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Bacteriorhodopsin (BR) is a light-sensitive protein, which is a promising
material for various technical applications, such as photosensors. The quality of
dry thick BR photosensors depends on few performance characteristics.
Uniformity of parameters, which have the impact on such characteristics, should
be maintained during the preparation or otherwise compensated afterwards. In
this thesis, uniformity examination techniques were studied. Experimental
setups, which operate, based on studied techniques, were designed. Experiments,
which were conducted on constructed setups, revealed a list of dependencies
between BR properties and allowed to evaluate properties of sensors.
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Abbreviations and symbols
3,4-dh

3,4-didehydro

4k

4-keto

A

absorbance, area of the plates

AC

alternating current

ASP

aspartic acid

b

supposed number of BR particles in the sample

BLM

black lipid membrane

BR

bacteriorhodopsin

BR-PVA

bacteriorhodopsin in polyvinyl alcohol polymer matrix

c

concentration

cv

coefficient of variation

C

capacitance

d

distance between the plates

DC

direct current

ESR

Equivalent series resistance

FT/HFE

Fourier transform high frequency enhancement

FTH

Fourier-transform holographic

I

intensity

k

relative permittivity of the dielectric material between the plates

l

path length of the light through the sample

LCD

liquid crystal display

LCR

inductance, capacitance, resistance

n

total amount of particles in the sample, amount of segments

PER

photoelectric response

PM

purple membrane

PVA

polyvinyl alcohol

q

relative amount of BR in the whole mixture

RMS

Root mean square

SLM

spatial light modulator

T

transmittance

WRE

write-read-erase

x

supposed relative amount of BR in the sample

Z

impedance

ϵ

molar absorption coefficient

ε0

permittivity of space

σ

ratio of deviation

μ

mean

ν

frequency
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1.1

Introduction

Background

Currently, most of the devices for storage, transmission and processing of
information are based on semiconductor technology whose undoubted
advantages [1] caused its rapid development in the last decade. However, besides
their numerous benefits, semiconductors have a significant limitation in the
minimum physical sizes, which belongs to their quantum physical nature. The
rapid development of computer technology will result in approaching the
minimum size of the semiconductor chip in a few years, as Moore's Law
proposes [2]. According to researchers [3, 4], new technology may create the
shift, which can prolong the downscaling process. As a possible alternative,
molecular electronics, combining both molecular and solid-state elements, can be
implemented.
The molecular electronics technology is used in numerous devices, such as liquid
crystal display (LCD), which was the first commercial success. The subfield of
molecular electronics, which investigates biopolymers as a part of electronic
devices is called bioelectronics. Biopolymers have an ability to change their
molecular structure without the break-up of chemical bonds in response to a
physical excitation. This process is called photoisomerization, while different
isomers of the same biopolymer are called intermediate stages. The main
selection criterion for using biopolymers in technical applications is the existence
of at least two stable states with easily measurable physical characteristics and
which are clearly differentiated [5,6].
Among the list of photoactive biopolymers, bacteriorhodopsin (BR) is one of the
most noteworthy. Its purpose in the nature is to transform light energy into
chemical energy. This process is happening due to the transmembrane pumping
of protons to the extracellular space of bacteria. This translocation creates the
electro-chemical proton gradient on the surface of the cell, which allows to
perform the energy conversion.
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Manufacturing of the BR-contained part for a technical device includes two main
steps: extraction of bacteriorhodopsin from the Halobacterium, and preparation
of the media according to the requirements of application.
BR has multiple advantageous characteristics, like significant shift in the
absorption maximum and the different intermediate stages, high thermal and
chemical stability and the variety in preparation techniques and media types. It
allows to implement bacteriorhodopsin in the wide range of technical
applications like holography, optical storage and imaging devices [6 – 9].
For instance, one of the promising BR technical applications is color molecular
sensor [10]. The device, which was prepared at Lappeenranta University of
Technology, consists of thick solid-state films, where bacteriorhodopsin is mixed
with the polyvinyl alcohol polymer. It became possible to construct the thickfilm photosensor with color sensitivity, and capability for video capture, based
on two-dimensional arrays of elements containing wild-type, 4-keto (4k), and
3,4-didehydro (3,4-dh) bacteriorhodopsin.
As an optical sensor, thick bacteriorhodopsin film should fulfill technical
requirements [11]. The main parameters are consistency in output and stability in
various operating conditions. In order to limit the possible discrepancy in the
input/output relation, inhomogeneity within the film should be prevented by
technological means in the preparation process of the film, or compensated with
correction coefficients during the calibration process. While working with a set
of sensors within one device, the uniformity of films in the set affects the
deciding factor as well and should be maintained by similar methods.
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1.2

Objectives and Restrictions

The main objective of current thesis is to develop techniques for the evaluation
of thick BR-PVA (bacteriorhodopsin in polyvinyl alcohol polymer matrix) film
uniformity.
In order to fulfil this objective, several tasks should be completed: parameters,
which have an influence on thick BR-PVA film performance should be specified
and then, based on them, methods, enabling estimation of uniformity of each
parameter should be reviewed and analyzed.
For the purpose of completing the first task, it is necessary to review information
concerning bacteriorhodopsin, its composition, properties, technology of
production, technical implementations as well as particular dry thick BR-PVA
photosensors, which are the subject matter of current thesis. Information, which
is obtained during the review, should be used for the indication of parameters,
which affect uniformity.
Taking into consideration the material and technical basis, which is a restricting
factor, the developed and designed automatized techniques should be either
experimentally tested in practice, with the analysis of the obtained results or
proposed for the further work.
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2

Bacteriorhodopsin

Bacteriorhodopsin is a photochromic retinal protein, which can be found in the
Purple

Membrane

(PM)

patches

of

Halobacterium

salinarum

cells.

Halobacterium salinarum (or previously, Halobacterium halobium) is the
Archean, that can be found in salty geothermal lakes, seas or salt mines. The
nature of the medium is not accidental: biochemical apparatus of the cells work
effectively only in solutions with high salt concentrations [12].
Bacteriorhodopsin was discovered in 1971 by D. Oesterhelt and W. Stohenius. In
was named after rhodopsin — the biological protein in photoreceptor cells of the
retina [13]. The Purple Membrane consists of bacteriorhodopsin (¾) and lipids
(¼) [14].

According to electron microscopic data, PM looks like two-

dimensional crystal.

Bacteriorhodopsin is arranged in PM in the form of

trimmers – a symmetrical group of 3 molecules (see Figure 1) with average
diameter of 0.5 μm and thickness of 5 nm. After extraction from bacteria, PM do
not lose its structure [14]. The size of a patch ranges from 100 nm up to 500 nm
[15]. Each trier is surrounded by six other triers, which form a hexagonal lattice.
All triers form a two-dimensional lattice, which is integrated into the cell
membrane.

Figure 1. Purple membrane [14].
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As you can see in Figure 2, bacteriorhodopsin itself consists of 248 amino acids
and folds into the membrane as a cylinder, composed of seven α-helices. The
chromophore center, retinylidene residue, responsible for the color of molecule,
is linked to the protein moiety via a Schiff base linkage to lysine-216 [14].

(a)

(b)

Figure 2. Bacteriorhodopsin molecule: (a) schematic view [5] and (b) 3-dimensional view [15].

The natural purpose of bacteriorhodopsin, which makes it interesting for
researchers, is to transform light energy into chemical energy. The process of
transformation is possible due to the transmembrane pumps of protons to the
extracellular space of bacteria, that, consequently, creates the electro-chemical
proton gradient on the surface of bacteria, which allows to perform the energy
conversion [14].

2.1

Bacteriorhodopsin photocycle

The above-mentioned proton pumping is realized by the series of conformational
changes in the BR molecule. After the absorption of a photon, protein molecule
passes through several intermediate states and then returns to its original shape as
the result of thermal relaxation.
Each stage corresponds to the specific physico-chemical process and, therefore,
has its own spectral characteristics [16]. The wavelengths of absorption

12
maximum of different stages are shown in Figure 5 and Table 1. The existence of
photochromism allowed to study the transitions in detail and henceforth to
implement it in technical applications [6, 14]. Bacteriorhodopsin photocycle is
schematically shown in Figure 3.

Figure 3. Scheme of the BR photocycle. D and B letters stand for dark-adapted (66% of retinals
in 13-cis conformation, 34% are all-trans) and light-adapted (98% of retinals in all-trans
conformation) ground states. The color of a circle represents the approximate color of molecules
in that intermediate state. Thin arrows stand for thermal transitions and thick ones denote
photochemical transition induced by colored light [10].

Upon the absorption of a photon, the retinal of bacteriorhodopsin isomerizes
from all-trans to 13-cis form (see Figure 4). At the same time, the proton from
the Schiff base transfers to aspartic acid (ASP) 85, while the proton from ASP 96
occupies vacant hole. This transfer initiates the chain of reactions, that result in
the release of the proton to the extracellular space of the membrane and
absorption of the proton from the intracellular space. The final step of the cycle
includes the deprotonation of ASP 85 and reisomerization of the retinal, which
means that the protein returns to the ground state. The photocycle has no
refractory period, which means that in the end of one photocycle, it is
automatically ready to start another [17]. Lifetime of stages and whole cycle
depends on the type of the BR and the conditions of the matter.
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(a)

(b)

Figure 4. BR molecule: (a) all-trans form and (b) 13-cis form [18, 19].

Figure 5. Spectra of BR intermediate stages [20, 21].

Table 1. BR absorption maximum at different stages of photocycle [10].

Name of stage

Absorption maximum

Retinal conformation

BR

570

All – trans

K

586

13 – cis

L

544

13 – cis

M1

409

13 – cis

M2

409

13 – cis

N

562

13 – cis

O

629

All – trans

D

550

13 – cis
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The photocycle can be interrupted from each intermediate state with the
illumination of the molecule by photons with appropriate energy. In that case,
BR will be returned directly to the ground state B [10].
It is important to remember, that the photocycle varies greatly, depending on the
state of matter. Bacteriorhodopsin in water solution will change its flexibility and
functions, whereas when incorporated into a dry film, it will have deceleration
and separation on phases of M intermediate state [14]. Moreover, due to
dehydration of the BR sample in the film, photocycle will be reduced to just
photointermediates K, L and M (see Figure 6).

Figure 6. Photocycle of bacterirorhodopsin in dry film [22].

2.2

Main properties of bacteriorhodopsin

Bacteriorhodopsin stands out from the list of other proteins and organic materials
[5, 23, 24], due to the following parameters. First of all, bacteriorhodopsin has
photochromic properties (in other words, BR can reversibly change the spectrum
of its absorption under illumination). Each of its intermediate states has its own
absorption peak. For instance, ground state B has its absorption maximum at
approximately 565 nm, while the intermediate state M has its maximum at
approximately 409 nm.
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BR is characterized by decent quantum efficiency value, good optical resolution
(up to 5000 lines/mm), high photosensitivity and, especially, outstanding
cyclicity (BR can be photoconverted between two species more, that 106 times
before 37% (1/e) of the irradiated ensemble denatures) and stability towards
chemical and thermal degradation. BR prominent characteristics are connected
with its form, which occurs as a two-dimensional crystal. BR has higher cyclicity
and photosensitivity than synthetic materials [5].
The physical mechanisms of BR are well understood and, hence, it is possible to
modify BR properties by placing the molecule in the special medium or through
modifications carried out by biotechnology [10]. For instance, some
modifications to the photochromic part can cause indirect changes to the
absorption spectra of the intermediate states, such as 4k BR (with maximum at
488 nm) and 3,4-dh BR (with maximum at 578 nm) [9, 10]. Other modifications,
such as modification of the amino acid sequence (like replacement of ASP 96
with asparagine [25]) can modify BR's pH dependence and decay time of
intermediates. Finally, inclusions of chemical compounds into BR structure (like
including of glutaric dialdehyde in [26]) can improve its time of life and
reliability, by adding new covalent bonds.
Bacteriorhodopsin obtains photoelectric properties (it produces electric response,
that changes polarity as function of its current conformation), which can be used
for designing an optical memory, where light is used to write the information
(see more in Chapter 2.3). Finally, BR can function properly under severe
conditions of high temperature and intense light, which is caused by its origin in
the nature [18]. All these reasons make BR a promising candidate to be the main
photochromic biomolecule in technical applications.
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2.3

Practical applications of bacteriorhodopsin-based materials

Since its invention, BR became widely adopted in many fields, due to its various
advantageous characteristics.
A list of applications can be found in Table 2.
Table 2. Technical applications of bacteriorhodopsin [6].

Field of application
Charge transport
Photoelectric

Miscellaneous

Photochromic

Information processing

Name of application
ATP generation in reactors
desalination of seawater
conversion of sunlight into electricity
ultra-fast light detection
artificial retinas
motion detection
2nd harmonic generation
radiation detection
biosensor applications
information storage
2-D storage
3-D storage
holographic storage
associative memories
optical bistability/light switching
optical filtering
signal conditioning
neural networks
spatial light modulators
phaseconjugation
pattern recognition
interferometry

Despite the fact that numerous studies on the BR as the energy converter were
conducted [27 – 29], it turned out that the usage of BR in that application is not
productive, due to the high cost of creating of big BR films, which with stable
and uniform characteristics. More to that, the efficiency of created films was
lower than the efficiency of their analogues [6].
Hence, the main fields for applying BR are connected with the charge transport
and photochromic properties of the protein. The photochromic parameters of BR
as well as its outstanding stability and cyclicity (see Chapter 2.2) make it a
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promising material in the field of information storage and processing. For
instance, in real-time image processing at video frame rate about 106 write-readerase (WRE) cycles per operational day is used, which can not be achieved by
practically all of the synthetic organic analogues of BR [30].
In 2002, an imaging and photosensing devices, based on two-dimensional arrays
of elements containing wild-type, 4k and 3,4-dh bacteriorhodopsin were
prepared in Lappeenranta University of Technology [10] (see Figure 7). Such
combination of BR variations allowed to construct grayscale and color-sensitive
devices.

Figure 7. Color-sensitive imaging array [10].

Other promising field in implementation of bacteriorhodopsin is holographic and
the three-dimensional volumetric data storage. One of the reason that makes BR
a noteworthy material in this field, is that the photochromic films containing
bacteriorhodopsin have good intrinsic resolution and good photocyclicity (see
Chapter 2.2). First researches, when BR was used in holographic devices were
conducted in 1980 [6, 18]. Currently, two methods of 3D-data storage are mostly
used: Fourier-transform holographic (FTH) associative memory and branched
photocycle method [31].
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(a)

(b)

Figure 8. Real-time holography methods: (a) Fourier-transform holographic associative
memory [18] and (b) branched photocycle method [31].

