
CZECH TECHNICAL UNIVERSITY IN PRAGUE

Faculty of Biomedical Engineering

Department of Natural Sciences

Development of SAW a sensor platform for pathogen detection

Vývoj SAW senzorové platformy pro detekci patogenů

Master thesis

Study Programme: Biomedical and Clinic Technology

Branch of study: Appliances and Methods for Biomedicine

Thesis advisor: Vincent Mortet, PhD.

Bc. Lucie Drbohlavová

Kladno 2016



Abstract

This diploma thesis is focused on the development of diamond based sensor platform for

bacteria detection. A nonpathogenic strain of Escherichia coli was used as a model or-

ganism and bacteriophage T7 was used as a recoginition element of the biosensor.

This work focuses on a particular type of acoustic mass sensors: Love wave type shear

horizontal surface acoustic wave sensors (LW-SAW). The LW-SAW sensors have been

fabricated on AT-cut and ST-cut quartz crystals. Radio frequency sputtering and pho-

tolithography techniques have been used for patterning of interdigitated transducers. SiO2

guiding layer and nanocrystalline diamond layer have been deposited using chemical vapor

deposition techniques. The devices provided a best frequency response for 0.04 and 0.08

SiO2 normalized thickness. The LW-SAW sensor with 0.08 SiO2 normalized thickness

showed the best sensitivity. Two different schemes of bio-receptors attachment on dia-

mond surface have been studied: 1/ bacteriophages 2/ their fiber tails. First attachment

method consisted of T7 bacteriophages attachment on diamond surface via four different

terminations: O, H, NH2 and amino groups activated by glutaraldehyde. Attachment

of bacteriophages was confirmed on oxidized and hydrogenated epitaxial diamond layer.

Chemical functionalization of diamond surface with hydrophilic biocompatible polymers

with antifouling properties was done for fiber tail attachment.

Keywords: biosensors, bacteria detection, bacteriophage T7, CVD diamond, LW-SAW,

acoustic sensors, diamond surface functionalization
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Abstrakt

Diplomová práce je zaměřena na vývoj senzorové platformy pro detekci patogenů. Jako

modelový organismus byl použit nepatogenní kmen bakterie Escherichia coli a jako bio-

logicky citlivý element byl použit bakteriofág T7 kvůli jejich specifickým rozpoznávacím

vlastnostem.

Tato práce se zaměřuje na senzory s povrchovou akustickou vlnou, zejména na senzory

využívající Loveho vlny (LW-SAW). Pro výrobu LW-SAW senzorů byl použit křemen s AT

či ST řezem. Radiofrekvenční naprašování a fotolitografie byly použity pro výrobu elek-

trod. SiO2 vrstva a nanokrystalická diamantová vrstva byly deponovány pomocí depozice

z plynné fáze. Nejlepší frekvenční odezva byla naměřena u senzorů s normalizovanou

tloušťkou SiO2 rovné 0.04 a 0.08 pro konstantní tloušťku SiO2 vrstvy 1.3 µm. Nejlepší

citlivost LW-SAW senzoru byla prokázána pro SiO2 normalizovanou tloušťku 0.08. Pro

přichycení bioreceptorů k povrchu diamantové vrstvy byly zkoumány dva přístupy. První

z nich spočíval v přichycení bakteriofáfů T7 k diamantovému povrchu se čtyřmi různými

terminacemi: H, O, NH2 a NH2 skupiny aktivované gluteraldehydem. Přichycení bakte-

riofágů bylo potvrzeno na oxidovaném a hydrogenovaném povrchu epitaxní diamantové

vrstvy. Chemická funkcionalizace diamantového povrchu pomocí hydrofilních biokom-

patibilních polymerů byla provedna pro následné přichycení bičíkových proteinů bakteri-

ofágů T7.

Klíčová slova: biosenzor, detekce bakterií, bakteriofág T7, CVD diamant, LW-SAW,

akustické senzory, funkcionalizace povrchu diamantu
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Introduction

Infections by pathogenic bacteria related to food and water contamination causes a se-

rious threat to public health [1]. According to WHO, it is estimated that 3.6% of the

total global burden are diarrheal diseases. Diarrhea is responsible for about 1.5 million

deaths per year. It is estimated that 58% of these burdens are attributed to unsafe water

supply [2]. Dissemination of harmful bacteria in food and water supply can be a result

of accidents or pollution even in developed countries [3]. For example, the water sup-

ply was contaminated in Prague in May 2015 and more than 4 thousand people were

sick. Contamination of water by Legionella was also recorded in Prague in January 2016.

Another threat to public health is antibiotic resistance. Resistance to the most widely

used antibiotic for cure of infections caused by E. coli or Stahpylococcus aureus is known.

These are the reasons why it is necessary to develop fast and real-time bacteria detection

method for many applications, such as the food industry or water supply quality moni-

toring. Biosensors are good candidates to meet these requirements.

In this work we investigated the development of biosensor using shear-horizontal surface

acoustic wave (SH-SAW) sensors integrating a CVD diamond layer for bioreceptors at-

tachment. SH-SAW sensors, especially Love wave SH-SAW sensors, are reported to have

high sensitivity among acoustic sensors [4]. A long stability of attached bioreceptors is

very important to ensure real-time monitoring. Diamond with its properties such as good

mechanical stability, chemical inertness or possibility of surface functionalization can be

advantageously used. A prolonged stability of attached biomolecules was also report-

ed. Good specificity of bioreceptors is also demanded for proper function of biosensor.

Bacteriophages are viruses which are very specific to their host bacteria strains. Their

attachment to the diamond surface has been studied.
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1 | Background

1.1 Bacteria

Bacteria are prokaryotic single-celled organisms. The structure of prokaryotic cell is shown

in figure 1.1. Generally, bacteria has the following structural characteristics [5] :

• The nucleus of procaryotic cells is called the nucleoid. The nucleoid is not separated

from the cytoplasm by a membrane and consists of a single molecule of double-

stranded deoxyribonucleic acid (dsDNA) which is circular. This dsDNA is called

chromosomal DNA and contains the information absolutely necessary for the life of

the bacteria.

• Besides the nucleoid, the bacterial cell contains small circular molecules of DNA

called plasmids. Plasmids are not necessary for life, but they contain important

information, for example resistance to antibiotics.

• The surface of the bacterial cell is formed by the cell wall. The main component of

the cell wall is peptidoglycan (murein).

• Bacterial cells contain neither mitochondria nor plastids.

• Ribosoms are found only in cytoplasm.

• They multiply asexually by budding or binary divison.

• They are ubiquitous and many of them are pathogenic.
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1.1. BACTERIA

Cell wall
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Nucleoid (DNA) Plasmid

Flagellum

Mesosome

Figure 1.1: Schematic picture of prokaryotic cell

1.1.1 Escherichia coli

Bacterium Escherichia coli belongs to the large family of gram-negative bacteria called

Enterobacteriaceae. Members of the Enterobacteriaceae family are rod-shaped cells, their

length is typically 1-5 µm and they are cosmopolitan. Many species are pathogenic and

cause human diarrheal disease, for example Salmonella, Shigella dyseteriae or well-known

Escherichia coli [5].

Most of E. coli strains are non-pathogenic and they are an ordinary commensals of human

colon. Some E. coli strains are pleuripotent pathogen causing a wide variety of illnesses.

Diseases caused by E. coli include diarrhea, the hemolytic-uremic syndrom and dysen-

tery. Outcomes includes sepsis followed by renal failure that can end with death. These

strains are also a major factor for nosocomial infections [6]. One of the pathogenic strain

is O157:H7 E. coli which causes hemorrhagic colitis and hemolytic uremic syndrome. Pri-

mary sources of O157:H7 E. coli are unpasteurized milk, raw beef, vegetables, fruit and

contaminated water [3].
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1.2. BACTERIOPHAGES

1.2 Bacteriophages

Viruses are nucleoprotein particles characterized by the ability to infect their host cell

and reproduce within them. Bacteriophages cannot be classify very easily because of

their diversity. The main classification criterion is based on their morphology. Their cap-

sid is composed of two main protein parts: head (icosahedral symmetry) containing their

nucleic acid and tail with helical symmetry. Bacteriophage’s tail is not used to activate

its movement. After bonding to specific receptors of host bacterial cell, bacteriophage

inserts its nucleic acid via its tail into the bacterial cell. Their nucleic acid can be DNA

or RNA and either single-stranded and/or double-stranded [5].

Bacteriophage’s biological activity is limited to reproduction. They use bacteria’s free

aminoacids, nucleotids and another molecules and enzymes. Replication of bacterio-

phage’s nucleic acid depends on the enzymes of the host cell. Synthesis of bacteriophage’s

protein is carried out on the ribosomes of the host cell and viruses are using cell’s transfer

ribonucleic acid (tRNA). The reproductive cycle ends with destruction of the host cell

and the whole process of infection is called the lytic cycle. This cycle takes place in seven

steps and is shown in figure 1.2 [5]. In contrary to lytic cycle, lysis of bacteria does not

occur during the lysogenic cycle. Bacteriophages just insert their DNA into host cell and

this DNA is inserted into chromosomes of the host bacterium until some stress starts its

production [7].

1. 2. 3. 4.

5.6.7.

Figure 1.2: Lytic cycle of bacteriophages: 1/ bonding of virion to the host cell, 2/ penetration into the

host cell, 3/ release of nucleic acid from capsid, 4/ replication of bacteriophage’s nucleic acid, 5/ synthesis

of bacteriophage’s proteins, 6/ maturation of virions and 7/ release virions from host cell.
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1.2. BACTERIOPHAGES

1.2.1 Bacteriophage T7

In this work we used Bacteriophage T7 as a model organism. It is a virulent phage grow-

ing on the host strain E. coli B. Its virion is made up of a linear dsDNA with length of

12 µm. DNA is enclosed in an icosahedral head with a diameter approximately 60 nm.

A short tail with length of 20 nm and diameter of about 10 nm is attached to the head.

Attached to the tail are fiber tails used to bind bacteriophage to the targeted bacterium.

The tail is composed of at least a three proteins, one of them constitutes the tail fiber,

and six proteins are found in the head [8].

T7 genom is divided into three groups: 1/ an early region expressed from the onset until

about 8 minutes after infection and these class I proteins prepare the intracellular envi-

ronment for phage multiplication, 2/ class II proteins are expressed about 6 to 15 minutes

after infection and are responsible for phage DNA synthesis and 3/ class III proteins are

expressed from about 8 minutes after infection until lysis. Class III genes code for coating

proteins and are involved in maturation of progeny particles (all of the times refer to the

conditions at 30 ◦C). Phages particles maturation starts about 9 minutes after infection

at 37 ◦C (18 min at 30 ◦C). The final step of T7 growth is bacteria cell lysis and this

occurs about 30 min after infection [8].

Internal 
core

Capsid

Tail

Tail fiber

DNA

a) b)

Figure 1.3: Schematic picture of bacteriophage T7, a) model of bacteriophage T7, b) schematic cross-

section of bacteriophage T7

17



1.3. DETECTION OF BACTERIA

1.3 Detection of bacteria

Food born bacterial contamination as well as bioterrorism threats requires development

of new effective detection methods of pathogenic microorganisms. These methods must

be fast, highly sensitive and highly specific [9]. In the following section, conventional

detection methods and biosensor-based techniques for bacteria detection are described.

1.3.1 Conventional methods

Plate counting and culturing methods are conventional microbiological identification ap-

proaches. These methods are based on the ability to investigate organisms grown in var-

ious culture mediums [9]. The enzyme-linked immunosorbent assay (ELISA) is another

widely accepted conventional detection method. ELISA is based on the antibody – anti-

gen recognition. In direct assay ELISA the sample is added to antibody, which is specific

to the targeted bacteria. The secondary labeled antibody is added after incubation and

several washing steps. Detection is performed by enzyme – substrate (e.g. colorimetric)

reaction or by fluorescence detection in the case of conjugation the secondary antibody

to a fluorophore [10].

Direct assay Indirect assay “Sandwich” assay  

Antigen

Enzym

SubstratePrimary 
antibody

Secondary
antibody

Capture
antibody

Figure 1.4: Principle of different types of ELISA method

Polymerase chain reaction (PCR) is another method for detection of pathogens. DNA is

isolated from the sample, cut by restriction endonuclease and amplified. Electrophoresis

is used for evaluation of the size of DNA fragments [11]. Plate counting, ELISA and

PCR usually require enrichment, isolation, morphological investigation and biochemical

or serological testing for positive identification of pathogens. This is the reason why
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1.3. DETECTION OF BACTERIA

these techniques are time-consuming and must be carried out in specific laboratories [12].

Mass and infrared (IR) spectrometry have also been used for detection of bacteria. Both

methods are based on the measurement of chemical components of bacteria cells. IR

spectrometry usually showed similar results at the molecular level as mass spectrometers

while the mass spectrometers are expensive, not portable and measurements must be done

in vacuum. [9].

Conventional methods take several hours and the identification of bacteria needs further

serological and biologiacal investigation. These tests are time-consuming (plating and

culturing), expensive (mass spectrometry, DNA microarrays), give total bacterial load

instead of the number of viable cells (ELISA) and they need specific laboratory equip-

ment [13, 14]. This is why it is necessary to develop a new rapid bacteria detection

systems - biosensors.

1.3.2 Biosensor-based detection methods

A biosensor is a device which converts chemical or biological signal into a signal which can

be measured by different means. The output is usually an electrical signal: either voltage

or current. Biosensors are composed of three main parts: 1/ biological probes which are

in contact with studied analyte, 2/ a transducer that converts biological recognition into

a measurable signal and 3/ an electronic read-out system that provides information to

users [13, 15].

Input 
biomolecules

Interaction 
with sensor’s 

surface

Transduction 
of biological signal 
into electrical signal 

Output quantity 
(electrical signal)

Figure 1.5: Principle of biosensor with a molecular recognition layer that has highly selective properties.

