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ABSTRACT

Vanadium oxide (V@ thin films are knownas feasible materials for sensing
applications in uncooled microbolometers. A great deal remains unknown about the
relationship between the filmsdé materi al
study involved the deposition and analysis of MIms made by pulsed DC magnetron
sputtering of a YO3 target with a 200 W power source at 225 kHz at room temperature.
The depositions consisteaf thin films made at total pressures varied from 2.5 to 50
mTorr and oxygen partial pressures between 0 and. 10Btectrical, optical and
microstructural properties were investigated to determine the effects of varied oxygen
partial pressure and total pressure during deposition. Variations of thickness and post
deposition annealing and aging were also studied termée the effects on the film
properties.

The results of this study showed the temperature coefficient of resistances and
resistivity values of the films were in the range-8fto -5% (K') and 10- 2 0 0 -ct q
respectively. Both atomic force microscopy and field emission scanning electron
microscopy data established the microstructure of the films followed the structure zone
model with an increase in columnar size as total pressure was incregssdro&opic
ellipsometry analysis indicated significant variations in the dielectric functions in the
VO films with similar electrical properties due to variation in the oxygen content of the
films. Films deposited for various durations with the sanpmsiéion parameters showed
a trend of decreasing resistivity with increased thickness. Substantial variations in the

electrical properties occurred when some films were subjected to post deposition



v
annealing. Lastly, the study showed that agwigle in desicatorsdid not result in

significant variation of the filmsd proper
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Chapter 1

INTRODUCTION

Vanadium oxide thin films have been used as infrarexsiag materials in
uncooled microbolometers for over two decades. With an improved understanding of
vanadium oxide thin film and deposition processes, higher sensitivity, faster response
times and better overall infrared imaging devices could be makis. wbrk explores the
potential of utilizing the pulsed DC sputtering of g0d target and the effects of variable
deposition parameters on the films electrical, structural and optical properties in order to

assess the sustainability of these materialsificooled microbolometer devices.

1.1 Thermal Imaging

Infrared imaging devices provide the ability to detect the temperature differences
between objects much as eyes or a CCD camera enables the viewer to see either colors or
detect intensity diffences in the visible wavelength range. Such devices are of great
importance for the military, search and rescue missions, space applications and even heat
leakage monitoring. What was previously an exclusive tool for the military has now
become availabléo the general public for such applications as hunting, driving aid and
security surveillance 1. Due to the increasing popularity and more strenuous
operational demands of infrared (IR) imaging devices, it has been necessary to improve

the sensitivityand functionality of these devices.
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There are two basic types of IR detectors; photon and thermal (seelTgble
In a photon detector, also known as a photodetector, the incident photons interact with the
sensing mat e r2. aThé sesposd measured depend§ on the specific
photodetector varieties, examples of which include intrinsic, extrinsic, photoemissive and
guantum well I]. The response will vary relative to the number of photons absorbed by
the material. Thermal detectors, in tast, work based on a change in temperature of
the sensing material. This change can be measured as a consequence of a variation in an
electrical, optical, or magnetic property, which also depends on the specific type of
detector. Various IR thermal deters include; bolometer, thermopiles and pyroelectric

detectors J].

Tablel-1: Types of infrared detectorg][

Infrared Detectors

Photon Thermal
Photoconductivity Bolometer
Intrinsic Semiconductor
Extrinsic Metal
Photovoltaic Thermopile
Photoemissie Pyroelectric

Thermopiles and pyroelectric detectors provide two different ways to measure the
incoming IR radiation. A thermopile consists of a series of thermocouples connected

together which create a voltage based on their temperature chéingaise of only one
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thermocouple would not allow for sufficient sensitivity thus it is necessary to connect
several thermocouples in series. A thermocouple consists of two different materials that,
when heated at their junction, create a specific voltdgpeending on the materials

Seebeck coefficients,. The detector is designed so that the incoming radiation is
focused at the junction of the two metals. Materials with hgh low thermal

conductivity and low resistivity are essential to produce effe¢tieemal IR detectors.
However, the calibration of these sensors is not straightforward since each pixel output
signal requires pramplification and individual calibration along with the ambient
temperature compensation. In addition, the achievable tatope resolution is
approximately 1 K which is 2 orders smaller than the required sensing resolution (10mK).

On the other hand, a pyroelectric detector senses changes in temperature with
changes in polarization current. Two types of pyroelectric deteare being used. One
variety is passive and reacts to changes in temperature with the changing polarization
while remaining well below the Curie temperature denoted pyroelectric mode. The other
goes above the Curie temperature but uses an applieda®@dnoted bolometric mode.
However, current pyroelectric detectors based on ferroelectric thin films require high
deposition temperatures and thus are a challenge to integrate onto current complementary
metal oxide semiconductor (CMOS) based reaccwatitries [3].

Bolometers are another type of thermal IR detector which measure changes in
resistance to determine the corresponding changes in temperature due to incumbent IR
radiation. In general, the resistance of the sensing material in semidogdabmeters

decreases with increasing temperature. Thus these materials have a negative temperature



4

coefficient of resistance (TCR). On the other hand, if the sensing material is a metal, a
temperature increase will cause the materials resistancecteage and thus have a
positive TCR B].

Historically, the predominantly used night vision device incorporated a photon
detector that required cryogenic coolers to operate propgrlimilar cooling systems
are also used in thermal imaging. The acwplsystems have a limited life and are rather
bulky. These devices also require a sufficient start up time before they work properly
making them impractical for many applications. Although the benefit of using a photonic
IR detector with a cooling syster®s higher resolution, these semiconductor IR detectors
have small band gaps at room temperature (approximately 4kT) and exhibit large dark
currents during operation. This can cause the detecting signal to be swamped at and
above room temperature applicets when no cooling unit it used. Moreover, the
cooling units are also very expensive to purchase and maintain making the devices
uneconomical for most civilian applicatiorfy.[

More recent technologies have focused largely on thermal detectorsjcsigcif
bolometers. Bolometers and microbolometers operate by measuring changes in resistance
that occur due to changes in the materials temperature caused by incoming IR radiation.
The choice of detecting material in a microbolometer is crucial to pnoglueihigh
resolution IR image. Materials with high TCR, low resistivity, low noise and
compatibility with CMOS read out circuitry possess the necessary properties to achieve
high sensitivity in IR detection.

Uncooled microbolometer pixel focal planeays (FPA) in IR imaging devices

possess many desirable advantages over cryogenically cooled devices. An uncooled
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microbolometer does not require a cool down period before it is capable of functioning.
Also, cryogenically cooled systems often require eagrdeal of maintenance and are
easily prone to damage. Imaging systems containing a microbolometer sensor can be
fabricated to comply with military specifications allowing them to withstand the rugged
use for both military and civilian applications. Téiee restraints that accompany a large
cooling unit are eliminated using imaging devices with microbolometers. These devices
are small enough that they can be incorporated into handheld devices and even into
goggles, often used by the militaryln addiion, uncooled IR detectors provide an
advantage with a wide spectral response compared to semiconductor based photon
detectors. A cooling system often generates a great deal on noise whereas
microbolometers can operate silently. Uncooled microbolométere several distinct
advantages over their cooled counterparts making their technological advancement a
necessity for the futur&keduced weight and size decreases the array production cost and

simplifies package form factors due to the mequirement otooling system§2, 3].