It is based on the combined storage of reference image FTH and high frequency
enhanced (HFE) image FTH on two thin BR films. The input image, which goes
through spatial light modulator (SLM) is compared with the stored images. The
output image is a full reconstruction of the image stored on the FT hologram that
has the highest correlation with the input image [18].
The main advantages of Fourier-transform holographic associative memory is
the ability to rapidly change holographic reference patterns and high reliability
due to the lack of actuated parts. On the other hand, weak points of the method
are connected with difficulties in lasers targeting, intermediates stability and low
quantum efficiency of intermediates photo-conversion reaction [18].
Other method, which is often used, is called branched photocycle method. It is
schematically shown on Figure 8b. The algorithm of method is following: in the
writing state, yellow “paging” laser pumps all molecules to the ground state.
Then, the SLM slices its beam in a way that it excites a 2-D plane of material
inside the protein cuvette. This energized plane of material is a data page with
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the ability of holding an array of 4096 by 4096 bits. Before the protein returns to
its resetting state, an illumination process by red data-write laser, which is
located at the right angles to the paging laser, begins. The other SLM displays the
binary data and it sections up the beam so specific spots on the page become
irradiated. Molecules at these locations are photoisomerized to Q intermediates,
which stands for binary 1 on the page. The remainder of the page returns to the
ground state and represents 0 [31, 31].
In the reading state, at first, targeted page is illuminated by the yellow laser,
which pumps all molecules to the ground state. The reason of this is to further
widen the absorption spectra differences between digital 0 and 1. Then, a lowintensity red laser (the low intensity is required not to allow molecules to
transform to Q intermediate) illuminates the page. Molecules representing 0
absorb the light, and the ones representing 1 pass the beam through. This creates
a check board pattern of light and dark spots on the detector, which captures the
image as an array of digital information. To erase data, a short pulse from a blue
laser returns all molecules to the ground state B [31, 32].
The main advantage of this technology is the long-run storage time (up to 5
years) [31]. However, there is a risk of undesirable transitions: from L to B in the
case of low temperatures and from N to B without going through intermediate
state O.
Molecular memory, based on BR has several advantages, compared to the
memory, based on semiconductor technology. First of all, production of BR is
more economical, than production of semiconductors. Then, due to its nature,
BR-based memory can function properly in the wider range of temperatures. At
third, it is possible to save data with switched off power supply. More to this, BR
has better radiation protection in comparison with semiconductor devices, which
might be important in constructing memory devices for military and highprecision areas. Finally, BR allows to write data on the whole volume, not only
on the surface, like magnetic media do [33].
At the current state, bacteriorhodopsin became not only an object of research, but
a basis and platform for new devices and materials.
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2.4

Technology of preparing of different dried film types

For the purpose of application of BR, specimen should be included into the
artificial medium after extracting and purification from the Achaean (see Chapter
2.2). There are many possible mediums, which can be used with BR: water,
hydrogel, the various polymers [34]. Depending on the chosen environment,
bacteriorhodopsin properties and values can vary greatly. In the limits of the
current work, technologies of preparing of different types of dried film will be
described.
There are several important characteristics, which depend on the film preparing
methods. Firstly, different procedures enable the production of films with
different thickness, which can be either thin (less, than 5 μm) or thick (5μm or
thicker) [10]. The thickness itself depends on the number of BR monolayers.
Multilayer films are less suitable for the modeling than thin ones with one
monolayer, due to the complex electrical and optical properties. It must be taken
into account that, even within one method, the thickness can vary by stacking the
monolayers on one another. Secondly, each method has its own effects on
mechanical and functional stability. This is especially important for studying the
PM and using it in applications because only well-understood and controllable
films can have adequately modelled performance. Thirdly, complexity of
preparing the film varies from technology to technology. Features of the
laboratory, where the preparation process is carried out, can restrict possible
technological variants and, what is even more important, affect the output quality
and uniformity of the films parameters. Finally, the degree of orientation of PM
fragments can be good or less ideal. Purple membranes, while being oriented in
one direction produce photoelectric response (PER) more stable than unoriented
ones [35]. The reason of it is mutual annihilation of two responses of two
patches, which are located close to each other and placed in opposite directions.
In this case, translocation of protons does not lead to the creation of the proton
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gradient; however, protons replace each other and net effect is neutral. There are
several PM orientation methods [34, 36-43]:
•

Spreading the fragments at the air/water interface or adsorbing them on
organic solvent interface.

•

Adsorbing the fragments on thin films such as the Black Lipid
Membranes (BLMs).

•

Exposing aqueous suspension of the fragments to an electric field.

•

Exposing mixture of the fragments and a water-soluble polymer to an
electric field while the polymer matrix is formed.

•

Drying the fragment suspension between electrodes while applying an
electric field.

Technologies, which are used for preparing the films are the Langmuir-Blodgett
method, Takagi-Montal and Trissl-Montal techniques, using of black lipid
membranes, phospholipid vesicles, nuclepore-supported films, Collodion films,
immobilizing in polymer and aqueous solution drying [10, 34, 36, 37]. Some
methods of production provide orientation without any additional external
influence:

for

instance,

when

using

Langmuir-Blodgett

method,

bacteriorhodopsin is already oriented, due to its hydrophilic and hydrophobic
nature. On the other hand, some methods require external influence on films (like
applying external fields) for PM patches to be oriented.

Black Lipid Membranes

The concept of creating Bilayer (or Black) lipid membranes is the following:
chloroform and methanol are mixed together, and PM molecules are dispersed in
the solvent. The container for the creation of a BLM is a basil with two sections
separated by a teflon plate with the small aperture, where the BLM will be
formed. The aperture is immersed in an electrolyte solution. To form a layer, a
small amount of the solvent should be placed on the aperture. Transferring to the
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electrolyte medium initiate the dynamic process, which will result in colorless
thin bilayer membrane [36].
As long as the PM molecules are amphiphilic, the hydrophilic polar head groups
in a film will be facing the aqueous phases whereas the hydrophobic nonpolar
hydrophobic tails are buried inside the bilayer, with a tail-to-tail orientation [38].
This method is simple and easily controllable. On the other hand, the obtained
films are rather unstable.

Langmuir-Blodgett method

The concept of the method is in transferring the monolayer of amphiphilic
compounds (compound, which have both hydrophilic and hydrophobic sides) on
a substrate's surface [39]. Due to the fact that the external side of membrane is
more hydrophilic and the outer side is more hydrophobic, PM patches are
oriented on the surface between hydrophilic and hydrophobic medias, like air
and water or octane and water. Then, in the special basil the surface layer is
compressed by plungers. Transfer of the monolayer is provided by immersion of
the substrate in the liquid. After the substrate is removed from the basil,
adsorption of the monolayer takes place. The above-mentioned operation can be
repeated after the layer dries completely to get the multilayer stack (for instance,
it is possible to get 1μm thick slice with about 200 stacking layers). This method
allows to get up to 85% orientation in a film[34]. The stability of the obtained
films is decent, though the method itself is difficult.

Takagi-Montal technique

This technology can be described as a development of Langmuir-Blodgett
method. The concept of the method is the following: two monolayers are spread
on the surfaces of two adjacent Langmuir basils. The basils are separated by a
moving barrier with the small aperture. When the barrier is pushed down, two
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monolayers attach to the two sides of partition and form the BLM. The strength
of the method is, that it is possible to connect two proteins with the fixed and
asymmetric orientation or even comprised of different types of the phospholipid.
However, the technique is rather difficult and produced membranes have
significant instability and have low resistance [39].

Trissl-Montal technique

Trissl-Montal method is a variation of Takagi-Montal method. The difference is,
that the oriented layer of PM is spread in only one of the two sections and there
is no aperture in the barrier. This method allows an oriented layer of purple
membranes to be attached onto a thin (6.35 μm) Teflon film [36]. In addition to
good resistance of the films, the current method achieves high stability. But, as
its predecessor Takagi Montal, the technique itself is difficult.

Phospholipid vesicles

Phospholipid vesicles or liposomes are constructed by ultrasonication of a
solution consisting the compound of phospholipid and electrolyte. Besides, it is
possible to form phospholipid vesicles just by swelling of dry phospholipids in
water or injecting it into the lipid solution [40]. No organic solvent is used in the
method and due to this, the technique is good for membrane proteins
reconstitution [36].

Nuclepore-supported films or Collodion films

The concept of the method is spreading a membrane-forming solution (in our
case, PM solution) to a Nuclepore film directly [36] (Nuclepore film, is a thin
film, which is irradiated by charged particles with later etching by chemical
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reagents). Alternatively, Collodion films are based on cellulose nitrate. The
solvent solution is transferred to a rotating (sometimes static) film and then water
is evaporating from it [41]. After the film is dried, it must be saturated with the
PM solution. Nuclepore films, as well as the Collodion film are porous, which
means, that when the membrane-forming solution is spread on the films,
numerous tiny lipid membranes are formed. The positive side of these techniques
is in high mechanical stability, which is attained at the expense of the size of
individual lipid membranes.
The weak point is that the individual membrane cannot be observed without
optical equipment due to their size. Moreover, it is hard to tell if the individual
membranes are of molecular thickness [36].

Immobilizing in polymer

According to researches [42], only water-soluble polymers can be used for
preparing of BR-contained film. If a mixture of the water-soluble polymer and
PM membrane suspension is transferred on the substrate, it will be reorganized
into a film after drying up. In films which were obtained by the following
method, total time of the photocycle is equal to that value in suspension. On the
other hand, the method causes decays of some intermediate states [34]. It is
relatively easy to input reagents and different chemical modifiers. Common
polymers used for dry BR films are gelatine, polyvinyl alcohol and
methylcellulose. This method enables simultaneous measurements of the
photoelectric response and spectral relaxation signal [10]. Other advantage of the
immobilized gel technique is the possibility of making simultaneous
measurements of the alternating current (AC) photoelectric signal and the
spectral relaxation signal. Moreover, measurements at low temperature are
feasible. The disadvantage is that it is impossible to maintain different electrolyte
compositions of the two aqueous phases because the gel film is permeable to
small ions [36].
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Aqueous solution drying

Another method of preparing the film is to spread PM solution on a solid
substrate and just let it dry. The advantage of this method is its prominent
simplicity. Yet, the films prepared with this method are very fragile and their
quality is unsatisfactory because of aggregation of the PM fragments [10].
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3

Bacteriorhodopsin photosensors

Sensors, which were tested in the experiments, were made by Sinikka Parkkinen
and Helvi Turkia at the Department of Information Technology, Lappeenranta
University of Technology.
Films, which were used during the current research are done in compliance with
“immobilizing in polymer” method. The choice of the method was substantiated
by relative simplicity of preparation process, that enables easy handling of a
mechanically stable sensor. Fragments of wild-type were mixed with 20%
polyvinyl alcohol and pH of the solution was adjusted to neutral with 1M NaOH.
After preparing the mixture, it was spread on the 3.957 mm thick conductive
glass with SnO2 coating (detailed information about preparation procedure can be
found in [10]). During drying, no orientation field was applied, so PM patches
are not actively oriented within film. After spread mixture is dried, a thin (<150
nm) and relatively transparent layer of gold was sputtered on the top of it. The
estimated thickness of BR-PVA film with the gold layer is about 123 μm.
After BR was extracted from Archean, its concentration was equal to 18.5
mg/ml. Then, 600 μl of it was mixed with 1500 μl of 20% PVA, and 6 μl of 1M
phosphate buffer. [10]. Approximate volume of the film is 40.7 * 10 -9 m3. A
physical structure of the sample can be seen in Figure 9.

Figure 9. Physical structure of the sample.

Prepared sensors have two variants of sputtered gold layer. Sensor #49 has one
gold slice, which covers whole BR-PVA layer with the area of 221 mm 2 (see

27
Figure 10 a, b). Sensors #64-66 contain two gold layers, each of them has area of
91 mm2 (see Figure 11 a, b). Each sensor has a copper foil attached by
conductive adhesive in order to attach conductive wires (in the case of sensors
#64-66, each gold layer has the individual copper foil). The main BR-PVA
characteristics in prepared sensors are shown in Table 3.
Sensors were made about ten years ago, so their BR layers as well as gold layers
have minor chips, burrs and attritions. Visible defects are encircled in the Figure
12.
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(a)

(b)

Figure 10. BR-PVA photosensor with one gold layer: (a) photo, (b) scheme.

(a)

(b)

Figure 11. BR-PVA photosensor with two gold layers: (a) photo, (b) scheme.

Table 3. BR-PVA photosensor characteristics [10].

Characteristic

Value

Concentration

18.5 mg/ml

Approximate thickness

123 μm

Response sensitivity to concentration

linear

Response sensitivity to illuminated areas

linear

Response to radiant energy

linear

Wavelength of peak response

580 ± 10 nm

Width of response peak (50% responsivity)

129 ± 10 nm
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(a)

(b)

(c)

Figure 12. Surface visible defects: (a) Film #47, (b) Film #48 and (c) Film #49.
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4

Conception of uniformity

The quality of BR-PVA photosensors depends on a list of characteristics, which
includes sensitivity, quantum efficiency, responsivity, dark current, detectivity,
noise efficiency, etc. [43, 44]. After studying theoretical information from
previous chapters and information about the experimental films in Chapter 3, it
became possible to complete the list of parameters which can have an influence
on the performance characteristics in each film. Uniformity, or homogeneity of
such parameters is necessary for determining sensors quality, and therefore,
should be maintained during the preparation or otherwise compensated
afterwards. Uniformity is checked by dividing the element into sectors and
comparing the required parameters between them. The size of conventional unit
is defined by the objective and limited by the resolution of setup elements. For
instance, examining uniformity of BR concentration can be done either to
visualize the dissimilarity for the operator or to compare it with the dissimilarity
of photoelectric response. In the first case the resolution is limited by the
minimum step of robot and specification of the camera. In the second case,
resolution is limited by the diameter of the pulsed spot in the photoelectronic
response uniformity setup. The diameter can not be less, that one millimeter and
this will be determinant for the size of the unit. In some cases, size of the
conventional unit can be equal to the whole film. Depending on the quantity of
the units, different statistic methods for finding outside values can be applied to
them.
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4.1. Parameters, having impact on uniformity

Orientation of Purple Membranes patches

BR molecule has polar composition, with inner and outer parts. Hence, there is a
possibility, that BR molecules will be distributed in different orientations inside
the film. According to researchers [35, 45], the orientation of protein can have an
important role in the output results, especially in the characteristics of
photoelectric response [46]. The possible reason of that influence lies in the
origin of PER. Photoelectric response arises from translocations of charged
particles. Taking into account the polarity of the BR molecule, we can assume,
that the translocations of patches, which are faced in opposite directions can
totally annihilate their signal [35]. In turn, that gives rise to a consistent question:
if the photoelectric responses of two BR molecules, which are located in
opposite directions to each other, annihilate each other, then, according to the
uniform distribution the response of the whole unoriented film should be equal to
zero (BR-PVA should include an equal amount of molecules, which are located
in each direction). However, films produced without an orienting influence still
generate a photoelectric response [35], which is though not as strong as the one
from an actively oriented film. The possible reasons of that behavior are the
following: a) there is still some level of purple membrane orientation in the film,
b) the response is not generated within the whole volume of BR thick film
following the charge translocation model, or c) the origin of the photoelectric
response does not follow the charge translocation model in the case of dry films.
In order to check the impact of patch orientation in dry films, there should exist
two sets of films, produced by using one method, and where one should be
oriented and the other unoriented. As for the connection of the PER with the
percentage of oriented molecules in the film, it is not possible to clearly connect
the response values and the amount of oriented patches. Due to these reasons, it
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was decided not to investigate the above-mentioned parameter with the current
research.

