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Abstract

A gel electrophoresis technology based on absarmtiailtraviolet radiation for fragment sizing
of bio-molecular segments such as protein and iualgd is introduced for the first time. The
new technology has the potential to improve coreeat gel electrophoresis method by
lowering the cost and increasing the throughpxcviutcost effective, high sensitivity, short
wavelength selective detector is an essential coenoto enable the proposed technology. In
this thesis, hydrogenated amorphous silicon (ajSmétal semiconductor metal(MSM) are
investigated as the short wavelength detector ajiceh The operation of planar MSM
photoconductor-based photo detectors with very #n8i:H film thickness and aluminium
electrodes is investigated. Experimental resultspbbtocurrent measurements as well as
responsivity and quantum efficiency are preseniée MSM photodetectors presented are fully
compatible with state-of-the-art staggered gate film transistor (TFT) fabrication processes to

enable large area pixel arrays for bio-moleculaagmg.
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1 Chapter 1: Introduction

1.1 Short wavelength detectors

Ultraviolet research began in the latter half of 8" century, when the invisible radiation
beyond the blue end of the visible spectrum begameteive attention. Ultra violet (UV)
spectrum is separated in to three parts, UV-C @8@m), UV-B (280-320nm), and UV-A
(320-400nm). UV detection has many applicationsivil, military and biomedical technologies;
such as chemical and biological analysis (ozonkytaots, and most organic compounds present
absorption lines in the UV spectral range), flansedtion(including fire alarm, missile warning
or combustion monitoring), optical communicatiors(ularly inter satellite communications
atA<280nm) emitter calibration (instrumentation, Uthtigraphy), astronomical studied, [1] and
detection of the variation of DNA absorbance of Wkh specific application to genome projects
[2]. In this research we are focusing on the lafglication mainly for genome projects.

Short wavelength detectors can be classified meet main types:

(1) Thermal detectors: thermopiles and pyroeledeiectors;

(2) Photomultiplier tubs (PMT);

(3) Semiconductor photo detectors.

In thermal detectors, the incident radiation iscabed and upon this absorption the temperature
of the material rises up; one disadvantage of thdstectors is that thermal effects are
wavelength independent. Therefore thermal detectwes not the best choice where high

sensitivity and high selectivity are required.



Another alternative that has been used for manyadksx as the main UV detector are
photomultiplier tubes (PMT). PMTs have the advaatafjhigh sensitivity and selectivity to UV.
However, these detectors are fragile, bulky, naegkl power sources and are expensive.

For biomedical applications, the main focus of thtisdy, special requirements and challenges
for detectors are introduced, and continuous deweémt for obtaining better performance and
lower cost detectors are pursued. Semiconduct@cties have much lower cost compared to
PMTs, and show a selective wavelength dependentigeafesponse per unit incident radiation
power compared to thermal detectors. Semicondysitotodetectors require moderate biases,
are small, lightweight, and have fairly high semgy to UV light which makes them a good
approach for UV detection. The properties of thevabdifferent short wavelength detectors

without any amplification are summarized in Tabl8]L

Table 1: Comparing properties of ultraviolet detecbrs without any amplification.

Type QE RESPONSIVITY | FILTERING SIZE

Thermal Low Low Extensive Small
Photomultiplier tubes Low-Medium Very High Variable | Large
Semiconductor photo detectol Medium-High Medium-High Variable Small

Within semiconductor photo detectors, crystalliliea@ (c-Si) CCD devices are one option for
UV detection [4]. However for large area applicaichydrogenated amorphous silicon (a-Si:H)
are lower in cost and have better sensitivity torr wavelength compared to c-Si. In this
research hydrogenated amorphous silicon (a-Si:Hgctler for short wavelength detection is

discussed.



1.2 Hydrogenated Amorphous Silicon Technology

Silicon (Si) is the second most abundant elemeneanth which has a much lower
material cost compared to other semiconductors ssclsermanium (Ge). While crystalline
silicon (c-Si) offers advantages over other expensiemiconductors, its production costs are
high in large area applications, as a result, hyeinated amorphous silicon (a-Si:H) technology
with lower production costs is dominant.

Crystalline silicon atoms form four tetrahedralemted covalent bonds with four adjacent
neighbors which means they have long range ord&redture, but a-Si:H lacks the periodicity
and long range order. Therefore a-Si:H only shampegrties based on short range bonding
interaction with c-Si. Nevertheless, the materialgerties of a-Si are significantly different from
those of c-Si. For example, the optical band gapeises from 1.1 eV in crystalline silicon to
1.7 eV in amorphous silicon and the absorption faneht of a-Si for shorter wavelength is
higher than that of crystalline silicon. This hegtband gap makes a-Si:H a better candidate for
short wavelength detection.
a-Si:H technology is the basis of a multi-billioolidr market in diverse applications such as
active matrix liquid crystal displays (AMLCD), ekec-photography, image sensors, and solar
cells [5]. These devices result from propertieai:H material such as high photosensitivity,
reasonably short response time, combined with 8pgcof a-Si:H technology such as the

capability for large area fabrication, low temparatprocessing and high production yield [5].



1.3  Hydrogenated Amorphous Silicon Photodetectors

Image sensors fabricated using a-Si:H as photdsansiemiconductor commercialized to date
can be divided into two main types depending ondihection of incident light and with respect
to the applied field, i.e. photoconductive (PC) attbtovoltaic (PV) type detectors[6]. In PC
detectors the coplanar structure of the detectowalthe incident light to be perpendicular to the
applied electric field and photocurrent flow isanhorizontal direction between the electrodes,
where as in PV detectors light is incident paraliel the applied electric field and the
semiconductor layer is sandwiched between the teciredes and photocurrent is in a vertical
direction between the top and bottom electrodeuieid.).

Incident Light Direction

Incident Light Direction

Figure 1: Structures of photoconductive (PC) leftand photovoltaic type (PV) right sensors.

In PC detectors the semiconductor is directly egdds illumination and detection is carried out
upon modulation of the resistivity of the activgdawhen a constant voltage is applied between
metal electrodes. On the other hand the PV deteeai® diode like detectors and are operated
with a reverse bias. The most common a-Si:H PV pra diode structures (i.e. a stacked
structure consisting of'pa-Si:H, i-a-Si:H and 'nha-Si:H films with electrical contacts on either

side) mainly because the depletion width thickniesshe intrinsic layer can be tailored to



optimize quantum efficiency of detection. Due te thigh defect density in the doped layer in
amorphous silicon detectors, three layers exigeatsof two. p and n layers create the built-in
voltage, and will not contribute to charge collentiand all the charge collections take place in

the intrinsic a-Si:H layer. A detailed discussidrifeese detectors appears in a later chapter.

1.4 Photodetectors Figure of merit

Depending on the application some design parametéhe detector carry more weight than the
others. However, in designing any photodetectergtare some common parameters that define
the quality of the detector: spectral responsiviignal-to-noise (photoresponse), External
quantum efficiency (EQE), selectivity (filteringqgairements), signal linearity with respect to
optical power, and size of the detector. An intriduey definition of each of these parameters is
given as follows.

» Spectral Responsivity
Spectral Responsivity (R) with units of A/W meagutke photo induced signal of detectgy |

which is (lium -1 dary COMpared to the incident optical powegf. Fom the illuminating source.

P Equation 1

* Photo-response

Photo-response which is a unit less ratio compéreslilumination currentyl,m to dark current

Idark.

Equation 2



» External quantum efficiency (EQE)
EQE is usually reported in percentage form (%) ambws the overall performance of
photodetectors. EQE is defined to be the ratiohairge flux to photon flux, demonstrating how
effectively the incident photon flux is converteml ¢harge carriers, and how effectively those

carriers are collected.

Iph/q
P _/hv

Inc

EQE=

Equation 3

» Filtering requirement
In order to use a short wavelength detector intasicondition, either a filtering system should
be applied to filter the ambient light or the débechas to be visible blind which blocks the
ambient light with out requiring a filtering system

» Signal linearity with respect to optical power
Linear detectors enable the user to use the detedtto different optical power and be able to
predict the output signal, which is beneficial pphcations where different optical power needs
to be used.