1.1.1 Microbolometers

A generalized schematic shown in Figdré provides a basic view of the
structureof a microbolometer pixel. An array of these microbolometer pixels makes up
the sensor in a thermal imaging device. &taft the art devices contain over 300,000
pixels usually expressed as 640x480 to describe their resolution. The sensing material of
the device is isolated above the readout circuitry and forms a bridge like structure.

Because bolometers work based onngfess in temperature, it is important for the area
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sensing the incoming IR radiation to be thermally isolaéd For the device to have a
better sensitivity it must be able to heat up and cool down quickly. Therefore, the area
heated is raised up off d¢ifie circuit by tiny legs. The legs are a composite of materials
but always contain a metal to permit electrical contact to the-geadircuitry. In
addition, the whole structure must carefully balance heat conduction and heat

capacitance.

Siicon Nitride and
Vanadium Oxide

Monolithic
Bipolar
Transistor

X-metal

Figurel-1: Microbolometer pixel [6]

Mi crobol ometers are now typically made
CMOS fabrication or silicon micromachining processes have been well developed for
other devices and this same technology is compatible in faxgtating microbolometers.
Beginning with a silicon wafer, a read out integrated circuit (ROIC) is created. Then, the
bridge like structure is formed over the ROIC by the deposition of several layers and the
use of lithography and etching processes. Ariaial layer is deposited and later

removed allowing the sensing material to be suspended above the subktrate |
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Figurel-2 provides a generalized cross sectional view of a microbolometer and
includes some common materials used for each comporfdm.ROIC provides a link
between the sensing material and the computer that converts the electrical change into an
image. Fabrication of ROICs has already been well developed through CMOS
technology. The electrodes that connect the ROIC and the bridgeust are made of a
metal encapsulated bysBi,. The metal is also a good heat conductor and thus helps to
cool the detecting material. A thin membrane, usually madeshf, Soupled with SiQ,
is used to help support the sensing material. The naysmonly used materials for
detecting the incoming IR radiation are amorphous silice@iYand VQ. The sensing
material of a microbolometer can be coated with a passivation layer for protection and to
increase the stability of the film. A reflector ¢op of the ROIC and a quarterave
cavity design make up the rest of the microbolometer pixel. These are added to the pixel
to aid in reflecting IR radiation that is not initially absorbed back towards the detector to

be absorbed on the second pass thasimmzing the amount of absorbed enefgjy6].



Detecting
Material (VO,)
Electrode Legs X Thin
(SigNy) Membrane
(SizNy)
Gold
" Contacts

Reflector ROIC/Silicon Substrate

Figure1-2: Crosssectional microbolometer diagrdf

Honeywell Technology Centavas the first company to successfully develop the

uncooled microbol omet er i agovemnmentecantrdctyandl 9 8 0 6

remained the sole supplier of this product until the military declassified the project in
1992. Honeywell then licensed their technology to several companies including Boeing

and BAE, which now produce thermal imaging devicedaiaimg microbolometer arrays

[6].

1.2 Vanadium Oxide Thin Films

Many materials such as VQaSi, polySiGe, YBaCuO and a even a protein
based cytochrome C bovine serum albumen have been investigated to determine their
usefulness as the sensing matemalmicrobolometerg2, 811]. Two of the most
commonly used temperature sensitive imaging materials arg ard aSi. Both

materials possess several desirable properties for a sensing material including high TCR,
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low 1/f noise and low resistivity. Witbtomparable TCR values, \{@hin films are found

to have lower resistivity values than those ebia Industrial VQ and aSi films for
microbolometers have generally been deposited by ion beam sputtering and plasma
enhanced chemical vapor deposition extjvely. The preferred film used today as a

sensing material in microbolometers is ion beam sputtergd3/O

1.2.1 Fabrication of Thermal Sensing Material

In order to fabricate cost efficient microbolometers, it is necessary that the thin
film fabrication process should be able to integrate easily with silicon micromachining
processes. The main compatibility issue with the micromachining process is that
temperatures must remain as low as possible throughout the entire fabrication with a
maximum temprature below the melting point of typical aluminum wiring levels for the
ROIC. There are several different ways to deposity \f@at allows a smooth
incorporation into the CMOS fabrication process. Typically, physical vapor deposition
techniques, in whit an atomized material condenses on a surface, are used to form a
film. Specific methods include reactive ion beam, RF and DC sputtering.

Depending on the desired composition of x in the,\m and resultant
microstructure, different target materisd®id deposition conditions must be applied.
Targets used to deposit vanadium oxide films include, but are not limited to, ¥, VO
V.03, and LOs. Some deposition methods require the source material to be conductive
and thus a V target works efficientlyOn the other hand, the remaining targets listed

above are poor conductors and may not be compatible with some deposition techniques.
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For example, a DC current applied to a poorly conducting material cannot sustain a
plasma. In reactive sputtering evenamductive target can become insulating due to the
buildup of an oxide layer on the target which may cause arcs. When arcing takes place
macroparticles are released from the target. Films created during plasma arcing
incorporate larger clusters of matérsand may lead to neaniform film growth on the
substrate 12].

In order to create a film with the desired oxygen content, it is convenient to use
reactive sputtering. Sputtering does not necessarily produce the same stoichiometry in
the film as wa initially in the target. Using a pure metal target and allowing oxygen gas
to flow through the chamber during deposition will result in the creation of afiir@
Similarly, the introduction of oxygen flow using a Y@rget will change the resultant
films V:O ratio [12].

The use of magnetron sputtering has become vastly popular among all variations
in sputtering technology. With a typical magnetron sputtering deposition, a circular
target is used with circular ring magnets placed at the back ofatget. There are
typically three magnetic rings of alternating polarity. The alternating polarity creates a
magnetic field which helps to direct electrons towards the target. HeRishows a
diagram of a sputtering system with the inclusion of thgmats used during magnetron
sputtering. The use of magnetron, as compared to-nragnetron, sputtering
subsequently increases the thin film deposition rate. If there is a limit on the allowable
applied voltage, identical current and deposition rates lwarobtained using lower
voltages with magnetron sputtering in comparison to conventionalm@agmetron

sputtering. There exists a minimum pressure at which sputtering can occur depending on
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the specifics of an individual chamber, power supply, target, Btagnetron sputtering,

however, can operate in reduced pressure environments. One drawback to this type of
sputtering is that due to the magnetic field, material from the target is sputtered off on a
preferenti al ring al s olimisithe useful Efesof the taigeta c e t r ¢
because once the Aracetrackso have eroded

longer be used even though a great deal of target material rehdins [

Magnetron Sputtering Cathode

Magnets
Electric lonized
Field Sputtering
Gas (Ar")
Magnetic
Field Material
. Sputtered
T%ri]r:f?:ri[r]m from Target
Formation\

Figure1-3: Magnetron sputtering

1.2.1.1 lon Beam Sputtering

The majority of VQ films used in commercial microbolometers have been
deposited using reactive ion beam sputtering. This method is compatible with CMOS

fabrication and was used in the original microbolometers fabricated by Honeywell
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Techology Center in 19822] §. There is no obvious published explanation as to why
ion beam sputtering became the acceptable method for producing the vanadium oxide
sensing material.

lon beam sputtering occurs with the use of a beam ofofus which isformed in
a source separate from the target. An ion gun utilizes a strong magnetic field which aids
in the creation of ions. The ions created are then directed towards a target by an electric
field. Material from any type of target can be sputtered utirggmethod. Deposition
rates are lower compared to those of magnetron sputtering, although this slower
deposition method allows for greater control over the film composition through
deposition parameters. Increased control of composition by such paramay be one
reason for using ion beam sputtering over other methods. Sputtering pressures are
generally an order of magnitude lower with ion beam sputtering {dir) than for
magnetron sputtering (fd 10°), possibly leading to less impurity ioporation. This
may be another reason industry has chosen ion beam sputtering over other deposition

methods 12].