Biosensors have three important characteristics [15]: 1/ sensitivity is the magnitude of the

output signal produced in response to a concentration of the studied analyte, 2/ selectivity

is the ability to distinguish between different biomolecules and 3/ resolution is the measure

of the minimal change in the input quantity that biosensor is able to detect.
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1.3. DETECTION OF BACTERIA

Biological/chemical probes used for the analyte recognition varies in nature: they can be

enzymes, antibodies, nucleic acids, aptamers, etc [9]. Biosensors for bacterial detection

should meet certain requirements which are outlined in table 1.1. The first biosensor

described by Clark and Lyons in 1962 was an electrochemical sensor and it was used for

detection of glucose in blood. Later, discovery of two technologies helped the development

of new biosensors. The first is the new discovery of evanescent wave phenomenon. This

phenomenom occurs when light is reflected at the optical interface with a change in

refractive index. There is a leak of energy from the point of reflection into the surrounding

medium and this is used for surface plasmon sensors. The second major development was

done in the field of acoustic wave sensors after discovery of piezoelectricity. [14].

Table 1.1: Sensor characteristic for bacterial detection [16]

Requested characteristics of the biosensor

Low detection limit Ability to detect single bacteria in reasonably small sample volume

Assay time 5 - 10 min for a single test

Assay protocol No reagent addition needed

Measurement Direct

Format Highly automated format

Operator Minimum skill required to use the assay

Viable cell count Should discriminate between live and dead cells

Size Compact, hand-held, portable, design for field use

Species selectivity Ability to distinguish individual bacterial species in the presence of other mi-

croorganisms or cells

Biorecognition elements
The most used biorecognition elements are antibodies, nucleic acid, and aptamers. An-

tibodies can be used for pathogen detection or for detection of their components such as

enzymes or spores. Depending on the production process, anti-bodies are divided into two

groups – polyclonal and monoclonal. Monoclonal anti-bodies are more specific, but they

are more expensive to produce. Immobilization of antibodies onto the sensing surface is

performed by chemical conjugation or cross-linking through interaction with functional

groups such as amines and carboxylates. The biorecognition using nucleic acid rely on

single-stranded DNA or RNA binding to the complementary sequence of the nucleic acid

of the targeted organism. Aptamers are engineered nucleic acids. They can be chemically

synthesized in vitro and they are more resistant than antibodies to freezing and drying
20



1.3. DETECTION OF BACTERIA

cycles [9].

Attachment of bacteriophages for biorecognition element

Several studies were performed in the field of attachment of bacteriophages. Different sub-

strates and attachment methods of bacteriophages have been studied. Histidine, cysteine,

dextrose or sucrose were used for immobilization of bacteriophages on gold substrate.

Amino groups of histidine or cystein were also activated by gluteradehyde and substrates

were immersed into a solution of bacteriophages (with titre 1012 plaque forming unit per

milliliter (pfu/ml) for 20 hours at a temperature range from 25 ◦C to 60 ◦C. Cysteamine

modified gluteraldehyde activated surface with bacteriophages immobilized at 40 ◦C pro-

vided the highest surface density of phages 18 ± 0.15 phages/µm2 [13]. Silicon substrates

were also used for immobilization of P22 bacteriophage’s tail spike proteins. Two forms

of these proteins were used: one with C-terminal cystein and N-terminal poly-histidine

(His6) and second one with N-terminal cystein [17]. These genetically engineered tailspike

proteins were used also for immobilization onto gold surface using thiol-chemistry [18].

Another possible method consisted of attachment of phage using biotin-streptavidin inter-

action. Biotin-streptavidin interaction is one of the strongest non covalent interaction in

nature. In this method bacteriophages are genetically modified such that the capsid head

of the bacteriophage contains biotin protein. This approach was used for the attachment

of bacteriophages T4 to streptavidin-functionalized gold surfaces [19,20].

Transducer elements
a) Optical biosensors

In optical biosensors, attachment of targeted bacteria to the sensor’s receptors causes a

change of light absorption/emission or refractive index of the transducer. Several ap-

proaches are used for bacterial detection, e.g. surface plasmon resonance (SPR) or func-

tionalized optical fibers. SPR is a technique in which the incident beam is directed onto

a gold or silver surface at the resonance angle. The beam induces oscillation of the free

electrons at the metal surface which generates an evanescent field. Attachment of bacteria

to this surface causes a change in the surface plasmon resonance frequency [9]. Numer-

ous studies have been carried out to develop surface plasmon resonance biosensors using

different recognition elements.
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1.3. DETECTION OF BACTERIA

The first biosensor based on this technique was made for detection of E. coli O157:H7

using specific antibodies - protein A or protein G. Its detection limit was 107 colony form-

ing unit per mililiter (cfu/ml) [21]. Later, different antibodies were attached to the gold

surfaces or gold nanoparticles for detection of bacteria as E. coli, methicillin-resistant S.

aureus, L. acidophilus or S. typhimurium and the detection limit ranged from 103 cfu/ml

to 104 cfu/ml [22–24]. Functionalized optical fibers are another type of optical sensors.

The principle of detection bacteria by optical fibers is absorption/emission of light caused

by attachment of bacteria onto the functionalized fiber’s surface [25, 26]. These fibers

were used for detection of methicillin-resistant or methicillin-sensitive Staphylococcus au-

reus using monoclonal antibodies [25] or E. coli by bacteriophage T4 as bioreceptor with

detection limited to 104 – 109 cfu/ml [26].

b) Electrochemical sensors

Electrochemical sensors are generally more sensitive, simpler and less expensive than op-

tical sensors. There are three main electrochemical detection methods – amperometry,

potentiomentry and impedimetry. Amperometric sensors operate at a fixed voltage and

measure the current which is directly proportional to the concentration of analyte. Po-

tentiometric sensors measure the changes in a potential caused by the interaction of the

analyte molecules with the probe-modified surface. Impedimetric sensors measure changes

in an impedance caused by bacteria attachment/growth on sensors surface [9]. The usabil-

ity of these methods for bacteria detection using different bioreceptors has been studied.

Dual aptamer-based sandwich method was used for detection of Staphylococcus aureus

in study of Abbaspour et al. Biotynilated primary aptamer was immobilized on mag-

netic beads coated by streptavidin. A secondary aptamer was attached to the silver

nanoparticles. In the presence of targeted bacteria an Apt/S. aureus/apt-AgNP sand-

wich complex was created. The electrochemical signal of AgNPs was detected by anodic

stripping voltammetry. This sensor showed the low detection limit of 1.0 cfu/ml [27]. E.

coli O157:H7 was detected by impedimetric measurement using gold electrode modified

by Polyaniline (PANI) film with attached antibody. Concentration of 102 cfu/ml was

successfully detected on the Au/PANI/Glu/antibody sensor [28].
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1.3. DETECTION OF BACTERIA

c) Acoustic sensors

Acoustic sensors are based on the variation of resonance frequency upon attachment of

targeted element to bioreceptors on their surface by mass loading. The most commonly

used acoustic mass sensor is quartz crystal microbalance (QCM) [9]. Acoustic sensors are

good candidates for bacteria detection and several studies were carried out to develop

biosensors using different biorecognition elements.

QCM with immobilized polyclonal antibodies was used for detection of L. acidophilus

and B. bifidum. The sensor was made from AT-cut piezoelectric quartz with gold lay-

er. The microbial cells were detected directly by the measuring of the frequency change

observed after binding of the bacteria. The bacteria could be detected in the range of

104 – 107 cfu/ml within 60 minutes [29]. QCM were also used in combination with a

magnetic bead purification system for detection of Salmonella enterica cells in the food

samples. Specific detection of Salmonella cells was done using aptamers attached to the

magnetic bead and detection limit has been reported as 100 cfu/ml from model food

sample (milk) [30]. A SH-SAW biosensor for point of care testing were developed by

Yatsuda et al. The sensor chip is a quartz-based 250 MHz SH-SAW delay line. Anti-

bodies attached to the gold surface of the chip were used as pathogens receptors. Direct

assay and sandwich assay were tested. Larger phase shifts were obtained in the sand-

wich assay [31]. Surface acoustic wave (SAW) sensors were used for determination of

E. coli in water sources. Signal was enhanced by detecting the gaseous CO2 generated by

E. coli. Metabolization of carbohydrates and some amino acids by the E. coli bacteria

cells produces CO2. When the CO2 contacts the sensor electrodes, the sensor’s frequency

shifts [32].
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1.4. ACOUSTIC WAVE DEVICES

1.4 Acoustic wave devices

Principle of acoustic mass sensors is briefly described in the chapter 1.3, subchapter c) Acous-

tic mass sensors. In this chapter, we will review different configurations used for construc-

tion of acoustic sensors. Main SAW configurations are as follows and are represented in

figure 1.6 [33]:

• The Thickness Shear Mode (TSM) resonator,

• The Surface Acoustic Wave (SAW) device,

• The Flexural Plate Wave (FPW) or Lamb device,

• The Acoustic Plate Mode (APM) device.

.

Figure 1.6: Schematic pictures of the types of acoustic sensors, a) Thickness Shear Mode (TSM) res-

onator, b) Surface Acoustic Wave (SAW) sensor, c) Acoustic Plate Mode (APM) device and d) Flexural

Plate Wave (FPW) device (reproduced from [15])
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1.4. ACOUSTIC WAVE DEVICES

1.4.1 Thickness shear mode resonators

TSM resonators, most often called QCM, belong to the family of bulk acoustic wave

(BAW) sensors. Typically, TSM resonators consists of one thin plate of AT-cut quartz

crystal (figure 1.7A) with circular metal electrodes on both sides, as shown in figure 1.7B.

Applied electric field across the resonators electrodes results in a generation and propa-

gation of acoustic waves in the device due to mechanical and piezoelectric properties of

the quartz [15].

Figure 1.7: A) AT-cut of crystal, B) Schematic of TSM resonator (reproduced from [34])

TSM resonators were first used for measurement of metal deposition rates. The discovery

that TSM resonators can operate in contact with liquids, makes them good candidate for

biosensors [15,33]. For biosensor applications, quartz’s surface is coated by sensitive thin

film. Variations in properties of this thin film (thickness, density) affect sensor’s resonant

frequency [15]. Advantages of TSM resonators sensors are simplicity of manufacturing,

good temperature stability and ability to operate in harsh environments. Unfortunate-

ly, these sensors have the lowest mass sensitivity. They typically operate at frequency

from 5 MHz to 30 MHz. Operating at higher frequencies can increase their sensitivity,

but it requires fabrication very thin and fragile plates [33]. Another option to increase

operating frequency is to use thin-film bulk acoustic resonators (FBARs). These devices

are made from metal electrodes deposited on both sides of very thin piezoelectric film

deposited by PVD or CVD method. When the acoustic waves travel in the direction
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1.4. ACOUSTIC WAVE DEVICES

of the film thickness, wave is reflected at the interface of the piezoelectric film and the

electrodes. When the thickness of the thin film is equal to the half of wave’s wavelength,

an acoustic standing wave is formed. The resonant frequency f is given by equation as

for QCM:

f =
va
2d

(1.1)

where va is an acoustic wave velocity and d is thickness of the piezoelectric film. In

solid materials typical velocity of acoustic waves is about 5 000 m/s [35]. Assuming the

thickness of piezoelectric film is 100 nm, the resonant frequency of the resulting device is

25 GHz.

1.4.2 Surface acoustic wave devices

The piezoelectric effect description by Pierre and Paul-Jacques Curie and surface acoustic

waves propagation studies by John William Scrutt in late 19th century are at the origin

of development of SAW devices [4].

In SAW devices, surface acoustic waves are generated by metal electrodes called inter-

digital transducers (IDTs) deposited on the surface of the piezoelectric crystal, as shown

in figure 1.8a, and propagated within the surface [15]. When the radio frequency signal

is applied to the IDTs, the electric field is produced within the piezoelectric material,

as shown in figure 1.8b. The spatial periodicity λT of the transducers determines the

operational frequency f0 of the sensor, according to following relation:

f0 =
v

λT
(1.2)

where v is the phase velocity of the acoustic waves [36].

The waves travel across the surface, which can be functionalized by biomolecules with spe-

cific recognition properties and be modified by bio-chemical events at the surface. These

waves are converted back by second IDTs into an electrical signal to be measured. Change

in frequency is associated with the corresponding variation of mass biomolecules [4]. Mass

sensitivity (Sm) is defined as the incremental frequency change that occurs in response to

an incremental change in mass per unit area on the sensor’s surface [37]:
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Figure 1.8: a) Schematic diagram of interdigitated transducers and b) cross section of piezoelectric

substrate with deposited IDTs on top of it (reproduced from [36])

Sm = lim
∆m→0

∆f/f0

∆m
, (1.3)

where ∆m is the uniformly distributed mass per unit area of the sensor’s surface, f0 is the

unperturbed frequency of the device and ∆f is the change in the operational frequency

caused by mass loading of the sensor [37].

The most frequently used SAW sensors are: 1/ Rayleigh-SAW sensor, 2/ Lamb-wave

sensors and 3/ Love-wave sensors. In Rayleigh-SAW sensor the material displacement

occurs in the x-axis and z-axis. X-axis is direction of acoustic waves propagation as is

shown in figure 1.9. In contact with liquid part of SAW energy is dissipated in the liquid.

This is the reason, why Rayleigh-SAW sensors are not used in liquids.

FPW or Lamb devices are composed of thin membrane deposited on the piezoelectric

substrate. Lamb waves, also called plate waves, exist in thin plate-like medium. They are

guided by the free upper and lower surfaces. They can occur in two mode type: 1/ sym-

metric and 2/ anti-symmetric (see figure 1.11), where symmetric waves have radial in-plain

displacement of particles and anti-symmetric waves have out-of-plane displacement (see

figure 1.11) [39]. In FPW devices, first anti-symetric wave mode has a low propagation

velocity, hence waves propagation velocity is slower than in the fluid in contact with the

sensor’s surface. Disadvantage of FPW sensor is thin and fragile membrane to achieve a
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1.4. ACOUSTIC WAVE DEVICES

Figure 1.9: Schematic representation of Rayleigh wave’s propagation and particles displacement in

the material, ux and uz shows displacement of particles and q shows propagation of wave (reproduced

from [38])

high mass sensitivities as well as their difficult fabrication [4].

Figure 1.10: Schematic representation of two modes of Lamb waves, a) anti-symmetric mode and b)

symmetric mode, (reproduced from [39])

Figure 1.11: Dispersion of velocity of a) symmetric and b) anti-symmetric Lamb waves as a function of

normalized thickness (reproduced from [40])

Love wave surface acoustic wave sensors (LW-SAW)
Love waves were firstly described by Mr. Love in 1911 as waves with pure shear hori-

zontal motion. The displacement of particles in matter is then horizontal, parallel to the
28
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free surface and perpendicular to the direction of propagation, as shown at figure 1.12 [41].