» Size and cost
Size and cost are two closely connected parameféns. fabrication cost in terms of
photolithography, number of masks required, ett¢hef detector for very small detectors in a
large area imager where many of such detectormeeded is an important parameter when

comparing different detectors to choose the beslityudetector.



1.5 Thesis outline

This dissertation is organized into four main ardadackground, Motivation of work, Metal
Semiconductor Metal (MSM) results and finally thenclusion and future work. The first part,
which includes chapter 1 provides a general backgtoon short wavelength a-Si:H detectors.
Chapter 2 presents a new and novel applicatiobitemolecular fragment sizing, followed by a
first prototype developed using off-the-shelf comgots. Chapter 3 starts by introduction on
prior art and follows by an initial implementati@amd results obtained for in-house fabricated
MSM a-Si:H structures. A good understanding ofkgacund is important, and chapter 1 aims
at providing the necessary background materiake@l&o this topic. Building on the ground
work from the first chapter, chapter 2 introdudes movel application and specific requirements
for this novel application that has to be met wifth detector design. And finally the last chapter
examines the new MSM thin film design and preskatdharacteristics of this photoconductor.
The fabricated device and the test results ardeaitribed in this third chapter. The last section
concludes the thesis with a summary of the pr@edt presents a path to be pursued for further

research in this area.



2 Chapter 2: A novel method for bio-molecular fragmen sizing

2.1 Introduction to DNA and Bio-molecular imaging applications

Deoxyribonucleic acid (DNA) is a nucleic acid thaintains the genetic information for the
development and function of living organisms. Théoimation attained from genetic DNA
analysis can revolutionize the diagnosis, prevandiod treatment of many human diseases such
as cancer, cardiovascular, and Alzheimer’s. DNAyamis rapidly making the transition from a
purely scientific quest for accuracy to a routimegedure with increased proven dependability.
Most DNA fragment analysis used in laboratories pesrformed using a slab gel-based
electrophoresis, which has been routinely usedesiscinception more than 20 years ago. The
term electrophoresis refers to the movement of axggd molecule under the influence of an
electric field. Electrophoresis can be used to sdpanolecules that have equivalent charge-to-
mass ratios but different masses. One such typa multi-lane slab gel electrophoresis
instrument, which uses a slab of Agarose gel waimes introduced channels using a comb on
which DNA samples are placed. An electric voltag@pplied across the gel slab, generating a
field that separates the DNA sample into fragmehtifferent masses (fragment sizing) [7], [8],
and [9]. DNA fragments in gel slab method are commally detected by directing light at the
components separating from the sample, where eacmpanent (or fragment) has been
previously tagged with a fluorescent dye. Detectimg fluorescence emissions induced by this
incident light is important. The primary challengdates to sample detection techniques with

fluorescence staining. Usually the users needdim she gel with the fluorescence dye before



imaging and then use scanners to perform the DN&lyais. The tedious and cumbersome
fluorescence staining method is not suited for ghfthroughput and low cost DNA analysis
application. In order for DNA fragment analyzingsirumentation to be competitive on a
throughput basis, it is necessary to develop ingnis that can run many samples at a time.
Also to simplify the method, eliminating the fragmataining step is ideal.

Conventional gel electrophoresis for DNA analysidabor-intensive and does not exhibit high
resolving power or throughput, but is still roulpweused by medical researchers,
pharmacologists, and forensic investigators fortvedra better method. To address the need for
a technology that is more sensitive, high-throughfass labor intensive and cost effective, we

propose the alternative novel method for bio-mdeciragment sizing described below.

2.2 Introducing the Novel method of bio-molecular fragnment sizing

In conventional gel electrophoresis, the bio-madlesun a gel support are separated by
an electric field. Negatively charged molecules mdoward the anode side of the gel, and
positively charged molecules move toward the cathgide. For example, DNA by nature has a
negative charge so upon applying electric field Ei¢A fragments start moving towards the
cathode side.

The channels are created inside the gel by plaxiogmb in the gel (from this point on we will
refer to these channels as “separating channefe.cbmb makes wells of a predetermined size
in the gel. Then, the DNA strand that is previousiyt into smaller fragments using DNA
endonuclease enzyme is loaded in the separatimpelsaof the gel and allowed to separate for
some time via the electric field that forces thagfents to migrate through the gel. DNA

molecules migrate from negative to positive potdntiue to the net negative charge of the



phosphate backbone of the DNA chain. When the a@iparis completed, the fragments are
visualized by using a fluorescent dye (labeling hod) specific for DNA. Fragment size
determination is typically done by comparison tonoeercially available DNA ladders (i.e. the
control) containing linear DNA fragments of knowength. The moving speed of the loaded
sample depends on their properties. There are rfeantgrs that determine the moving rate of
these molecules through the meshwork: the eletiid’s strength, the gel support or matrix
composition, the liquid buffer solution’s compositj the molecules’ size, shape and charge, and
chemical composition of the molecules being sepdrafhe smaller molecules move faster than
larger molecules because they encounter lessonaitidrag in the gel.

Traditionally, DNA fragment sizing is done by ugia fluorescent dye labeling. We propose a
label-free fragment sizing of bio-molecular fragrtseebased on the absorption variation of UV
radiation through the DNA. The technique relies linify on the knowledge that DNA and
proteins absorb UV radiation. For example, DNAabs strongly at 260 nm wavelength [2]

(see Figure 2) and proteins are known to absortiyhat 280 nm.
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Figure 2: Relative absorbance spectrum of double rstnd DNA.

The proposed method consists of a linear array\ofsensitive detectors, and a source of low
intensity monochromatic UV light (for example foNB fragment sizing, the light source has to
be 260nm). In order for DNA fragment analyzing rfostentation to be competitive on a
throughput basis, it is necessary to develop instnts that can run many samples at the same
time. Therefore by using a linear array, the fragmsizing is done simultaneously in all
separating channels in the electrophoresis gel. détection region along each separation
channel will define a detection zone for analytdseke the source and the detector should be

placed; the light source is located above the tietezone and the detector array is placed
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underneath the detection zone. As analytes (fanpl@DNA fragments) pass the detection zone
in their defined separating channels, absorptioBMA at 260nm wavelength light will cause a
reduction in the read out of detector signal. AB & explained in section 2.3.1, depending on
the concentration of the Agarose gel used the rgaglgnal from the detector might be slightly
different each time the fragment sizing analysipesformed using the proposed method. In
order to do a self calibration so that the proposeethod does not depend on the gel
concentration used, each time before starting lderephoresis, the signal from the sensor with
only the Agarose gel in the detection zone hasteeld and saved; this will provide the amount
of UV absorbed by the Agarose gel and the buffartem alone and we call it &rrer then the
electrophoresis begins and the detector signaladaut frequently. Each time the readout output
is saved and compared tgrer It should be noted that since DNA has highesoadi®n in
260nm wavelength, anytime an analyte is passingiétection zone A(if the analyte is DNA
then Apbna presenck Will be less than Aurrer Figure 3 provide a detailed flowchart of the above

explained self calibration technique of the proplosethod.
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urn on the radiation sources
Start reading out all the sensor
value for each channel

For each channel, first no
voltage applied to the

electrophoresis system, read
out the sensor output

Average(Read out)

Save this average value => Apysre;

lectrophoresis starts, voltage
is applied across the system,
continue with the read out

process. Each time

A( Read out)=> A,

Figure 3: Flowchart description of the bio-separatbn device for fragment sizing.

A Fragment has
just passed by

No Fragments has
passed .

By connecting the detector to a controller, thedreat can be stored frequently as shown in the
functional diagram in Figure 4 (a) and (b). A simplhay to envision the proposed new
technology is as if pictures of the movement of DINAgments are taken. In the proposed
method for DNA fragment sizing, a detection schetinat is faster, more sensitive, more

accurate, and cheap is achievable.



Radiation source ( Detection Zone) > Detector

Controller

(@)

Negative electrode ‘

Input from the readout
of the sensor

. Channel

A 4

Controller
pulsing the radiation source, To radiation source
synchronizing the sampling

rate of the detector, and
analyzing the output data To detector
from the detector.