1.2.1.2 RF Sputtering

To sputter material from a target a bias must be applied to the target material. In
the case of RF sputtering the \age is varied from positive to negative at a radio
frequency of 13.56 MHz. Figurk4 includes the waveform of an RF power source.
Because the frequency is very high, ions cannot follow the signal, thus inducing a DC

self-bias enables sputtering by thens. This selbias is a strong function of reactor



13

geometry, target material and pressure. The major advantage of RF sputtering is that any
target material can be sputtered, not just conductive targets.

Some major drawbacks to using an RF power solinsg its usefulness to
industry. Very low deposition rates make RF sputtering inefficient for use in industry.
Product output rates are very important to a company attempting to produce as much
product as possible. Lower deposition rates mean the fM@s will take longer to
deposit and productivity becomes limited. Although film stoichiometry can be varied
with this technique, films tend to be rather metallic. Additionally, RF power supplies
require an impedance matching network to ensure efficempling between the power
supply and the target. Furthermore, RF power supplies can be rather expensive and this
may limit the quantity a company can purchase once again resulting in limited
productivity [L2]. A final shortcoming associated with usiag RF power source is that
the energy of the sputter species cannot be easily controlled, which limits control of the

microstructure of the resultant film.
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1.2.1.3 Pulsed DC $uttering

Pulsed DC sputtering of VQis a fairly new deposition technique and
consequently there has not been much research done on this topic thus far. It appears to

be a very viable technique as deposition rates are higher than ion beam and RiRgputter
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and issues with insulation build up on the target are no longer an issue as with straight
DC sputtering. Figuré-4 includes the difference between RF, DC, and pulsed DC
waveforms. The pulse time for pulsed DC sputtering can also be varied ahtbishee
appropriate duration for each deposition system. These variations in the power source
have an effect on the film growth.

Pulsed DC power includes the benefits of both RF and DC power. Using RF
power results in low deposition rates because filim deposition is limited to the ion
flux/ion energy product which is only partially related to input power. With pulsed DC
the negative bias is applied for a longer duration and thus deposition rates are increased.
A short pulse of positive bias idlsapplied and controls target poisoning and reduces the
chance of arcinglf3, 14. This positive pulse is also very effective at conditioning or

stabilizing the surface of the target in reactive sputtering.

1.2.2 Material properties

1.2.2.1 Temperature Coefficient of Resistance

TCR is one of the primary material properties used to determine acceptable
materials for sensing IR radiation. Most materials undergo a change in resistance when
heated or cooled. Thin film materials that undergo a large changgsistance for a
small change in temperature are necessary for IR detectors. TR, (K U, i's gi
Eqg.1.1 below, where R is the resistance and T is the temperativtaterials that

experience these large changes in resistance with small charigegperature are said to
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have a high TCR. A thin film that becomes more resistive when heated, such as a metal,
is described as having a positive TCR. On the other hand, films that become more
conductive after heating, such as a semiconductor, are desteaving a negative TCR

[6].

a= %3—? 11

VO thin films are semiconductors and therefore have a negative TCR @hlue |
The TCR values of VOthin films have been found to be between near zero, where the
film is near metallic, to ovets %K™ for more restive films [L6]. The conductivity of a
material is directly related to concentration of charge carriers, density of states and charge
carrier mobility. When VQis heated, the mobility of the electrons increases and the film
becomes more conductive. &ACR of the film is dependant on deposition conditions,
but a practical model to predict TCR has unfortunately not yet been developed. This

work, in addition to other research efforts, has begun to provide an understanding of the

relationship between tHfém deposition parameters and the electrical properties.

1.2.22 1/f Noise

Noise is one of the most limiting factors in thin film materials for
microbolometers. Unfortunately, there does not appear to be a great deal of information
relating noise tdhe materials other electrical and microstructural properties. Films that

are highly resistive typically have higher noise, and thus lower resistivity films are
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desired. If noise is too high the signal created due to the incoming IR radiation will be
swamped out by the noise of the system thus compromising the sensitivity of the device.

In electrical systems, there are several different types of noise: 1/f noise, Johnson
noise, temperature fluctuation noise and background fluctuation r&isé e firg, 1/f
noise, also known as pink noise or flicker noise, is a fluctuation where the spectral
density is proportional to the inverse frequency. 1/f noise is also commonly referred to as
low-frequency noise because it is typically the predominant noisenatr lfrequencies.

On the other hand, Johnson noise exists when the spectral density is equal to a constant
and does not depend on frequen8ly [ Temperature fluctuation noise is a result of the
individual pixels trying to return to equilibrium after bgirsubjected to IR radiation.

These fluctuations occur because of differences between the pixel and substrate
temperature. Background noise is related to the temperature difference between the pixel
and the ambient conditions it is subjected to, suclviasther the device is in a hot desert

or an arctic climatel].

1/f noise is considered most carefully when choosing an IR detecting material
because the imaging devices typically use low frequencies. A typical frame rate of a
microbolometer pixel is 3z [2]. Although faster frame rates produce better video
images of the scene, it is necessary to allow sufficient time for the sensing element to

return to equilibrium between measurements.
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1.2.2 3 Resistivity

Film resistivity is an important aterial property to consider when choosing a
material for the microbol ometer l18wharsR rr . A
is the film r esi ssechonatarea (esjsfance and is meaduredacross 0 s S
(cm?®) and | is the lengthetween the contacts (cm). A microbolometer works based on
changes in resistance so it would only be appropriate that resistance of the film was
considered. As mentioned above, a film with large resistance typically has higher TCR,
but also higher 1/f niee [6]. However, films with lower resistance could use less power
during operation. In order to develop devices that can operate via battery power it is
important to limit power consumption to ensure a longer running life of the device.