PM patch size

The possible reason of sensors optical non-uniformity can consist in the big size
of purple membranes [42]. If PM in suspension have size comparable to the
wavelength of irradiated light (~ 500 nm/patch) it cause significant light
scattering. This can be solved by PM fractioning during the preparation of
suspension. The evaluation of PM size in suspension can be done by measuring
the intensity of scattered light after transmission through the container with
suspension. Volume (V) can be found according to Rayleigh equation for the
intensity of light scattered on spherical particles with sizes smaller, than the
wavelength of irradiated light [47]:

I out =I iп

9 π2 NV 2 2 ε−ε0
ε0 ε+ε (1+cos 2 θ)
0
2 λ 2 L2

(

)

(1)

where Iout is intensity of scattered light, Iin is intensity of initial light, N is amount
of particles in suspension, V is volume of particle, λ is wavelength of irradiated
light, L is distance between scattered light and point of observation, ε is dielectric
permittivity of particle, ε0 is dielectric permittivity of medium, θ is angle of scattering.
In the above-mentioned example, unoriented PM patches were considered as
spheres, because they were decomposed with ultrasound to a trimmers with
diameter of 8 nm and thickness of 5 nm. Then, the size of the light ray was
several millimeters, which is considerably bigger, than the patch size and
allowed to disregard the deviation from sphericity.
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Chemical composition

Chemical composition of the BR film affects output parameters greatly.
Concerning dry thick BR-in-polymer films, we can refer to the following
parameters: a) type of bacteriorhodopsin, b) purity of bacteriorhodopsin, and c)
type of polymer.
Information about different modifications of BR is presented in Chapter 2.2.
Various bacteriorhodopsin mutants have different parameters like the absorption
maximum, intermediates decay and so on.
Purification of BR, which means the extraction of the protein from the archaeal
cells is usually done by disintegration of cells with osmotic shock and
dissolution of cell's membrane with DNAase. After that, BR is purified by
reiterated reprecipitation in a centrifuge. The purity of obtained suspension is
identified by its absorption spectrum as a ratio of optical densities at 280 and 570
nm [35]. The value of purity can affect the final result greatly, so it is always
chosen according to the future use of BR.
Chemical composition of polymers, which are used as a matrix for dry films,
have impact on output parameters as well. For instance, depending on the
polymer, values of maximum absorbance, maximum BR concentration and
presence of buffer capacity can be different [11, 42]. Interaction between the
polymer and BR defines possible changings in the structure of polymer and
therefore, its durability and resistance to many technological factors.
As be seen in Chapter 3, the examined samples are from one family with 100%
identical type of BR, purification value of BR and type of polymer. So practical
need in studying uniformity in that film set vanishes.

Mechanical characteristics

The Main mechanical characteristics of polymer films are listed below [48]:
•

Strength (tensile strength, compressive strength, flexural strength, shockresistance).

•

Ultimate strain and ultimate compliance.
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•

Coefficient of elasticity.

The values of mechanical characteristic can be tested by one of the methods of
nondestructive testing (i.e. the ultrasound). Due to the proposed technical
function of BR (see Chapter 2.3), examination of mechanical characteristics
uniformity was not of our primary interest.

Concentration of bacteriorhodopsin
With polymer/filler interaction with restrained fraction of filler, resulting mixture
forms the matrix structure, which is shown in Figure 13a. In the case of
interaction of particles, they can form agglomerates (Figure 13b), which will
make films optically non-uniform and will lead to the loss of the functional
properties [42].

Presence of agglomerates depends on the properties of the

polymer and filler as well as on the method of mixing [49].

(a)

(b)

Figure 13. Matrix structure formed by polymer and moderate amount of filler: (a) uniform
structure and (b) structure with agglomerates of particles [49].

According to literature [6, 42], the size of PM patches ranges from 500
nanometers up to 1000 nanometers, and their thickness ranges from 5 to 6 nm.
Previous experiments [50] which were conducted with monolayer BR films,
have shown a clear tendency to patches partial overlapping. The fraction of
overlapped particles increased with increasing of concentration of the PM
suspension.
The immobilization in the polymer technology, which was chosen for producing
the experimental thick films cannot provide proper control on uniform
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distribution of BR in the polymer. On the other hand, having the equal
polymer/BR proportion in each part of the film is necessary for the purpose of
having predictable and fixed values of intermediate absorbance states and
chemical reactions speed, which will eventually provide accurate and reliable
output results.
Estimating bacteriorhodopsin concentration uniformity, which actually means
constancy of BR/polymer ratio in the volume of the film, is a multistage problem
which has different approaches. All in all, such approaches can be divided into
two branches: validations of polymer/BR mixture before and after the drying.
For the validation of mixture uniformity before drying, several (not less, than 10)
samples are taken from ready mixture. According to statistical theory of mixing
[51], that distribution of bacteriorhodopsin in the polymer will be binomial:

p( x)=

n!
qb ( 1−q)n−b
b ! (n−b)!

(2)

where x = b/ n is supposed relative amount of BR in the sample (b is supposed
number of BR particles in the sample, n is total amount of particles in the
sample; q is relative amount of BR in the whole mixture. Particle is the minimal
amount of the mixture.)
The criterion of uniformity in a mixture is general dispersion σ2 [52]:
2

σ =q(1−q)/n

(3)

Methods of validation of mixture uniformity after drying include optical,
fluorescent, atomic force and electric microscopy, nuclear-magnetic resonance,
reflectometry (light reflection) and densitometry (light transmission) methods
[53].
Optical microscopy with phase contrast is based on differences in refraction
coefficients of two components of the mixture. The optical system of the
microscope provides phase shift between the diffracted and passed light, which
creates the interference picture even in the case of small difference in the
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diffraction coefficient.

Optical microscopy with phase contrast requires

relatively thin films for the proper work (1-4 μm).
Electron microscopy uses a beam of electrons instead of operating in visible
range. It exceeds the optical microscopy in the maximum resolution, however,
requires more complex operations for the phase shift [53].
You can see results of scanning-electron microscopy of BR-PVA thick film
surface on the Figure 14. Hypothetically, visualized pits on the surface mark
locations of PM fragments near the surface.

(a)

(b)

Figure 14. Micrograph of BR-PVA film surface: (a) raw image and (b) averaged with a window
of 5 by 5 pixels and histogram equalized [11].

Fluorescent microscopy uses luminescence of exited atoms and molecules of the
sample. Along with the atomic force microscopy (which is based on the
interaction of probe atoms and sample atoms), fluorescent microscope allows to
study thin films of polymers [54].
Nuclear-magnetic resonance is based on the examination of absorbed and reemitted energy by atoms of the sample in a magnetic field. Due to the correlation
of the temperature and line width in the spectrum, it is possible to check the
uniformity of the mixture if the components have different temperature
properties.
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Reflectrometry (Light reflection method).
The concept of the light reflection method for evaluation of films concentration
is based on examination of refractive index. The method is based on two
postulates:
•

Refractive index of polymer is linked with its concentration.

•

Intensity of reflected light depends on the ratio of refractive indexes of
two mediums.

Besides, refractive index depends on the conditions of the measurement. For
instance, refractive index of BR in gelatine films with the thickness of 50±10
μm, which were measured at temperature of 22°C and relative humidity of 60%,
varies from 1,539 to 1,542, depending on the BR and polymer concentrations
[42].
Hence, it is possible to examine the uniformity of concentration by comparing
the values of intensity of film parts (see Figure 15).

(a)

(b)

Figure 15. Reflected light (a) in part with low concentration and (b) in part with normal
concentration.

Densitometry (Light transmission method) is an noninvasive, non-destructive
method, which is based on evaluation of BR concentration by examination of
polymer optical density. Optical density (D) defines light attenuation and can be
estimated as decimal logarithm of the input and output intensity (4):
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D=lg

I iп
I out

(4)

Acceptable D values are specified in accordance with polymer technical
requirements. For instance, optical sensors based on BR in gelatine films with
the thickness of 6-14 µm and BR fraction of 50% should have optical density of
0.8-1.3D [42].
The intensity of light is connected with concentration in following way.
According to Beer-Lambert Law [55], the light ray becomes weaker while being
passed through the absorptive medium:
I =I 0 e−A

(5)

where I is intensity of outcoming ray, I0 is intensity of incoming ray, A is
absorbance.
In turn, absorbance (A) is equal to:
A=ϵcl

(6)

where ϵ is molar absorption coefficient, c is concentration expressed in mol/dm3,
l is the path length of the light through the sample.
Due to the photochromism, BR absorption spectrum varies, depending on the
intermediate state (see Figure 5). Then, we can link the optical density under
irradiation by light with wavelength of 570 nm and relation of BR570 and M412
intermediates concentrations (7) [56].
c2 c−c 1
=
=D570
c
c

(7)

where c is total concentration, c1 is BR570 intermediate concentration, c2 is
M412 intermediate concentration
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Since the BR photocycle can be initiated only by pulsed light, all molecules will
be in the ground state and we can compare the total concentration (see Figure
16).

(a)

(b)

Figure 16 Transmitted light (a) in part with low concentration and (b) in part with normal
concentration, Iout1 > Iout2.

Both approaches have their strong and weak sides. With the light transmission
method, it is relatively easy to get rid of shadows in the experiment because the
source of light is located under the sample (comparing with the light reflection
method which provides shadowless regime of work only when using special light
equipment, like integrating sphere).

However, light transmission method

includes light backscattering during the experiment, which can impede obtained
results. To annihilate this phenomenon, it is important to calibrate the external
light. During both approaches, thickness of golden layer considers constant, due
to its low thickness and high transparency.
The Light Transmission method, which was chosen as basic of setup in Chapter
5.1 is used for estimation of sensors defects, due to the limitations of apparatus.
However, in combination with experimental setup, described in Chapter 5.3 and
Uniforminty of photoelectric response chapter, it is possible to estimate the
concentration and its influence on PER of the sensors.
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Uniformity of physical characteristics
“Physical characteristics” include sizes of films components. The most
interesting ones for the research purposes are:
•

Thicknesses of sensor components (glass, SiO2 layer, BR-BVA layer etc.)

•

Surface of contacts

•

Volume of gold layer

It is possible to measure thickness of components either in direct or indirect way.
In the first case, sensor should be measured with the usage of high accurate
mechanical (like micrometer with measurement precision up to 0.01 mm) or
optomechanical (like optimeter with measurement precision up to 0.2 μm)
instruments. Indirect measurement of thickness implies estimation of required
value relying on direct measurement of other values, which are functionally
connected with it.
The intensity of the light suits well for that purposes. There are many methods
for estimating the thickness of films, such as densitometry and reflectometry,
atomic-force microscopy, ellipsometry interference methods and others. Modern
apparatus is capable to measure the thickness of films from several nanometers
up to hundreds of nanometers [57].
According to equation (5) and (6), the intensity of the output light depends on the
path length (see Figure 17), therefore, the difference in intensity will not tell if it
is caused by difference in concentration or thickness. However, the identity of
intensity parameter shows the lack of dispersion in both of these parameters.
The thickness of BR film can be maintained relatively easy during the film
preparation and usually have a small divergence [42]. For instance, it was
determinated, that deviation of the thickness in BR/gelatine film with thick of >5
μm is less, than 1% [42].
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Figure 17. Reflected light (a) in sector with normal thickness and (b) in sector with low
thickness.

Besides the thickness of the BR layer, it is important to control the surface
roughness of the gold layer and tin dioxide in the film. If we look at the physical
structure of the sample, we can see the structure of the plate capacitor (see Figure
18), where the gold plate and tin dioxide are the upper and lower plates between
BR-PVA, which acts as insulator. Significant roughness of the plates
significantly reduce the reliability of film capacitors because it narrows down the
thickness of dielectric layer.

Figure 18. Physical structure of the sample, which indicates parts of it as capacitors.

Equation for the parallel-plate capacitor (8) includes distance between plates.
That means, that variation of the distance can cause spatially varying results.
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C=

k ε0 A
d

(8)

where k – relative permittivity of the dielectric material between the plates,
ε0 – 8.854 * 10-12 F/m – permittivity of space, A – area of the plates, d – distance
between the plates.
Overall thickness of gold has to be controlled, as an important parameter for the
film functioning. Figure 19a shows the dependence between sputtering time and
the thickness of the layer, while Figure 19b shows the dependence between the
resistance in the layer and the sputtering time. Thus, low conductivity will not let
the film to work adequately due to the high resistance in the circuit. Moreover,
the presence of dislocations and inhomogeneities in the layer can be a reason of
inadequate work of further BR film areas in the circuit.
Alternatively, contact quality and presence of dislocation can be controlled by
measuring of the sample noise level with altering electromagnetic and thermal
conditions. The method is described in detail and experimental setup was
proposed in Chapter 5.4.
It was decided to use impedance (Z) and capacitance (C) analyzer for checking
the uniformity of contacts area and satisfiability of the gold layer through the
inductance, capacitance, resistance (LCR) measurements. Although it is hard to
detect spatial unevenness in one sensor by examining impedance and capacitance
characteristics, this method can be applied for detecting discrepancies in the
physical parameters of the sensors within the set.

42

Gold sputtering

Thickness (A)

(1200 V, 10 mA)
1800
1600
1400
1200
1000
800
600
400
200
0
1

2

3

4

5

6

7

8

9 10 11 12 13 14 15

Time (min)

(a)
Time (min) Resistance

5

290 Ohm

6 2.1 MOhm
7

330 Ohm

8

80 MOhm

9

280 Ohm

10

29 Ohm

11

26 Ohm

12

27 Ohm

13

22 Ohm

14
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Figure 19. Interdependence of the sputtering time: (a) with the layer thickness; (b) with the
resistance in the film [58].

Uniformity of photoelectric response
As a photo-active element, bacteriorhodopsin generates an electrical response to
an altering illumination, which can be characterized with photovoltage (opened
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circuit) or photocurrent (closed circuit) [46]. Photoelectric response is caused by
the series of proton dislocations with following relaxation (see Chapter 2.1). The
response itself consists of buildup and decay parts (see Figure 20), which can be
defined as time constants [59, 60]. According to researchers [46,

60, 61],

amplitude of the PER depends on the intensity of the light and results can be
distorted by characteristics of the elements [62, 63].

(a)

(b)

Figure 20. Time constants of photoelectric response: (a) photovoltage, (b) photocurrent [60].

Example of PER, caused by single light pulse from xenon flashlamp and
measured by instrumentation amplifier is shown in Figure 21 [45].