Figure 1.12: Schematic representation of Love wave’s propagation and particles displacement in the

material, u shows displacement of particles and q shows direction of propagation of wave (reproduced

from [38])

For production of SH-SAW Love waves, the material of guiding layer must have lower

acoustic velocity than the piezoelectric substrate. The acoustic energy is then concentrat-

ed in the guiding layer which leads to the increase of sensor’s sensitivity and the thickness

of the substrate does not influence the detection ability of the LW-SAW sensor [4]. When

the thickness of the guiding layer is less than one-tenth of the acoustic wavelength, first-

order perturbation theory can be used. The change of the operational frequency is then

given by [37]:

∆f = −V
4
f0ρd [1− (

V

VS2

)2] |v̂|2z=0, (1.4)

where V is the acoustic phase velocity in the media, f0 is the operational frequency, ρd

represents the mass loading per unit area, the term 1− (
V

VS2

)2 represents a reduction in

mass sensitivity with the increase of the thickness of the layer and |v̂|2z=0 is the particle

velocity at the surface [37].

Typically, LW-SAW sensors operate on frequencies between 120 and 200 MHz in liquids.

The penetration depth is dependent on the frequency – with increasing frequency, the

penetration depth decreases. The sensitivity of the LW-SAW sensor increases by the

square of frequency but it is affected also by choice of material and the design of guiding

layer. LW-SAW sensors have the highest sensitivity among the acoustic sensors [4].
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1.5 Diamond

Diamond is one form of carbon, which is the first element of the column IV in the peri-

odic table with the atomic number six. Its electron configuration in the ground state is

1s2, 2s2, 2p2. The 1s2 state contains 2 strongly bound electrons, called core electrons.

Remaining four electrons in the states 2s2 and 2p2 are called valence electrons. These

electrons are involved in forming of chemical bonds. In the crystalline phase the electrons

give rise to 1s, 2px, 2py and 2pz orbitals that are important to form covalent bonds [42].

In the comparison with the energy gain in forming the chemical bond, the difference in

the energy between the upper 2p energy level and the lower 2s energy level is relatively

small (4 eV). This is reason why the electronic wavefunctions of these four electrons can

mix with each other and electrons can change the occupation of 2s and three 2p atomic

orbitals. This mixing of 2s and 2p orbitals is defined by spn hybridization. During the

hybridization, the direction of chemical bonds is changed and the total energy of molecule

is lower. Carbon processes three hybridizations: sp, sp2 and sp3 and can exists in many

different forms, called allotropes [42, 43].

Table 1.2: The types of hybrid orbital sets and their orientation in space (reproduced from [44])

Hybrid orbitals Atomic orbitals

used

Number of hybrid

orbitals

Electron-pair

geometry

sp s + p 2 Linear

sp2 s + p + p 3 Trigonal-planar

sp3 s + p + p+ p 4 Tetrahedral

One of the well-known carbon allotropes is graphite, that is composed from sp2 hybridized

carbon [46]. In this type of hybridization, three identical in-plane orbitals with angles

120 ◦ are formed together with a fourth unhybridized p orbital perpendicular to the plane

formed by the three other orbitals [45]. Carbon atoms can form a double bond. This

bond is formed by combination of σ bond with π bond and contains two pairs of elec-

trons [47]. Carbon atoms in graphite are bonded trigonally with another three carbon

atoms in planar hexagonal rings [46]. The minimum distance of atoms in the hexagonal

lattice is 1.42 Å. Layers of carbon hexagons are weakly bonded via Van der Waals force

in the equilibrium distance of 3.4 Å [43]. Under the standard conditions, graphite is the
30



1.5. DIAMOND

Figure 1.13: Possible hybridization of atomic orbital of carbon atoms (reproduced from [45])

stable form of carbon. In contrary to diamond, graphite is an electrical conductor with a

resistivity of 3 – 60·10−5 Ω ·m thanks to delocalization of π bond electrons.

Another well-known carbon allotrope is diamond that is formed by sp3 hybridized carbon

atoms. Four molecular orbitals with the same shape and energy are formed and each of

them is occupied by one electron. Orbitals are arranged in a tetrahedral structure with an

angle of 109.5 ◦ [45]. These orbitals have two lobes as p orbital, but they are of unequal

size. It means that for each orbital is higher electron density on one side of the nucle-

us. This make possible to form stronger and much more stable bonds than unhybridized

orbital. A sp3 hybridized carbon can bonds with four σ (single) bonds [47]. Diamond

lattice is formed from 8 atoms arranged in a cube. Each carbon atom is bonded to four

atoms in a tetrahedral structure with an inter-atomic distance of 1.42 Å. Diamond is the

hardest known natural mineral [48]. A sp hybridization is not important for this work

and will not be discussed here.

Diamond is a very promising material in the field of biosensor technology due to its

favorable properties such as chemical inertness and stability, superior hardness, biocom-
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1.5. DIAMOND

patibility, high electrical resistivity. Furthermore the recently developed surface chemistry

allows different types of surface functionalization such as attachment of biomolecules or

chemical modifications [49, 50]. In the case of biomolecules, their superior stability is a

key point for practical use. Silicon dioxide (SiO2) and gold are the most used materials

for construction of biosensors, but direct interaction of proteins with their surfaces can

cause protein’s denaturation. Stability of proteins can be prolonged by co-immobilization

of polyethylene glycol (PEG) molecules or lipid bilayers on Au or SiO2 surface. Ex-

tended stability of proteins at physiological conditions was recently shown on diamond

surface [51].

1.5.1 Diamond synthesis

Diamond can be obtained from nature by mining, but there are also synthesized artificial-

ly by High Pressure High Temperature (HPHT) method and Chemical Vapor Deposition

(CVD). HPHT method is used for synthesis of bulk crystalline diamonds as well as dia-

mond nanoparticles. Thin diamond films are formed from the gaseous phase via a chemical

reactions by CVD method. This method is discussed in figure 3.1.1 [48,52].

1.5.2 Surface functionalization

As it was mentioned, diamond is chemically inert. Nevertheless, several methods were

developed to introduce various reactive groups on its surface. Diamond films with differ-

ent film terminations can be used for attachment of different organic compounds as small

molecules like allyl alcohol or complex structures as enzymes or DNA. Typically, the

as-grown surface of CVD diamond layer is hydrogen terminated. Hydrogenated surface

is very stable. H-terminated diamond is normally not conducting, but it shows p-type

surface conductivity in air and hydrophobic wetting characteristics. The hydrophobicity

is an issue for attachment of many hydrophilic biomolecules [45, 49, 53]. Oxidized dia-

mond surface can be obtained by using oxygen plasma, chemical wet treatment or ozone

treatment. This surface can carry different ketone related groups or so-called "bridge"

configuration. In the ketone conformation, the oxygen is double-bonded to surface carbon

atom (C=O). In the "bridge" formation, the oxygen atom is single-bonded to two surface

carbon atoms (C-O-C). Additional oxygen containing species, such as hydroxyl (-OH) or

carboxyl (-COOH), can be introduced on the diamond surface by chemical wet treatment.
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1.5. DIAMOND

On contrary to H-terminated surface, oxidized diamond surface is hydrophilic and is not

electrically conducting [45,49,54].

Except these two basic terminations, further surface terminations of diamond were stud-

ied, such as introduction of halogen groups (fluorine, chlorine) or amino groups onto its

surface [45, 54]. In this work we used diamond films terminated by amino groups. Sev-

eral methods have been developed to NH2 terminated diamond surface. For instance,

Cl-terminated diamond is obtained by ultra violet (UV) illumination (245 nm/24 h) by

an Hg-arc lamp of H-terminated pollycrystalline diamond (PCD) in Cl2. Cl-terminated

surface is UV illuminated (245 nm/24 h) under ammonia (NH3). Another method to

functionalize diamond surface with amino groups is ammonia plasma treatment. In the

study of J. Miksovsky et al. gas mixture of 5% ammonia in nitrogen at working pressure

1.8 Pa and radiofrequency (RF) power 150 W was used during 5 minutes [55]. Direct

ammination of diamond surface has also been reported. PCD was irradiated by UV light

in ammonia gas flow [56].
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2 | Aims of the study

This work aims to develop a diamond-based SAW sensor for bacteria detection. The

sensor consists of a SH-SAW Love wave sensor coated with NCD layer on which specific

bacteria bioreceptors are attached. To achieve this objective, following goals are studied:

Fabrication and characterization of LW-SAW sensor

1. Development of microfabrication processes and LW-SAW fabrication meth-

ods.

• Photolithography

• Etching

• RF sputtering

• CVD methods

2. Characterization of fabricated LW-SAW sensors

• Study of effect of IDTs fabricated from different metals - Cr, Al.

• Investigation of dependence of NCD layer thickness on the frequency response.

• Measure the sensitivity of the fabricated LW-SAW sensor.

Attachment of bioreceptors to the diamond surface

1. Bacteriophages T7 attachment study

• Microbiological methods: cultivation of bacteria, multiplication and purifica-

tion of bacteriophages.

• Diamond surface treatment: hydrogenation, oxidation and amination.
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• T7 bacteriophage attachment studies.

2. Bacteriophage’s fiber tails attachment study

• Coating of NCD layer with silica layer.

• Growth of copolymer layer on the silica coating.

• Introduction of ligand to the surface of copolymer layer by click reaction.

• Attachment of bacteriophage’s fiber tails via His-tag linkers.
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3 | Materials & methods

3.1 Fabrication methods

3.1.1 Thin film deposition methods

Diamond film preparation

Figure 3.1: CVD system AX5010

All of the NCD films used in this work were prepared

using microwave plasma enhanced chemical vapor

(PECVD) deposition system AX5010 from Seki Di-

amond System, Japan and microwave linear anten-

na plasma enhanced chemical vapor deposition sys-

tem (MW-LA-PECVD) from Leybold Optics Dres-

den, Germany. Before deposition of diamond layer,

samples were 1/ cleaned by sonication in Acetone,

Isopropyl Alcohol (IPA) and distilled water for 10

minutes each and 2/ seeded with diamond nanopar-

ticles by spin coating using nano-diamond disper-

sion in water (NanoAmando R©B) from NanoCarbon

Research Institute Ltd. Diamond layer can be de-

posited on different substrates that withstand de-

position conditions, such as glass, silicon or quartz. To obtain semiconducting diamond,

boron and phosphorous impurities can be added during deposition process.

The microwave (usually 2.45 GHz) generates a plasma with high energy electrons and a

high degree of ionization [48]. CVD diamond deposition requires three main ingredients:

1/ a substrate pretreatment, 2/ a carbon-containing precursors and 3/ an atomic hydro-
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3.1. FABRICATION METHODS

gen. The pretreatment aims to create a large surface density of diamond seeds on the

substrate’s surface. The precursor mixture contains a carbon precursor (usually methane)

mixed in hydrogen. The gas mixture is activated, either thermally (hot filament), or elec-

trically (microwave plasma, DC-discharge) [45]. The role of the hydrogen is crucial for

diamond growth as it stabilizes diamond surface’s sp3 dangling bonds during growth [57].

The most important “growth species” promoting the diamond growth are CH3 radicals

that are formed by reaction of atomic hydrogen with methane:

CH4 +H∗ ↔ CH∗3 +H2 (3.1)

This chemical reaction is more favorable from the energy point of view from left to

right [45]. Process of diamond growth is illustrated on the figure 3.2. At first, hydro-

gen radical from plasma reacts with hydrogen at the surface and form H2. Then reaction

of dangling bond with CH3 or H occurs. Probability of reaction with H is much more

higher than reaction with CH3 species. When the dangling bond reacts with CH3 radical,

CH3 is formed on the surface. When this reaction happened with both free dangling

bonds, hydrogen radicals can react with the CH3 on the surface and remove one hydrogen

from CH3 and CH2 is formed. This radical reacts with CH3 on the surface.
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H HHH
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CC C C

C C

H
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H
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Figure 3.2: Illustration of the role of CH3 as a growth species of diamond (redraw from [45])
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Sputtering method

Figure 3.3: Home made magnetron sputtering

system

All metal layers used in this work were deposit-

ed by sputtering method. Sputtering deposi-

tion is low temperature and low pressure physi-

cal vapor deposition (PVD) technique. Various

sputtering methods have been developed to in-

crease deposition rate and to deposit non con-

ductive materials - magnetron sputtering, DC

sputtering, triode sputtering, reactive sputter-

ing or RF sputtering. An electric discharge is

created between two electrodes in a low pres-

sure gas and positive ions (usually argon) pre-

sented in plasma are accelerated towards the negatively bias target made of the material

to be deposited. Sputtered particles due to ion bombardment on the cathode condense

on substrate’s surface [58]. Aluminum and titanium layers were deposited at Institute

of Physics CAS, v.v.i. using an home made magnetron sputtering system. Chromium

layers were deposited at J. Heyrovsky Institute of Physical Chemistry CAS, v.v.i. using

Quorum Technologies Q300TD system by DC sputtering.

3.1.2 Microprocessing methods

Photolithography

Photolithography was used for the fabrication and patterning of IDTs. Desired patterns

are transferred on the thin layer of photo sensitive material deposited on substrate’s sur-

face using light ray [59]. Typically, a mask aligner is used for exposition of photoresist.

The mask is in direct contact with the sample and whole surface is exposed at once. In

this work, we used a maskless direct-writing laser photolithography machine Micro Writer

ML from Durham Magneto Optics Ltd [60]. Masks were designed using CleWin 5 software

from PhoeniX Software company. Two types of photoresist were tested – Positive pho-

toresist ma-P 1210 and Negative photoresist ma-N 1410 (from Micro resist technology).

After exposure, samples were developed in ma-D 331 (positive photoresist) or ma-D 533/S

developers (negative photoresist) obtained from Micro resist technology. From exposed
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3.1. FABRICATION METHODS

areas, positive photoresist is removed whereas negative photoresist stays and is removed

from unexposed areas.