_RA

| 12

yo,

1.2.2. 4 Additional Figures of Merit: Responsivity, Detectivity, Noise Equivalent
Power, NETD

There exist several figures of merit for comparing the performance of
mi crobol ometer sensor arrays 1in IR i magin
provides a alue describing how well the power incident upon the device is converted to
an output voltage?] . Responsivity can also be dire
Films with higher TCR values have higher responsivity as shown ifh.Eq.

l,Ran

R =—F—— 1.3
GV1+ w?r?
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wherepi s t he bias current, R is the resistan
Gisthete r mal conductance, ¥ is the frequency
constant. Recent literature shows devices currently have a responsivity of approximately
250kV/W [3]. Detectivity and noise equivalent power (NEP) both provide information

abaut the detector with respect to the incident power, the output voltage and its relation to

the noise voltage. In order to compare similar device with varied detector areas
normalize detectivity, D*, is often use#,[3. Another commonly used figure ofemt of

infrared detector performance is noise equivalent temperature difference (NETD). This
value is the minimum temperature difference necessary to observe a varidjon |

These device properties alependeno n t he i magi ng nopettiesyim al 0s

addition to the steps of the device fabrication process.

1.3 Thesis Outline

Uncooled microbolometers have greatly enhanced the capabilities of IR imaging
in many applications. The ability to produce images in situations where visibleldight
not exist has come a long way from the first uncooled microbolometer developed at the
Honeywell Technology Center only 25 years ago. With all the advancements already
made, however, there still exists a great deal of improvements for future siidy.
study continues to look into improving the microbolometer by gaining a better

understanding of how the deposition parameters gfafféct the film properties.
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First, a review of literature has been completed describing the predetermined
relationshps between VQand its properties. Additional relevant detecting materials and
the thin film structure zone model are describedV,M®; target was used to produce thin
films in this study as its x value, 1.5, is near what has been stated to be ideal for
microbolometers between 1.75 and® 35]. A full description of all experimental
procedures used to create and analyze the films is included. The results and discussions
section includes an evaluation of all experiments and provides a great deadjlaf ams
the trends occurring throughout the various films. The conclusions tie together the

acquired results and explain the usefulness of this study.
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Chapter 2

LITERATURE REVIEW

Although uncooled microbolometers are fairly new technological devicgseat
deal of research has already b@enformedto determine the best materials for sensing
IR radiation. A wide variety of materials have been studied to establish their usefulness
in this application. Various deposition techniques and paramésare also been
investigated. The resultant properties of these films have been analyzed and compared
for device optimization. Generalizati ons
to work best in sensing IR radiation, but there still exists atgleal of information to be
learned. A review of the literature in the field provides framework for the experiments

and analysis presented in this thesis.

2.1 Infrared Sensing Materials in Microbolometers

Industry currently produces FPA consisting oficrabolometer pixels with
detector elements typically made of Y@r aSi [2,3. Films of these materials, made
with specific processing parameters, possess desirable TCR, resistivity and 1/f noise
properties. When subjected to IR radiation, these fhiange thus far been deemed the
best materials for uncooled bolometer applications. Other materials with acceptable

properties have also been investigated for use in uncooled microbolometers.
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2.1.1 Commercial Materials

Amorphous silicon and vanadiumxide thin films are commonly used in the
commercial fabricated of uncooled IR imaging devicEd.[ These materials are found
to have acceptable film properties and may be processed with methods compatible to the
CMOS fabrication process. Although othraaterial may possess more desirable specific
property, such as TCR or resistivity, the best trade off amongst all desired properties has
been found with &i and VQ.

For both aSi and VQ, a similar trend in TCR occurs as a function of resistivity.
The films TCR and resistivity increase proportionally, following a linear slope. As
mentioned, &i films have much higher resistivity values in comparison with,.VO
Although these values are higher, ROIC designs have been developed to accommodate
each mateals resistance range. Figutel shows the relationship between TCR and
resistivity for aSi films whereas Figur2-2 demonstrates the same relationship seen with

VO, films.
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Figure2-1: TCR as a function of resistivity for& where restivity has been varied
incorporation of different doping concentratio22p]
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2.1.1.1 Amorphous Silicon

Silicon is regularly used during CMOS fabrication processes and can also be used
to create acceptable detecting materials for microbolometerSi has TCR values
ranging from-2.5 %K®, when doped to lower resistivity, t8 %K* with a higher
resistivity [3]. As mentioned,tradeoffs must always be made when choosing the
detection material and in the case eBichigh TCR corresponds to higher resistance and
also high 1/f noise. Therefore;S films with the highest TCR and resisty may not
always be used. In generatSatypically has much higher resistance values than VO
and therefore devices containinggaapply a continuous bias rather than the pulsed bias
used with VQin an imaging device?].

There has been a gtedeal of research done to develefidilms and determine
their effectiveness in microbolometers. Xikfng Liu et al. created a structure that
possessed a TCR value as high2a8 %K® [28]. Another study done by A.J. Syllaios et
al. at the Raytheoklectronic Systems Company created films with the same FCR,

28 %K', and measured t hecmr HighersTCR fimst(1g %Ko be
were also created, although their correspondingly high resistivity values prevented them
from being compatiblevith current ROIC design2f]. LETI LIR developed an -&i

based microbolometer which has an optimized TCR and resistivi§.5f%K" and 86

g-cm respectively 30. A micro infrared camera used for unattended ground
surveillance contained-@i films with similar TCR performance valueg.7 %K [21].

When reported, the value of NETD was less than 100@2K P9, 30Q. aSi film

performance specifications are summarized in Tadle
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Table2-1: Summary of &i microbolometer material literature

Authors TCR | Resistivity | NETD | Responsivity | Resistance
(%K)
X.M. Liu et al. -2.8 3-10 Mq
AJ. Syllaios etal. | -2.8 | 200 qg-cm |<100mK 30 Mq
C. Vedel et al. -2.5 86 q-cm |<100mK 10mV/K
T. Schimertetal. | -2.7 67mK 1x106 VIW 30 Mq
S. Lietal. -2.0 | 540 g-cm

A recent study observed the difference betweesi, already found to have

acceptable performance properties, and cr ocr y st al-8i). nTéhe gsoupl i c on

aimed to determine the effects of microcrystallinity on the films relevant properties in

regards to IR detection. The group first maefi &lms with values of TCR-2.0 %K%

and resistm)wcompaab( 840®@ oqt hose

p r-8ifiimower| vy

puctk

made by slightly increasing the substrate temperature and the TCR and resistivity were

determined to be3.8 %K*a n d

fil ms a idfilm tshhoeed 4 tanes lower noise than that of th&iafiim. The

4ct Fespgctively. 1/f noise was measured for both

results of this study show that small changes in deposition parameters have a large effect

on the films properties3fl]. Similar changes to deposition parameters may be applied

when investigating t effects in VQthin films.
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2.1.12 Vanadium Oxide

Vanadium has been mined from various minerals including caronite ore and
petroleum ash. Vanadium is typicallgund as Os in these natural material87].
Vanadium ions exist in several valencatets including +2, +3, +4 and +5. These
correspond to VO, Y03 VO,, and \LOs respectively, for vanadium oxid&3]. The
phase diagram in Figu3 shows the states listed above in addition to many mixed
phases of vanadium oxide. Vanadium oxides algst én a range of different crystal

structures depending on several factors including phase and tempe34ture |
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Figure2-3: Vanadium oxide phase diagraBy]
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VO,, V03, V.05 and other mixed phases of Y@ave been studied as potential
microbolometer materials. \{@or microbolometers has been stated as near ideal when x
is between 1.75 and 2,[35. As there are several properties that make &®attractive
material for bolometric sensing applicationsiradeoff between these prepties must
occur when the ideal material is chosen. Depending on the value of x, the film may
undergo phase changes, consequently affecting the performance in a device.