O Detectlon Zone wnth radlatlon source on top and
detector array on the bottom ; 8 8

Side view of one channel set up

Positive electrode ‘

(b)

Figure 4: (a) Functional block diagram of the new b-separation system components, and (b) perspectiv
view of an example of gel-slab electrophoresis temblogy with one embodiment of the present inventian



The driving force for separation in slab gel eleptroresis is the Lorentz force. The Lorentz
force is the force (Equation 4) exerted on a chdqggrticle in an electromagnetic field and is
affected by the ambient electrical conditions amel ¢lectrical properties of the particle that is

under study.

F :qx(E+va)

Lorentz

Equation 4

Where F is the Lorentz force (in Newtons), E is #lectric field (in volts/meter), B is the
magnetic field (in Teslas)y is the electric charge of the particle (in Coulenkand v is the
instantaneous velocity of the particle (in metexstsmd). In electrophoresis analysis B is set to

zero for simplification, then Lorentz force becongesllomb’s law:

FLorentz = q x E

Equation 5

The resulting analytes migration due to Lorentzdois countered by friction such that the rate
of migration is constant in a constant and homogsredectric field. Where the friction force is

defined as:

F =vxf

friction

Equation 6
Where f is the frictional coefficient in Equation $0 now if the analyte is moving in the mesh

like gel with a constant mobility, due to Newtotasv of forces, the total force is equal to:

=mx
F=mxa Equation 7



Where m is the mass (in Kilograms) and a ( in ns#&$econd squared) is the acceleration. In gel
electrophoresis the total forces are only the femctorce subtracted from the Lorentz force, and

assuming constant velocity of analyte, the acctteras zero. Therefore we have:

I:Total = I:Lorentz - I:friction = O

or Equation 8
gxE=Vxf
Mobility is dependent on both the analyte propertand solution properties. Electrophoresis

analytes mobility assuming a constant velocityradlgte is then defined as

_VvV_q
’U_E_E Equation 9

The following is a simple calculation of how theposed method works:

Imagine in a normal experiment that the lengthhaf gel from anode to cathode is 30 cm and
each separating channel well is 1mm. In a normBkelgetrophoresis, the experimenter leaves
the electrophoresis experiment to run for aboubd@r$, which is roughly the amount it takes for
the fastest analyte to migrate from the cathodéhéoanode. Therefore if it takes 6 hours to
migrate 30 cm it should approximately take 1 h@ass(gming linear mobility relation) to migrate

5 cm and 1second to migrate 44n about 0.072 second to migratg fn for the fastest analyte,
or 72 millisecond to migrate Am. From these calculations if the readout is fashan 1
millisecond, resolution better thanudn for fragments sizing is achieved.

Another consideration is the size of the sensdah@mwidth of each detector in the detector array;
since the separating channel wells are 1 mm thesoseshould be designed exactly 1 mm in

width to gather maximum data regardless of wheeeathalyte is exactly situated when moving



in the separation channel well in the detectionezdtor example if we assume each separating
channel well is divided in three sections, a, il anby designing the sensor to cover the whole
width of the separating channel well we ensure tlmatmatter where the analyte is (a, b, or ¢)

while moving along the detection zone it is stilthe detection field of the detector.

1Tmm well width

One separating channel well

Figure 5: Determining the width of each detector irthe sensor array.

Therefore the new proposed method provides a roli#tinel detection scheme based on a
multi-radiation source/linear array detector coufgagion, in which direct detection is conducted
without staining the analytes. Each single detertdhe array is coupled to a single radiation
source. Bio-separation is conducted simultaneouslgll the channels in parallel, the light
sources direct radiation at the detection zonesg#tector sampling rate is predefined and each

time the sampled readout signal from the detesteaved in the controller for further analysis.



2.3 Proof of concept of the novel method of bio-molecaf fragment sizing

This section presents detail of the initial workttivas done to demonstrate the feasibility of the
proposed method. At the end of this chapter theipeequirements for the a-Si:H UV detector
array for bio-molecular fragment sizing are spedfiThis section includes four segments. The
first segment test the absorption of Agarose gelexamine if the same medium as the
conventional method for electrophoresis analysiskzaused in the new proposed method.

The second section specify the requirement of théhe shelve components that were used; the
third section specifies the improvement that weoaed on the conventional gel box for the
proposed new electrophoresis analysis and finalky last part will demonstrate the obtained

feasibility testing results.

2.3.1 Agarose Gel UV absorption

The amount of absorption of Agarose gel at 260nmmigortant because Agarose gel is the
medium that the DNA'’s are loaded in. Therefore st ftested the Agarose gel with three
different concentrations and same thickness to firedtransmittance of UV through the gels.
Three samples of Agarose gel made for electroplsomesalysis with different concentration

were tested under UV-Visible spectroscopy. In tiest, the results of the tests demonstrate
negligible absorption for all three different contrations of Agarose gel (Figure 6, Figure 7,

and Figure 9). The highest absorption was obseforegel with highest concentration (1 %).



0.1%
concentration

Figure 6: Absorbance spectrum of 0.5% Agarose gehilcm cuvette.

0.5%
concentration

Figure 7: Absorbance spectrum of 0.5% Agarose gehilcm cuvette.



10
INR
1% concentration
8_
G_
e F
S B_ =
2 4
< L
4,
2_
2- T ——
/\ 0 T T |
260 280 300
0 T /\/\j T T T 1
200 220 240 260 280 300
Wavelength (nm)

Figure 8 : Absorption spectrum of Agarose gel witlconcentrations of 1%(left) , zoom in on the absorption
for wave length between 250-300nm (right).

Therefore, Agaorose gel can still be used as thdiunefor electrophoresis in the new proposed
technology, since it does not block the transmataof 260nm UV to the DNA fragments.

We chose off the shelf components as describedlliowfing sections to study the feasibility of
using the UV absorption for DNA fragment sizinggel electrophoresis. As mentioned before in

the proposed method a source, a detector and eotients required for each separating channel.

2.3.2 Source Requirements

The off the shelf UV light source must satisfy thibowing requirements:
1. The output wavelength must have maximum powera@irat 260nm. (With very narrow

output spectrum).

2. The UV light source must be small, light and inexgiee.



3. The output beam must have a spot size around 1nmoe ghe width of each separating

channel is 1mm, a spot size of 1Imm would matchctie@nnel width without spreading
over to adjacent channels.
For the first prototype to show how feasible theaids, a 265nm UV LED (UVTOP®) [10] was
chosen as the UV light source for the test appar&ther options were UV gas lasers, UV laser
diodes, and UV lamps. However, the best choicesims$ of cost and low power was the UV

laser diode with specifications listed in Table 2.

Table 2: Specifications of UVTOP ® UV LED

Maximum output power: 0.5 mW
Maximum wavelength: 265 nm
Spectrum range: +12 nm
Spot size: 1.5 mm
Focal length: 14 mm
Size: 8 mm diameter
Maximum forward current: 30 mA
Forward voltage maximum:7.5V at 20 mA

2.3.3 Detector Requirements
The off-the-shelf UV detector must satisfy followirequirements:

1. Small enough to improve the detection resolutioh wide enough to cover the hole

width of the separating channel.
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2. Small detection area, around 1frfhis will minimize the crosstalk between channels
from adjacent sample channels for multi channelgesup.
3. High sensitivity and selectivity to 260 nm, and Ieensitivity to ambient light.
For the first prototype, a UV photodiode detecttiC68C) [11] with an integrated amplifier

and externally adjustable gain was chosen (Table 3)

Table 3: JIC168C UV photo detector specifications.

Spectral range: 210 nm to 280 nm
Active area: 0.965 mm
Maximum responsivitity: 0.73 mV/nW
Supply voltage: 27to5V
Saturation voltage: 495V
Risetime: 3QuS

Noise voltage at 1kHz: 1 m¥s

2.3.4 Custom made Gel box apparatus design

The conventional gel box where the electrophortdies place in is normally made of proxy
glass, but in order to maximize the amount of Uyhtithat interacts with fragments we needed
high quality quartz glass to be placed in the deteczone. A custom made gel box that can
transmit UV light and also locate the sensor amdditector was custom made. This apparatus is
compatible with traditional electrophoresis appsrtlight weight, compact, inexpensive, and

adjustable placing for placing the UV source anap@ning for placing the detector. With these

11



goals in mind, an existing gel box design was medito incorporate a UV light source and a

UV detector in a setup scheme as illustrated burgi§.