Figure 21. Photoelectric response of non-oriented wild-type BR sensor [45].
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During previous researches [10], following parameters were determined as
influencing on PER in the whole BR film: BR concentration, photosensitive area,
radiant energy and spectrum of illumination. Uniformity of response within one
film can be spoiled by following reasons:
1. Different quantity of illuminated BR molecules.
2. Different electric resistivity in various areas of the film.
Rate equation (9), proposed in [56] links concentration of molecules in BR570
and M412 states with PER magnitude:
d C1
P
1
=−σ 1 A1
C+ C
dt
hυ 1 τ 2
where C1 is concentration of BR570,

C2

(9)

is concentration of M412, σ1 is cross

section of BR570 on the wavelength of irradiated light, A1 is PER magnitude, P
is power density of irradiated light, τ is intermediate M412 lifetime, h is Planck
constant, υ is frequency of irradiated light.
Previous measurements showed, that the response amplitude is directly
proportional to illuminated area and radiant energy [10]. That means, that
sequential irradiation of the sample parts with a light with constant spot size and
radiant energy will indicate the level of homogeneity.
Experiment, which involves partial film illumination was provided by Marko
Palviainen during his Master's Thesis [58]. However, since its purpose was to
detect which thickness of gold layer will allow the charge to conduct 11 mm (see
Figure 22), there was only one illumination point with no comparison with the
others, as well as no comparison with the quantity of illuminated molecules.
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(a)

(b)

Figure 22. setup of the experiment: (a) the scheme of the film; (b) achieved PER maximum
relative to the time of gold sputtering [58].

Setup, which was designed by Teemu Tukiainen [45], allows to obtain PER of
the whole thick-film. Modification of the setup with a possibility of partial
illumination, was designed and proposed(see Chapter 5.3).
Statistical analysis of uniformity
Analysis of uniformity of any of above-mentioned parameters can be divided
into two stages. To define them, it is necessary to consider the structure of
information, which is obtain through the measurements. Value of studied
parameter is distributed, according with some probability distribution with
includings of outliers (points, which are distant from other observations). The
nature of outliers can be in the error in measurements or in the defects in the
studied parameter. Thus, the statical analysis of uniformity includes:
a) Specify the distribution and revelation of outliers.
b) Calculation of distribution parameters without the influence of outliers.
Besides, in the case of esitmation of unifority in the image, it should be
segmented beforehand. Segmentation means separation of image on sectors by
particular criterion of uniformity (i.e. intensity). It can be either manual or
automatic.
Distribution is characterized by probability density function, standard deviation,
expected value, median, mode and variance of distribution [64].
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These are several methods for finding outliers [64]:
•

Chauvenet's criterion

•

Grubbs' test for outliers

•

Peirce's criterion

•

Dixon's Q test

•

Mahalanobis distance

•

Modified Thompson Tau test

There are limits for applying the statistical methods. It is strongly recommended
that the minimum of samples for the statistic is not less than 30 [64]. In the case
of reducing the amount of sampling, confidence limit becomes wider and
probabilistic error increases. Therefore, in the case of small groups (5-30
samples) special criteria are used. In the case of very small groups (3-5 samples),
confidence limits are so wide, that the practical value of any statistical analysis is
negligible. Instead of it, it is required to perform qualitative engineering
evaluation [65].
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5

Experimental setups

Parameters, which have impact on the uniformity of thick BR-PVA films, were
analyzed in the Chapter 4. At the same time, the magnitude of the impact
depends on the specification of the film functioning in the application. Thus, it
was decided to design the experimental setups, which will allow to study
parameters, which constancy is necessary for the most of the technical
applications.
The most prominent technical applications with dry BR films include processing
and conversion of optical information (see Chapter 2.3). Evaluation of optical
uniformity will allow to detect defects of films, which can disturb the output
results. On the other hand, optical uniformity is connected with the concentration
uniformity (see Chapter 4), which, it its turn, affect the magnitude of
photoelectric response of the film. A lot of technical applications with BR films
include manipulating with generated or converted electrical signal of the film
under illumination. Due to that, it is important to analyze the spatial uniformity
of photoelectric response under the illumination.
Physical structure of the sensor (Chapter 3) allows to include in the electric
circuit and analyze its electrical properties. As studied properties, it is possible to
pick either inductance, capacitance and resistance under varying frequency or
intrinsic noise of a sample under static frequency and varying thermal and
electro-magnetic load. Estimation of uniformity of electric properties can give us
information about sensors physical characteristics and quality of contacts, which
is important for the proper for of sensors and for development of electronic
circuits, which includes BR-contained elements.
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5.1
5.1.1

Optical uniformity of BR films
Overview

In order to examine the optical spatial uniformity of the BR, it was decided to
design an experimental setup, which would detect dissimilarity according to
Light Transmission method (see Chapter 4).
This will allow to reveal sensors defects, which modify the intensity of
transmitted light (i.e. do not absorb as much light as the part without defect).
Then, we can connect optical uniformity to the uniformity in concentration and
in thickness (see Chapter 4).
The designed experimental setup records full spectrum of all parts of a film and
then convert the achieved data into two-dimensional map of values (as the
uniformity of these values equals to uniformity in concentration, the resulted
map in called 'concentration map').
The experimental setup consists of a camera with imaging spectrograph, robot,
optical table with mounted elements (sample holder, fiber holder, beam splitter)
and light source (Figure 23). Assembly instructions of the setup are presented in
Appendix A.
In order to define tasks which were necessary to complete for achieving the
required data, IDEF0 diagram [66] was prepared. IDEF0 diagram can be found
in Appendix B. Instructions for preparing the experiment can be found in
Appendix C. Setup can be applied to all films, which makes it useful for future
developing and improvement.
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Figure 23. Experimental setup for measuring BR-PVA film concentration uniformity:
1 – PapTopo robot,
2 – QImaging Retiga 4000RV camera,
3 – Specim ImSpector V8 imaging spectrograph,
4 – DF2166 lens,
5 – Optical table with elements:
5.1 – Sensor holder,
5.2 – BR-PVA sensor,
5.3 – Beam splitter,
5.4 – Fiber from the light source,
6 – Calibration target,
7 – Image Pro 5000 Light source,
8 – MHF-M1002 Light source,
9 – computer's screen (other parts of PC are not shown)
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5.2.1 Mechatronics

PapTopo robot
All elements are mounted on moving robot, based on Sony Cast Pro II, which
was previously designed in PapVision project and modified to PapTopo
measuring station within the working area of Toni Kuparinen and Lasse Lensu
[67]. PapTopo performs movements in X and Y directions with the resolution of
0.02 mm, which allow to acquire data from high amount of points. A photo of a
robot is shown on Figure 24.

(a)

(b)

Figure 24. Paptopo robot (a) in unmounted condition and (b) with mounted camera and
spectrograph.

Retiga-4000RV camera and ImSpector V8 spectrograph
Sensors were imaged by the QImaging Retiga-4000RV camera with imaging
spectrograph the ImSpector V8, connected with standard C-Mount. Digital
camera Retiga-4000RV has good sensitivity in studied wavelength range (Figure
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25) and resolution (2048×2048), while chosen spectrograph ImSpector V8
allows to obtain full spectrum of the whole line. You can see camera and
spectrograph images on Figure 26. Imaging spectrograph has attached DF2166
lens.

Figure 25. Spectral response of Retiga-4000RV [68].

(a)

(b)

Figure 26. Experimental setup elements: (a) camera, (b) spectrograph.

Image Pro 5000 Light Source
During geometric calibration, calibration target is illuminated by JUST
NORMLICHT Image Pro 5000 Light Source (see Figure 27a). Image Pro 5000
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uses fluorescent tube, which produce constant illumination with high intensity
and (see Figure 27b).

(a)

(b)

Figure 27. Image Pro 5000: (a) photo of light source, (b) spectrum of the light source.

MHF-1002 Light Source
Light source, which is used during scanning, should obtain high stability as well
as decent intensity (see Conditions). Chosen Moritex MHF-M1002 Fiber Optic
Illuminator has spectra with good quantum efficiency and sensitivity on required
wavelength range (see Figure 28 a, b). Optical fiber, which is attached to it, is
fixed on the optical table via Edmund Optics 50.8mm-M6 post holder (see
Figure 29). The light source was chosen in accordance with spectrograph user
manual [68].

(a)
Figure 28. MHF-M1002 light source: (a) photo, (b) spectrum.

(b)
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Edmund Optics optical table
All elements on the experimental setup were fixed on optical table #54638,
which itself is placed on robot's moving plate. These elements were as follows:
post holder for the fiber, optical beam splitter and sample holder. You can see the
table with mounted elements on Figure 29. Working drawings of all elements can
be found in Appendix A.

(a)

(b)

Figure 29. Optical table with mounted elements; a – front view, b – top view.

Sample holder
Light beam, which was emitted from the light source, falls on the beam splitter
and turns 90 degrees. After that, it passes through the sample and comes to the
camera's optics with connected spectrograph.
It was decided to design a sample holder, which can fix the sample firmly and at
the same time will not allow light, except the one going through the film with
BR, to pass through. The holder has a clamp for the sensor, which will fix it
during scanning, and aperture of 20×40 mm, which allows to block light outside
the sensor. Light beam leaves beam splitter as a cone and illuminates the part
with diameter of approximate 20 mm (the illuminated area is shown on Figure
30a and Figure 30b). During scanning, the operator should fix the sensor in the
holder in a way, that the studied part is placed in the illuminated area (position of
the sensor during scanning of calibration window and BR-PVA part is shown in
Appendix A).
You can see the model of the holder in Figure 31. Instructions for the assembly
of the holder on the optical table are shown in Appendix A.
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(a)

(b)
Figure 30. (a) Position of sample, while scanning calibration window; (b) position of sample,
while scanning BR-PVA part. The red arrow shows direction of incoming beam, the circle
shows the location of output beam.

Figure 31. Model of sample holder.
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5.1.3 Software

The camera and robot are controlled from Matlab on Windows 7. The
Experimental Setup could also be controlled from Matlab on a Linuxdistribution, but the interfaces between the devices and Matlab would have to be
rewritten. Listing of the code for all of functions can be found in Appendix D.
Focusing of the setup
Before image acquisition, camera needs to be focused. Focusing the setup is
done in the following way: calibration target should be placed on the top of the
sample holder plate. calibration target is a 60×90 mm checkerboard (see Figure
28a) with cell size of 10 mm2, printed on a thick matte paper.
After sensor is placed, it is imaged by a camera. Based on the incoming image on
the screen (see Figure 32b), the operator should adjust lenses in order to make
edges between white and black as sharp as possible.

(a)

(b)

Figure 32. Focusing of camera: (a) calibration target, (b) spectrum of imaged checkerboard line.
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Spectral calibration
Spectral calibration defines location of the wavelength axis at the detector array
[68]. The calibration is done with the ORIEL optical filters, which allow to
transmit only a narrow peak with a width of 10 nm at known wavelengths:
#54341 with the peak at 500 nm and #58460 with the peak at 700 nm. Both
filters are shown on Figure 33 a, c and their spectra are shown on Figure 33 b, d
correspondingly. Filters were chosen in accordance with the light source
spectrum (Figure 28b). The calibration is done is following way: the filters are
sequentially set on aperture window of sample holder so that light beam goes
through them, then captured by the camera. Mirror side should be placed towards
light ray. After the measurements combining (Figure 34), step interval was
calculated as a relation of distance between the peaks and their known
wavelengths. With the known step, it was possible to calculate the
correspondence between the image pixels and wavelengths.
When setup was designed, it was important to know if registered wavelength
scale was linear. To do this, additional measurement with ORIEL optical filter
#54401 with the peak at 600 nm was conducted and distance between the peaks
at 500 and 600 nm, as well as 700 and 500 nm was calculated. As the distances
were equal, it was found, that the scale is linear.
During imaging, only the MHF-M1002 light source should be switched on.

(a)

(b)
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(c)

(d)

Figure 33. Optical filters: (a) filter with peak on 500 nm and (b) its spectrum, (c) filter with
peak on 700 nm and (d) its spectrum. Note that initially the abscissa axis was reversed, so the
peak with higher wavelength was located at the left.

Figure 34. Combined graph with two peaks
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Geometric calibration
After focusing is done, it is possible to start geometric calibration of the other
image axis, which will give the correspondence between image pixels and
physical units in space.
Similar to focusing stage, calibration target should be placed on the top of
sample holder plate. Edges of the cells should be parallel to the line, which is
captured by camera (if they are parallel, then the registered peaks will have the
similar width). To evaluate the amount of pixels per mm, it is necessary to
capture at least one full cell.
After the calibration target is placed, one line of it is imaged by the camera. The
spectrum of imaged line (Figure 32b) is converted into the intensity graph by
summation of all the values for each pixel (Figure 35a).

(a)

(b)

Figure 35. Calibration board: (a) unfiltered graph, (b) filtered graph

Then, the graph is filtered by finite impulse response (FIR) function [69] with
the following coefficients:
[-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0 1 1 1 1 1 1 1 1 1 1 1]

(10)

Fulfilled Heaviside step function [70] searching gave maxima at proposed
black/white edges (Figure 35b). Distance between maxima in pixels can be found
and then divided by the known cell width.
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It is important to note, that the quality of the obtained graph depends on the
lighting conditions. During focusing and geometric calibration the Image Pro
5000 should be the only light which illuminates the sample.
Offset compensation
According to the ImSpector Manual, registered result will be distorted by the
offset, which is mostly generated by dark current [68]. In order to neglect such
influence, it is required to keep the temperature stable in the laboratory (see
Conditions part)
Scanning technology
The camera with the connected imaging spectrograph ImSpector V8 allows to
capture a line in space with a length of 2048 pixels. Each pixel in this line is
decomposed of the full spectrum, with the length of 2048 pixels. So, by moving
the camera in Y direction and imaging line after line, we create 3-dimensional
array, with X, Y and λ dimensions (see Figure 36). Initial coordinates of robot,
which allow it to capture the lowest line are 195 along the x-coordinate and 110
along the y-coordinate. In the case, if position of the sample with respect to
moving table will be changed, the initial coordinates should be changed as well.
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Figure 36. Visualization of 3-dimensional array. 1 – one line, which is obtained by one
capturing, 2 – decomposition of one pixel.

