliability and repeatability. Many of the devices used
in this work were studied over a period of two years, both in open air and in a closed
chamber; and were subjected to much higher applied biases (up to ~90 V). However, no
noticeable change in device characteristics was observed in this time frame, which
underscores high measurement reliability as well as thermal and chemical stability of
these sensors.

These triangular microcantilever heaters are highly sensitive to VOCs without the
need for any complicated functionalization technique, characterization techniques are
also simpler (mostly dc characterization) and not at all bulky. The sensing makes use of
simple physical phenomena such as evaporation of agglomerated analyte molecules off a
heated surface. However, the novelty of the work lies in the use of AlGaN/GaN
heterostructure as the building block, which not only has high temperature stability and
chemical inertness, but also significant polarization charge on the surface, that is found

out to be largely enhancing the sensing response.
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These devices are predicted to have a noise limited resolution down to 1.5 ppm and
proper system design can likely pull it down to high ppb values. Since sensing responses
could be correlated with easily available physical parameters such as latent heat of
evaporation, molecular dipole moment and thermal conductivity in vapour phase,
calibration of this device is also easy and straight forward.

Finally an all-inclusive coupled heat transfer-Joule heating-molecular interaction
simulation has been performed to explain many observations and also to predict the
behaviour of the device is unknown conditions.

While there is still room for further investigation with the dual channel TMH
devices with continuous and split tips, the current study provides sufficient evidence to

establish the novelty and promising future of this technology.
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Appendix A

PROCESS FLOW FOR CANTILEVER FABRICATION

Details of device fabrication has been described in Chapter 3. This appendix gives
more detail about process flow, steps required and associated parameters. First part will

detail about process flow and the second part will give the description.
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Step 1: MESA Isolation

Step | Description | Process Details

1.1 | SiO2  mask | Equipment: Uniaxis Plasma Enhanced Chemical Vapor Deposition
deposition (PECVD)

200 nm SiO; deposition (300 °C, SiH4 = 400 sccm, N2O = 900
scem, 900 mtorr, RF =25 W. Deposition rate is ~ 50 nm/min).

1.2 | Lithography | Photoresist: Microposit SC1827
Spin: 3000 rpm at 750 rpm/sec for 30 secs (thickness: ~3 pm)
Soft Bake: 115°C for 5 mins on hotplate

(7-8 mins if put on a carrier wafer or glass slide)
Exposure: L = 405 nm, UV density = 450 mJ/cm?
Developer: MF 319 for 1:15-2:00 min
Hard Bake: 80°C for 5 mins on hotplate (before ICP etc)

1.3 | SiO2 etch in | Equipment: Plasma Therm ICP with C4Fg Plasma

ICP Sample mount on 4” Si0,/Si wafer with cool grease.

Si0; etch for 1:30 mins (C4Fs = 15 scem, CO2 = 28 sccm, Ar =5
sccm, 5 mtorr, RF1 =40 W, RF2 = 800W, DC=158 V. Etch rate is
~ 180-200 nm/min).

= Etch time depends upon etch rate, 1:30 min should
be sufficient to etch down 200 nm SiO.

. Clean process is run between SiO; etch and GaN
etch

1.4 | AlGaN/GaN | Equipment: Plasma Therm ICP with Cl,/BClz Plasma

etch in ICP Sample mount on 4 Si0,/Si wafer with cool grease.

GaN etch for 25 secs (Cl, = 32 scem, BClz = 8 sccm, Ar =5 scem,

5 mtorr, RF1 =70 W, RF2 = 500W, DC=225 V. Etch rate is ~ 350

nm/min).
. Etch time depends upon etch rate, etching down
AlGaN is enough, however further GaN etching needed to
ensure total mesa isolation and visibility of the etched
pattern for subsequent processing, in this case 25 sec
etching was performed which confirms 150 nm etching

1.5 | PRremoval | Clean with Microposit 1165 resist remover, acetone, methanol, and
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isopropanol. Then put in 120 "C H2SO4 (96%) for 3 min and/or 2
min Oz plasma descum

Equipment: Plasma Therm RIE with O> Plasma (50 sccm O», RF
power 300 W)