L LED

L detects’r

Figure 9: setup scheme of an UV detection enableteetrophoresis gel box.

Figure 10: The first prototype of costume made geédox.

In the custom made gel box (Figure 10), the sers@laced underneath the channels in the
opening underneath the tray platform, and the UM@®light is placed above the channels in a
height adjustable mount. Also the gel tray andcireter section of the tray platform are made of

UV grade quartz, allowing UV radiation to reach tlegector.
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2.3.5 Testing method

A simple electrophoresis test was done with a 1KNA ladder. After preparing the 1 %
Agarose gel solution with 3.5 mm thickness, a 1 ofrannel width comb was inserted in to the
gel for creating the separating channels. Thedesstip mimicked the electrophoresis apparatus
at Genome British Columbia The comb was removed after the gel solidified dredtray was
placed in the electrophoresis unit with enough T0is/Borate/EDTA (TBE) buffer to cover the
gel. The detector was placed mid way of the gel lmaterneath the UV transparent quartz plate
in the opening underneath the tray platform. Théaille on gel preparation used in the
experiment are in Appendix 2. The gel was placethengel box (wells towards the negative
electrode) and was filled with running buffer (760 of 1X TBE) until the gel is completely
covered. Then to begin the electrophoresis expatitee gel box was connected to the power
supply and run gel at 80-100 mV. The test was cotedlias follows: two of the channels were
loaded with DNA, one was in the path of the detactione (where the detector and LED were
placed) and the other one was tagged with a coldiedo be able to visualize where the DNA
fragments are roughly at, after the electrophorestsbegun.

One channel was loaded with 5ng of total DNA. la thhannel directly between the LED and the
detector, the first channel, only 5ngr of DNA laddeas loaded, whereas the second channel was
loaded with Bromophenol blue dye. Bromophenol bkieisually used as a color marker to
monitor the process of agarose gel electrophor&iswe bromophenol blue carries a slight
negative charge at moderate pH, it will migrat¢hi@ same direction as DNA or protein in a gel,
the rate at which it migrates varies according ¢éb density and buffer composition, but in a
typical 1% agarose gel in TBE buffer, bromophenokebmigrates at the same rate as a DNA

fragment.
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UV Electrophoresis Testing

0.98

0.96
0.94 *
0.92 *

0.9 .

0.88 ®
"00

2

Normalized Readout Voltage (V)
¢

0.86

0.84

0 20 40 60 80 100

Time duration (Minutes)

Figure 11 : Electrophoresis experiment with UV LEDand detector, normalized voltage output readout vesus
readout time.

Figure 11, shows the graph of normalized voltaggwuversus time from the electrophoresis
test with the proposed method. The first point shtive voltage output at the very beginning, i.e.
sampling the gel without any DNA in the detectiaone for calibration purposes as defined
before. After this point, the channel with the adelib die was monitored as an indication of where
the DNA fragment is moving in the channel. From tkadout of the sensor until about 20
minutes the readout was constant and the verydiicgi in sensor read out was observed at about
20 minutes past the start of electrophoresis tgsfihe next point shows the first voltage drop
from the detector which was confirmed with the dgerying channel. After this point whenever
the voltage was changed a screen shot of the sessdout was taken. As can be seen, after
almost an hour the voltage drop is increasing wiemhfirms that DNA’s fragments with larger
sizes are moving. The voltage drop can also inigndr concentration of DNA in the detection

zone. To have a better understanding of this Iniéist and these results two more experiment
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need to be done to monitor the changes of voltagp tbr fragments with the same size but
different concentration, and for fragments with siaene concentration but different sizes.

This initial test was only conducted to prove thadibility of the proposed methods; there were
no computer or controllers to save the data anddhdout was not fast enough because it was
done by looking at the screen to observe a volthgp and capturing the data when a voltage
drop was seen. Therefore with this test alonertigravement in resolution can not be observed,
therefore a future test set up with a controlled eght detector size has to be conveyed to show
the improvement in terms of resolution for elechroesis fragment sizing. The detector and the
readout are the main parts of the proposed methnd, in the following section we will

summarize the qualities that the detector must habe used in the proposed method.
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2.3.6 UV detector requirement for DNA fragment sizing apgication

According to [12], the biomedical sensors that eaegorized as appliances for measuring or
mapping a parameter within a given period are dladsunder medical imaging category. These
sensors are generally computer controlled, andctisé of the sensor unit should be relatively
low and not the determining factor. Minimum numiasérmask and easy steps of fabrication

process for the sensor array will ensure low cateaors. Another important factor is high

throughput; therefore an array of detector withctjge width and distances between them is
required to maximize the number of loaded chansiemiltaneously. The distance between the
sensors has to be the same as the distances bdtweseparating channels and the width of the
detector has to be the same size as the sepacaangel wells. Insertion of comb in the Agarose
gel determines the channel wells as mentioned éefehich can be of any size. Usually

channels are 1Imm wide and have 0.5 mm distanceebatthem. Therefore as a requirement
each detector has to be 1mm wide and the distdretesen the detector in the array has to be
almost equal to 0.5 mm. In order to increase tkelution as much as possible the length of the
detector becomes important. The smaller the detsctength the better resolution can be

achieved. A length of 10n is a good start, to test for improving the resohu

Another important factor for ease of use in labiemment use is the selectivity of the sensor to
260nm and not to ambient light; enabling the gekebphoresis analysis to be done in any
environment without requiring specific conditions fdtering requirements. The sensors also
have to be portable and have light weight for easeuse and placement in to the gel

electrophoresis apparatus.
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With these specifications in mind, next sectionlwitroduce a set of a-Si:H MSM photo
detectors that are cost effective, easy to fal@jdéxible in size, selective to short wavelength

(260 nm).
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3 Chapter 3: a-Si:H MSM structures

3.1 Introduction

Each wavelength has a different absorption coefficiand penetration length for
semiconductors, therefore modulating the thickrefsthe semiconductor layer allows higher
sensitivity to specific wavelengths. In the shoewelength region of visible and UV spectrum,
GaAsP Schottky diodes have received consideratdetain. Howeverpin photodiodes using a-
Si:H material have been reported to show a two-fddsitivity improvement over GaAsP
Schottky diodes in the UV region with a peak regpdty of 0.254 A/W at 385nm [13]. To date,
different pin photodiode configurations with varying thicknesk hydrogenated amorphous
silicon carbide, a-SiC:H have also been reportdd fdr UV detection. The wider bandgap of a-
SiC:H shows higher selectivity to short wavelengihsthe visible spectrum. However, the
presence of carbon in the silicon network tendstoease the density of states. Thus, a lower
quality film was obtained that offsets spectralesglity the best responsivity result was 45
mA/W for wavelength lower than 300nm [14].

In comparison tgin photodiodes, a-Si:H photoconductor type detectoh as MSM are
attractive because their fabrication process ispmand compatible with a-Si:H thin film
transistors (TFT) where there is normallymdoped layer or a-SiC:H alloy incorporated [15]. In
this chapter, we report on Metal-Semiconductor-M@wSM) photoconductor detectors (PD)
fabricated using a-Si:H with a thickness optimizéat short wavelengths of 260 nm.
Experimental results of photocurrent measuremestswall as responsivity and quantum

efficiency for different a-Si film thickness, biasltage and electrode gap are presented.
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The majority of MSM-PD reported to date [16] posste¥p electrodes (TMSM-PD) and are
illuminated from the top side which impedes parthad incident light hence reducing the device
responsivity. In contrast, top illuminated bottofeatrode MSM-PD (BMSM-PD) devices are
attractive to avoid the reduction in responsivitythe last part, we also report on a novel bottom
illuminated a-Si:H TMSM-PD device fabricated onwagz substrate with a high responsivity at
260 nm. The TMSM-PD device is also compatible vatkri-layer bottom gate staggered TFT

fabrication process to enable imaging pixel arfaysiomolecular imaging applications.

3.2 Metal Semiconductor Metal (MSM) structures

Metal semiconductor metal photoconductors (MSM-P&nsists of Schottky or ohmic metal

contacts in the form of integrated metal fingerstop or bottom of the semiconductor layer.