Array visualization is done by summation values on all frequencies for each
pixel and visualizing the resulted 2-d image on the full range of colormap.
Resolution of the camera and step size are chosen according to the final
objective. For instance, if the final concentration map will be analyzed by the
operator, it is preferable to pick the highest resolution possible. In the case, if
concentration map is created for further correlation with the PER map, resolution
and step size can be limited by its characteristics. Operator should change the
resolution of the camera and step size of the robot manually (vid variable and
Ystep variable in the MainScript.m)
It is critical to keep the exposure time value constant throughout the
measurement because in the other case darker parts fill be imaged with higher
exposure and this will make the experiment results difficult to interpret.
Instructions for setting the exposure time can be found in Appendix C.
In order to do scanning, the operator should choose camera coordinates and
width of scanning from the focusing dialog window. During scanning, MHFM1002 should be the only light, illuminating the sample.
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Data handling
After 3-d array is ready it should be converted in the two-dimensional array of
values. Methods, which were proposed for estimating the uniformity, are
connected with the apsorption spectrum of the bacteriorhodopsin.
The estimation of uniformity is made with two methods:
1. Comparing the peak absorbance value of each pixel.
2. Comparing correlation between the obtained spectrum and BR
absorbance spectrum from theory.
Comparing the peak absorbance value of each pixel
Due to its molecular composition, BR has the maximum absorbance at the
wavelength of approximately 570 nanometers, see Table 1 (since sensors were
not irradiated by pulsed light, we did not examine absorbance at intermediate M
state). However, this value slightly differs in various research papers [10, 45,
71]. So, it was decided to include a possibility to compare the mean values at
specified region. By default, the central wavelength is 570 nm and region length
is 20 nm. The operator can change these values, based on the experiment
requirements.
Compering correlation between obtained spectrum and BR absorbance
spectrum from theory
Spectrum of BR can be seen in Figure 37. It was taken from the literature [71]
and then transformed into the array via GetData Graph Digitizer program. Before
comparing, the reference spectrum should be bound to existing axes the defined
during calibration.
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Figure 37. Absorption spectrum of wild-type BR ground-state [71].

Transmission spectra the obtained by scanning, should be converted into
absorption spectra (11) [72]:
A=−lg(%T )

(11)

where A is absorbance and T is transmittance.
To find percent transmittance, intensity spectrum of BR sensor should be divided
on intensity spectrum of calibration window (sensor, which have all rest
elements, except for BR-layer) (10):
%T =I br / I ref

(12)

Where Ibr is BR intensity spectrum and Iref is calibration window intensity
spectrum.
After the spectrum is transformed, it is possible to perform cross-correlation.
This is performed by calculation of correlation coefficients pixel-by-pixel with
corrcoeff

Matlab function. Combined theoretical and registered graphs are

shown in Figure 38.
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Figure 38. Combined registered and theoretical graphs, with peaks on approx. 570 nm.

5.1.4 Conditions

Proper work of the setup requires the following conditions:
1. Operator should follow Laboratory Safety Guidelines, which are
provided by the head of the laboratory. This includes thermal stability,
which is necessary for neglecting the offset caused by dark current.
2. Mounting should be performed, according to Appendix A.
3. Before sample scanning, optimal exposure time should be set, according
to Scanning technology part.
4. Quality of calibration target image should meet the requirements of
Geometric calibration part.
5. Quality of filters image should meet the requirements of Axis calibration
part.
6. Experiment should be performed with the closed windows and no
additional light switched on, except the appropriate: Image Pro 5000
during focusing and geometric calibration, and MHF-M1002 during axis
calibration, exposure time finding and scanning. In the case of achieving
inappropriate results during calibration, the operator should decrease the
detection threshold (GeomCalibration.m, variable thr) and add more 1
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and -1 coefficients to filter coefficient array (GeomCalibration.m,
variable b). In the case of achieving inappropriate results during
scanning, the operator should increase intensity of MHF-M1002 (left
rotary switch on the front panel) and check, if the light spot covers the
tested part.
7. Input coordinates in “Scanning” dialog box should not exceed operating
range of the robot (from 0 to 350 in x and y directions).
8. The operator should not move setup or its parts during scanning.
9. As a biological material, BR-PVA films should not be put in extreme
environmental conditions or exposed to excessive mechanical impacts.
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5.2
5.2.1

Uniformity of electrical characteristics
Overview

In order to examine the uniformity of electrical characteristics of dry BR sensors,
it was decided to design an experimenal setup, which will allow to conduct
impedance and capacitance measurements of sensors on a range of frequencies in
various light and physical conditions. However, due to the fact, that it was
possible to conduct experiments on ready impedance analyzer, there was no need
to create a new experimental setup from elements. Experiment was conducted on
analyzer under supervision of Joonas Talvitie. Instructions for performing the
experiment can be found in Appendix F.

5.2.2 Equipment

Wayne Kerr 6500 Impedance Analyzer
Analyzer, which was used for experiments is shown in Figure 39. Waynne Kerr
analyzer is designed for high-precision (for Z and C, accuracy is about 0.05%)
impedance and LCR measurements at high frequencies [73].

Figure 39. WK6500B Impedance Analyzer.
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Wayne Kerr Analyzer provided measurements on frequencies from 20 Hz up to
120 MHz with frequency step size of 0.1mHz, which was necessary for
observing changings in impedance and capacitance values.
Dolan-Jenner Fiber-lite MI-158 illuminator
In order to reveal the dependencies, the studied samples should be measured
under various light conditions. It was decided to choose the Fiber-lite MI-158
illuminator (Figure 40) with connected 15 millimeter fiber as a light source. MI158 provides high-intensity adjustable illumination with a noise level less than
25 dB [74].

Figure 40. Fiber-lite MI-158 illuminator [74].

5.2.3 Connection of samples

Wayne Kerr 6500B analyzer has four front panel BNC connectors, which permit
up to four connections. Adapter, used for the measurements was 1J011
Component Fixture. Its was connected to the copper tape contact of the studied
sample.
The studied sensor set (#64, #65, #66) have two separated contacts (see Chapter
3). According to the hypothesis, the impedance and the capacitance values
depend on surface of the contact so connecting the left or right contact should
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give Z and C, which will be twice less than ones with both contacts connected.
To show this, it was decided to measure samples with left, right and both
contacts involved. The studied sample #49 has only one contact.

5.2.4 Software

Wayne Kerr 6500B analyzer have GPIB and Ethernet interfaces, which enable
control the instrument and read the registered values. All measurement and setup
data can be stored using the Ethernet interface or a USB flash memory. In the
experiment, we controlled analyzer directly and saved measured data to USB
stick, as a table with frequency, Z and C columns.

5.2.5 Conditions

Proper work of the setup requires following conditions:
1. The operator should follow Laboratory Safety Guidelines, which are
provided by the head of the laboratory.
2. The operator should avoid vibration of the sample during scanning.
3. The operator should not remove sample during scanning.
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5.3
5.3.1

Spatial uniformity of photoelectric response
Overview

In order to check the uniformity of photoelectric response, it was decided to
design an experimental setup which will allow the measurement of photoelectric
response under short pulsed illumination of each spot of a film, and then,
compose a photoelectric response map. The experimental setup is based on T.
Tukiainen the experimental setup and consists of the instrumentation amplifier,
oscilloscope, pulsed light source, light fiber guide and robot (Figure 41). The
required conditions and settings of the camera and amplifier are similar to ones,
used in the previous experimental setup.

2
4.1

3

4

1
6
5

Figure 41. Experimental setup for measuring BR-PVA film photoelectric response.
1 – PapTopo robot, 2 – Oriel Q light source, 3 – Fiber light guide, 4 – Optical table with
elements: 4.1 – Preamplifier, 5 – Oscilloscope Handyscope HS4-diff, 6 – PC.
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5.3.2 Mechatronics

PapTopo robot
Robot, which is used in the experiment is described in Chapter 5.1.2.
Oriel Q light source
Photoelectric response of bacteriorhodopsin is iniciated only by altering
illumination. The amplitude of the response corresponds to the light intensity
[63]. Assuming that, the main requirements for the light source in experiment are
following:
•

As the light pulse width defines the minimum time resolution [45], it
should be shorter, than the transitions between intermediate stages of the
photocycle.

•

The emitted energy of the light source should be sufficient for the PER
examination and, at the same time, stable in order to enable accurate
measurements.

Oriel Q xenon pulsed flashlamp (bulb 6426) have required characteristics. Light
source obtains controllable discharge energy between 26 and 160 mJ, which is
optimal for differential response analysis. Half-width of the pulse in 1.6 μm,
which is faster, than all transitions of BR photocycle in dry films [75]. Finally,
light pulse obtains high stability which provides accurate measurements.
You can see photo of Oriel Q light source in Figure 42. The spectrum of the
xenon lamp, provided by the manufacturers, is shown in Figure 43.
Fiber light guide
Exit aperture of the lamp is connected to the flexible fiber optic light guide.
Optical collimator enables focusing the light in 5 the millimeter fiber. The other
end of the fiber is connected to the robot's upper part via the standard connector.
The focusing lens on the end of the fiber provides the light spot with estimated
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diameter of 1 mm. Distance between the end of the fiber and the light spot equals
to 5 centimeters.

Figure 42. Oriel Q xenon pulsed flashlamp.

Figure 43. Spectrum of xenon light [75].

Electric amplifier
The magnitude of output signal equals to several millivolts and has to be
amplified in order to be registered by the measurement device. For the accurate
and stable measurements, amplifier, which will be used in the experiment setup,
should have following characteristics:
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•

low noise level

•

low Direct Current (DC) offset

•

low drift

•

linear amplification with high gain

Electric amplifier, designed by Teemu Tukiainen [45], fulfills stated
requirements. It is based on Burr-Brown INA111 instrumentation amplifier with
low input bias current of 20pA and bandwidth of 450 kHz with gain 100. In
order to reduce the high-frequency noise, the input voltage is filtered with bypass
capacitors. Electronics and BR films are placed in shielded enclosure with a
transparent conductive window for illumination. The amplifier is powered with
two 9 V batteries, providing the voltage range of ± 9V [45]. BR sensors are
connected to the amplifier by contacts with contact area of about 0.5 mm 2 [45].
The Amplifier is connected to the oscilloscope via BNC connectors. It should be
noted, that it is possible to replace amplifier with the modern one, designed by
Joonas Talvitie.
You can see photo of electric amplifier in Figure 44.

Figure 44. Electric amplifier.

Oscilloscope
The measurements can be recorded with Handyscope HS4-diff. It has 50 MHz
bandwidth and the maximum resolution of 50 megasamples per second [76]. You
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can see its photo in Figure 45. It is possible to replace the oscilloscope with one,
which has better characteristics.

Figure 45. Handyscope HS4-diff oscilloscope [76].

5.3.3

Software

As the proposed setup is a modification of previous experiments, tasks,
concerning illumination, calibration, data filtering and information storage are
already solved. Problems, that still have to be solved in the new setup are
scanning method, array composition and PER map computation.
Scanning
There are two parameters, which can possibly affect the PER: the concentration
of the protein and the distance between the contact and the irradiated part (see
Equivalent circuit of the experiment). Then, each point in the line parallel to the
golden plate (Figure 46) will have equal distance to the contact and thus,
difference in the PER will be connected only with difference in concentration.
According to this scanning technique was chosen: we start in the upper right
corner of the illumination window of the amplifier (the point is set in the
program) and go in the down direction with step size of A mm. After reaching the
bottom margin of the window (which will be after 20/A steps), we move the
robot by step of B mm to the left and by 20*A mm upward. This should be
repeated 20/B times. Size of A and B was chosen in accordance to the size of
irradiated area. Both of them equal to 1 millimeter.
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Figure 46. Scheme of scanning.

Each scan represents array with1E+6 data points. So, after the scanning we
create a 3-dimensional array, with X, Y and V dimensions.
Data handling
Filtered photoelectric response from single light pulse is shown in Figure 47.
Fast excitation, which is caused by an irradiation by a lamp is followed by a
decay. Values, which can be used for PER map composition are the amplitude
value of the fast component and the time constant of the slow component, which
characterize the decay time. Both of values are known to be affected by the
elements of measurement system, but the error magnitude is considered to be
static in the measurement, so it will not interfere with the comparison.

Figure 47. Filtered photoelectric response.
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5.3.4

Equivalent circuit of experiment

Evaluation of the BR photoelectric properties during experiment can be
performed with equivalent circuit modeling. Simplified scheme of the
experiment is shown on Figure 48.

Figure 48. Simplified scheme of photovoltage response registration.

To analyze difference in resistivity in various film sectors, it is necessary to
visualize the resistance and the capacitance properties of sensor's elements
(Figure 49). It was decided to leave out inductance nature of the elements,
because the large sensor with wide contact area makes inductance value
insignificant.

Figure 49. Simplified scheme of photovoltage response registration with capacitance and

75
resistance nature of the sensor's elements: R1 is resistance of transition from copper stripe to
gold, R2 is resistance of the gold layer, R3 is resistance of transition between gold layer and
BR-PVA layer, R4 is resistance of of BR-PVA layer, R5 is resistance of transition between BRPVA and tin dioxide, R6 is resistance of tin dioxide, R7 is resistance of transition from copper
stripe to tin dioxide, R7 is resistance of measuring device, C1 is conductance between copper
stripe and gold layer, C2 is conductance between gold layer and BR-PVA layer, C3 is
conductance between BR-PVA layer and tin dioxide, C4 is conductance between copper stripe
and tin dioxide, C5 is conductance of measuring device.

In the case when the sample is not illuminated, its structural scheme will look as
shown in Figure 50.

Figure 50. Equivalent circuit of sample without illumination.

Pulse light, which illuminates the film, creates potential source. Scheme with the
light ray is shown on Figure 51. Proposed path of current is shown on Figure 52.

Figure 51. Physical structure of the sample under illumination.
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Figure 52. Proposed current path in the BR-PVA photosensor.

Accordingly, equivalent scheme will look as follows (see Figure 53):

Figure 53. Equivalent scheme of the sample under illumination.

If the illuminated spot is moving towards the contact (see Figure 54), then the
current path will change and this will affect the resistances (Figure 55).
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Figure 54. Current path in the case of moved illuminated spot.

Figure 55. Equivalent scheme in the case of moved illuminated spot.

Scheme in Figure 55 reflects functioning of all the elements in the film.
Obviously, the influence of sensors part in the registered result is not equal. For
the analysis of the role of elements, it was decided to modify a simplified model
of the circuit, designed by Joonas Talvitie [59] (see Figure 56).

Figure 56. Equivalent circuit of the system, formed by a BR sensor and measurement
instrumentation.
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The circuit itself is based on previous theoretical works [77, 78] and consists of
membrane part (Rm and Cm in parallel) and the part, which is responsible for the
photoelectric response (Rp and Cp in series), connected to the measurement
instrumentation, modeled with Rin and Cin. As the capacitance increases, if
sample thickness decreases [35], capacitance of the whole sensor is replaced with
the capacitance of the irradiated sector (Cm n). Resistance of photoactive part (Rp)
is variable, due to changes in the location of the light.
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5.4
5.4.1

Noise characteristics of BR-PVA sensor
Overview

In order to examine the unifority of noise in BR sensors, it was decided to design
the setup, which can register the noise characteristics of the films under varying
electric and thermal loads.
Noise means a electric signal signal random fluctuation. According to researches
[79], its distribution in the low-frequency range looks as shown on Figure 57: in
the left part there will be occurrence of 1/f-noise, and in the right part there will
be power line noise of 50 Hz (in Europe or 60 Hz in United States). Part, which
is the most useful for analysis is located in the middle, on the frequency of 23
Hz. The examination of fluctuation magnitude with increasing electric loads can
give us a representation of element performance and detect defects in it. For
instance, increased noise of the p-n diode on high level of electric loads can
indicate the rupture in it (see Figure 59). Defects, as dislocations in the bulk of
the material and the quality of contacts, will reflect as deviations from the typical
noise distribution of the element.
Then, some defects appears at specific temperature. For instance, we can see
thermal breakdowns of p-n diode, which do not show up at low temperatures
(see Figure 59).
According to researches [80], BR has temperature dependent characteristics. As
it can be seen in Figure 58, the optical transmission of BR films increases with
the increasing of temperature, and their sensitivity decreases. The fast component
of PER decreases on 80° C and then increases on 90° C, at the same time, the
slow component only increases. Delay between beginning of PER decay and the
light pulse end becomes shorter with the rise of temperature (Figure 58).
Therefore, the noise characteristic of BR polymer film can be temperature
dependent as well.
Consequently, the examination and comparison of the noise distribution with
varying electrical and thermal loads can be performed for the examination of
BR-PVA sensors uniformity. To design an experimental setup, the method of
noise measurement should be chosen.
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Figure 57. Assumed noise of sample in low-frequency range.