Some VQ materials undergo a phase transition between the semiconductor and
metallc phases. Vs wi t ches from a semiconductor to
and has been investigated for microbolometers working within this temperature range.
This material changes structure between a monoclinic symmetric lattice as a
semiconductor tca metal with a tetragonal symmetric lattice. Characteristic of this
transition is a resistance change of over 4 orders of magnitude. In addition to this large
resistance change there exists a hystersis effect on the curve when the material cools
below he transition temperature. The switching effect and the hysteretic curve make
crystalline VQ undesirable for microbolometerdd, 39. Figure2-4 shows a typical
temperature versus resistance curve for.V@ther phases of vanadium oxide, such as
V.03, undergo a similar phase change outside the temperature range of interest and
therefore would not exhibit this drastic transition during use, leaving many phases of

vanadium oxide as viable options for microbolomet88. [
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Figure2-4: VO, metatinsulator phase transitiqa6]

Additionally, the deposition method and parameters will greatly affect the final
film properties of VQ thin films. Post deposition treatments will also have further effects
on the final film properties. Ideally, the fisrmust possess strong stability, so as to not
change their functional device lifetime. The Htiwrrun reproducibility of the films is also
important for device yield in manufacturi@7]. It has been difficult to determine an
optimized fabrication methotbr VO, thin films because numerous variables must be
considered during deposition. Research has shown films have been deposited by ion
beam sputtering, DC sputtering, RF sputtering and electron beam evap&aiigs, [38
42]. Limited data has been plished on the used of pulsed DC sputtering to creatg VO
films [45]. The majority of sputtered films have been reactively grown by ion sputtering
using pure vanadium targets. The various studies, several to be described below,

examined the electricalptical and structural properties of such films.
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There exist a small number of publications related tq W@ films prior to 1998
and limited, if any, publications regarding Y@ be used in microbolometers before that
time. Before 1998 the formatioalectrical, structural and optical properties of M{ims
were studied by several groups. Yfdms were also assessed for usefulness in many
other applications including gas sensors, microwave switches and electrodes in lithium
batteries 46-48]. The nitial studies of VQled the way for the future examination of the
material for microbolometers.

An early study published in 1985 by a group at the University of Wisconsin
Milwaukee examined the crystal structure and optical absorption behavior sfrfiide
using reactive RF sputtering to deposit vanadium oxéf} [Films were grown at 0.1
mTorr with various oxygen partial pressure28%o) using a V target and the deposition
temperature was estimated to haveenrtemai nec
deposition rate and the oxygen partial pressure was determined. As the percentage of
oxygen present during deposition was increased the deposition rate was decreased. This
was attributed to the formation an oxidation layer on the target, whalsasknown as
target poisoning. The crystal structure of the films with oxygen percentages bet&®%en 2
appeared to be X0s according to XRD. Films made with greater amounts of oxygen
present did not yield diffraction peaks. Optical data was in agreeasetite absorption
curves showed the film to be crystalling®4 when less oxygen was present during the
deposition and an amorphous film at higher oxygen partial presdfies [

After the declassification of the microbolometer project by the Honeywell
Technology Center in 1992, articles began being published on the characterization of

VO, for microbolometers. One such article by Yeadge Han et al. from 2002 tested



31

using several layers of films to create a high TCR, low resistivity film. Using RF
sputtemg, V>0s was deposited with a layer of V above it. By annealing this film in an

oxygen atmosphere, 3 layers resulted®y V: V,0s. Films made with an optimized

anneal time had TCR values greaterthan 2%Kn d resi sti vi tymval ues
making them suitable for use in microbolometers. These films also showed good results

with respect to reproducibility3g].

Another more recent study, performed by the School of Electronics Information
Engineering,China, in 2006, deposited films via facing targets DC reactive sputtering
with TCR values as high a4.5 %K*. These films were accompanied by high resistance
typical of high TCR films. To lower the resistance, the films were annealed in high
vacuum. The resultant films maintain high TCRi.4 %K® and their sheet resistance was
about 20 kq/ sq. The films also exhibit
homogenous after the 400eC anneal . These
microbolometers42).

Although the majority opublished articles pertaining to \@hin films have used
V as the target, a 2002 article used #O¥target. In this study the oxygen partial
pressure was varied between depositions using a DC sputtering system, as they claimed
the targets resistivity vgalow enough to do so. Power, chamber pressure and Ar flow
were held constant throughout the runs. A deposition at room temperature with no
additional oxygen present resulted in a film that appeared to,0¢ atcording to XPS
data. Addition of oxygenas to the chamber resulted in films more similar 1@ The
films were amorphous XDs when deposited at room temperature and polycrystalline

V.05 when the substrate was heatdd][ The intention of this study was to creatgOy
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films, not particularlyfor use in microbolometers, as the traditional figures of merit were
not investigated. To make these films more applicable for IR detection by increasing
their homogeneity, the use of a pulsed DC power supply can and has been used in future
experiments.

A study comparing the difference between DC and pulsed DC sputte@d V
thin films found similar results to those above with respect the amorphous nature of the
unheated films grown using DC sputtering. Although the target used in these
experimentswas pure V metal and not ceramicO4 t he fi Il més structu
similar trend. Limited adatom mobility was used to explain the nature of the amorphous
structure. In comparison, the films created using pulsed DC were all polycrystalline
when grown atwaried deposition temperatures. The use of a pulsed DC power source
created higher energy ions moving towards the substrate, thus higher adatom mobility on
the surface, allowing the growth of more crystalline filrd$]] Studying the films
crystallinity is only one of the properties that must be determined to fully understapd VO
TCR and resistivity remain the most highly investigated properties qfpé@inent for
use in microbolometers.

The TCR values of VQthin films are usually betweenl.5 and -5 %K™

depending on the material deposition parametZk [Films suited for microbolometers
have been reported to have TCR values rn2#%K* Understanding the exact effect
each property has on the films overall performance in a device idtithate goal of this
area of research. Tal®e2 provides a summary of various processing parameters and the

corresponding resistance and TCR values as they have been reported in the literature.
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Table2-2: Summary of V@Qmicrobolometer material liteture
Deposition . Processing Resistivity/ Nt
Authors Method Stoichmetry Temp (&C) Sheet Rho TCR (%K1)
Yugiang Reactive DC .
Lv etal Sputtering VO, 400 in vacuum 3 hrs <20 kOhm/sq a4
Yong-Hee Reactive RF . .
Hang et al. Sputtering V,0/VIV,Oq 300 in O, 30 min 0.1 Ohm-cm -2t0-2.5
S.Bétvz\illang lon beam sputtering VO, 395in 0,1 hr 50 kOhm/sq 2.1
Hongchen . 2
Wang et Rea‘g“’e lon Beam VO, (B) 00 32 kOhmisq 25
al puttering
R.T.
Rajendra V,0; + small
Kumar et PLD Vo, RT 1.7 ohm-cm -2.8
al.
C. Chen et Reactive Ior_l Beam VO 623 20
al. Sputtering x

2.1.2 Novel Materials

Polycrystalline silicon germanium (peliGe) thin films have been studied to
determine their viability as the detecting material in a microbolometers. TCR values have
been reported betweed.65 and 4 %K [17-19]. In aspecific study done by affiliates of
the Tsingshau University in Beijing pelyiGe films were fabricated by chemical vapor
deposition (CVD) and subsequently doped with boron via ion implant§&oph A
stance of

resultant film exhibited a TCR ofl.91 %K'and a b e e t resi

Microbolometer bridge structures were made using this material to study the 1/f noise.
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Significant noise contribution, when the frequency was greater than 150 Hz, was
attributed to Johnson noise. On the other hand, theoigé contribution was the largest
when then frequency was less than 100 Hz. None the less, the values of 1/f noise
reported wer e | '€ sas typiichllp measBred iV Antbephous  Si
microbolometer$21].