Upon light illumination, photo generated carrien® awept out from the gap between the
electrodes by the bias electric field and conteltotthe photocurrent.

MSM photoconductors are biased such that one coistdarward biased (Anode) and the other
one is reverse biased (Cathode). Upon light illation, photons are absorbed by the
semiconductor active layer by raising the potergigrgy of an electron in the valance band to
the conduction band as is shown in Figure 12. Pheteerated carriers are swept out from the
gap between the electrodes by the bias electrid fad would then contribute to the

photocurrent.
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Figure 12: Potential energy diagram for an MSM-PD uder bias.

The structure of a coplanar photoconductive phateator is similar to a thin film transistor
with no gate (Figure 12). Upon exposure to lighitsa@bed photons in the channel area create
electron hole pairs and therefore channel conduetasm modulated. The semiconductor film
thickness determines photo detector selectivityyéry thin a-Si:H layer thickness, only a small
portion of green and red light is absorbed, whilesmof blue and UV are absorbed and
contribute to channel conductance modulation. Deffieé device topologies have been proposed
or reported as coplanar structure for photoconduddtectors [15], among which, the metal-a-
Si:H-metal structure with ohmic or Schottky consaetere reported to have high sensitivity as
well as compatibility in process with TFT fabriaati(there is n@" layer involved, as is the case
for photodiode detectors) [17]. Figure 13, showshestatic diagram of a coplanar
photoconductor (center), as well as two differergcpcal methods for its fabrication: bottom

electrode and top electrode configuration. Thedlgetrode configuration is compatible with tri-
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layer bottom gate staggered TFT fabrication (Figtidg [18], while the bottom electrode

structure is compatible with top-gate staggered. TFT
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Figure 13 :Schematic diagram of coplanar photocondetor detectors; top electrode (left) and bottom
electrode (right).
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Figure 14: Bottom electrode configurations compatibiity with top gate TFT fabrication.

3.3 MSM design consideration

For thin a-Si:H MSM structures to be most efficiatwavelength of consideration a more
detailed look in to the design structure is neagsgane of the most important figures of merits
is the n, intrinsic quantum efficiency (QE). Because of refien from the surface, only part of
incident photons enter the device, and if the ptatductor thickness is small, only part of the
photons entering the device, are actually absorBeduming all absorbed photons generate an

electron-hole pairy, is written as:

n= (1— R)(l— EXp(_atsi)) Equation 10
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In which R=(n-1)"/(n+1)*is the surface reflectivityx and n are wavelength dependent

absorption coefficient and refractive index of iteotoconductor material respectively [18], and
ts is the photoconductor material thickness. Intdn€E is material dependent quantity.
Therefore in designing the MSM, choosing the righbtoconductor material which has a low
reflection from the surface in lower wavelengthgl dngh absorption coefficients is a plus.
Figure 15, shows the wavelength dependency of atefley and absorption coefficient of

amorphous silicon which is the photoconductor malteve chose in this research, and Figure

16, shows the calculatgdor different values of amorphous silicon filmakness.
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Figure 15: Wavelength dependency of reflectivity ath absorption coefficient of amorphous silicon.
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Figure 16: Calculated intrinsic QE for different values of amorphous silicon film thickness.

For lower thickness, higheris achieved at lower wavelengths together with @igguppression

at higher wavelengths. A film thickness of 25nmnirahis calculated result would give us
highestn at 300nm wavelength. As was explained befpie a material dependent quantity, and
in order to validate the performance of a dive haofigure of merit should be introduce which
is the external quantum efficiency (EQE). EQE ifiral to be the ratio of charge flux to photon

flux, shows how effectively the incident photonxlis converted to charge carriers, and how

effectively those carriers are collected [19].

P /hy Equation 11
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3.4 MSM analysis

Assuming ohmic contacts and no space-charge-limt@dent, drift of optically generated
carriers under externally applied electric fieldhe main mechanism of generating photocurrent
in an illuminated coplanar photoconductor. In syeathte condition, the density of excess
carriers is equal tGopiZy, and if this value is much larger than intrinsgereer concentration, the

photocurrent is written in form of the standardtdeguation as:

Jon =AG,, T, LUE Equation 12

in which q is the electronic charg&ep:, optical generationz;, effective recombination timey
the carrier mobility, andk, the applied electric field. A photoconductor iiliinated under optical

power density ofPoy, receives a photon flux &f , =P, WL, /hv, in whichW and L are

photoconductor contacts width and the gap betwieem trespectively, anky, equal tohc/A, is
the photon energy. The optical generation is etoahbsorbed flux of photons per volume.
Therefore, assuming the intrinsic QE of amorphalisos to bes, Gy in the active volume of

the WLgts; between photoconductor contacts is found to be:

G = NP - NPop Equation 13
POWLt,  het

si

Knowing that the area of the photoconductor throwhich photo current flows igVis;, and the

applied electric filed is equal /Ly, Substituting (Equation 14) in (Equation 13) résuh the

photocurrent as:
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W
HTV — Equation 15

Equation 14 is al-D assumption which is valid & {photon absorption depth is much smaller
than the distance between the adjacent metal 8n@120]. In this 1-D approximation, a linear
proportionality of the photocurrent to photoconaduaspect ratio\/Lg, photoconductor biasing
voltage,V, as well as, transport properties of the photouootuat, 17, and density of photon flux,
APqpfhc is expected. However, because mobility-lifetimeduarct is photon flux dependent, the
photocurrent appears to be slightly sub-linear wetbpect to incident light intensity [21]. As a
first order approximationlpn was taken to be linear with respect to the densitincoming
photon flux,APgs/hc [15]. At high electric fields, where the device enst space charge limited
current regime, photoconductor current becomeslinear with respect to the applied voltage,
however, linear approximation holds at low opetimoltage points. The EQE with substituting
the bn, and R in the equation can be written as, whekds taken to be the total illuminated

area of the device:

EQE= lon /9 _ Ton hc _ y W Equation 16

The theoretical expression of selectivity is obealioy substituting (Equation 10), and (Equation

14) and calculating the ratio of the detector pboteent for two different wavelengths.

— /]1(1_ R/\l)(l_ expta tsi)) Equation 17
A2(1-R,,)A-expta,,t,))
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For optical power density of 184W/cn?, and biasing voltage of 20 V, blue to green
photocurrent selectivity§, of fabricated detectors was measured to be 21&15 for detectors
with 60 nm and 25 nm of a-Si photoconductor thideneespectively, which is comparable to
calculated value of 1.18 and 1.35 respectively. elmv, for detectors withs; = 15 nm,
measured values were neither consisting, nor fatiguthe expected trend. We concluded that
bad quality of electrical contacts between very thmorphous silicon film and side walls of

patterned electrodes might be the reason for instamé characteristics of 15 nm thick samples.

3.5 MSM experimental results

A. Device Fabrication

Bottom electrode MSM (BMSM) coplanar photocondustavith three different amorphous
silicon film thicknesses of 15, 25, and 60 nm wiadericated in house. First, 60 nm aluminum
was sputtered on corning glass substrates, angattesned using standard lithography and wet
etching to have various electrode spacing 6f 5, 10, 15, 20 and 30m, and contact lengtf.{)

of 10 um. Hydrogenated amorphous silicon was next depbsiseng plasma enhanced chemical
vapor deposition (PECVD), followed by a very thiilicen nitride layer to protect the
photoconductor film from oxidation. Finally, silinaslands were patterned over electrodes using
dry etching, (Table 4) and samples were anneal@D@C in vacuum for an hour before any

measurement.
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Table 4: Step by step fabrication of BMSM.

Step Description Diagram

1 Aluminium sputtering on quartz substrate

2 Patterning of the bottom electrodes using wet
etching

3 PECVD deposition of a-Si:H layer

4 PECVD deposition of a-SiN

5 Patterning of active island using RIE

Ju0E

6 Opening pads vias

Table 5, summarizes the deposition conditions &h la-Si:H and a-SiNayers.

Table 5: Deposition Condition for PECVD films Used.