Etching

Figure 3.4: VacuTech 1540 apparatus used for dry

etching

Two types of etching techniques were used

– wet etching and dry etching, i.e. re-

active ion etching. Dry etching refers

to etching method using ion bombard-

ment (usually from plasma) of reactive

gas (O2, N2, CF4, CCl4, Cl2) or none re-

active gases (Ar, Kr, ...) accelerated with

high energy. Dry etching methods are usu-

ally anisotropic [61]. Reactive ion etch-

ing was tested on silicon and diamond sub-

strates using VacuTech 1540 series plasma

system at Institute of Phycics CAS, v.v.i.

Wet etching, a liquid chemical etching, is a simple and cheap method. Table 3.1 shows few

examples of etchant’s composition for different metals with their etching rates. Most of the

etchants contains acids, especially hydrofluoric acid (HF) that is extremely dangerous, so

worker should wear specific protections (chemically resistant glasses, lab coat and gloves).

Wet chemical etchant can be isotropic like metal etchant or anisotropic like potassium

hydroxide (KOH) for Si etching.

Table 3.1: Composition and etching rates of etchants for different metals

Metal Etchant composition Etching rate

Al
H3PO4 : HNO3

CH3COOH : H2O 1µm/min at 20 ◦C

Cr (NH4)2[Ce(NO3)]6 : HClO4 : H2O 60 nm/min at room

temperature

Au KI : I2 : H2O (4 g : 1 g : 40 ml) 1 µm/min

Wet etching was tested on aluminum, chromium and gold layers. Samples were immersed

into appropriate mixture and time was unfolded according to etching rate and thickness
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of metal layer. Several washing steps followed after the etching. Samples were sonicated

in distilled water for removing of etchant residues, in acetone for removing photoresist

layer and distilled water for 5 minutes each at 50 ◦C.

3.2 Characterization methods

3.2.1 Optical microscopy

Figure 3.5: Carl Zeiss optical microscope

Optical microscopy uses visible light and its resolu-

tion is limited by diffraction of light and is given by

equation:

d =
λ

2 ·NA
, (3.2)

where λ is wavelength of light and NA is numerical

aperture of microscope. In practice the lowest reso-

lution limit of standard optical microscope is above

200 nm [62]. In this work, Carl Zeiss optical micro-

scope was used to check microstructures fabricated

by photolithography at Institute of Physics CAS,

v.v.i.

3.2.2 Transmission electron microscopy (TEM)

In TEM, electrons go through a thin sample and are scattered. Their kinetic energy

and angular distribution is changed. In the mass thickness contrast imaging, electrons

are scattered in the wide range of angles, but only electrons scattered through an an-

gle smaller than ∼10−2 mrad can contribute in the forming of image. Scattering of the

electrons is stronger in the sample’s region that are thicker or with higher density. More

electrons are scattered through an angle grater than 10−2 mrad causing that these areas

appear darker in the image. This contrast is exhibited by all specimens - amorphous and

crystalline. Staining with heavy metals can be used for observation of biological samples.

Areas with incorporated stain becomes darker in the resulting image [62]. Transmission
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electron microscope Phillip CM100 was used for observation of bacteriophages at the Mi-

crobiological institute CAS, v.v.i. TEM image allows to recognize presence of nucleic acid

inside bacteriophage’s head.

TEM samples with bacteriophages were prepared on 3 mm diameter copper grid (400 mesh

and more) with very thin carbon film. These disks were first activated using a glow

discharge. Then 5 - 10 µl of bacteriophages suspension was dropped on activated grid for

bacteriophages absorption. The suspension was removed by a strip of filter paper after

1 min and immediately after that the grid was washed with a 1% suspension of ammonium

molybdate in distilled water for 30 seconds. Rinse solution was removed by filter paper

and 2% of uranyl acetate in distilled water was added for 30 seconds. Then the uranyl

acetate was removed and grids were left to dry in the Petri dish on filter paper.

3.2.3 Scanning electron microscopy (SEM)

Figure 3.6: Used SEM microscope Tescan

FERA3

SEM has been used for observation of surfaces

and microstructures of diamond thin films before

and after chemical functionalization and observation

of bacteriophages. Different types of observation

modes exist depending on the type of detected elec-

trons – secondary electron imaging and backscat-

tered electron imaging. Secondary electrons are re-

leased from valence orbital during the interaction

with high-energy primary electron and their kinetic

energy is below 50 eV. Backscattered electrons are

primary electrons that undergo large deflections and

leave the surface without a significant kinetic ener-

gy loss [62]. Before imaging, samples are glued onto

aluminum stubs (holders) using a SPI Conductive Carbon Paint or carbon tape NEM

tape from Nisshim Em.Co.LTD. Three scanning electron microscopes were used in this

work: Tescan FERA3 at Institute of Physic CAS, v.v.i., NovaTM NanoSEM 450 at Insti-

tute of Organic chemistry and biochemistry CAS, v.v.i. and NovaTM NanoSEM 450 at

Microbiological institute CAS, v.v.i.
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3.2.4 Atomic force microscopy (AFM)

Surface morphology and surface roughness of diamond layers were measured by AFM. In

this technique a sharp tip, about 2 µm long and approximately 20 nm in diameter at its

apex is located on the free end of the cantilever and scans over the sample’s surface. Forces

between the tip and the sample’s surface cause bending or deflection of the cantilever.

The position of cantilever is detected optically using a laser beam, that is reflected from

back side of cantilever onto a position-sensitive detector and map of surface topography

is generated [62]. This mode is not suitable to measure soft synthetic materials or bio-

materials. Tapping mode can be used for this purposes. The cantilever vibrates at its

fundamental flexural resonance frequency. The amplitude of the vertical oscillation must

be large enough to overcome adhesion forces between tip and surface. When the tip goes

close to the surface, the Z scanner is displacing the cantilever to keep constant amplitude

of oscillations in surface elevations. This Z scanner displacement is measured and image of

surface morphology can be constructed. Another mode, that can be used to determine the

surface hardness or adhesive forces, is Peak Force mode. The force is controlled by using

maximal exerted force of the tip on the sample in each pixel of image. From an analysis

of obtained force-displacement curve can be determined sample deformation, stiffness or

adhesive forces [63]. In this work we used Icon Dimension, Brüker at Institute of Physics

CAS, v.v.i. All measurements were done at room temperature.

a) b)

Figure 3.7: a) Used AFM microscope Icon Dimension, Brüker b) Schematic diagram of an AFM: 1.

laser diode, 2. cantilever and tip, 3. mirror, 4. position-sensitive photodetector, 5. electronics and 6.

piezoelectric scanner with sample, reproduced from [64]
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3.2.5 Raman spectroscopy

The quality of diamond layer was investigated using Raman spectroscopy. This optical

spectroscopy method is based on inelastic Raman scattering of light with mater. Incident

light with energy hν0 exchange energy with mater that leads to the emission of light with

energy of hν0 ± hνs. When the material is in their vibrational ground state, there are

emitted quanta with lower energy – Stokes shift (hνR = hν0 − hνs). When the molecule

is in their vibrational excited state, emitted quanta has higher energy – Anti-Stokes shift

(hνR = hν0 + hνs), as is shown in figure 3.8 [65].

Figure 3.8: Principle of Raman scattering: The photon with energy hν0 hits the molecule, molecules in the

vibrational ground state may lead to vibrational excited state, the photon with energy hν−R = hν0 − hνs

is emitted. Some molecules are in excited state, the process which produces photon with energy hν+R =

hν0 + hνs is also possible. In the Raman spectrum two peaks with different frequency than excited

radiation ν0 can be observed. Raman line with lower frequency ν−R (the Stokes line) and Raman line with

larger frequency ν+R (the Anti-Stokes line) (Reproduced from [65])

Raman signal depends on crystalline structure, elements and chemical bonds of studied

materials. Raman spectroscopy is widely used in diamond technology as a quick test to

determine the quality of diamond i.e. non diamond carbon concentration (i.e. sp2 carbon),

as well as others impurities as boron (peak at 500 cm−1), nitrogen, silicon,... via their

photoluminescence. Diamond has a well-known Raman peak at 1332 cm−1. In CVD
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diamond, one can also observe peaks at 1600 cm−1 (so called G band) and 1345 cm−1

(so called D band) attributed to sp2 carbon forms as well as peaks at 1100 – 1150 cm−1

and 1430 – 1470 cm−1 attributed to transpolyacetylene [66]. Raman spectroscopy were

also used for confirmation of sp2 formation after annealing process. From Raman spectra

can be calculated sp3
sp2

ratio using fitting of attributed peaks by Lorentzian function in

OriginLab software and area under the curve for each peak is obtained. For 488 nm

excitation laser wavelength is sp3
sp2

ratio then given by equation:

sp3

sp2
=

0.75 · Ssp3
0.75 · Ssp3 + Ssp2

(3.3)

where Ssp3 is area under the sp3 peak and Ssp2 is area under the sp2 peaks.

Figure 3.9: Raman spectra of CVD nanocrystalline diamond layer. Red line - NCD layer without im-

purities, clear diamond peak at 1332 cm−1. Black line - NCD layer with a significant fraction of non

diamond carbon, diamond peak at 1332 cm−1, peaks attributed to sp2 forms of diamond D and G band

are observed as well as peaks attributed to transpolyacetylene. Peak around 1250 cm−1 is probably

related to cosmic rays

Raman spectroscopy does not need samples preparation. Measurements are performed in

the dark room at room temperature. All samples were measured using a Renishaw InVia

Raman microscope with a 488 nm excitation laser (at power 25 mW). Measured data were
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processed in OriginLab software and Raman spectra were normalized to diamond peak.

3.2.6 Polarization Modulation Infrared Reflection Absorption Spec-

troscopy (PM-IRRAS)

PM-IRRAS was used to check attachment of polymer and protein layers on the diamond

surface. This method is based on the selective absorption of s- and p-polarized light at

the sample (usually a metal) interface, i.e. sample surface and surrounding gas phase.

The metal layer does not absorb s-polarized (polarization perpendicular to the plane of

incidence) light, therefore all measured signal is pertained to gas phase. In contrast, p-

polarized (polarization parallel to the plane of incidence) light excites both gas phase and

investigated surface. Subtraction of both spectra gives specific vibrations of molecules

adsorbed on the metal surface [67]. This method does not need samples preparation.

To study the diamond surface functionalization using PM-IRRAS, diamond layers were

deposited on top of titanium layer acting as a mirror. Measurement were done using

Nicolet 6700 with PEM module at Institute of organic chemistry and biochemistry CAS,

v.v.i. Data were processed in OMNIC software and OriginLab software.

3.2.7 X-ray photoelectron spectroscopy (XPS)

The main principle of X-ray photoelectron spectroscopy (XPS) is photoemission. As

the name implies, the electrons are ejected from a core level by an X-ray photon with

energy hν. The kinetic energy of ejected electron is measured by spectrometer. The

kinetic energy of the electron is related to the energy of the X-ray photon and it is not

an intrinsic properties of studied material. The electron binding energy is given by [68]:

EB = hν − EK −W (3.4)

where hν is energy of incident X-ray photon, EK is kinetic energy of ejected electron and

W is spectrometer work function. All of these three energies are known or measurable so

binding energy of ejected electron can be calculated. Electron binding energy identifies

specifically its parent element as well as atomic energy level. Process of photoemission

is shown on figure 3.10a), where the electron is ejected from K shell of atomic orbital (a

1s photoelectron). Figure 3.10b) shows that electrons that are excited and escape with-
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out energy loss give rise to characteristic peaks at the spectrum. Electrons that undergo

inelastic scattering and lose their energy contribute to the formation of background of

spectrum [68].

a) b)

Figure 3.10: a) Schematic diagram of XPS process with ejection of electron from K shell, b) Schematic

of electronic structure to illustrate how each electronic orbital contributes in formation of photoelectron

lines, reproduced from [68]

In this work XPS analysis was used for confirmation of presence specific functional groups

attached to the diamond surface after its functionalization. ESCA PROBE P (Omicron

Nanotechnology Ltd.) with aluminum anode (energy 1486.7 eV) was used. Measurements

were performed at very low pressure 10−8 Pa in CAE mode. Sputtering of surface was

done using argon ions with energy 5 keV for 5 minutes. Data were processed in CASA

XPS software and they were corrected to 1s orbital of carbon.

3.2.8 Contact angle measurement

Contact angle measurement was used to determine wettability of diamond surfaces after

surface treatment. Wettability is ability of liquid to maintain contact with a solid surface.

This property is determined by microscopic molecular interactions of liquid, solid surface

and air, such as short-ranged chemical interactions and long-ranged van de Walls forces.

Wetting can be described by Young’s equation [69]:
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γlv · cos θ = γsv − γsl (3.5)

where γlv, γsv and γsl are liquid-vapor, solid-vapor and solid-liquid interfacial tension and

θ is the local contact angle between liquid and the solid surface. When the contact angle

is grater than 90 ◦, surface is hydrophobic. If the contact angle is smaller, surface is called

hydrophilic [69].

lvγ

svγ
slγΘ

1. 2.a) b)

Figure 3.11: 1. Contact angle between liquid and solid surface is affected by interfacial tensions γlv, γsv

and γsl, 2. Two surfaces with different wettability: a) hydrophobic surface and b) hydrophilic surface

On each sample was dropped at least three drops of distilled water with a volume of

approximately 1-2 µl by a Hamilton syringe and the contact angle was measured imme-

diately after the stabilization of drops. Droplet’s shape was approximated by a software

using Young-Laplace equation to calculate contact angle. Mean value and standard de-

viation was calculated for each sample. Measurement were done at Joint Department of

Biomedical Engineering CTU and Charles University in Prague.

3.2.9 LW-SAW characterization

Surface acoustic waves are excited and detected by lithographically fabricated IDTs on the

surface of piezoelectric crystal. Transducers work most efficiently when their periodicity

d matches to SAW wavelength λ. This occurs, when they are excited at the synchronous

frequency f0 given by equation 1.2. When array of fingers (IDTs) is excited with alter-

nating voltages Vn = (-1)nV0, the wave potential for a rightward propagating wave φ+ is

given by equation [15]:

φ+(0) = µsV0

Nf−1∑
n=0

(−1)ne−jn(kd)/2 (3.6)

when Nf is the total number of fingers, µs is a substrate-dependent constant. When
kd
2

= mπ, and k = 2π
λ
, then m = d

λ
. This equation give relationship between SAW
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wavelength λ and IDT periodicity d. When m is a odd number, the IDTs are excited by

odd harmonics and constructive addition occurs, as is shown in figure 3.12 [15].