(a)

(b)

(c)
Figure 58. Temperature dependent characteristics of BR: (a) transmission, (b) sensitivity and (c)
photoelectric response [80].

Figure 59. Combined noise graph of p-n diode with varying electrical and thermal loads.
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5.4.2

Substantiation of low-frequency noise measuring method

Noise is estimated and characterized by the evaluation of stochastic variables.
These are the characteristics of noise measurement [79]:
•

Due to limited duration of the measurement, random error occurs;

•

The Sensitivity of equipment should be high, because of small power of
the measured noise;
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•

The dynamic range should be large, since the noise is characterized by
the large amplitude of the root mean square (RMS) noise value ratio;

The methods of noise measurement and experimental setups, which are based on
these methods, vary depending on the frequency range. The main methods of
measuring noise are [79]:
•

The comparison method.

•

The compensation method.

•

The modulation method.

•

The direct assessment method.

After the analysis of the fore-mentioned method the direct assessment method on
fixed frequency was chosen. In the presence of high-sensitive equipment, it
enables high accuracy and measurements universality, which can be important
during the experiment.
The direct noise measurement is based on the measurement of noise RMS
voltage (current) by the high-sensitive device with the known bandwidth. The
measurement is done by direct reading of measuring value. Obviously, the
sensitivity of the setup is limited by the measuring tools internal noise. The block
diagram of the direct assessment method is shown in Figure 60.

Figure 60. Block diagram of the low-frequency noise direct assessment method:
1 – studied sensor, 2 – a low-noise preamplifier, 3 – spectrum analyzer, 4 – PC.

It should be noted, that currently there are no standard measuring instruments as
well as no standard methods for measuring the low-frequency fluctuations. Thus,
in each case, it is necessary to develop the measurement setup and technique
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which would enable maximum accuracy, minimum required sensitivity and
reliability of the obtained results.

5.4.3

Experimental setup for measuring the low-frequency noise of BR-PVA
sensors under the influence of thermal and electric loads

The analysis of the block diagram and experimental setup construction allowed
to define following requirements:
1. During the low-frequency noise measurement under the influence of thermal
and electric loads, the preamplifier should be located as close as possible to the
studied sample, as low-frequency noise is very small, and long connecting wires
can make the low-frequency noise measurement insensible. On the other hand,
the preamplifier should be shielded from the area of possible temperature effects.
2. For conducting the measurement and establishing of the dependence between
low-frequency noise level and electric/temperature loads, the experimental setup
should enable varying experimental conditions.
According to stated requirements, experimental stand was developed. Its block
diagram is shown in Figure 84. The setup is based on non-standard measuring
device (see Figure 61, block 5), in which the screened heat chamber, preamplifier
and commutation device are combined within one element with the short
connecting wires.
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Figure 61. The block diagram of the experiment setup.

Experiment setup consists of following elements:
1. Test samples 1 ... n.
2. The low-noise preamplifier. For the evaluation of the numerical value of the
noise level, it is necessary to know the inherent noise level, gain and frequency
response of the amplifier.
3. Spectrum analyzer. It is used for the registration of output characteristics.
Along with the non-standard measuring device, spectrum analyzer is the main
block of the setup, which defines the technical specifications of the setup.
4. PC. It is used for storage and processing of results.
5. Non-standard measurement block. It is used for switching, receiving and
amplification of low-frequency signals from the test sample to the spectrum
analyzer.
6. Low-noise power source for the preamplifier.
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7. Heat chamber. It is used for samples disposing and for creation of thermal
load on them. In order to reduce the wire length, the heat chamber is connected
to non-standard measurement block.
8. Temperature stabilization unit of the heat chamber.
9. Low-noise DC power source for the electric load operation.
10. High-impedance digital voltmeter.
11. Low-noise potentiometer. It is used for the electrical load alteration.
12. Light source. It is used for samples illumination.
13. Low-noise ampermeter.
14. SA1 switch. It is used for switching off preamplifier.
15. SA2 switch. It is used for switching off power source of electric load.

5.4.4

Conditions

1. In accordance with the stated requirements, the designed experimental stand
should obtain the characteristics, listed in Table 4.

Table 4. Required technical characteristics of the setup.
Parameter

Value

Frequency range, Hz

0,01-60

Sensitivity, nV/div

10

Inherent noise level, nV

30-500

The scale value on a linear scale, mV

80

The measurement error, %

20

The temperature range in the heat chamber, K

298-500

Spectrum range, nm

380 – 740

2. For isolating from the power-line noise, the power supply of the setup should
include the power unit with power filter.
3. For protection against interference, the experimental stand should be grounded
with the isolated line.
4. The low-noise DC power source should be based on batteries (type “AAA”),
which is substantiated by the low noise requirements.
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6

Experiments

Several experimental setups, which were designed in the Chapter 5, were used to
prove the hypotheses. In the following chapter, results of experiments are
presented.
6.1

Optical uniformity

Experiment setup, designed in the Chapter 5.1, was used to check the following
hypotheses:
1. Registered intensity is connected with the concentration of BR in the
film.
2. Uniformity in registered intensity of certain volume in the film
corresponds to uniformity of BR-PVA concentration in that parts.
The experiment was performed with sensors #64, #65 and #66 (see Chapter 3).
Set of experiments, which was conducted can be divided into two types:
producing the concentration map for visual analysis, which will be performed by
the operators and producing the concentration map, which will be correlated with
photoelectric response map. As it was shown in Appendix A, distance between
the lens and sampler holder equals to 85 mm. The calculated range of camera is
about 75 mm, although in practice there is only 45 mm visible. It is bigger than
examined area of the sensor (20×20 mm), but keeping the camera on that
distance is more preferable for calibration. The fact, that position of the camera
is not changed in two experiment types means that decreasing of resolution will
cause decreasing of pixel-to-mm coefficient as well.
Concentration map for visual analysis
As we were limited by elements specifications, it was decided to choose the
maximum possible resolution (1024×1024) and small step size (0.1 mm). We
did not select the minimum step size (0.02 mm), because of the third limitation,
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the size of memory. In that way, resolution of the reference window and BR
arrays are 1024×1024×301 (x/λ/y).
Pixel-to-millimeters coefficient, which was found after capturing calibration
target (see Figure 62) equal to 13.550. The observed peaks, which can be seen as
a red line on Figure 62, relate to glare on the white cells of calibration target. It is
not critical to have absolutely matted calibration target, as peaks will fade out
after the filtering.
Axis calibration gave us pixel-to-nm coefficient, which is equal to 1.0638.

Figure 62. calibration target image, sample 65.

After all the types of calibrations were conducted, the reference and BR parts
were scanned. Their composed 3-dimensional (x/λ/y) arrays have the following
dimensions: 1024×1024×301.
Various visualization types of one captured line are shown on Figure 63.

(a)

(b)

Figure 63. Transmission spectrum of one captured line of Sample BR: (a) 2-D map, (b) surface.

The images are displayed with the full range of color map, where blue is the
lowest intensity and red is the highest intensity.
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As a demonstration of spectrum conversion, the transmission and the absorption
spectra of one line of BR are shown on Figure 64. Intensity on all range is
summed for each pixel. The peak of absorbance spectrum is about 570 nm.

(a)

b)

Figure 64. Scanned line of BR sensor sample: (a) transmittance spectrum and (b) absorbance
spectrum.

After conversion to absorption spectra, the visualization was performed.
According [71], we picked 570 nm as a point of interest with a width of 20 nm.
The optical scans, visualized in the grayscale map, are shown on Figure 65.
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(a)

(b)

(c)
Figure 65. Optical maps, calculated with method I: (a) Sample #64, (b) Sample #65 and (c)
Sample #66
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Scans, which were created as a correlation with spectrum from theory are shown
on Figure 66 (copper contacts are not shown, as they add high error in the final
result). Correlation maps, calculated with both methods shows similar results,
which indicates the validity of calculation algorithms.

(a)

(b)

(c)
Figure 66. Optical maps, calculated with method II: (a) Sample #64, (b) Sample #65, (c)
Sample #66
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Statistical analysis of the image
After concentration maps are created, it is possible to perform visual analysis.
The visual analysis, performed with the operator revealed surface imperfections
and shatterings as well as small imperfections, which were invisible on photos.
To perform a statical analysis, it is necessary to make segmentations of acquired
images. It was decided to perform segmentation manually, according to the
intensity boundary. The map of segmentation is shown in Figure 67.

6
1

3
2

4

5

Figure 67. Map of segmentation.

In the analysis of the segments, several circumstances should be taken into
consideration. First of all the quantity of defects is big and they can spoil the
evaluation of distribution. Secondly, the size of one pixel is 73 μm, which is in
several times bigger, than PM diameter, which means, that the outliers probably
relate to the physical defects.
Histograms of segments are shown in Figures 68-70.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 68. Segments histograms of Sensor #64: (a) segment 1, (b) segment 2, (c) segment 3, (d)
segment 4, (e) segment 5, (f) segment 6

(a)

(b)
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(c)

(d)

(e)

(f)

Figure 69. Segments histograms of Sensor #65: (a) segment 1, (b) segment 2, (c) segment 3, (d)
segment 4, (e) segment 5, (f) segment 6.

(a)

(b)

(c)

(d)
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(e)

(f)

Figure 70. Segments histograms of Sensor #66: (a) segment 1, (b) segment 2, (c) segment 3, (d)
segment 4, (e) segment 5, (f) segment 6.

The evaluation of optical uniformity was calculated as average of coefficients of
variation in all segments (13) [64].
n

∑ cυ
c¯υ =

1

(13)

n

where cυ is coefficient of variation and n is the amount of segments.
The coefficient of variation equals to (14) [64]:
c υ= σ
μ

(14)

where σ is deviation and μ is mean value.
Coefficients of variation are shown in Table 5. According to obtained data,
sensor #64 has the worst optical uniformity of segments. The best uniformity is
in sensor #65. Sensor #66 has good optical characteristics, except segment 6,
which has high level of defects.

Table 5. Coefficents of variation of sensors.

cυ

Sensor #64

Sensor #65

Sensor #66

Segment 1

0,1793

0,1614

0,1236

Segment 2

0,086

0,0768

0,0547

Segment 3

0,0607

0,05

0,0216

Segment 4

0,1574

0,076

0,0832

Segment 5

0,1473

0,1282

0,0314

Segment 6

0,1796

0,1169

0,3933

0,1350

0,1012

0,118

c¯υ
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6.2

Electrical characteristics (impedance, capacitance, resistance)

Experiment setup, designed in the Chapter 5.2, was used to check the following
hypotheses:
1. During LCR measurements of BR sensors, the measured quantities
should change with the intensity of the light.
2. The surface of the sensor's contact should affect the impedance and the
capacitance.
3. The variation in the LCR characteristics can be explained based on the
variation in the physical characteristics.
4. The volume of the gold layer affects the capacitance.

Experiment was performed with sensors #64, #65 and #66 (see Chapter 3).
Registered data is presented in Appendix E. The measured values from all the
studied sensors are shown in Figures 80 and 81. In order to enhance
visualization, graphs were presented as C (pF) vs ν (Hz) and lgZ (Ohm) vs ν
(Hz). Results do not contradict with previous measurements [78].
Dependence with light conditions
The comparison between the impedance and the capacitance in the dark
conditions and under illumination is shown in Figure 71 and Figure 72
correspondingly.
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Figure 71. Impedance behavior under different light conditions on frequency range.

Figure 72. Capacitance behavior under different light conditions on frequency range.

Difference between measurements measurements under different light conditions
is less than 0.05% and it is within the analyzer measurement error. According to
previous researches, there should be a clear dependence between capacitance and
impedance values and light intensity. The reason, of this difference lies into the
experiment conditions. According to the nature of the photocycle photoelectric
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response, affecting the electric properties, is impossible under static illumination.
So, measurements should be performed with the pulsed light source at a single
frequency. Moreover, the experiment requires the measurement which will be
10-100 times faster than the change, caused by the light. For example, if the light
pulse is about 1 ms long, the measurement should be 10-100 μs.
Dependence from the contact area
The comparison between the impedance and the capacitance with different
contacts connected is shown in Figure 73 and Figure 74 correspondingly. Due to
the fact, that the measurement showed no difference between impedance and
capacitance under illumination and with no illumination, graph of the last one is
not included.

Figure 73. Impedance behavior with different contacts area.
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Figure 74. Capacitance behavior with different contacts area.

As you can see from the graphs, the most striking difference between the values
is evident on capacitance charts. It is connected both with the non-uniformity in
concentration and mostly with the physical defects of gold layer. As can be seen,
Sensor #65 obtains the biggest difference between registrations of the right and
the left contacts. Its left stripe has exfoliation of the left contact (see Chapter 3).
To check that, resistivity of ought to be checked.
Furthermore, dependence between contacts area and capacitance is changing
within the frequency range. Graph in Figure 75 shows the difference between the
capacitance of both stripes and the sum of left and right capacitances. It is linear
before 1 MHz, but then it begins to decrease rapidly. The reason of that can be
caused by several factors. The possible reason lies in the frequency related
capacitance roll-off phenomena [81]. Equivalent series resistance (ESR) is one of
the parameters of capacitor, which characterizes its losses in the AC circuit. ESR
can be represented as a capacitor in series with a resistor (see Figure 76a). The
circuit resistance is determined mainly by the dielectric losses and also by
resistance of plates inner contacts and capacitor leads. The dielectric losses are
mainly caused by polarization and increase proportionally with increasing
frequency. As a result, phase angle between the current and the voltage will be
less, than 90° (see Figure 76b). The tangent of the angle, which comprises this
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difference, is called tangent of the loss angle δ or dissipation factor. The
dissipation factor (DF) can be expressed as ratio of two sides of the triangle (see
Figure 76c) and it is calculated by equation (15):

DF=

ESR
XC

(15)

where ESR is equivalent series resistance and Xc – capacitive reactance.

Figure 75. Difference between the capacitance when both strips are connected and sum of left
and right strips capacitances, film #64, no illumination.