Eilm Gas mixture Flow rate | Pressure | Temp. Power
(sccm) (m Torr) (°C) (W)
a-Si:H SiH4/H> 20/100 500 250 1w
SiNx SiH4/NH3/H, | 2/16/100 1900 250 20W

Figure 17 shows the bottom electrode MSM with uasielectrode spacindi) of 5, 10, 15, 20

and 30um, and contact lengti.¢) of 10um.
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Figure 17: Photomicrograph of fabricated photocondetor photodetectiors with different electrodes spaiog
of 5, 10, 15, 20, 30, 50, 100 and 150 um; all desdcave the same width of 300 um. Results on dewaeith
electrode spacing of 5 to 30 um are reported here.

Also, we fabricated a set of top electrode MSM (TW)Swith 25 nm thick a-Si:H active layer.
For the TMSM-PD structure, a-Si:H film was depadifest, followed by 60nm of sputtered
aluminum without breaking the vacuum. Wet etchingswused to pattern the aluminum
electrodes, followed by deposition of a protectisdicon nitride film and a-Si:H island

patterning. (Table 6)

Table 6: Step by step fabrication of TMSM.

Step Description Diagram

1 PECVD deposition of a-Si:H layer

2 60 nm Aluminium sputtering

3 Patterning of the top electrodes using wet etchir]
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4 PECVD deposition of a-SiN

5 Patterning of active island using RIE ij

6 Opening pads vias ﬁj

B. Device results and discussion

Blue light responsivity of photoconductors withfdient gap between electrodes of BMSM was
measured versus bias voltage (Figure 18).As expgechese to linear dependency of responsivity
to bias voltage was observed. For shortest gapdegtwlectrodes, i.d.g = S5pum, responsivity as
high as 180 mA/W for blue light was measured whglsomparable to or better than reported
values for other detectors [22].

Figure 18, also confirms a linear relationshipliw voltages between photocurrent and voltage
which confirms our assumption of ohmic contactseréffore the linear dependency gf with V

is valid and from Equation 15 the mobility lifetinoé the device can be extracted.
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Figure 18 : Measured blue responsivity of the 25 nrthick photoconductor versus biasing voltage for dferent
electrode spacing. The blue responsivity is as higis almost 180 mA/W for electrode spacing of 5 miometer.

The responsivity of the detector for three différealors of RGB (Red, Green, and Blue) was
measured as shown in Figure 19. Photoconductorsotishow a linear response over a wide
range of input optical signal but at low input phroflux, the response is fairly linear. Bearing in
the mind that the input for the reported deviceinsted in range and the flux is low, a first

degree approximation (linearity of response) wasdu® derive the photocurrent. The same

approach is used in [23].
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Figure 19: RGB responsivity with Ly of 10um, and also photocurrent versus optical powef blue light.

The extrinsic mobility lifetime product was extradtfrom calculation of slope of photo current

versus applied bias voltagedl ,,/AV, and versus inverse of gap between electrodes,
Al /AQ/L,). The result is shown in Figure 20, where mobilifgtime product reaches its

maximum value for 10um gap between electrodesphkotovoltaic type photodetectors such as
pin diodes, carriers move perpendicular to the sutestf@ence, they do not experience the
substrate surface roughness, and are not trappadface states compared to carriers moving in
coplanar detectors. For very thin films, the swefatates on the top and bottom interfaces of the
narrow conduction channel play a major role in prag of carriers, which results in low

mobility-lifetime product. The lateral flow of chge carriers, parallel to the substrate, also forces
the carriers to follow the roughness of the sulbstwehich is another cause of increased trapping
and subsequently, a low mobility-lifetime produherefore it is expected that the mobility

lifetime product to be low, especially for verynha-Si layers. It is observed that the mobilite lif
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time product slightly increases as the gap betvedectrodes decreases. This is probably due to
reduced chance of trapping in surface states. Assuracombination time of 10s, the mobility

would be 0.3 cfiVs for 10um electrode gap devices which is ingkpected range for a-Si.
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Figure 20: Extracted mobility lifetime product from photocurrent measurements for different gap betwee
electrodes. Theur product is maximum value forLgy = 10um.

As expressed in Equation 16, EQE is a functionagf getween electrodes and applied voltage,
as well as contact length,.. For maximum EQE at short wavelength from Equatiéh a
thickness of 25nm was chosen. To suppress thet effeontact length, the ratio of quantum
efficiency to fill factor (FF), i.e., EQE/FF is gted in Figure 21. Quantum efficiency greatly
improves as the gap between electrodes becomesesntabwever, the ratio of illuminated
current to dark current, i3, decreases for smaller valuesLgf This is due to the fact that for a
photoconductor under illumination, fewer holes a@pped because of photon bombardment and
therefore, the photo current is not space-chargégdd as the dark current is. Assuming

photocurrent to be proportional td_{Equation 15), and dark current to be proporticlmall/i_g2
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[24], thenR p would be proportional tay. The spectral quantum efficiency shows considgrabl
higher values for blue than green, as the spe@splonsivity was.
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Figure 21: Calculated (solid) and measured valugglots) of EQE of fabricated photoconductors for two
biasing voltage of 15 and 30V versus gap betweeretrodes.

Figure 22, shows the EQE for different wavelengthemn Equation 10 and Equation 16, it is

expected that EQE peaks at about 300nm of wavdiengt
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Figure 22: Calculated (solid) and measured valuesi¢ts) of EQE of fabricated photoconductors for two
biasing voltage of 15 and 30V versus different walengths.

So far all the presented results were from a-SilSR1 that were illuminated from top. The
majority of MSM-PD reported to date [16] possesp tectrodes (TMSM-PD) and are
illuminated from the top side which impedes partha incident light hence reducing the device
responsivity. In contrast, top illuminated bottofeatrode MSM-PD (BMSM-PD) devices are
attractive to avoid the reduction in responsivity.

At this part, we report a novel bottom illuminatee¢si:H TMSM-PD device fabricated on a
guartz substrate with a high responsivity at 260 nomparing the results of TMSM and
BMSM , the former shows better responsivity and BHQE260 nm UV light. From the above
results we decided to use 10 pm electrode spatigdoetween channels, and both TMSM-PD
and BMSM-PD photoconductors were biased between3DY. Figure 23, compares the photo
response and dark current of TMSM-PD and BMSM-PR amction of dc bias voltage. In both
structures the majority of absorption in the venprs wavelength region is on the surface very
close to the metal semiconductor interface. UsuMI$M exhibits low external quantum
efficiency (EQE) due to the shadowing of the contahbich can limit the incident light from
reaching the active region [25]. Thus back illuntimg the TMSM-PD and top illuminating the
BMSM-PD allows one to maximize the absorption teegion which is depleted by the planar
electrodes. Also by doing so, the same area of datdctor is illuminated. Although the dark
current of both TMSM-PD and BMSM-PD are almost dcrad very high, the photocurrent of

TMSM-PD is higher for 260nm wavelength than BMSM-PD
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Figure 23. Schematic diagram, dark and photocurrentvith illumination of 260nm UV light of power 0.05mW/

Bias voltage ()

of TMSM-PD and BMSM-PD detectors.

Figure 24, compares the responsivity of TMSM-PD BMEM-PD; for the three wavelengths of
UV 260nm, blue 469nm, and red 628nm, the respgsofitTMSM-PD are approximately 10
times higher than that of BMSM-PD which was reporigreviously [25,26]. The highest
responsivity was measured for TMSM-PD for 260nnhtligp be 150 mA/W under 20V biasing.
Another figure of merit is the External Quantumi&éncy (EQE), which shows how effectively
the incident photon flux is converted to chargeiess, and how effectively those carriers are

collected; thus convolving effects of surface retilens and absorption constant of the

photoconductor.
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Figure 24. Responsivity of TMSM-PD with back illumnation for three different wavelengths; and
comparison of responsivity of TMSM-PD (back illumiration) and BMSM-PD (top illumination) to only
260nm UV light.

Figure 25, shows the EQE of TMSM-PD for differenttages and they are evidently better than
the previously reported results of BMSM-PD [26]. éOreason for the better performance of

TMSM-PD is the photo generated carriers on topletteodes in BMSM-PD photoconductors
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are not effectively collected due to the lack ofiraform channel with respect to the applied
electric field, especially for very thin semicontiuclayers in the order of 10 to 20 nm. The main
mechanism of photo generated current is drift dfcafly generated current with the external
applied field; therefore a more coplanar strucgueh as TMSM-PD in this case enables a better

channel for these carriers to drift in.
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Figure 25. EQE of TMSM-PD with back illumination for three different wavelengths with varying the
voltage.