Yttrium barium copper oxide (YBCO) is seyronducting material that has also
been considered for fabrication in microbolometers. Published data has shown that
YBCO thin films possess TCR values ranging fre28 to-4 %K*[10, 2224]. In a
study done by Sandeep Kumar et al. YBCO was sputteaelF magnetron sputtering at
room temperature. The resultant TCR values ranged 8tn-3.5 %K*. The NETD
was less than 100mK and noise was similar to that ipd&@ices. An activation energy
of 0.22 eV was determined using the Arrhenius plii]. [

Poly-SiGe and YBCO are two of the more commonly studied alternative
materials to &i and VQ for microbolometers whereas globular proteins are fairly
unique. Research done at the U.S. Army Research Lab in collaboration with Boeing has
found a matedl with high TCR and low sheet resistance. Thin films of cytochrome c
have been evaluated with Honeywell CMOS electronics and were found to have TCR
values as high at 35 %K The lowest values reported:73%K*, were still well above
that of found withvO,., The | ow resistivity of?addsese me
to their figures of meritJ1]. Unfortunately, the films undergo variations attributed to
aging which may lead to the demise of their potential implementation in microbolometer

[25].
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2.2 Structure Zone Model

Structure zone models (SZM) have been developed to help predict the structures
of films made at varied gas pressures and substrate temperatures. Thorton introduced a
SZM in the early 1970s which depicted the morphologies ofesattthin films #9].The
model, depicted in Figura5, shows that variations in both the gas pressure and the
substrate temperature largely affect the films microstructure. At low substrate
temperatures the films remain within Zone T and Zone 1. In Zoine films are more
openly packed due to limited adatom mobility. In this zone, if the deposition pressure is
increased to a point where the mean free path of the sputtered material and ithe Ar
greater than that between the target and substratelrtigeill typically exhibit a more
open structure and shadowing effects may occur. The films in this zone have many
defects and the boundaries between the fibrous grains are highly voided. These films
characteristically have a dome like surface textute.Zone T, the transition region
between Zone 1 and Zone 2, films have a finer grain structure and the grain boundaries
are dense. These films exhibit smooth surfaces in Zone T as can be seen i2-bigure

[12, 44.
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Chapter 3

EXPERIMENTAL METHODS OF MATERIAL CHARACTERIZATION

3.1 Experimental Procedure

A great deal of information pertaining to the properties of about @ films
remains unknown. This study characterizes films produmegulsed DC sputtering
using a (O3 target under various deposition conditions. Electrical, structural and optical

properties, as well as film stability and thickness dependency have been investigated.

3.1.1 Sample Preparation

Each VQ film was depos#d onto both, glass and native oxide coated crystalline
silicon substrates. The glass substrates were prepared by cutting thick Corning
Mi cro Slides into rect an-dobed Siwafgrpwito <«100mat el y
orientation, 1317 mil thickress and a resistivity betweerl10 -cmm were also used as
Ssubstrates. A native oxide remained on th
were cut into pieces of approxi mate di mens
To assure the substrates were clean, theyrumae two ultrasonic baths. The
substrates were placed in a beaker containing acetone and bathed for 15 minutes. This
was followed by the substrates undergoing a similar ultrasonic bath in ethanol. Once the

ultrasonic cleanings were complete the sulssravere removed from the ethanol and
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blown dry with nitrogen gas. The substrates were placed into a clean container and kept

in a desicator under vacuum before being used.

3.1.2 Sputter Deposition

The vacuum system used to deposit the VOx thinfimess f i t t ed wi t h
guns from the Kurt J. Lesker company. The system was developed to simultaneously
carry out sputtering from two targets, also known as dual sputtering, although, in these
experiments only one target was used. The chamber waguwacisystem and the
sputteringgunwas et up t o be pointed at 45e¢ offset
only a single target being used with these experiments, a wedge was placed on the stage
in order for the gun and the substrate to be parallel. The substrates were taped to a wedge
with kapton vacuum tape to hold them in place. The throw distance between the
sputtering gun and the substrates was 3.5«
during the presputter step of the deposition. The stage was equipped with a thermometer
and thee did not appear to be significant temperature variations of the stage during

deposition. Figur@-1is a photograph of the interior of the chamber.
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Figure3-1: Internal layout of the deposition chamber

To control the pressure withilné chamber, two pumps were used. Because the
chamber was opened between depositions, the base pressure before a deposition was
reduced to at least 6xfQorr to ensure minimal impurities remained. A mechanical
pump was first used to reduce the initiségsure within the chamber. Switching to a
Pfeiffer 520 1/s turbo pump allowed the chamber to reach base pressures belSw 6x10
torr, reducing the impurity incorporation during deposition.

Both total pressure and oxygen partial pressure were varieggthout the study.

Argon gas (99.99% purity) was present in the chamber during all depositions with a flow
rate of 30 sccm measured by a MKS flow controller. To obtain the correct oxygen partial

pressure, the valve between the chamber and the turbo phengate valve, was closed
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until the MKS Signal Controller as shown in the left image of FigiPeattached to a

MKS Baratron, read the appropriate partial pressure of argon. Beginning oxygen gas
(99.994% purity) flow and adjusting the flow rate all@lfer the desired total pressure to

be obtained as seen in Figl@. Once set, the gate valve and flow rates were left
untouched, with the exception of oxygen, which was shut off and only allowed to flow
one minute before deposition and turned off immawdy afterwards. Also, it was
occasionally necessary to increase the pressure within the chamber when using the RF
power supply because the plasma would not strike at low pressures (below 5 mTorr).
The gate valve was slowly adjusted back to its ex@mtion prior to turning on the RF
power supply once the plasma struck. The gases used were purchased from Messer, MG

Industries.

() (b)

Figure 3-2: Pressure gauge with partial pressure of argon (a) and a total pressi
mTorr, 10 % oxygen partial pressure (b) after adjusting the oxygen flow rate.
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A V0 target was purchased from the ACI Alloys, Inc. and used within a Kurt J.
Lesker Conpany sputtering gun. The target had
purity of 99.9%. All samples were made using the same target. Due to the targets
insulating nature, it was necessary to perform a sufficienspuéering ramp up. This
precauton was taken to ensure the target would not crack due to a shock from the rapid
increase in power applied. Details about sputtering times are mentioned below iB-Table
1 and Table3-2.