(a)

(b)

(c)

Figure 76. Equivalent series resistance: (a) equivalent circuit, (b) phase shift, (c) dissipation
factor.

It is important to consider the dissipation factor along with the capacitance
during the measurement. If it is high, then the measurement accuracy is reduced.
In order to check this, the dissipation factor of the film was measured. It is
shown in Figure 77 along with the capacitance measurement. As we can see, the
dissipation factor is high on big frequency values.
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Figure 77. Dissipation factor.

Besides, the problem could be in the analyzer regime of work. To check if the
instrument and the basic test setup are the cause of the problem, conventional
ceramic capacitor of 100 pF was tested (see Figure 78). Result looks normal, so
the impact of working error is insignificant.

(a)

(b)

Figure 78. 100 pF ceramic capacitor: (a) impedance, (b) capacitance.

Capacitance calculation
In order to prove graphs validity, it was decided to calculate the capacitance and
compare it with registered values. Due to the fact that the BR sensor is a real
device, each connection of the elements in it forms a side capacitance (Figure
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79). However, their influence is minor compared with the main capacitance, and
thus can be excluded. As the impedance is calculated by analyzer, there was no
point in its examination.
Capacitance of film-type capacitor is calculated as follows (16) [82]:
C=0,885 ε ∗S ( pF)
d

(16)

where ε is relative permittivity of dielectric, d is thickness of dielectric in cm, S
is area of lower and upper plates overlapping in cm2.
Dielectric permittivity is usually calculated on frequency of 1 kHz [82]. On that
frequency and at room temperature εr of protein equals to 2 [10] and εr of
polyvinyl alcohol is about 7 [83]. According to Lihtenekker degree equation
[84], the dielectric permittivity of two-component medium is found by equation
(17):
εk3= y 1 ε1k + y 2 εk2

(17)

where ε1 is dielectric permittivity of the first component, y1 is volume ratio of the
first component, ε2 is dielectric permittivity of the second component,
volume ratio of the second component and

y2

is

k is constant, equals to 1 or -1,

depending on the particles form.
Volume ratio of BR in solution is about 28.5% [10]. Then, dielectric permittivity
of mixture equals to approximately 3.4. The approximate thickness of dielectric
equals to 123 μm [10]. The overlapping area of sensors equals to the area of gold
layer, as the second electrode (SnO 2 layer) covers the whole surface of the glass
substrate (see Chapter 3). The area of each gold stripe of sensors #64, #65 and
#66 is approximately 91 mm2. Area of gold layer of sensor #49 is about 221
mm2. The estimation did not include elements roughness, defects, contact quality
and active area of gold layers. The calculated capacitance values are listed in
Table 6.
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Table 6. Calculated and registered C values.
Sensor/contacts

Registered value, pF

Calculated value, pF

#64/right contact

87,4051

222,617

#64/left contact

94,4023

222,617

#64/both contacts

174,705

445,234

#65/right contact

102,246

222,617

#65/left contact

102,364

222,617

#65/both contacts

198,714

445,234

#66/right contact

101,291

222,617

#66/left contact

101,979

222,617

#66/both contacts

197,603

445,234

#49

95,4431

540,641

Figure 79. Physical structure of the film.

Figure 80. Combined Capacitance graph.
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Figure 81. Combined impedance graph.
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7

Future work

Further work, concerning the examination of uniformity of thick BR-PVA films
consist in the studying of the parameters, which have impact on it (see Chapter
4). As the next step, it is possible to provide researches with experimental setups,
designed in the Chapter 5.3 and Chapter 5.4.
Information about photoelectric response value in all parts of the film, which is
an objective of experiment setup, described in the Chapter 5.3, can be compared
with the optical map, which was composed during the first experiment (Chapter
5.1 and Chapter 6.1). By doing this, we can check the hypothesis, if photoelectric
response depends on the concentration of bacteriorhodopsin in the film.
According to previous researches [45], photovoltage in thick unoriented films is
generated only by levels near to electrodes. On the other hand, some parts of the
sensors have several PM patches overlapping each other. Their influence can be
evaluated by comparing PER of light and dark parts.
Next, as it was stated in the Chapter 5.3.4, changing of the light spot position
will mean changing in the light path length and thus, the amplitude of response.
This hypothesis can be checked by comparing two points with similar
concentration and different length to the contact.
Experiment setup, designed in the Chapter 5.4 enable examination of sensors
noise characteristics. If noise characteristic depends on quality of the contact,
then sensors with bad contacts should have higher noise level, than ones with
decent quality. Quality of contact can be examined by the experiment, described
in the Chapter 5.2. Alternatively, accurate measurements can be provided by twocontact or four-contact methods, which, however, can damage studied films.
The dependence of noise measurements and the hidden defects can be revealed
by comparing noise to the coefficients of variation, estimated in the Chapter 6.1.
According to hypothesis, sensors, which have bad quality of elements will have
bigger noise level magnitude.
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8

Discussions & Conclusions

As a result of this Master's Thesis, following results were obtained:
Literature review on bacteriorhodopsin, its composition, properties, technology
of production and technical implementations conducted. Thick BR-PVA
photosensors, which were involved in future experiments were examined and
described separately. On the grounds of the achieved data, parameters which can
influence the thick BR-PVA film performance characteristics were specified.
Methods, verifying uniformity of each parameter were surveyed and
systematized.
Based on the framed methods, new experimental setups for the evaluation of
thick BR-PVA films uniformity were designed and developed. Experimental
setup for evaluation of optical uniformity, electric properties, uniformity of
photoelectric response and noise characteristics allow to conduct studies on large
quantities of thick BR-PVA films and can be easily modified for the work with
other thick polymer films on transparent substrate with a high degree of
measurement reliability. The experiment, concerning the examination of BR
optical uniformity, involved automated method of surface scanning and two
methods of data enhance, which increased the accuracy and reliability of the
experimental results. The developed technology can be used in other experiment,
based on optical scanning.

For the needs of the experiment, non-standard

element “sample holder” was developed and constructed. For the purpose of
practical utilization, improvement and modification, the IDEF0 diagram,
mounting instructions, experiment instructions and code listing of the experiment
were presented. Experimental setup, concerning the examination of BR electrical
properties was based on ready impedance analyzer. It includes experiment
instructions and proposed settings of analyzer. Experimental setup, concerning
the examination of photoelectric response, involved automated method of surface
scanning and two possible methods of PER graphs comparison. Equivalent
scheme, which models properties of PER uniformity control experiment was
designed and proposed. The experiment, concerning the examination of noise
characteristics involved selection and substantiation of the measuring method
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and the block scheme of experimenal setup, based on it. The results of the work
can be useful for the development of new devices based on bacteriorhodopsin.
By means of created experimenal setups, list of experiments was done.
Based on the experimenal setup for examination of optical uniformity, two series
of experiments with different objectives, regarding to their final purpose, were
conducted. The first set of experiments, where the final objective was visual
analysis, enabled to detect defects in sensors surface. After the scanning, data
was analyzed with statistical methods, which provided evaluation of their
concentration uniformity. The second set of experiments, which was done for
further combined estimation with PER maps allowed to obtain results, which
will be basis for the further analysis. Parameters, which were proposed in the
second set, allow to receive required data more quickly.
The experiment concerning the examination of electrical characteristics involved
the proposed analysis of dependence between the impedance and the capacitance
and light conditions as well as contact surface. Combined graphs revealed
frequencies with the biggest discrepancy of the values. The lack of dependence
between illumination and capacitance/impedance value was revealed and
explained, based on the literature. Next, difference in capacitance of right and
left contact was revealed and related defects of gold layers and quality of
contacts in sensors. Methods for proving that supposition were listed.
Furthermore, alteration of contacts area and capacitance relation within the
frequency range was revealed and estimated. Possible reasons of that behavior
were described. Additional experiments for their verification were conducted and
the results revealed the high magnitude of dissipation factor at high frequencies,
which reduced the accuracy of the experiment. Finally, the capacitance value was
calculated and compared with the registered one. Possible reasons of their
divergence were listed.
New research guidelines for the examination of BR-PVA thick films uniformity
were proposed. Hypotheses, which will be checked during the researches, were
stated.
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Appendix A. Experiment 1 (BR concentration uniformity)
mounting instructions

1

2

3

4
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5

6

Figure A1. Step-by-step mounting guide.

Notes: To provide high operating capability it is necessary to ensure easy assess
to setup's location for operator. Linear control is performed by micrometer. Angle
control is performed by bubble level. Step-by-step mounting guide is shown in
Figure A1.
1-2. Place the optical table to robot's moving plate
3. Screw the corner plate of robot in accordance with Figure A2.
4. Guiding by the ImSpector User Manual ver2.2 [59], connect imaging
spectrograph to the camera (2.1. Connecting ImSpector to CCD camera), mount
lens (2.3. Mounting objective lens) and perform linear arrangement (3.1. Axis
alignment procedure). Mount the camera to linear translation stage. Connect the
translation stage to the corner plate of robot. Connected elements should conform
with scheme on Figure A2.
5. Connect elements, according to Figure A3.
6. Fix the position of optical table with elements, in order to combine center of
light spot and center of lens (see Figure A3). Control is performed by the
intensity of registered light.
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Figure A2. Mounted setup and its necessary schematics.
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Figure A3. Optical table with mounted elements and their necessary schematics.

Figure B1. IDEF0 diagram “Creation of concentration map”.
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Appendix B. Experiment 1 IDEF0 diagram

Figure B2. IDEF0 diagram “Creation of concentration map”.
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Figure B3. IDEF0 diagram “Mounting of the setup”.
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Figure B4. IDEF0 diagram “Calibration”.
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Figure B5. IDEF0 diagram “Scanning”.
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Figure B6. IDEF0 diagram “Data conversion”.
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Appendix C. Experiment 1, instructions for operator
Exposure time
Before starting the experiment, exposure time should be set by operator. Value of
exposure time can be found and set by following steps:
Step 1. Open QCapture program and press “Preview” button.
Step 2. Click “Exposure” tab in “Camera settings” dialog window
Step 3 Move the slide in the “Exposure” part in order to make the graph be equal
to zero straight in the right corner (see Figure 35).

(a)

(b)

(c)
Figure 35. Exposure time: (a) low; (b) high; (c) optimal.

Experiment procedure
Step 1. Mount the parts of the setup.
Step 2. Connect the Fireware cable between the camera and computer.
Step 3. Connect the power supply for the camera.
Step 4. Switch on the camera (press button on the back side).
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Step 5. Connect the serial cable between the robot and computer.
Step 6. Connect the safety switch to the robot. Press the safety switch.
Step 7. Switch on the robot (press switch on robot's front panel).
Step 8. Open MainScript.m in Matlab.
Step 9. Obtain source codes from /paptopo/src/robot and change robot/
as working directory for Matlab in Windows.
Step 10. Switch on Image Pro 5000 and switch off all the other lights.
Step 11. Run the program.
Step 12. Place a calibration target on the working place so that board's edge will
be perpendicular to the sample holder's edge; Press “OK” in the appeared
information window.
Step 13. In the appeared dialog window, press button “Continue”, if quality of
appeared picture corresponds to required (see “Geometrical calibration” part)
and skip to Step 15. Otherwise, press “Set camera position” button.
Step 14. In the appeared dialog window, enter 195/110 as Initial X/Initial Y and
1 as Scan Range; Press OK (see Figure 39). (It is possible to input other values
as initial coordinates in case they allow the camera to capture image with
required quality).

Figure 39. “Scanning” dialog window.