Also, the aluminum contacts in TMSM-PD are depasaa top of the amorphous layer with out
breaking the vacuum, which makes the semiconduntisal interface better. The most obvious
difference between the two is their geometry, ftich the 25nm a-Si:H layer is more even and
paved in TMSM-PD than BMSM-PD, also the superionteat formation between a-Si:H film

and aluminum contacts makes the electric field Wwhg responsible for carrying the charges
over the channel more uniform and will lead to lessombination of carriers and make a

difference in photocurrent responses.
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4 Chapter 4: Conclusion

A new fast method for performing gel electrophadsir bio-molecular fragment sizing using
UV radiation is introduced in this thesis. Initiaists to validate the feasibility of the proposed
methods were performed. Based on these testsreewnts for the UV detector were obtained.
An MSM photo detector made of very thin a-Si:H filmas used as a photo-detector, because of
its simple fabrication and excellent performancpeeslly at UV spectrum. We have reported
the electrical characteristics, optical selectidatyd quantum efficiency of MSM photo-detectors
using very thin a-Si:H layers with aluminum eledes having different gaps between them.
Also, we have measured the performance of in-hdabgcated photo-detectors at different
biasing voltages, and under different monochrombtimination for different electrode spacing.
Expected values and measured data exhibit a clesehmFor detectors with 25 nm thick a-Si
layer and 5um gap between electrodes, biased at 30V, a higimesitsvity in the blue region (as
compared to the green and red) of the spectrummessured, a responsivity reaching 0.176
A/W, and an EQE of more than 45%. We also studies dlectrical characteristics, optical
selectivity and quantum efficiency of TMSM-PD ammhgpared it to BMSM-PD photodetectors
for very thin a-Si:H layers, and aluminum electr@deéor TMSM-PD with 25 nm thick a-Si layer
and 10um gap between and bottom illumination responsigityt 50 mA/W, and EQE of about
74% was measured for 260nm wavelength biased at P0&/ fabrication of the presented a-Si:H
MSM photodetectors is fully compatible with stafettoe-art a-Si TFT fabrication processes,
which can result in potentially low cost fabricatiof highly selective short wavelength for bio-

molecular fragment sizing using a TFT based imagimgy.
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Chapter 5: Publication and Patents from this work

M. Malhotra, F. TaghibakhsH, Khodami, M. Adachi, L. Tse, K.S. Karim, “Analysis of
Leakage Current in a-Si:H p-i-n Diodes Preparediby Wire Chemical Vapor Deposition,”
The Twelfth Canadian Semiconductor Technology Camiee, August 2005.

I. Khodami, M. Adachi, M. Malhotra, F. Taghibakhsh, K.S. KariK. Kavanagh, John A.
Rowlands, “Light induced degradation in amorphoilisan photodiodes and implications
for diagnostic medical imaging applications”, SPIHternational Medical Imaging
Symposium, February 2006.

I. Khodami, M.M. Adachi, K.L. Kavanagh, K.S. Karim, "Wavelehgselective amorphous
silicon photodiodes for biomedical applicationsdtt2 Canadian Medical and Biological
Engineering Conference, June 2006.

W. F. L. Tse,l. Khodami, M. M. Adachi, X. Wang, K. Kavanagh, K.S.Karim,
“Characterization of Low Temperature P-type Hydmaged Nanocrystalline Silicon Thin
Films,” in 2007 Canadian Conference on Electriaad &£omputer Engineering (CCECE),
Dec 2006.

W. F. L. Tsel. Khodami, K. Kavanagh, K.S.Karim, “Characterization of lé@mperature
p* nc-Si:H window layers” To be submitted, Januar@20

F. TaghbibakhsH.,Khodami, K.S.Karim, “Characterization of Short Wavelen@élective
a-SiH MSM Photoconductors for Large Area Digital agng Applications”,IEEE
Transaction on electron devices, accepted July.2007

I. Khodami, F. Taghibakhsh, K.S. Karim, “Ultraviolet SelectiaeSi:H MSM Photodetector
for Biomedical Applications” IEE electron devicdtls, to be Submitted December 2007.

Patents

1 Fragment sizing using short wavelength radiation B@-molecular applications- filled

October 29, 2007.

2 Short wavelength selective MSM detector with a-Seehnology — In process.
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Appendix A

A.1 Electrophoresis gel preparation

To a 1% (weight/volume) (25 ml solution), weighedt @approx. 0.25g of Agarose powder
(biochemical grade), 2.5 ml of 10 X TBE solutionasradded. Then the mixture was heated in
microwave for approx. 30 seconds at high power éh@rose powder needs at least 80 degrees
celcius to dissolve). The solution was lightly dedr to ensure proper mixing. Then the well-
forming combs were placed and we waited at roonp&ature until gel cools comb down and
solidified (approx. 15 -20 minutes); then the cowds carefully removed.

Detail information on the 1 Kb DNA ladder:
Concentration: 10pg/ul
Size: 250ug
Store at -20°C

Detail information on the Agarose Powder:
Company Name: BioShop
Biochemical Grade
Gel Strength: >1200g/cm”2
Gelling Range: 36-39 degrees Celsius
Melting Range: 87-89 degrees Celsius

Detail information on the Buffer: 10X TBE
0.9 Moles/Liter Tris(Hydroxymethyl) Amino methane
0.9 Moles/Liter Boric Acid
0.02 Moles/Liter Ethylenedinitrilotetiadic acid
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Figure 27: Side drawing of the comb with defined 1m wells and 0.5 mm spacing between the wells
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Figure 29: Top view drawings of the costume made fgkox, with opening window for placing the sensors.
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Appendix B
B.1 Work done on Improving p layer of a-Si:H pin structures

B.1 Introduction

Nanocrystalline silicon (nc-Si:H) is a two phasatemial consisting of nano-crystallites
embedded within an amorphous matrix and has gainasdiderable interest over the years as a
low cost alternative in applications such as ThimFTransistors (TFT), image detectors and
solar cells. The most common a-Si:H photo detdstpin (a stack of bdoped a-Si:H + Intrinsic
a-Si:H + i doped a-Si:H) mainly because the depletion willitkness in the intrinsic layer can
be tailored to optimize quantum efficiency of déimt. The intrinsic layer sandwiched between
the two doped layer is due to high defect densityaped layer in amorphous silicon detectors.

p and n layers create built-in voltage, and wilt oontribute to charge collection. All the charge
collections take place in the intrinsic layer. Tdfere it is crucial that the photons get absorbed
in the intrinsic layer and not the p layer; in otlvords ideally the p layer should only act as a
transparent window to the incoming light that assiis the creation of the built in voltage. Table
7 summarizes absorption coefficient and relativeepmtion length of some wavelengths. The

penetration length is the distance photon travi&reegetting absorbed.
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Table 7: Absorption coefficient and penetration legth of different wavelength for a-Si:H.

A(nm) ag (cm?) P layer(nm)| Ilayer(nm) | N Layer(nm)
190 2x16 5 - -
300 7.5x10 5 9 -
375 4x10 5 30 -
450 2.1x10 5 30 40
600 3.1x10 5 30 100+

For short wavelength detection a very thin p layégh low defect density is required. Not only
the p layer is important in the performance of deéector but also the p/i interface region has a
strong influence on the electrical characteristind stability of the device. This interface plays
an important role on the internal electrical fieddstribution due to localized states in the
interface that can acts as recombination centeds teap charges[27], [28]Therefore any
improvement in the thin p layer would enhance tasponsivity of the device in the short
wavelengths.