Figure 3.12: Relationship between transducer periodicity and excited waves (reproduced from [15])

The frequency response of IDTs is given by equation [15]:

φ+(f) =

∣∣∣∣sin(X)

X

∣∣∣∣ (3.7)

in which

X =
Npπ(f − f0)

f0

(3.8)

where f0 is the transducer’s frequency and Np is the number of IDT period: Np =
Nf

2
.

It is obvious, that when X = π then φ+ = 0 and it results in complete cancellation of

wave propagation. The transducer bandwidth B is given by [15]:

B =
2

Np

(3.9)

where Np is number of IDTs fingers. Typical response of IDTs is shown in figure 3.13.

There are two main material parameters used in SAW sensor design - the electromechan-

ical coupling coefficient K2 and SAW velocity. K2 is the measure how efficiently given

piezoelectric material converts electrical signal into mechanical energy associated with

acoustic waves. Values for some typical piezoelectric materials are given in table 3.2.
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Figure 3.13: Transducer’s frequency response

Table 3.2: Parameters for selected piezoelectric materials, (reproduced from [70])

Material Crystal cut SAW axis Velocity (m/s) K2 (%)K2 (%)K2 (%)

Quartz ST X 3158 0.11

LiNbO3 Y Z 3488 4.5

LiTaO3 Y Z 3230 0.72

In this work, frequency measurement was performed using E8364B PNA Series Network

Analyzer and 9000 Analytical Probe Station from SUMMIT Cascade Microtech with In-

finity Probes. Calibration has to be done before the measurement. Both S21 transmission

and S22 reflection parameters were measured in magnitude and phase of fabricated SAW

sensors. Magnitude of S21 parameter is related to the frequency response of the sensor.

In the figure 3.14a) can be seen attached probe to the IDTs electrodes with Network

Analyzer and in figure 3.14b) is shown probe station with microscope.
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a) b)

Figure 3.14: a) E8364B PNA Series Network Analyzer and b) 9000 Analytical Probe Station

3.3 Microbiological methods

All of the microbiological work was done at Microbiological institute CAS, v.v.i. and all

of used materials were obtained from this institute.

3.3.1 The plaque assay method

For the determination of phage concentration or the verification of the bacterial lysis we

used the plaque assay method. The result is expressed as pfu/ml. One plaque correspond

to the one infective particle. The principle of this method is based on the ability of

single phage particle to lyse one host bacteria growing on Petri dish (with growth media).

Realizing progeny lyse surrounding bacteria and the visible clear area called “plaque” is

formed [71].

3.3.2 Bacterial cell culture

There are a plenty of bacteria species in our world with various optimal cultivation con-

ditions. The composition of culture medium is variable and is largely determined by the

nutritional requirements of the organism to be cultured [72].

Bacteria can be cultured using solid or liquid medium. In liquid medium an aliquot of the

organism to be grown is inoculated into flask and left on an orbital shaker to ensure that
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culture is kept in suspension. Solid medium are prepared by solidifying of selected liquid

medium with 1 – 2 % of an seaweed agar extract. Diluted bacterial culture is spread onto

a soft agar’s surface using a sterile inoculating loop [72].

Figure 3.15: Scheme of inoculating of bacteria culture onto the soft agar’s surface

Bacterial growth curve

In laboratory, bacteria growth follow a geometric progression: 20, 21, 22, 23, ..., 2n, where n

is the number of generations. This exponential growth does not correspond to the normal

bacterial growth in the nature as it does not includes bacteria life cycle. In laboratory

conditions four phases of the bacteria growth cycle are recognized [73].

Figure 3.16: Typical bacterial growth curve includes four phases: lag, exponential, stationary and death

phase

• Lag phase

Lag phase occurs immediately after inoculation of bacterial cells into the fresh liquid
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medium. The cells are not dividing, but their volume or mass is increasing due

to synthesis of enzymes, proteins, RNA and their metabolic activity is increasing

as well. The length of this phase depend on different factors as for example the

size of the inoculum, time necessary for recovery from physical damage of shock,

time required for synthesis of necessary coenzymes and new enzymes essential to

metabolize the substrates in the culture medium [73].

• Exponential (Log) phase

In this phase the cells are dividing and are growing by geometric progression. The

rate of dividing of the cells is dependent on the composition of the growth medium

and the conditions of incubation [73].

• Stationary phase

Exponential phase cannot be continued forever in a close system such as test tube

or flask. The end of the growth is determined by one of three factors: 1) deple-

tion of nutrients 2) exhaustion of space and 3) accumulation of the inhibitors of

metabolism. This phase is not necessarily the period of quiescence. Bacteria can

produce secondary metabolites (metabolites produced after the active phase of the

growth), such as antibiotics [73].

• Death phase

If incubation continues after stationary phase, death phase follows. The number of

viable cells is decreasing geometrically. It is reverse of the growth in the exponential

phase [73].

3.3.3 Centrifugation

Centrifugation is a separation technique that is based on the behavior of the molecules in

an applied centrifugal field. In a solution with the large particles left to rest, the particles

will tend to sediment due to gravity. Main objective of the centrifugation is to exert a

larger force than is gravitational field of Earth to increase sedimentation rate. The par-

ticles with different size, shape, density or molecular weight have different sedimentation

rate that makes possible their separation by centrifugation. The tube with the solution

containing particles for separation is located in the rotor of centrifuges [74].
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4 | Results & discussion

4.1 Fabrication and characterization of SAW sensor

Figure 4.1 shows the schematic of the biosensor studied in this work: a Love wave - shear

horizontal surface acoustic waves sensor. The sensor consists of crystalline quartz. Two

types of quartz crystal cuts have been used - AT and ST cut. On the quartz are deposited

a pair of metallic interdigitated electrodes covered by a thin layer (1 - 2 µm) of amorphous

SiO2. This sensor is then coated by a thin NCD layer for surface functionalization.

Figure 4.1: Schematic of LW-SAW sensor on quartz substrates with IDTs, SiO2 guiding layer and thin

NCD layer deposited on top. (Reproduced from [60])

4.1.1 Theoretical study of LW-SAW sensor

The theoretical study of LW-SAW sensors was carried out in collaboration with A. Talbi

and A. Soltani at Joint International Laboratory LIA LEMAC/LICS-IEMN UMR CNRS

8520 in France. Theoretical calculations were carried out for a 1.3 µm thick SiO2 guiding

layer and for variable NCD layer thicknesses (0 - 100 nm). Legendre and Laguerre poly-

nomial approach of wave propagation in layered magneto-electro-elastic structures was

used for determination of the phase velocity and electromechanical coupling coefficient
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(K2) of these structures [75].

Figure 4.2: Phase velocity dispersion and electromechanical coupling coefficient curves for AT-cut quartz

as a function of different SiO2 normalized thicknesses for different diamond normalized thicknesses

Figure 4.3: Phase velocity dispersion and electromechanical coupling coefficient curves for ST-cut quartz

as a function of different SiO2 normalized thicknesses for different diamond normalized thicknesses

Figure 4.2 and figure 4.3 show dispersion of phase velocity and the electromechanical

coupling coefficient as a function of normalized SiO2 thickness for various normalized di-

amond thickness. One can see, that electromechanical coupling coefficient is lower for

AT-cut quartz crystal. LW-SAW without NCD coating shows a maximum K2 coefficient

for both cuts of crystal for a normalized SiO2 thickness about hSiO2/λ = 0.08. It can be

also observed, that for a given SiO2 thickness, the addition of the diamond layer steadi-

ly decreases the K2 coefficient. The strongest dispersion of K2 coefficient is observed

for 0.03 < hSiO2/λ < 0.3. It can be also observed, that with increasing thickness of the

diamond layer, phase velocity is increased as well. This is caused by increased surface

rigidity. The slope or derivative of the phase velocity dispersion curves give information
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on the sensitivity of the sensor. It can be seen that for 0.01 < hSiO2/λ < 0.09 curves are

almost linear which indicates a loss of sensitivity. Figure 4.4 shows, that with the addition

of diamond layers, sensitivity of sensor decrease in region of SiO2 normalized thickness

to 0.1. It can be also observed, that for diamond normalized thickness from 0.045 there

is a increase of the sensitivity in the region 0.1 < hSiO2/λ < 0.3. Then the sensitivity

decreases again.

Figure 4.4: Sensitivity as a function of SiO2 normalized thickness

According to these theoretical results, for fabrication of LW-SAW sensor it is necessary

to minimize the NCD layer thickness and set hSiO2/λ to obtain a high electromechanical

coupling coefficient and good sensibility of sensor. There are a few limitations in fabri-

cation of LW-SAW sensors. It is not possible to deposit a closed diamond layer thinner

than 50 nm due to initial nucleation density and the van der Drift growth mode. Another

limitation is the spatial resolution of the microfabrication process (1 µm). In this work

we used IDTs with spatial periods of 8, 12, 16 and 32 µm.

4.1.2 Methods for fabrication of LW-SAW sensor

Patterning of electrodes

IDT electrodes were patterned by a combination of photolithography and wet etching of

metals. Metals were first deposited by sputtering technique and then patterned by wet

etching using a photoresist mask prepared using photolithography technique.

55



4.1. FABRICATION AND CHARACTERIZATION OF SAW SENSOR

1. Metal deposition by sputtering techniques

Metal layers were deposited by RF or DC sputtering as is written in chapter ??. Aluminum

and chromium were tested for IDTs fabrication. Deposition conditions of each metal are

written in table 4.1.

Table 4.1: Conditions used for deposition of different metal layers

Metal Pressure

(Pa)

Gas RF power

(W)

RF frequency

(MHz)

Deposition rate

(nm/min)

Al 2 Ar (16 sccm) 200 13.6 25

Cr 2 Ar - - 10

2. Photoresist mask patterning

The patterning of photoresist mask requires several steps: 1/ deposition of photoresist,

2/ exposure of photoresist, 3/ development of photoresist and 4/ hard baking. Firstly, all

of the samples were cleaned by sonication in Acetone and IPA for 15 minutes each followed

by 10 minutes in distilled water. Two types of photoresist have been tested. Deposition

conditions for each photoresist are reported in table 4.2. Deposition of photoresist was

done in three steps: 1/ prebaking of the substrate, 2/ deposition of photoresist by spin

coating and 3/ baking.

Table 4.2: Used conditions for deposition of photoresist layer

Photoresist
Prebake Spin coating Baking

Time

(s)

Temperature

(◦C)

Time

(s)

Speed (rpm) Time

(s)

Temperature

(◦C)

ma-P 1210 60 100 30 3000 60 100

ma-N 1410 90 100 30 3000 90 100

Photoresist layers were exposed using Micro Writer ML apparatus. Several parameters

of the MicroWriter must be adjusted to optimize the photoresist exposure: quality of

exposure (fast, normal, high), dose and focus correction, exposure mode (x or y raster)

and used laser (5 µm, 1 µm or 0.6 µm). The wavelength of lasers is 405 nm. Influence of

all of these parameters were investigated using different substrates and photoresist types.

Developed optimal conditions are written in table 4.3. Hard baking of photoresist layer at
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120 ◦C on a hot plate for 2 minutes was done to increase the resistance of the photoresist

during metal deposition or etching.

Table 4.3: Optimal conditions for fabrication of IDTs on different substrates

Substrate Photoresist

type

Laser’s

diameter

(µmµmµm)

Quality of

exposure

Exposure

dose

(mJ/cm2)

Exposure

mode

Developing

time (s)

SiO2 ma-P 1210 0.6 Fast 71 Y raster 20

Si ma-P 1210 0.6 Fast 105 Y raster 20

Al ma-N 1410 0.6 Normal 370 Y raster 30

Cr ma-N 1410 0.6 Normal 351 Y raster 30

Au ma-N 1410 0.6 Normal 370 Y raster 30

Reactive ion etching - RIE

In this work we studied RIE of diamond for potential fabrication of diamond microcan-

tilever sensor. We studied not only etching rate of diamond but also aluminum and silicon.

Determination of etching rate of aluminum is important as aluminum is used as hard mask

for diamond etching. Simple Al patterns were fabricated by photolithography and wet

etching technique to determine the etching rate of diamond and Al. RIE conditions are

reported in table 4.4.

Table 4.4: RIE conditions for diamond and silicon

Pressure RF power Gases (sccm)

(Pa) (W) O2O2O2 CF4CF4CF4 ArArAr

26.6 400 40 2 10

Diamond and Si samples with Al mask were etched for different time durations (30, 60

and 90 min). To determine etching rates, the samples with Al mask were measured before

RIE etching, after RIE etching and after Al mask removal by wet etching (see figure 4.5)

using a profilometer KLA Tencor P-6.

Figure 4.6 shows etched thickness of Al, Si and diamond as function of etching time.

Calculated etching rates are reported in table 4.5. One can notice the low etching rate of
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1. 2. 3.

Al mask

Diamond, Si

Figure 4.5: Procedure for determination of RIE rate of different materials, 1. Diamond or Si substrate

with Al mask, 2. Etched substrate with etched Al mask, 3. Etched substrate after removal of Al mask

Al in comparison to diamond and Si, which confirms its usability as a hard mask for RIE

of diamond.

Figure 4.6: Calibration curves for etching of diamond, aluminum and silicon substrate

Table 4.5: Calculated etching rates for different materials

Diamond Aluminum Silicon

Etching rate (nm/min) 23 3.4 53

Diamond deposition

1. Deposition of NCD layers

Before diamond deposition, samples were sonicated in IPA for 15 min and in distilled

water for 10 min. After the cleaning procedure, samples were seeded by spin coating with

nanodiamond dispersion. Deposition conditions for diamond layers deposited in AX5010

are reported in table 4.6. Diamond layers were deposited on Si and glass substrates. We

noticed a variation in deposition rate with the type of substrate. The deposition rate on Si

substrates is about 50 nm/h whereas it is about 100 nm/h on SiO2. This difference might

be attributed to different substrate temperature. Figure 4.7 shows AFM image of 100 nm

thick NCD layer deposited on silicon substrate. The layer is smooth and homogeneous
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without any pinholes. Raman spectra shows clear diamond peak at 1332 cm−1. Peaks at

1140 and 1490 cm−1 are related to transpolyacetylene and disappears after annealing at

high temperature.