The majority of films produced in this work were createchgshn asymmetric
bipolar pulse power supply. A negative bias was applied to the target which, with the
right conditions, lead to plasma formation and sputtering. In order to neutralize the
change build up on the target a short, a small reverse biagjedsobed as a positive
bias, is applied. The short pulse can range from-8@® ns depending on the
equipment used according to the ENI RBG pulsed DC power supply operation
manual.

Films produced via pulsed DC sputtering used a ENI 8B@ulsed DC power
supply. These films were deposited using a power of 200 W, a pulse frequency of 225
kHz and a pulse width of 1616 ns. The RF film production was carried out by a RFX600
RF power supply and a ATN500 impedance matching network, both matiéviayced
Energy.

The ENI RPG50 pulsed DC power supply allowed control over power ramping,
pulse frequency, pulse width and run time. The programmability of this device ensured
accurate reproducibility with respect to power and run time. A similaroapp was

used with the RF power supply, although it was not equipped with the same
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programming capabilities. Much attention was given to assure that similar ramp up,
sputtering and ramp down processes were preformed with the RF depositions3-Table

and Table3-2 provide details on the ramping sequences for both power supplies.

Table 3-1: Pulsed DC sputtering ramp sequence

Power (W) Time (sec)

0-50 0

50 60

50-200 1300

200 1800 (Deposition Time)
20050 1300

50-0 0

Table 3-2: RF sputteringamp sequence

Power (W) Time (sec)

0-20 0 (increased quickly till plasma strugk
20-200 1300

200 1800 (Deposition Time)

2000 1300
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3.2 Characterization Methods

3.2.1 Profilometry

The Tencor Alph&tep 500 Surface Profilometer was used to meature
thickness of the films. During deposition, as part of the mechanism of keeping the
substrates on the wedge, a piece of kapton tape was placed over an edge of the substrate.
Once the deposition was complete the tape was removed, leaving a cledorstep
thickness measurements. This method provided sharp steps required for profilometry
measurements.

The profilometer consists of a stylus which touches the surface and scans over the
step created by the kapton tape. During these experiments the fdlee siylus was
maintained at 3.7 mg and the scan length at 500 um. Measurements were taken at three
locations along the step and averaged to determine the film thickness. Standard deviation
was calculated from these three measurements to determirref@rrthe thickness

measurements.

3.2.2 Temperature Dependant CurrentVoltage Measurements

The TCR determination involved sputtering nickel contacts on the film and using
them to measuring the current while a voltage was applied. The chamber uspdsib de
the nickel contacts was similar to that used to make the fM@s. As determined by
previous experimentation, highly resistant films deposited on silicon could potentially

allow the applied voltage to tunnel through the silicon substrate instahd 6im itself
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and lead to innaccurate results [43]. To eliminate the chance of the current tunneling,
through the substrate rather than the film, glass substrates, highly insulating materials
with resistivity of approximately 1xX@ 3 -qn, were used in lpce of the silicon
substrates for these electrical measurements. The samples were taped to a shadow mask
and positioned within the chamber to be aligned parallel with the sputtering gun
containing a nickel target (99.9% purity) purchased from the Kuregker Company.

As with the VQ film deposition, the chamber was evacuated below to BxXldrr to

ensure purity. After a five minute ramp up, the contacts were deposited for fifteen
minutes at 15 mTorr and 150 W using a MDX Magnetron Drive. Contaptssded by

this procedure were approximately 3000 A thick as determined by profilometery.
Figure3-3 shows the pattern produced by the shadow mask. Although there are several
contacts and various spacing created, only the two contacts with the wideisigspa

shown at the far left, were used in these measurements.
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Figure3-3: Optical micrograph of the sputtered nickel contacts

In the second step of the procedure, the sample was placed on a temperature stage
within an MMR technologiesrpbing station; the set point temperature was maintained to
be very precise using the MMR Technologie KTemperature Controller. The sample
was soaked at each temperature for at least two minutes before a measurement was taken.
The window in the syste was covered and the measurements were taken in the dark.
Measurements were taken in 10eC increment
temperature ramp up and ramp down.

With the contacts in place and temperature set, the Keithley 2400 Sourcemeter

was used in conjunction with LabTracer 2.0 to creaté turves at the sequence of
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temperatures described above. A measurement was taken using a two point system with
four probes. A voltage was applied across the nickel contacts using the probes in the
uppe left hand side and the current measured through the lower right probes as shown in
Figure3-4. The voltage was swept from 0 to 5 V while 200 measurements were taken at
each temperature. Films were also measured fomo O V to ensure accuracy. The

resultant iV curves allowed for the resistance to be calculated using.Eq.

Figure3-4: Two point measurement system

AR=AY

Al 31
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Once resistance was measured, a simple calculation allowed for the TCR of each
film to be determined. To calculate RC the natural logarithm of resistance as a

function of temperature was plotted and the slope of this curve was derived using} Eq.

3.2.3 Spectroscopic Ellipsometry

Spectroscopic ellipsometry measurements allow for the extraction of information
abai t the filmés dielectric function, t hick
Il i ght is reflected from a samplebds surf ac
polarization state at each interface and throughout each layer of material. The
polarizaion state and the amplitude changes can then be analyzed to extract the complex
dielectric function and the thickness of each component layer.

The J.A. Woollam Co. M2000UV variableangle rotatingcompensator
multichannel spectroscopic ellipsometerasv used to perform the measurements.

Figure 3-5 provides a diagram of this spectroscopic ellipsometer. EXx situ measurements

were taken at three angles of incidedits 5 5 ¢ 70e, and 85e¢e over a

0.75to 6.5 eV. The data acquisitiomé of each measurement was less than 2 minutes.
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) AT Rotating

/8 ~\ Compensator

Fixed
i polarizer
Fixed -
analyzer
) Light sources
InGaAs Photodiode array D, + QTH

& Si CCD detector

Figure3-5: EXx situ spectroscopic ellipsometer schemidiig

Ellipsometry measures the change in the polarization of the light when reflected
from a sampl ebs sur f ac efield vieatog E,gTihis vedioe is ¢ o mp |
typically depicted in several electric field components. The electromagnetic wave can
first be simplified by reducing one direction, that of which the beam propagates which
would usually be denoted as th@xs in the Ceesian coordinate system. By assuming
the beam propagates in that direction, the remaining components can be described with
two orthogonal components. These components are then described by two orthogonal
axes x and y in the Cartesian system or mamaroonly redefined in ellipsometry as
fields that are parallel (p) and perpendicular (s) to the plane of incidence. Bi§usea
schematic view of the incoming, reflected and transmitted light, providing a visual

depiction of the wave components.
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Figure3-6: Geometry of the incoming, reflected, and transmitted electromagnetic
showing the p and s axes in addition to the place of incidence. [52]

The two parameters measured during ref|
which are the amplitude and the phase shift difference, respectively. The complex
ampl i tude r giftheeratio of thewomplex ampldude rgflection coefficients,

o and & 1, and g, are the ratio of the reflected electric field amplitude to the incident
electric field amplitude in the-polarized and-polarized fields, respectively, as shown in
Eqg.3.2and Eq3.3 E, and E are the complex electric field paralhd perpendicular to

t he pl ane ofpan dadithe phase shiftdontiepplarized and-polarized

fielids.cofrrel at @34t o q and @ by

o 2%2‘%‘&@‘%: 3.2

p
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E. -
Is :_i:|rs|exp‘¢)s, 3.3
ES
I - :
Pr =r—=mexp‘(§0p -, =tan¥expla_ 3.4
ElI'l' i psometry, as previ oups byt noetneetilgo nne d

determine the optical properties or microstructure of a thin film on a substrate. A
stratified media model I's i mplemented to e
and surface roughness. The layers that make up the model inckudabistrate, native

oxide, VOy film, and a roughness layer as shown in Figiie Reference dielectric

functions are used for the substrate and the native oxide. The surface roughness layer is
represented as a Bruggeman effective medium approximatiasisting of a 0.50/0.50

mixture of bulk VQ material and void53].