Step 2: Top Cantilever outline

2.1 | SiO2  mask | Equipment: Uniaxis Plasma Enhanced Chemical Vapor Deposition
deposition (PECVD)
1 um SiO; deposition (300 °C, SiHs =400 sccm, N2O = 900 sccm,
900 mtorr, RF =25 W. Deposition rate is ~ 50 nm/min).
2.2 | Lithography | Photoresist: Futurrex NR71-3000P
Spin: 3000 rpm at 750 rpm/sec for 40 secs (thickness: ~4 um)
Soft Bake: 150°C for 5 min in oven (on glass slide or Si wafer)
Exposure: A = 365 nm, UV density = 280 mJ/cm?,
Post Exposure Bake: 100°C for 5 min in oven (on glass slide or Si
wafer)
Developer: RD6 for 35~45 secs
23 | Oy plasma | Equipment: Plasma Therm RIE with O2 Plasma for 30 secs
descum 50 sccm Oz, RF power 300 W
24 | SiO2 etch in | Equipment: Plasma Therm ICP with C4Fg Plasma
ICP Sample mount on 4” Si0»/Si wafer with cool grease.
Si0; etch for 10 mins (C4Fs = 15 sccm, CO2 = 28 sccm, Ar = 5
sccm, 5 mtorr, RF1 =40 W, RF2 = 800W, DC=158 V. Etch rate is
~ 200 nm/min).
. Etch time depends upon etch rate, 10 min should be
sufficient to etch down 1 pm SiO,.
2.5 | GaN etch in | Equipment: Plasma Therm ICP with Clo/BCl; Plasma
ICP PR | Sample mount on 4” Si0,/Si wafer with cool grease.
removal GaN etch for 7 mins (Cl> = 32 sccm, BCIlz = 8 scem, Ar = 5 scem,
5 mtorr, RF1 =70 W, RF2 = 500W, DC=225 V. Etch rate is ~ 350
nm/min).
. Etch time depends upon etch rate, with GaN etch
rate of 350 nm/min, it should take 7 min to etch the
remaining GaN
2.6 | PRremoval | Clean with Futurrex RR41 resist remover, acetone, methanol, and

isopropanol. Then put in 120 ‘C H2SO4 (96%) for 3 min and/or 2
min O> plasma descum
Equipment: Plasma Therm RIE with O, Plasma (50 sccm

103

www.manaraa.com




Oz, RF power 300 W)

2.6

Removal of

Si0»

Removal of remaining SiO> with Buffered Oxide Etch (BOE) for

20 mins

Step 3: Ohmic contacts

3.1 | Lithography | Same as step 2.2
3.2 | Metal Equipment: CVC E-beam metal evaporator
depostion Deposition of following metal stack at pressure below 2x10° torr

Titanium (T1) : 20 nm, Aluminum (Al): 100 nm,
Titanium (T1): 45 nm, Gold (Au): 55nm

3.3 | Metal liftoff | Metal liftoff in warm (80 °C) RR41 resist remover and rubbing by
RR41 soaked foam swab; rinse in warm acetone; squirted at by
acetone, methanol, isopropanol; blow dried by N2

3.4 | RTP Equipment: SSI Rapid Thermal Annealer (RTP)

Purge: 8 SLPM N

Anneal (no N»2): ramp to 525 °C at 55 °C/sec, hold 20 sec, ramp to
825 °C at 60 °until

Ramp down: 8 SLPM N until 250 °C

Overshoot: 25 °C, Limit: 900 °C

Step 4: Schottky contacts

4.1 | Lithography | Same as step 2.3
4.2 | Metal Equipment: CVC E-beam metal evaporator
deposition Deposition of following metal stack at pressure below 2x10 torr
Nickel (Ni) : 50 nm
Gold (Au): 200 nm
4.3 | Metal liftoff | Same as step 3.3

Step 5: Probe contact pads

5.1 | Lithography | Same as step 2.3
5.2 | O2 plasma | Equipment: Plasma Therm RIE with O> Plasma for 30 secs
descum 50 sccm Oz, RF power 300 W
5.3 | Metal Equipment: CVC E-beam metal evaporator
deposition Deposition of following metal stack at pressure below 2x10 torr
Titanium (T1): 20 nm
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Gold (Au): 250 nm

53

Metal liftoff

Same as step 3.3

Step 6: Through wafer Si etch from backside

6.1 | Thick SiO; | Equipment: Uniaxis Plasma Enhanced Chemical Vapor Deposition
mask (PECVD)
deposition 10 um Si10; deposition (300 °C, SiHs = 400 sccm, N2O = 900 sccm,
(backside) 900 mtorr, RF =25 W. Deposition rate is ~ 50 nm/min).
6.2 | Lithography | Photoresist: Futurrex NR71-3000P
(backside) Spin: 3000 rpm at 1000 rpm/sec for 40 secs (thickness: ~4 um)
Soft Bake: 150°C for 1 min on hotplate
Backside alignment
Same as step 2.1
6.3 | Si0 wet | SiO; etch with Buffered Oxide Etch (BOE) for 25 mins
etch
(backside)
6.4 | Through Equipment: STS ICP (Bosch Process)
wafer Si etch | Sample mount on 4” Si0,/Si wafer with cool grease.
(backside) Carrier wafer should have at least 9 pum PECVD oxide. Thermally

grown oxide can be of lesser thickness.

Si etch for as many cycles as needed, typically 1200 cycles for 625
Mm Si substrate.

Etch cycle: 10 sec (SF¢ = 130 sccm, Oz = 13 scem, 94 mtorr, RF1 =
10 W, RF2 =600W,

Passivation cycle: 8 sec (C4Fs = 100 sccm, 94 mtorr, RF1 =0 W,
RF2 = 600W.
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