Table 4.6: Deposition conditions of NCD layer using AX5010 apparatus

Power Pressure Temperature Gases (sccm)

(W) (kPa) (◦C) H2H2H2 CH4CH4CH4 O2O2O2 TMBTMBTMB

1050 5 700 398 2 0.2 0

Figure 4.7: Raman spectra (left) of NCD layer deposited using AX5010 apparatus shows diamond peak

at 1332 cm−1. Peaks at 1140 cm−1 and 1490 cm−1 are related to transpolyacetylene. AFM picture

(right) demonstrate homogeneous layer without pinholes.

In this work, NCD diamond thin films were also prepared using MW-LA-PECVD system.

One main advantage of this system is deposition at low temperature (< 500 ◦C), which is

necessary to preserve piezoelectric properties of quartz crystal. An example of deposition

conditions for NCD layer used for attachment of bacteriophage’s fiber tails are given in

table 4.7. AFM picture in figure 4.8 shows homogeneous and smooth 200 nm thick NCD

diamond layer deposited on titanium layer. Raman spectra of this NCD layer shows a

clear diamond peak at 1332 cm−1.
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Table 4.7: Deposition conditions of NCD layer using MW-LA-PECVD system

Power Pressure Temperature Gases (%)

(kW) (Pa) (◦C) H2H2H2 CH4CH4CH4 CO2CO2CO2 TMBTMBTMB

2x2.75 32 < 500 92 5 3 0

Figure 4.8: Raman spectra (left) of 200 nm thick diamond layer, clear diamond peak at 1332 cm−1, peaks

at 1150 cm−1 and 1470 cm−1 are related to transpolyacetylene. AFM picture (right) of NCD layer

2. Deposition of boron doped epitaxial diamond layer on (100) substrate

Deposition of epitaxial boron doped diamond layers was carried out to obtain flat con-

ductive surfaces for observation of bacteriophage’s attachment by SEM. This depositions

were carried out in the AX5010 system. Preparation of high quality epitaxial layers

requires careful preparation and several deposition steps. Diamond substrates from Sum-

itomo Electric Hartmetall GmbH have been first carefully repolished to remove damage

of previous rough polishing and to produce a smooth surface. Polished samples were

then carefully chemically cleaned. Single crystal substrates were immersed into mixture

of H2SO4 with KNO3 at 180 ◦C for 10 min and several additional washing steps followed.

Single crystal were sonicated in hot distilled water, acetone and IPA for 10 min each.

After loading the sample into the deposition system, the sample was 1/ exposed to pure

H2 plasma at 100 mbar, 500 W for 5 min, 2/ etched in 99% of H2 and 1% of O2 plasma

at 100 mbar, 500 W for 10 min, 3/ cleaned by pure hydrogen plasma a second time and

4/ growth of the epitaxial layer was carried out using following conditions:
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Table 4.8: Conditions used for deposition of epitaxial layer onto (100) single crystal substrate using

AX5010 apparatus

Power Pressure Time Gases (sccm)

(W) (kPa) (Min) H2H2H2 CH4CH4CH4 O2O2O2 TMBTMBTMB

550 5 30 970 10 0 20

Figure 4.9: Raman spectra (left) of NCD layer deposited on (100) single crystal, clear diamond peak at

1332 cm−1 AFM picture (right) shows a smooth surface with terraces

4.1.3 Fabrication of LW-SAW sensor

Fabrication of IDTs

For fabrication of LW-SAW sensors, firstly IDTs electrodes were patterned on top of ST

or AT-cut crystal. IDTs can be fabricated by using different four schemes depending on

the type of photoresist (negative, positive) and type of mask (negative, positive): 1/ pho-

tolithography using positive photoresist and positive mask followed by metal deposition

and lift-off technique, 2/ metal deposition followed by photolithography using positive

photoresist and negative mask followed by etching, 3/ metal deposition followed by pho-

tolithography using negative photoresist and positive mask and etching techniques and

4/ photolithography using negative photoresist and negative mask followed by metal de-

position and lift-off techniques. Approaches 1/ and 3/ are shown in figure 4.10.

Aluminum or chromium IDTs were fabricated by photolithography using positive pho-

toresist, RF sputtering and lift-off techniques, developed conditions for each technique

61



4.1. FABRICATION AND CHARACTERIZATION OF SAW SENSOR

Figure 4.10: Two approaches of fabrication of IDTs: a) Process of fabrication using positive photoresist

and lift off technique (1. Deposition of photoresist, 2. Exposure of photoresist, 3. Development of

photoresist, 4. Deposition of metal layer and 5. Lift off technique) and b) Process of fabrication using

negative photoresist and etching techniques (1. Deposition of metal layer and photoresist on top of it, 2.

Exposure of photoresist, 3. Development of photoresist, 4. Etching of metal layer and 5. Removing of

photoresist layer)

are reported in table 4.1.2. At first, photolithography technique was done, used con-

ditions for SiO2 substrate are written in table 4.3. After patterning of the photoresist

electrode’s mask, deposition of metal layer by RF or DC sputtering followed. Then sam-

ples were immersed into acetone. In this lift-off process, photoresist with a metal layer

on top of it is removed leaving the metal layer deposited directly on the substrate. This

approach is shown on figure 4.10a). Fabricated IDT is shown in figure 4.11.

Figure 4.11: Picture of fabricated IDTs using lift-off technique
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Deposition of NCD and SiO2 guiding layer

The deposition of SiO2 guiding layer and NCD layer followed after the fabrication of IDTs,

as shown in figure 4.12. The amorphous silicon dioxide guiding layer was deposited by

PECVD System Plasma Lab 80 plus at IEMN. Deposition was held at low temperature

to preserve piezoelectric properties of quartz crystal. During the deposition, metal pads

of IDTs were mechanically protected. Deposition conditions are reported in table 4.9.

Figure 4.12: Process of fabrication of LW-SAW sensor, a) deposition of SiO2 guiding layer and b)

deposition of thin NCD layer on top of it.

Table 4.9: Conditions used for deposition of amorphous SiO2 guiding layer

Pressure Temperature Microwave Gases (sccm) Thickness of

(Pa) (◦C) power (W) SiH4SiH4SiH4 N2ON2ON2O layer (µmµmµm)

130 300 20 150 700 1.3

A thin NCD layer is then deposited at low temperature using MW-LA-PECVD. IDTs pads

were also mechanically protected from diamond seeding using clean room tape. Used con-

ditions are reported in table 4.9. After the deposition, NCD layers were characterized by

Raman spectroscopy and AFM. Raman spectra of diamond layers showed clear diamond

peak at 1332 cm−1 and surface of the 80 nm thick diamond layer is smooth and without

any pinholes, as shown in figure 4.13.

Table 4.10: Conditions used for deposition of NCD layer using MW-LA-PECVD

Power Pressure Temperature Gases (%) Deposition

(kW) (Pa) (◦C) H2H2H2 CH4CH4CH4 CO2CO2CO2 TMBTMBTMB rate (nm/h)

2 x 2.75 32 450 - 500 93.2 4.2 2.5 0.1 30
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Figure 4.13: Raman spectra (left) of NCD layer deposited on SiO2 guiding layer and AFM picture (right)

of 80 nm NCD layer

Final LW-SAW sensors were fabricated at IEMN. 225 nm thick aluminum IDTs were

deposited on AT-cut or ST-cut quartz crystals. IDTs consist of 28 pairs of electrodes with

different spatial periods - 8, 12, 16 and 32 µm and acoustic aperture 800 µm. LW-SAW

type of sensor was obtained by deposition of 1.3 µm thick SiO2 guiding layer followed by

deposition of 80 nm NCD layer at AT-cut the both using PECVD at low temperature.

Fabricated sensor is shown in figure 4.14.

Figure 4.14: Picture of fabricated LW-SAW sensor
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4.1.4 Characterization of LW-SAW sensor

Characterization of fabricated LW-SAW sensors was done before and after diamond layer

coating. At first, different devices with different IDTs spatial periods and different metals

used for their fabrication were studied. On the devices, with the best working IDTs, the

dependence of thickness of diamond layer was investigated. Another study was done using

diluted Lift-off resist (LOR), normally used for photolithography technique, to investigate

sensibility of the sensor. Obtained results were compared with theoretical ones.

IDTs with different spatial period study

For SAW devices with different spatial periods of IDTs, resonant frequency of the sensor

can be calculated according to the equation 1.2. Calculated resonant frequency for used

spatial periods are written in table 4.11, used phase velocity of SAW waves was 5100 m/s

, which is based on theoretical studies of AT-cut sensor. Table 4.12 shows measured

resonant frequency of fabricated sensor and calculated phase velocity.

Table 4.11: Calculated resonant frequency of SAW sensor for different spatial periods of IDTs

Spatial period λλλ (µmµmµm) Resonant frequency

f0 (MHz)f0 (MHz)f0 (MHz)

8 637.5

12 425

16 318.75

32 159.38

Table 4.12: Measured resonant frequency for different IDTs period and calculated phase velocity

Spatial period λλλ (µmµmµm) Resonant frequency

f0 (MHz)f0 (MHz)f0 (MHz)

Phase velocity (m/s)

8 610 4800

12 411 4932

16 277 4432

32 152.7 4886.4
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Figure 4.15: S21 parameter for different IDTs spatial period on AT-cut quartz: 8 µm (red line), 12 µm

(black line), 16 µm (green line), 32 µm (blue line)

From figure 4.15 it can be seen, that the best frequency response is obtained for devices

with λ = 32 µm. Devices with spatial periods 16 and 32 µm have lower insertion loss

than the other devices. According to these results IDTs with spatial periods 16 and 32 µm

were chosen for further work.

IDTs different metal study

Response of SAW device fabricated from two different metal - aluminum and chromium -

was investigated for different spatial period.

From figure 4.16 can be seen, that SAW devices with aluminum IDTs has lower insertion

loss (-31.9 dB or -37.3 dB for 16 µm or 32 µm respectively) than for SAW devices fabricated

with chromium IDTs (-50 dB). According to this result, we decided to use aluminum

electrodes for SAW devices fabrication.
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Figure 4.16: S21 parameter for SAW devices fabricated from different metal on ST-cut quartz

Diamond thickness dependence study

For the diamond thickness dependence study, we used ST-cut quartz crystal with IDTs

fabricated from aluminum with spatial periods 16 µm and 32 µm and a 1.3 µm thick

SiO2 guiding layer. Normalized SiO2 thickness is then 0.04 or 0.08 respectively. Diamond

layers were deposited using MW-LA-PECVD system from Leybold Optics Dresden. The

diamond layer had to be deposited at low temperature (< 500 ◦C) to preserve the piezo-

electric properties of the quartz substrate. Conditions used for deposition of diamond

layers are written in table 4.13. The SAW device with deposition of 12 NCD layers was

studied.

Table 4.13: Conditions used for deposition of NCD layer on SAW sensors

Layers Pressure Temperature Gases (%) Duration

(-) (Pa) (◦C) H2H2H2 CH4CH4CH4 CO2CO2CO2 TMB (ppm)TMB (ppm)TMB (ppm) (min)

1-6 25 470 93.27 4.21 2.52 15060 90

7-12 25 460 93.4 4.06 2.54 15384 90

All of the deposited diamond layers were investigated using AFM measurement to confirm

homogeneity of diamond layer. After the deposition of each diamond layer the frequency

measurement was done as well.
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not measured

L1 L2 L3

L4 L5

L7 L8 L9

Figure 4.17: AFM pictures of first nine layers of NCD deposited on SAW sensor

16 um 32 um

Figure 4.18: S21 parameter for SAW sensor with deposited different numbers of NCD layer

In the figure 4.17 one can see , that after the deposition of three layers, there were just a

few diamond crystals on the sensor. It can be observed, that layers 8 and 9 show a closed

surface of diamond layer. Figure 4.18 shows frequency response of SAW device deposited

with 1 to 12 NCD layers. Insertion loss of IDTs with 16 µm spatial period is around -55

dB. On the other side, insertion loss of IDTs with 32 µm on uncoated SAW sensor is

around -40 dB. The insertion loss is increasing with an increasing number of NCD layers.
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Figure 4.19: Insertion loss as a function of different number of NCD layers for normalized SiO2 thick-

ness 0.04

From figure 4.18 can also be observed the shift of the resonant frequency with addition of

each diamond layer. Relative frequency shift frel (%) was calculated according to following

equation:

frel =

(
f − f0

f0

)
· 100 (4.1)

where f (Hz) is resonant frequency of sensor with diamond layer and f0 (Hz) is resonant

frequency of uncoated device. From resonant frequency was also calculated SAW phase

velocity according to equation 1.2 and results are shown in figure 4.20.

1. 2. 3.

Figure 4.20: Phase velocity and relative frequency shift as a function of number of NCD layers

According to theoretical results, phase velocity of SAW should increase with deposition

of diamond layer. In figure 4.20 it is shown, that the phase velocity is rather constant
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until deposition of the seventh NCD layer, then the phase velocity increases for both SiO2

normalized thicknesses. This result is consistent with theoretical calculations. The phase

velocity calculated from the measured data is lower than the phase velocity obtained by

simulations. It can be caused by using parameters for simulation that are different from

real ones. From equation 1.2 is also obvious, that with increasing phase velocity, relative

frequency has to increase as well. In the figure 4.20 one can see three specific parts. In

the first part the resonant frequency is increasing. This can be caused by the annealing

effect of the quartz during the deposition. This annealing might change a slightly the

properties of the quartz crystal. In the second part the resonant frequency is decreasing.

This is attributed to mass loading of the sensor, but the deposited diamond layer is not

closed. In the third part the resonant frequency is increasing again. This is due to the

increase of surface rigidity, with the formation of a uniform closed diamond layer.

LW-SAW sensor sensitivity study

To study sensitivity of fabricated SAW sensors on ST-cut quartz crystal with aluminum

IDTs with spatial periods 16 and 32 µm and 1.3 µm thick SiO2 guiding layers were used to

compare sensitivity of uncoated LW-SAW sensor and sensor with 12 deposited diamond

layers.