Surface roughness (d,)

Native Oxide SiO, (d,,)

c-Si Substrate

Figure3-7: Optical model structure consisting of crystalline silicon substratei)(¢
native oxide (Si@) / bulk VO film / surface roughness / air ambient.
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Once spectra inA, y) are acquired, WVASE, a commercial data analysis
program is used to extract the complex dielectric function of the M&terial and the
thickness of the bulk and surface roughness layers. The stratified media model
mentioned above was used for fithi the data. Film thickness values were initially set
using profilometry data and then allowed to vary to obtain a better fit. Data from all three
angles of incidence were fit simultaneously to the stratified media model shown in
Figure3-7. The VQ dielectric functions used in this model are represented by a
parameterization (using a least squares regression analysis with a weighted error
function) [54.

Parameterized VQdielectric functions are represented by two or three Tauc
Lorenz oscillators sharg a common band gap, a zero broadened high energy pole, and a

Lorenz oscillator [55%7]. The Lorenz oscillator is represented by &8§.

. ATE, 35
El-E°-il'E’ '
where A is the ampl Egiwutlitbaesonanceiersergyb EackaEaecn i n g

Lorenz oscillator cabe described by E®.6

2

E-E
AET S
g,=y E°-E "+I’E* E ,
0 E< E

3.6
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where again A i s t heEq&stheredortance energy angi€teke br oad

band gap. The pole oscillator used is given is¥Eq.

A
SZ?ES, 3.7

where A is the amplitude arig, is a resonance wavelength which mhsetabove the

spectral limit of 6.5 eV.

3.24 Atomic Force Microscopy

To produce surface images and obtain the roughness of the films, a Digital
Instruments Nanoscope 1D was utilized. A small piece of the \@hin film on the
silicon substrate as cleaved off from each sample in order to fit on the holder of the
AFM. Once the sample was mounted it was cleaned with compressed air to remove any
dust particles that may have accumulated.

The AFM measurement was performed in ta
A cantilever with a tip is scanned across a surface as it oscillates at a given frequency.
Tip interactions with the surface cause changes in the oscillation frequency. To measure
these changes a laser is directed at a mirrored surface on the cantilever. The reflected
laser beam is then directed at a set of photodiodes. The tip interactions with the surface
can then be converted into an electronic signal and used to create g inmaages
displaying the surface topography can be used to determine the films roughness and also

the grain size of the nanocrystalline material.
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3.25 Field Emission Scanning Electron Microscope

Scanning electron microscopy (SEM) is typically usedbtain high resolution
i mages of a material s surface and <cross
performed under vacuum conditions because any gas present during the measurement
could interact with the electrons and disrupt the signal. Toetbat electron beam for
field emission scanning electron microscope (FESEM), a field emitter tip is used. The
beam is much smaller in diameter than in typical SEM resulting in a highly concentrated,
high current density beam. The beam is directed towtaelsample and scanned across
a small area in a raster fashion. After interacting with the sample, electrons of various
energies are emitted. These electrons can then be converted into electronic signals and
processed to create an image.

Using theprocess described above, an FESEM was used to takeseigmal
images of the films to provide insight into the microstructure. A Leo 1530 FESEM,
operated within a class 100 cleanroom, was used to perform these measurements. This
device operates atwovoltage (1kV) so issues that arise due to sample charging are
significantly reduced and there is usually no need for an additional conductive layer on
non-conductive samples. Under these conditions, the device has a rated resolution of
3nm. The workingdistance between the lower portion of the lens and the samples
surface ranged from 1 to 3 mm. Magnifications of the films imaged varied from 150kX
to 5000kX.

VO, samples deposited on a silicon substrate were imaged by the FESEM.

Sample preparationiovl ved cl eaving of f of a small pi
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samples. Freshly cleaved samples were immediately loaded into the chamber for
measurement. The holder allowed several samples to be loaded simultaneous but imaged

individually in order to see time during the pump down process.

3.2.6 Annealing

Annealing was performed on several samples to determine how they would
withstand elevated temperatures. Severa) ¥&nples deposited on glass were cleaved
in half, one half was saved to be useda control and the other half was annealed. A hot
pl at e, i n ambient air was set to 200e¢eC
temperature was stable. Samples were then placed on the hot plate and a timer started.
After the 30 minute anneakamples were removed and allowed to cool to room
temperature. Following the annealing process, contacts were deposited on both the

annealed samples and thearmealed samples.

3.2.7 Thickness Study

A thickness study was conducted to detemnihe effects of thickness on the
films TCR and resistivity. The chamber setup was changed slight as to accommodate 4
samples in one deposition in order to save time during the pump down cycle and to
ensure the conditions were as similar as possiblellfdr samples during the deposition.
A rotating substrate holder was created so that after the first sample was deposited a

guarter rotation occurred and aligned the next sample in front of the target for deposition.
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The throw distance was shortenedt8®. s o t hat the deposition

create films of similar thickness as to
Deposition time was varied from 200 to 2800 seconds. Two separate runs were

performed in order to create a sufficient@amt of samples to determine the effects of

thickness.
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Chapter 4

RESULTS AND DISCUSSIONS

In order to better understand how growth parameters and post deposition
treatments affect film properties several analysis methods were implemented. In order to
properly optimize detecting materials for microbolometers, it is necessary to quantify the
resultant different material properties with each other in addition to the deposition and
modification conditions. Toward that goal, this work has examined and aiededeveral
key electrical, optical and microstructural properties which are described within this
chapter.

Due to the belief that the required chemical composition for current IR sensors is
VO, g and because pulsed DC sputtering &f,®3 has not previosly been examined,
this thesis work reflects an investigation of a \{Qarget for creating acceptable IR
sensitive films[9, 35]. The initial experiments involved a total of 16 fiims made at 4
different total pressures (2.5, 5, 10 and 50 mTorr) andydeox partial pressures (0, 2.5,

5 and 10 %R, ) by sputtering &/,0; target at 200 W in room temperature. These films

were chosen to be investigated to explore effects occurring due to variable total pressures
and oxygen partial pressures. The films depdsfor further studies were chosen based

on the properties determined by characteristics of the initial 16 samples. 47hble
provides a summary of the thin film deposition parameters and their corresponding

electrical and physical properties to be ddsexliwithin this chapter.
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Table4-1: Experimental matrix of deposition parameters, electrical propertie
thickness