Combining advantages of both c¢c-Si and a-Si:H (il@w production costs, better stability,
improved charge mobility from the more ordered atiee than a-Si:H). “p hydrogenated
microcrystalline or nanocrystalline silicon’(pc- or nc-Si:H) offers advantages over amorphous
p" window layers. Compared to" @-Si:H, the much higher electrical conductivitgsulting
from a higher carrier mobility and doping efficighcand the much lower light-induced
degradation of puc- or nc-Si:H, reduces the series resistance, asethe built-in potential and
improves the stability ."puc- and nc-Si:H also have lower optical absorptiothie UV-Visible-

Near Infrared (UV-Vis-NIR) region compared tb@-Si:H [27], and [28].
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B.2 Experimental results and Discussions

A lower substrate temperaturg,, effectively reduces the mobility of hydrogen atom
which are largely responsible for passivating damggbonds for defect reduction. A higher
defect density, or lower level of crystallinity, ormally found in low-temperature samples.
Samples were deposited using a conventional PEGR2® afTsy, of 150 °C. Thin films were
deposited at different RF power density (83 mW/emnd13 mW/cr) and total chamber pressure
(900 mTorr to 1900 mTorr). Source gases used wanexture of hydrogen (b, silane (SiH)
and diborane (B1s). A hydrogen dilution ratio of [b/[SiH4 + BoHeg] ~ 200 was selected for all
p’ nc-Si:H samples. The fixed deposition conditiomsdll our four samples are shown in

Table 8.

Table 8: Fixed deposition conditions for all the far p* nc-Si:H samples.

Deposition T 150°C
SiH,; Flow Rate 1 Sccm
BoHe Flow Rate 0.8 Sccm
H, Flow Rate 200 Sccm
Deposition Time 30 Minutes

Table 9, shows the sample number with the corredipgrpower and pressure chosen; each
sample was deposited with the power of the assst@ilumn and the pressure of the associated

row. For example, sample #1 was deposited with pa@iv&0W and pressure of 0.9Torr.

Table 9: Deposition conditions (RF power, RF powedensity and total chamber pressure) for p nc-Si:H
samples and their respective sample names.

RF Power [W] (RF Power Density [mW/cnf])
10 (82.6) 30 (247.9) 50 (413.2)
hTotal 900 Sample #1 Sample #5
% amber 4 /g Sample #3
ressure
[mTorr] 1900 Sample #2 Sample #4
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Sample preparation

In order to characterize the crystallization inesythin p layer, the films were lifted off from a
sacrificing amorphous silicon nitride layer on top the silicon substrate with diluted HF
solution. The etching process had phosphoric amitiflmoric acid with ratio of 50:1, and it took
almost one and half a day before the films couldiddeed out of the sample. Through a fishing
process the films were fetched out of acid andquan DI water and then placed in the carbon

TEM grids, where they were left to dry out befosgng them in a TEM.

Transmission Electron Microscopy (TEM)

The bright-field (BF) images are shown from Fig®d@ (a) to (d). The inset on each
figure corresponds to the diffraction pattern otheassample. BF images were taken at a
magnification of 70k with the Hitachi 8100 STEM aBA0k times with the Tecnai 20 STEM.
Diffraction patterns taken using the Hitachi 8100EM were adjusted such that the three

brightest rings are shown.

(b)
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Figure 30: BF images and selected aperture (SA) dlibction patterns (DP) for samples deposited at 15€C.
(a) Sample #1, (b) Sample #2, (c) Sample #3, gid) Sample #4.

Results and analysis from TEM measurements

From the BF images that were taken from the sangil@g®Kx magnification, Figure 30, sample
#1 and #2 showed some signs of nanocrystallinitythe nanocrystals are very widely spread in
the amorphous matrix. Also by looking at the DRh@se two samples the thickness of the DP
rings are large meanings that the grain size ig serall. Between these two samples both the
DP and the BF image shows more sign of nanocrystglifor sample #1 than sample #2, and
the only difference between the two is their pressihis can be due to the fact that at higher
pressure the rate of deposition is slightly higied this would make the film grow faster which
means more amorphous than nanocrystalline.

Both samples #3 and #4 showed nanocrystallinityh warger grain sizes, the small Si
nanocrystals were embedded in hydrogenated amaspsiboon matrix. The separated bright
dots correspond to nanocrystalline particles, nobghe particles are ranging from 10-20 nm.

The difference in samples #3 and #4 is that in $am, several large white dots are the cluster
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of 3 to 4 neighboring crystals particles. Also thember of nanocrystalls in sample #4 is slightly
more than in sample #3. From DP data the widtthefdiffraction rings would provide us with
the grain size for the samples and can be used asvarse measure of the grain size; for
example thinner rings correspond to larger graaesiand thicker rings correspond to finer ones.
Comparing the width of the rings in DP of the sagspthe width of the rings for samples #1 and
#2 which were both deposited at 10W power, is mtlabker than samples #3 and #4;
confirming that the grain sizes in samples #1 ahd@#e very small. This can also mean that the
nano-crystals made in the hydrogenated amorphdigsrsimatrix are very few and far away
from each other, and therefore the samples are naomerphous than nano-crystalline.
Comparing samples #3 and #4 the width of the ringsample #4 is slightly narrower than
sample #3; this confirms the result from the brifygld images that in sample #4 the cluster of 3
to 4 neighboring crystals particles makes the lagyein size and the number of these clusters
are slightly higher than sample #3. High magnifmatimages obtained for samples #4 is shown
in

Figure 31. The purpose of this study is to confil@ nanocrystallinity and the orientation of the
individual grains according to their lattice frirgéThe grain sizes of sample #4 were estimated
from these images, on average ~10 nm. The spaetvgebn the lattice fringes of the selected
grains in

Figure 31 was estimated to range from 2.85 A tb 382 The average lattice spacing was
therefore 2.99 A. An averagespacing of 2.99 A is closest to tHepacing of the Si (111) plane
having a value of 3.13 A. As a result, the <11lieration in each grain is perpendicular to
each set of fringes. Since the fringes are randamégnted, the TEM shows a polycrystalline or

nanocrystalline microstructure that is randomlynted consistent with the SAD patterns.
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Figure 31.High magnification TEM image for Sample #.

In all the DP figures, the first and second ringgshe diffraction pattern are the darkest rings, so
they should correspond to the most influential plafor samples #3 and #4 the third ring is also
clear, but for samples #1 and #2 the third ringasas clear.

From the following equations, if the ratio betwetbe radiuses of the rings (R) are taken and
compared with [29], from the selection rules fobicudiamond crystal structures, these ratios for
samples #3 and #4 agrees with hkl of (111) and)(2&2@d (311), but for samples #1 and #2,

since only the first two rings are clear the ratgees with planes (111), and (220).
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Wherel(forV =200KV) =

:%,Rd:/]l_ => R1d1: dez =.....

h
2m.E
= dl2 — h22+|22+k22
S

=0.0025ym

Where L in the first equation is the camera coristdrerefore we can also calculate the

corresponding d for each ring.

Samples #3 and #4

2 2
d” hn+12 + In+12 + kn+1
. . . d? h?+] 2+k?
Rings | Diameter(mm) Radius(mm) d (A) | ICSD ds; nt n n n h2+12+k? | hkl
R1 13.1 6.55 3.1 3.1352 3 111
R 21.2 10.6 1.9 1.9199 2.6 2.67 8 220
R 25.5 12.8 1.6 1.6373 1.4 1.38 11 311
Samples #1 and #2
2 2
dn hn+12 + In+12 + I(n+1
: : . d’ h2+] 2+k?
Rings | Diameter(mm) Radius(mm) d (A) | ICSD ds; nl n n n h2+12+k? | hkl
R1 125 6.25 3.2 3.1352 3 111
R 21.5 10.8 1.9 1.9199 2.9 2.67 8 220
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The same deposition condition as for sample #4 wsee to fabricate very thifi fayers
about 10 nm; the TEM experiments on the obtainkdsfifor DP results indicated no ordered
structure hence showed only amorphous structurbghwagrees with previous studies for
and nc-Si:H film growth, where studies relatingkdaonductivity 64) to film thicknesst) have
shown thatoy has an increase of several orders of magnituddan20 nm — 30 nm region,
indicating the presence of a hydrogen-rich porousorgahous incubation phase prior to
crystalline growth [30], and [31].

Therefore we conclude that deposition conditionsdufor highly crystalline, thick p
samples may not yield equally promising propertiassed for thin samples which also agrees
with [32], since initial micro- and nano-crystakingrowth is known for being extremely

inhomogeneous in the direction perpendicular tosthtestrate surface [33].
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