Six consecutive layers of LOR polymer were deposited on each LW-SAW sensor. After

each deposition frequency measurement was done. In parallel a set of six silicon samples

with the same number of LOR layers was also prepared and their thickness was measured

by SEM. Measured parameter S21 for all six LOR layers for different SiO2 normalized

thicknesses is shown in figure 4.21.

Figure 4.21 shows S21 parameter for different normalized thicknesses of SiO2 layer and for

uncoated and diamond coated devices. A shift in the resonant frequency between coated

and uncoated devices can be observed as well as an increase in insertion loss for the

diamond coated LW-SAW sensor. One can also see the higher shift of resonant frequency

for normalized thickness 0.08 than for 0.04. It refers to the higher sensitivity of sensor

with normalized thickness 0.08 and this result is consistent with theoretical studies. Phase

velocity was calculated from measured resonant frequency.
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Diamond uncoated LW-SAW

Diamond coated LW-SAW

Figure 4.21: S21 parameter for diamond coated and uncoated LW-SAW sensors with deposited different

numbers of LOR layers

Figure 4.22: Phase velocity and relative frequency shift as a function of thickness of LOR layers

From the figure 4.22 it can be seen, that the phase velocity of acoustic waves is almost

constant for the diamond coated sensor with SiO2 normalized thickness 0.04 and diamond

uncoated sensor with SiO2 normalized thickness of 0.08. This results leads to the conclu-
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sion, that for better sensitivity of diamond coated sensor, the SiO2 normalized thickness

has to be changed. There are two possibilities: 1/ fabrication of SAW with different IDTs

spatial periods and 2/ with different thickness of SiO2 guiding layer. Aim is to obtain

SiO2 normalized thickness about 0.2 - 0.3 by combination of proposed possibilities.

4.2 Attachment of bioreceptors to diamond surface

In parallel to the development and fabrication of LW-SAW sensor we studied biofunction-

alization of diamond surface. Two approaches were studied - attachment of bacteriophages

T7 and attachment of bacteriophage’s fiber tails to the diamond surface. For attachment

of bacteriophages, different surface functionalization of diamond surface and development

of microbiological methods had to be carried out.

4.2.1 Diamond surface functionalization for bacteriophage attach-

ment

In this work, we studied three types of diamond surface termination for attachment of

bacteriophage. The different surfaces were characterized by contact angle measurement.

H-terminated diamond surface

As-grown diamond layers are terminated with hydrogen atoms. Hydrogenated surface is

known to be hydrophobic. Hydrogen plasma was used to obtain H-terminated diamond

using AX5010 PECVD system and conditions are written in table 4.14.

Table 4.14: Conditions used for H-termination of NCD layer

Power (W) Pressure (kPa) Gas (sccm) Time (min)

1150 5 H2 10

O-terminated diamond surface

Four different processes for preparation of oxygen terminated surface were studied: 1/ pure

oxygen plasma treatment at power 1000 W, pressure 500 Pa for 5 min using AX5010

PECVD system, 2/ O3 treatment under UV light 3/ oxidation in hot H2SO4 (180◦C) with
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KNO3 for 10 min, 4/ oxidation in hot H2SO4 (100◦C) with H2O2 for 30 min. After wet

chemical treatment, samples were rinsed and sonicated into distilled water, acetone and

IPA for 5 min each. Finally, samples were dried using compressed air. Diamond oxidized

surface is known to be hydrophilic hence contact angle of oxidized surfaces must be very

low. Contact angle of surfaces terminated by wet chemical treatment was measured using

contact angle measurement apparatus at Institute of Physics CAS, v.v.i.

NH2 termination

Chemical treatment was used to obtain amino groups onto diamond surface. Diamond

layer was first annealed to form sp2 hybridization of the carbon on top of diamond layer.

Then the surface was terminated by azide groups, that are reduced to form amino groups.

The success of this process was evaluated using XPS analysis. Contact angle of aminated

diamond layer was also measured.

Annealing

Annealing of the NCD layers were done at 900 ◦C at argon flow for one hour. Raman

spectra were measured for confirmation of forming of sp2 hybridization and are shown in

figure 4.23.

Figure 4.23: Raman spectra of annealed SCD layer, band at 1600 cm−1 refers to the forming of sp2

hybridization of carbon during the annealing process
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Termination of diamond surface with azide groups

A diamond layer was placed in the conical vial with distilled water (1.5 ml). 4-(2-

azidoethyl)alanine hydrochloride (10 µg) and isopentyl nitrite (20 µl) were added to

distilled water. The reaction mixture with immersed sample was stirred overnight at

80 ◦C. Reaction mixture was sucked up and followed by several washing steps. The sam-

ple was washed three times in acetone (2 ml) and methanol (MeOH, 2 ml) and once in

distilled water (2 ml), dichloromethane (2 ml), acetone (2 ml), MeOH (2 ml) and distilled

water (2 ml) for 10 minutes each. Surface of the diamond layer was then characterized by

XPS method. Figure 4.24 shows results of the XPS analysis of the diamond surface after

treatment with 4-(2-azidoethyl)alanine. Peak around 407.63 eV confirms the presence

azide groups, second peak at 399.75 eV refers the presence of C-N bonds on the diamond

surface.

C-N

N3

Figure 4.24: Peak at 407.63 eV confirm the presence of azide groups onto diamond surface after 4-(2-

azidoethyl)alanine treatment
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Reduction of azide groups to amino groups

Diamond layer terminated by azide groups was then reduced to obtain amino groups. The

diamond sample was placed in the conical vial and distilled water (1 ml) in which tetrahy-

drofuran (1 ml) and triphenylphosphine (20 µg, 0.073 mmol) was added. The mixture

with sample was stirred overnight at 50 ◦C. Reaction mixture was then sucked up and

then the sample was washed three times with acetone (2 ml) and MeOH (2 ml) and once

with distilled water (2 ml), dichloromethane (2 ml) and acetone (2 ml) for 10 minutes

each. 4-(2-azidoethyl)alanine was reduced onto 4-(2-aminoethyl)alanine. The following

XPS analysis confirmed the reduction of azide: peak corresponding to azide groups dis-

appeared and remains only the C-N peak, see figure 4.25.

C-N

Figure 4.25: Missing azide peak at 407.63 eV refers to reduction of azide groups to amino groups
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Contact angle measurement

Table 4.15: Measured contact angles for different functionalized NCD layer

Number of sample or

type of treatment

Contact angle - single drops

(◦)

Mean value of contact angle

(◦)

Hydrogenated NCD layer

60.7 ± 0.34

1 60.3 ± 0.16 60.2 ± 0.53

59.7 ± 0.36

60.2 ± 0.35

2 60.4 ± 0.22 60.2 ± 0.35

61.3 ± 0.24

Aminated NCD layer

93.3 ± 0.32

1 97.1 ± 0.25 95.8 ± 2.24

97.2 ± 0.25

95.7 ± 0.11

2 103.8 ± 0.13 99.1 ± 4.16

97.9 ± 0.22

Oxidized NCD layer

H2SO4 + KNO3 42 -

H2SO4 + H2O2 68 -

Pure oxygen plasma 3.4 ± 0.25 -

Ozone treatment 100.3 ± 2.6 -

a) b) c)

d) e) f)

Figure 4.26: Droplet of water on NCD layers functionalized by: a) hydrogenation, b) amination, c) ox-

idization - H2SO4 + KNO3, d) oxidization - H2SO4 + H2O2, e) oxidization - ozone treatment and

f) oxidization - pure oxygen plasma treatment
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Image of water droplet on hydrogenated surface is shown in figure 4.26 and measured

contact angles are reported in table 4.15. Hydrogenated surface is considered to be hy-

drophobic, which corresponds to a contact angle greater than 90 ◦. Contact angle of water

droplet on hydrogenated surface is approximately 60 ◦. Contact angles for three droplets

on different places on one NCD layer are very close, which refers to the good homogeneity

of hydrogenation of diamond layer. Oxidized NCD layer are reported to be hydrophilic,

to which corresponds angle smaller then 90 ◦. This conditions is not fulfill by sample

after ozone treatment, that had a contact angle 100.3 ◦. The best results were obtained

after oxygen plasma treatment. Wettability of aminated ultra-nanocrystalline diamond

(UNCD) layer is reported as hydrophilic. In this work, we aminated NCD layer and mea-

sured contact angles around 95 - 99 ◦ refer to hydrophobicity of the surface. Measured

contact angle of three droplets on one NCD layer can also shows an inhomogeneity of sur-

face functinalization. This different result from literature [55] can be caused by different

size of diamond crystals (UNCD vs NCD layers) and different density of amino groups on

the diamond surface.

4.2.2 Attachment of bacteriophages to the diamond surface

In this work, bacteriophages T7 were purchased from Leibniz Institute DSMZ-German

Collection of Microorganisms and Cell Cultures, all of the other chemicals and materials

were obtain from Microbiological institute CAS, v.v.i. At first, sensible strain of Es-

cherichia coli had to be found and several strains were tested using Plaque assay method.

Then, optimal conditions for multiplication and purification of bacteriophages had to be

found. For bacteriophage attachment, experimental set of samples was fabricated using

glass substrates coated with boron doped NCD layer. Conductive boron doped NCD layer

was chosen to be compatible with SEM characterization.
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Plaque assay method

Used bacteria strain: Escherichia coli LB21 DE3-

Used bacteriophages: Bacteriophage T7

Used buffers:

PBS buffer 8 g of NaCl

0.2 g of KCl

1.44 g of Na2HPO4

0.25 g of KH2PO4

pH = 7.4, adjust with HCl

Used culture media:

LB (Luria Bertani) 10 g of tryptone

5 g of yeast extract

10 g of NaCl,pH = 7 - 7.5

1 l of distilled water and 1.5 % of agar

LB soft 10 g of tryptone

5 g of yeast extract

10 g of NaCl, pH = 7 - 7.5

1 l of distilled water and 0.5 % of agar

LB liquid the same composition without agar

Cultivation media was sterilized by autoclaving.

Bacteria cell culture was cultivated in liquid LB medium on the orbital shaker at 37 ◦C

overnight. 10 ml of medium with 1.5 % of agar was poured on several Petri dishes and

left until it become hard. 10 ml of soft medium was held in the tubes that were in water

at 48 ◦C. 100 µl of bacteria cell culture was added into each tube with soft medium. Then

100 µl of bacteriophage’s suspension in PBS buffer was added into tubes as well. In each

tube the suspension had different concentration (10−1 – 10−8 pfu/ml). It was poured on

the Petri dishes with solid medium. Petri dishes were left at 37 ◦C for 24 hours. Then

the number of plaques was determined.
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Figure 4.27: Results of plaque assay method, each plaque belongs to one bacteriophage particle

Multiplication of phages

Used bacteria strain: Escherichia coli LB21 DE3-

Used bacteriophages: Bacteriophage T7

Used culture media:

2xTY + kanamycin 16 g of tryptone

10 g of yeast extract

5 g of NaCl, pH = 7 - 7.5

+ kanamycin

Used buffers:

Buffer for phages 5 g of NaCl

17.6 g of Na2HPO4 · 12 H2O

3 g of KH2PO4

pH = 7.4, adjust with HCl

Add before use: 1 ml of 1M MgSO4

0.1 ml of 1M CaCl2

1 ml of 1% gelatin

too 1000 ml of distilled H2O
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At first, bacteria cell culture was cultivated in 100 ml of 2xTy culture medium with

kanamycin at 37 ◦C on orbital shaker. When the culture was in exponential phase,

100 µm of bacteriophage solution was added and it was incubated at 37 ◦C on orbital

shaker. The optical density was measured during cultivation and when it decrease, the

lysis of bacterial cells occured. The solution was then centrifuged at 5000 rpm for 10 min

in order to pellet bacteria and supernatant was removed into new flask.

This process of bacteriophages purification was insufficient, so ultracentrifugation of su-

pernatant at 45 000 rpm for 1‘hour was done as another purification step. Then the

supernatant was removed and pellet containing bacteriphages was dissolved in PBS buffer.

Attachment of bacteriophages

The procedure described in the study of A. Singh et al.‘ [13] was followed for attachment

of bacteriophages to the diamond surface. Different types of functionalization of NCD

layer were studied for this attachment - hydrogenation, oxidation, amination and activa-

tion of aminated NCD layer by gluteraldehyde. These functionalization steps were carried

out according to procedures described in chapter 4.2.1.

At first, the phage titre of multiplicated phages was calculated using plaque assay method

and all of the immobilization work was performed in an SM buffer (pH = 7.5). Activation

of aminated NCD surface with gluteraldehyde was performed by immersing the sample

in a 2% solution (v/v) of gluteraldehyde in PBS buffer for 1 hour at room temperature

shaking on an orbital shaker at 500 rpm and finally washed twice in distilled water. Other

samples were washed by 96% ethanol and distilled water for 5 min each on orbital shaker

at 500 rpm. Then, all of the samples were immersed in 750 µm of phage solution with titre

1010 pfu/ml for 20 h at room temperature or 40 ◦C. Then, the substrates were washed

in 0.05% (v/v) Tween-20 solution in SM buffer for 5 min, twice in SM buffer for 5 min each

and twice in distilled water for 5 min each at orbital shaker at 200 rpm. Samples surfaces

were then inspected by scanning electron microscopy at the Microbiological Institute CAS,

v.v.i.

Figure 4.28 shows SEM micrographs of different functionalized NCD surfaces after process

of bacteriophage attachment at 40 ◦C. There can be seen very clearly the crystalline struc-
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a) b)

c) d)

Figure 4.28: SEM micrographs of functionalized NCD layers: a) Hydrogenated NCD layer, b) Oxygenated

NCD layer, c) Aminated NCD layer, d) NCD layer with activated amino groups with gluteraldehyde

ture of the NCD layer. In the red circles are highlighted places with attached proteins. It

can be seen, that on the hydrogenated surface (4.28a) there is a lower density of attached

proteins. This can be caused by hydrophobicity of the NCD surface. In contrary, on

oxidized (4.28b) or aminated (4.28c) the surface has a high density of attached proteins.

Oxidized surface is hydrophilic and amino groups easy bond to the biomolecules. On the

aminated surface activated by gluteraldehyde (4.28d) can also be observed attachment

of outer membrane of bacterium (blue arrow). This surface was the only one on which

we observed attachments of outer membranes of bacteria. This result may suggest, that

this surface functionalization is the most promising one for bacteriophage attachment.

Attachment of proteins all over the surface is caused by insufficient purification of bacte-

riophages. From this SEM measurement we cannot confirm the presence of bacteriophages

on the diamond surface. The reason could be, that T7 bacteriophage’s head size is about

50 nm, which is comparable to the diamond crystals. 50 nm is also at the detection

limit for nonconductive samples, because incident electrons causes charging of the sample
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and it is not possible to focus properly at high magnification. Another reason is, that

attached proteins covers almost the whole surface and it can make impossible to observe

bacteriophages.

Because of these reasons, we decide to optimize bacteriophage’s purification process and

then observe bacteriophages on conductive surface. After the purification we did TEM

measurement to check purity of solution. On the TEM image prepared by negative stain-

ing it is possible to observe the presence of proteins in the solutions and also distinguish

bacteriophage particles with nucleic acid inside their head and particles without nucleic

acid, called "ghosts".

Figure 4.29: TEM image of bacteriophages solutions after negative staining

Figure 4.29 shows TEM image of bacteriophages solutions after negative staining. In the

red circles can be observed bacteriophages particles without nucleic acid, these particles

have deformed heads. In the blue circle highlighted is the outer membrane of bacterium.

There can be also observed a huge amount of properly maturated bacteriophages particles,

several of them have a white ruler close to them. This solution was then used for SEM

observation of bacteriophages on silicone substrates. 100 µl of bacteriophage suspension

was allowed to sediment overnight onto poly-L-lysine-treated Si-chip at 4◦C. Si-chip was
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then washed with cacodylate buffer and dehydrated through an alcohol series followed

by absolute acetone and critical point dried from liquid CO2 in a K850 Critical Point

Dryer unit (Quorum Technologies Ltd., Ringmer, United Kingdom). The dried sample

was sputter coated with 3 nm of platinum in a high resolution sputter coater Q150T

ES (Quorum Technologies Ltd., Ringmer, United Kingdom). Finally, the sample was

examined in FEI Nova NanoSEM 450 scanning electron microscope using ETD, TLD and

CBS detectors in standard, immersion, and beam-deceleration (5kV → 2kV ) modes. As

it can be seen at figure 4.30, bacteriophages can be clearly observed and it is also possible

to see icosahedral structure of bacteriophage’s head.

Figure 4.30: SEM image of silicon substrate with attached bacteriophage covered by 3 nm of platinum

layer

This bacteriophage solution was then used for their attachment to the epitaxial grown

boron doped diamond layer on SCD substrate. This layer was chosen because of its

flat surface, so it should be easier to distinguish between bacteriophage particles and

the diamond surface. For attachment the same procedure described above was used.

Immobilization was performed on hydrogenated and oxidized diamond surfaces at 40 ◦C.

For better SEM observation, dried samples were sputter coated with 3 nm of platinum

in a high resolution sputter coater. Samples were then inspected in FEI Nova NanoSEM

450 scanning electron microscope at the Microbiological Institute CAS, v.v.i.

Figure 4.31 shows SEM micrographs of different functionalized diamond layers on SCD

substrate with attached bacteriophages. In figure 4.31a) and 4.31b) is an oxidized dia-

mond surface. It can be seen, that the surface of the diamond layer is not flat, but there is

a very fine structure. This is caused by diamond etching during oxygen plasma treatment.

In the figures 4.31a) and 4.31c) are highlighted in red circles attached bacteriphage parti-
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a) b)

c) d)

Figure 4.31: SEM image of SCD substrate with epitaxial diamond layer with attached bacteriophages

covered by 3 nm of platinum layer, a) and b) oxidized surface, c) and d) hydrogenated surface

cles. In the figures 4.31b) and 4.31d) are measured bacteriophage particles and their size

corresponds to the size of T7 bacteriophage head. In the figure 4.31d) are measured three

particles, particle highlighted by blue arrow and its size 51.93 nm is probably bacterio-

phage’s ghost, because it does not give any signal in backscattered electron imaging. This

image is not presented here because of little contrast. It can be also observed, that there

is attached a huge amount of organic proteins and biomolecules on the surface. This is

caused by insufficient purification of bacteriophage particles. This caused problems dur-

ing surface observation, because the organic layer is burned by incident electrons and it

contaminate platinum layer and it cause deterioration of conductivity of platinum layer.
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4.2.3 Attachment of bacteriophage’s fiber tails to the diamond

surface

For the attachment of bacteriophage’s fibre tails to diamond surface we used following

method: 1/ coating of diamond with a methacrylate-terminated thin silica layer, 2/ coat-

ing of diamond layer with polymers with antifouling properties, 3/ attachment of ligands

by click reaction and 4/ attachment of His-tag linkers for fiber tails attachment, as is

shown in figure 4.32.

Diamond substrate

Silica layer - attachment of copolymer layer 
Copolymer layer - prevence of nespecific attachment of proteins 

Linker for His-tag

His-tag with fiber tails

Figure 4.32: Scheme of attachment of bacteriophage’s fiber tails to the diamond surface

A set of NCD samples was specifically fabricated by MW-LA-PECVD on glass substrates

coated with 100 nm thick titanium layer deposited by RF sputtering. Deposited diamond

layers were oxidized using optimal conditions for oxygen plasma. Purpose of titanium

layer is to use it as reflective layer for PM-IRRAS measurement. In the following text,

chemical protocol is described step by step.

Coating of diamond with a silica layer

Polyvinylpyrrolidone (PVP, M = 10 000, 2.28 mg, 0.228 µmol, purchased from Sigma-

Aldrich) was added in distilled water (2.4 ml) in 20 ml vial and sonicated in ultrasonic

bath until complete dissolution. Before to be added in the PVP mixture, the samples

were washed in acetone, ethanol and distilled water and dried by compressed air. Vials

with samples were left at gel-rocker overnight. Thin silica layer grows from a mixture

of tetraethyl orthosilicate (TEOS) and 3-(trimethoxysilyl)propyl methacrylate. Samples

were removed from mixture of PVP and added into new vials. Distilled TEOS (18 µl, pur-

chased from Sigma-Aldrich) and 3-(trimethoxysilyl)propylmethacrylate (6 µl, purchased

from Sigma-Aldrich) and ethanol (2.4 ml) were added in the vial with sample. Ammonia

(25 %, 100 µl) was added after 20 s sonication in an ultrasonic bath. Vials were left at

gel-rocker overnight. Samples were then washed 3 times with ethanol, putted into new

vials and stored in methanol at -20 ◦C. Reaction equation to form silica layer is shown in
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figure 4.33.
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Figure 4.33: Reaction equation for grown of silica layer - Tetraethyl orthosilicate + 3-

(trimethoxysilyl)propyl methacrylate + oxidized diamond layer forms silica coating of diamond

Presence of silica layer on the NCD layer was checked by PM-IRRAS method. Figure 4.34

clearly shows the formation of silica layer with a characteristic peak at 1200 cm−1 corre-

sponds to the vibrations of the Si-O-Si bonds. Bands at 2900 cm−1 corresponds to the

alkyl stretch vibration of the trimethylene chain of silylpropylmethacrylate and the corre-

sponding vibration can be found at 1420 cm−1. The peak around 1700 cm−1 corresponds

also to the alkenyl C=C stretch vibration.

Figure 4.34: PM-IRRAS spectra of silica coated NCD layer and pure NCD layer.

Second experiment was done for the investigation of influence of PVP layer on the for-

mation of silica layer. One sample was prepared reproducing the whole process described
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above. For the preparation of second sample, the step with PVP modification was skip

and process stared with grown of silica layer. Both samples were characterized by PM-

IRRAS measurement. They show same characteristic peaks as in figure 4.34 of NCD

coated with SiO2 layer.

Figure 4.35: PM-IRRAS spectra of silica coated NCD layer with or without use of PVP.

Polymer layer coating

The deposited methacrylated silica layer was used to grown a dense layer of copoly-

mers, which mainly consists of poly[N-(2-hydroxypropyl)methacrylamide] (poly(HPMA)).

A fraction of HPMA in reaction mixture was replaced by 3-(azidopropyl)methacrylamide

(AzMA) to introduce azide groups to the polymer, that were required for copper-catalyzed

click reaction. This copolymer layer was grown using radical polymerization and azo-

bis(isobutyronitrile) (AIBN) is used as an initiator.

In the reaction mixture, 5% or 30% of HPMA polymer was replaced by AzMA. HPMA

[332.5 mg, 2.29 mmol (resp. 245 mg, 1.69 mmol) purified by flash chromatography]

and AzMA [17.5 mg (resp. 105 mg)] were dissolved in DMSO (1 ml, filtered using a

0.2 µm polytetrafluorethylene microfilter) in the vial. AIBN (100 mg, 0.61 mmol, freshly

recrystallized from ethanol solution on a rotary evaporator, maximum temperature 30 ◦C)

was added. Mixture was dissolved using vortex. Methacrylate-terminated samples were

dried using compressed air and added in the mixture. Vials were secured with argon
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three times and left for 3 days under argon at 55 ◦C. Then, samples were washed once at

DMSO, twice at EtOH and three times at milliQ water and stored at -20 ◦.
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Figure 4.36: Reaction equation for polymer layer coating - silica layer + HMPA + AzMA forms copolymer

layer with presence of azide groups
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Figure 4.37: PM-IRRAS spectra of polymer coated NCD layer with significant peak at 2100 cm−1 related

to azide groups

It was not possible to continue with further functionalization steps because of problem

with synhtesis of ligand. This ligand is necessary for click reaction and further attachment

of His-tag linkers with bacteriophage’s fiber tails.
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5 | Conclusions

This work was carried out to develop a diamond based LW-SAW sensor for bacteria

detection and the following aims were achieved.

Fabrication and characterization of SAW sensors

Development of microfabrication processes

Optimal conditions were developed for microfabrication processes such as photolithogra-

phy, wet etching, dry etching and metal deposition. For photolithography techniques we

found optimal writing conditions with the MicroWriter ML for both positive and negative

photoresist on different types of substrates. Wet etching and dry etching were developed

on various materials: silicon, aluminum and diamond, which are relevant for future use in

fabrication of different types of sensors: microcantilever sensor. For successful fabrication

of diamond coated LW-SAW sensor optimal conditions for deposition of NCD layer were

determined.

LW-SAW fabrication and characterization

LW-SAW sensors were fabricated at IEMN, France. LW-SAW sensors were fabricated on

AT-cut or ST-cut quartz crystal with IDTs with different spatial periods and 1.3 µm thick

SiO2 guiding layer and thin NCD layer on top. The influence of different SiO2 normalized

thicknesses was studied. For a constant thickness of guiding layer 1.3 µm, the optimal

frequency response is provide by SAW with 16 or 32 µm IDTs, which corresponds to a

SiO2 normalized thickness of 0.08 or 0.04. SAW devices with these two values of spatial

periods were used to study dependence of metal used for fabrication of electrodes. Two

metals were investigated - aluminum and chromium. SAWs with aluminum electrodes
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have lower insertion loss. Study of dependence of diamond layer was carried out as well.

We observed that with deposition of increasing NCD layer thickness resonant frequency

of sensor increase, that is caused by an increase in phase velocity of acoustic waves due

to an increase in rigidity of the surface. Results showed a decrease of resonant frequency

until the NCD was closed. A decrease in resonant frequency is caused by mass loading

of the sensor. Sensitivity of LW-SAW sensor were studied using diamond coated and

uncoated sensor with deposited different number of LOR layers. These results showed

better sensitivity for sensors with 0.08 SiO2 normalized thickness. All of these results are

consistent with theoretical studies of LW-SAW sensor.

Attachment of bioreceptors to the diamond surface

Diamond surface functinalization

Various functionalization was carried out for attachment of bioreceptors to the diamond

surface. Three different types of termination of NCD layer were investigated. Optimal

conditions for hydrogenation and oxidization of NCD layers were developed. Chemical

functionalization of NCD layer was performed to introduce NH2 groups onto the diamond

surface. The wettability of prepared NCD layers was investigated using contact angle

measurement.

Microbiological methods

Microbiological methods such as cultivation of bacteria, multiplication and purification of

phages and plaque assay methods was carried out. Sensitive E. coli strains was found for

bacteriophages T7 using plaque assay method. Efficiency of multiplication and purifica-

tion of bacteriophages was investigated using negative staining and TEM measurement.

We found that purification of bacteriophages was insufficient and better methods have to

be developed to obtain clear bacteriphages suspension.

Attachment of bacteriophages T7 to diamond surface

For attachment of bacteriophages T7, procedure developed by Singh et al. [13] was fol-

lowed. For this attachment, different diamond treatments were investigated - hydrogena-
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tion, oxidization, amination and activation of amino groups by gluteraldehyde. It was not

possible to observe attached bacteriophages to NCD layer, because the size of bacterio-

phage’s head is approximately 50 nm and this size is comparable with the size of NCD

grains. Observation was also impossible because of bad conductivity of the substrate and

a huge amount of attached proteins to the diamond surface. Epitaxial grown diamond lay-

ers on SCD substrate were used also. The surface of this layer is flat without grains. Two

types of termination were used - hydrogenated and oxidized surface. After the attachment

process, samples were coated with 3 nm of platinum to obtain a conductive surface. The

presence of bacteriophages T7 on this type of diamond surface was confirmed.

Bacteriophage’s fiber tails attachment study

For attachment of bacteriophage’s fiber tails several steps was carried out. Silica coating

as well as introduction of a biocompatible copolymer with azide groups was confirmed and

optimised by PM-IRRAS technique. Further functionalization of surface for attachment

of fiber tails was unfortunately delayed due to synthesis complications. As soon as the

ligand for attachment will be prepared, a study of attachment of fiber tails will proceed.

Future work

Conclusion of this study will lead to future work. Attachment study of bacteriophages

to the aminated epitaxial diamond layers as well as the attachment of fiber tails as well

as further optimization of SAW design shall be continued. After the introduction of a

bioreceptor to the diamond surface, their capture ability and bacterial sensitivity shall be

studied as sensitivity of LW-SAW sensor to bacteria capture. Other types of sensors such

as microcantilevers or membrane acoustic sensors can be developed, studied and compared

with LW-SAW sensor. Biofunctionalization results can also be used for fabrication of

electrochemical sensors.
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