Step 15. Switch off Image Pro 5000 and switch on MHF-M10002
Step 16. Remove the calibration target and prepare #54341 (peak at 500 nm) and
#58460 (peak at 700 nm) filters. Press “OK” in the appeared information
window.
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Step 17. Place the #54341 filter on the aperture as it was said in “Axis
calibration” part. Press “OK” in the appeared information window.
Step 18. If the registered spectrum meets the requirements, which were set in
“Axis calibration” chapter, press “Continue” in the appeared dialog window.
Otherwise, press “Repeat”.
Step 19. Remove the #54341 filter and place the #58460 filter on the aperture, as
it was said in “Axis calibration” part. Press “OK” in the appeared information
window.
Step 20. If the registered spectrum meets the requirements, which were set in
“Axis calibration” chapter, press “Continue” in appeared dialog window.
Otherwise, press “Repeat”.
Step 21. Remove the #54331 filter and fix the part of sensor without BR on the
sample holder as it is shown on Figure 26a; Press “OK”.
Step 22. Enter 195/110 as Initial X/Initial Y and 30 as Scan Range in the
appeared dialog window; Press “OK”.
Step 23. Wait till the end of scanning.
Step 24. Remove the part of the sensor without BR and fix the other part of
sensor (with BR) on the sample holder, as it is shown on Figure 26b; Press
“OK”.
Step 25. Wait till the end of scanning.
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Appendix D. Experiment 1 code listing
% Main script of the program
%initialization of the camera and robot
CASTP2Init('COM3');
vid = videoinput('qimaging', 1, 'MONO8_256x256'); % Resolution should be chosen manually,
see thesis
src = getselectedsource(vid);
vid.FramesPerTrigger = 1;
src.Exposure = 0.01; %Exposure should be found with Icapture, see thesis
%moving of the robot to the starting position
CASTP2Move2D(195,110);
%geometric calibration
waitfor(msgbox('Place a calibration target on working place'));
Yrange=Focusing(vid,30); % focusing
image=getsnapshot(vid);
width = 10; % width of the cell in mm
[PixMM, error] = GeomCalibration(image, width); % this will give a pix/mm coefficient
%axis calibration
waitfor(msgbox('Prepare two optical filters: 500 and 700 nm'));
[nm_index1, WaveNMPerPix]=AxisCalibration(vid); %axis to nanometers
%scanning of calibration window
waitfor(msgbox('Place a calibration window on working place'));
Yrange=Focusing(vid, 30); % new focusing
Ystep=0.5; %Scanning step should be chosen manually, see thesis
InitPos=CASTP2GetPosition();
% dim1 - X, mm; dim2 - wavelength, nm; dim3 - Y, mm
Iref=Scan(vid,Yrange,Ystep);
waitfor(msgbox('Place BR-PVA film on working place'));
CASTP2Move2D(InitPos(1), InitPos(2));
I_br=Scan(vid,Yrange,Ystep);
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I=-log10(I_br./Iref); %convert into absorption
load BR.mat %reference BR spectrum, which is taken from theory
WL=570; %peak of interest
WLrange=10; %width of the peak
ShowRes(I, PixMM, Ystep, WaveNMPerPix, nm_index1, WL, WLrange, refBR); %
visualization
CASTP2UnInit();
clear global;
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% focusing function
function [Yrange] = Focusing(vid, Yrange)
repeat=1;
while repeat
imagesc(getsnapshot(vid));
choice = questdlg('Focusing done?', 'Focusing and initial position set', ...
'Set camera position', 'Continue', 'Continue'); % focusing dialog box
% Handle response
switch choice
case 'Set camera position'
pos=CASTP2GetPosition; % acquire robot's position
prompt = {'Initial position, X (mm):','Initial position, Y (mm):', 'Scan range (mm):'}; % scanning
dialog box: 3 fields
dlg_title = 'Please set camera position and scan range';
num_lines = 1;
def = {num2str(pos(1)),num2str(pos(2)),num2str(Yrange)}; % default fields meanings
out = inputdlg(prompt,dlg_title,num_lines,def); % dialog output
out = [str2num(out{1}), str2num(out{2}), str2num(out{3})]; % converting cell array in number
if isempty(out) % if 'cancel' is pressed
continue;
else if out(1) < 0 || out(1) > 350 || out(2) < 0 || out(2)+out(3) > 350 || out(3) < 0 % if number is out
of robot's range
waitfor(msgbox('Error: some values exceed moving range 0—350!'));
else
CASTP2Move2D(out(1),out(2));
Yrange=out(3);
end
end
close;
case 'Continue'
repeat=0;
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end
close;
end
end
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% geometric calibration
function [ PixPerMM, NoPeaks ] = GeomCalibration(img, square_width_mm)
% img - acquired image
% square_width_mm - width of chess cell in mm
%Returns coefficient = number of pixels within 1 mm
X=sum(img,2); % summation over all frequencies
b=[-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0 1 1 1 1 1 1 1 1 1 1 1]; % filter coefficients is unit step function
Y = filter(b,1,X); % filtration (in both sides)
Y=Y.^2; % square Y for acquiring function with positive coefficients in transition points
n=length(Y);
thr=0.2*max(Y); %detection limit — should be chosen manually, see thesis
peaks=[];
i=1;
m=0;
while i<n
while (Y(i)<thr) %comparing with limit until it's exceeding
i=i+1;
if i>=n break; end %a condition of array limits
end
if i>=n break; end
while (Y(i)>m) %we find maximum, while values are rising
m=Y(i);
i=i+1;
if i>=n m=0; break; end
end
if m ~= 0 % if maximum is found, we write it down
peaks=[peaks i-1];
end
if i>=n break; end
while (Y(i)>thr) % skip decreasing values
i=i+1;
if i>=n break; end
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end
m=0;
i=i+1;
end
NoPeaks = length(peaks);
peaks = peaks(2 : end-1); %remove the first and the last transitions
Width_Pix = mean(diff(peaks));
PixPerMM=Width_Pix/square_width_mm;
end
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% Axis Calibration function
function [nm_index1, k] = AxisCalibration(vid) %find nm scale to pixel counts binding
repeat=1;
waitfor(msgbox('Place optical filter 500 nm'));
I_500nm = getsnapshot(vid);
%dialog window, 500 nm
while repeat
subplot(2,1,1); imagesc(I_500nm);
subplot(2,1,2); plot(sum(I_500nm, 1));
choice = questdlg('Done?', 'Focusing and initial position set', ...
'Repeat', 'Continue', 'Continue');
% Handle response
if (strcmp(choice, 'Continue'))
close;
repeat = 0;
else
waitfor(msgbox('Place optical filter 500 nm'));
I_500nm = getsnapshot(vid);
end
end
%dialog window, 700 nm
repeat=1;
waitfor(msgbox('Place optical filter 700 nm'));
I_700nm = getsnapshot(vid);
while repeat
subplot(2,1,1); imagesc(I_700nm);
subplot(2,1,2); plot(sum(I_700nm, 1));
choice = questdlg('Done?', 'Focusing and initial position set', ...
'Repeat', 'Continue', 'Continue');
% Handle response
if (strcmp(choice, 'Continue'))
close;
repeat = 0;
else
waitfor(msgbox('Place optical filter 700 nm'));
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I_700nm = getsnapshot(vid);
end
end
I_d = + sum(I_500nm,1) - sum(I_700nm,1); % combining two graphs
[~, ind500] = max(I_d); %index of max value, which is eq. to 500 nm
[~, ind700] = min(I_d); %index of min value, which is eq. to 700 nm
k=(700-500)/(ind700-ind500); %step
b=500-k*ind500;
nm_index1 = k*1 + b;
end
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% Scanning function
function [I] = Scan(vid,Yrange,Ystep)
%Scan of the surface with following parameters:
% N_mean - number of imaging of one line for averaging
% Yrange - length of imaging object in mm
% Ystep - step of camera in mm
% PixPerMM - pix/mm coefficient
step_min = 0.02; % camera min step
Ystep=round(Ystep/step_min)*step_min; % making step of camera divisible by min step
NY=fix(Yrange/Ystep); %amount of camera movements
Yrange=Ystep*NY; %making border divisible by step, but not more than Yrange
img = getsnapshot(vid); %taking image for finding resolution
[a,b] = size(img);
I=zeros(a, b, NY+1);
rtn=CASTP2GetPosition; %finding current position of camera
i=1;
for y = rtn(2) : Ystep : rtn(2)+Yrange
tic();
CASTP2Move2D(rtn(1),y); %movement of camera, in respect of current position
img = getsnapshot(vid);
I(:,:,i)=double(img);
disp(toc()); %it is needed to count time for one snapshot
close;
imagesc(img);
i=i+1;
end
end
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% Visualization function
function [ ] = ShowRes(I, PixMM, Ystep, WaveNMPerPix, nm_index1, WL, WLrange, refBR)
% Inorm - our 3d-array
% refBR - etalon BR spectrum from theory (2nd approach)
% WL - central wavelength - point of interest (1st approach)
% WLrange - half of distance from central wavelength (1st approach)
S=size(I);
s3_Ymm = 0 : S(3)-1; % scale for 3 dimensions
s1_Xmm = 0 : S(1)-1;
s2_WL = (0 : S(2)-1)*WaveNMPerPix + nm_index1;
s3_Ymm = s3_Ymm*Ystep; % length scale
s1_Xmm = s1_Xmm/PixMM; % width scale
% 1st approach. visualising of intensity map by central wavelength
i_min=1;
while s2_WL(i_min)<WL-WLrange % min limit
i_min=i_min+1;
end
i_max=1;
while s2_WL(i_max)<WL+WLrange % max limit
i_max=i_max+1;
end
I1=mean(I(:,i_min:i_max,:),2); %making average by wavelengths range
figure();
I1=permute(I1, [1 3 2]); % change dimensions in matrix
imagesc(s3_Ymm, s1_Xmm, I1); %visualising. Results can be also observed in 'colormap(gray);'
% 2nd approach. visualising of intensity map by correlation coefficient
% with BR theor. ref. spectrum
BR = interp1(refBR(1,:),refBR(2,:), s2_WL); % BR theor. spectrum in chosen scales
BR(isnan(BR(:)))=0;
BR=BR';
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I2=zeros(S(1),S(3));
I=permute(I, [2,1,3]);
I(isnan(I(:)))=0;
for i=1:S(1) % calculating of correlation coefficient
for j=1:S(3)
R=corrcoef(I(:,i,j),BR);
I2(i,j)=R(2,1);
end
end
figure();
imagesc(s3_Ymm, s1_Xmm, I2); %visualising. Results are also observable in 'colormap(gray);'
end
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Appendix E. Experiment 2 to evaluate the uniformity of
electronic characteristics, registered data.
Each of the registered spectrum consists of 1600 points, from 100 Hz to 120
MHz. It was decided mark out the points of interest: the values at specific
frequencies that reflect important sides of the measurement.
First of all, it is necessary to show the measurements at the frequency closest to 1
kHz. Capacitance values taken on this frequency are used for testing the validity
of the condenser (see Chapter 6.2). Secondly it was decided to show the
frequencies with the biggest divergence of measurements in capacitance (see
Figure E1). Due to the fact that the form of the impedance graphs remains
constant regardless of the contacts surface and illumination, it was decided to
include control points, which located at the same frequencies, as the capacitance

Capacitance, pF

points.

ν, Hz
Figure E1. Points of interest.

140

Under illumination

Dark conditions

Capacitance (pF) Impedance (lgΩ)

Capacitance (pF)

Impedance (lgΩ)

~1000 Hz

95,4431

6,2217

94,6908

6,2253

A (7,48 MHz)

56,7829

2,5701

56,0858

2,5755

B (24 MHz)

53,1593

2,0882

52,5323

2,0934

C (38,5 MHz)

52,0464

1,8851

51,4561

1,8902

D (48,7 MHz)

51,6066

1,7792

51,0553

1,7841

E (67,3 MHz)

50,9787

1,6250

50,5032

1,6295

F (89,9 MHz)

48,937

1,4746

48,6598

1,4777

G (108 MHz)

44,051

1,3752

43,8292

1,3775

Figure 1E. Sample #49. Capacitance and impedance values in points of interest in dark
conditions and under illumination.

Under illumination
Capacitance (pF)

Dark conditions

Impedance (lgΩ)

Capacitance (pF)

Impedance (lgΩ)

1000 Hz

174,705

5,959

174,93

A (7,48 MHz)

99,0291

2,3247

98,7651

2,326

B (24 MHz)

87,1509

1,8552

87,0298

1,8562

C (38,5 MHz)

78,4032

1,6671

78,4447

1,6677

D (48,7 MHz)

71,6622

1,5749

71,8103

1,5752

E (67,3 MHz)

57,5354

1,4546

57,8399

1,4542

F (89,9 MHz)

37,5635

1,3627

37,9247

1,3613

G (108 MHz)

21,1489

1,3207

21,425

1,3187

5,9584

Figure 2E. Sample #64. Both contacts connected. Capacitance and impedance values in points
of interest in dark conditions and under illumination.

Under illumination
Capacitance (pF)

Dark conditions

Impedance (lgΩ)

Capacitance (pF)

Impedance (lgΩ)

1000 Hz

94,4023

6,2263

93,8239

6,229

A (7,48 MHz)

55,3306

2,58

54,834

2,5838

B (24 MHz)

51,2115

2,0986

50,4674

2,1038

C (38,5 MHz)

49,4838

1,894

48,2846

1,9020

D (48,7 MHz)

48,3426

1,7866

46,721

1,7975

E (67,3 MHz)

45,406

1,6307

42,9379

1,6485

F (89,9 MHz)

37,6486

1,4833

34,8696

1,5113

G (108 MHz)

25,4658

1,3972

24,073

1,4313

Figure 3E. Sample #64. Left contact connected. Capacitance and impedance values in points of
interest in dark conditions and under illumination.
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Under illumination
Capacitance (pF)

Dark conditions

Impedance (lgΩ)

Capacitance (pF)

Impedance (lgΩ)

1000 Hz

87,4051

6,26

87,4216

6,26

A (7,48 MHz)

50,9538

2,6158

50,7508

2,6175

B (24 MHz)

47,0293

2,1351

46,82

2,1368

C (38,5 MHz)

45,2698

1,9317

44,9396

1,9342

D (48,7 MHz)

44,0281

1,8259

43,5904

1,8291

E (67,3 MHz)

41,0158

1,6734

40,4426

1,6776

F (89,9 MHz)

33,8231

1,5313

33,1552

1,5374

G (108 MHz)

23,4274

1,4477

22,9657

1,4552

Figure 4E. Sample #64. Right contact connected. Capacitance and impedance values in points
of interest in dark conditions and under illumination.

Under illumination
Capacitance (pF)

Dark conditions

Impedance (lgΩ)

Capacitance (pF)

Impedance (lgΩ)

1000 Hz

198,714

5,9030

198,563

5,9034

A (7,48 MHz)

111,228

2,2722

110,768

2,2742

B (24 MHz)

93,5793

1,8135

93,3767

1,8149

C (38,5 MHz)

79,6198

1,6391

79,4416

1,6406

D (48,7 MHz)

69,7399

1,5579

69,6043

1,5593

E (67,3 MHz)

52,2901

1,4567

52,3386

1,4578

F (89,9 MHz)

32,9401

1,3815

33,1188

1,3817

G (108 MHz)

19,3471

1,3445

19,5636

1,3441

Figure 5E. Sample #65. Both contacts connected. Capacitance and impedance values in points
of interest in dark conditions and under illumination.

Under illumination
Capacitance (pF)

Dark conditions

Impedance (lgΩ)

Capacitance (pF)

Impedance (lgΩ)

1000 Hz

102,364

6,1912

102,006

6,1927

A (7,48 MHz)

59,6258

2,5473

59,3713

2,5492

B (24 MHz)

55,0323

2,0659

54,7974

2,0676

C (38,5 MHz)

52,8614

1,8618

52,6055

1,8637

D (48,7 MHz)

51,2859

1,7552

51,0175

1,7571

E (67,3 MHz)

47,2108

1,6012

46,9068

1,6035

F (89,9 MHz)

37,0729

1,4595

36,8588

1,4621

G (108 MHz)

22,8011

1,3807

22,7793

1,3831

Figure 6E. Sample #65. Left contact connected. Capacitance and impedance values in points of
interest in dark conditions and under illumination.

Under illumination
Capacitance (pF)
1000 Hz

102,246

Dark conditions

Impedance (lgΩ)
6,1917

Capacitance (pF)
101,739

Impedance (lgΩ)
6,1938
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A (7,48 MHz)

58,1845

2,5566

57,7854

2,5599

B (24 MHz)

52,1497

2,0839

51,9447

2,0862

C (38,5 MHz)

48,1984

1,8912

48,1688

1,8928

D (48,7 MHz)

45,245

1,7948

45,3277

1,7957

E (67,3 MHz)

38,9652

1,6637

39,2087

1,6638

F (89,9 MHz)

29,0756

1,5520

29,4907

1,5505

G (108 MHz)

19,3355

1,4919

19,7499

1,4893

Figure 7E. Sample #65. Right contact connected. Capacitance and impedance values in points
of interest in dark conditions and under illumination.

Under illumination
Capacitance (pF)
1000 Hz

Dark conditions

Impedance (lgΩ)

197,603

5,905

A (7,48 MHz)

111,595

B (24 MHz)

93,1549

C (38,5 MHz)

Capacitance (pF)

Impedance (lgΩ)

197,852

5,905

2,2703

111,32

2,2715

1,8115

92,9942

1,8124

77,9235

1,6379

77,8659

1,6385

D (48,7 MHz)

66,9663

1,5579

66,984

1,5582

E (67,3 MHz)

47,5702

1,4606

47,6109

1,4608

F (89,9 MHz)

26,6167

1,3923

26,6576

1,3921

G (108 MHz)

12,7303

1,3621

12,7255

1,3620

Figure 8E. Sample #66. Both contacts connected. Capacitance and impedance values in points
of interest in dark conditions and under illumination.

Under illumination
Capacitance (pF)
1000 Hz

Dark conditions

Impedance (lgΩ)

Capacitance (pF)

Impedance (lgΩ)

101,979

6,1928

102,033

6,1926

59,494

2,5476

59,4462

2,5479

B (24 MHz)

54,0394

2,0698

53,9735

2,0702

C (38,5 MHz)

50,6752

1,8712

50,5705

1,8718

D (48,7 MHz)

48,0628

1,7698

47,9093

1,7707

E (67,3 MHz)

41,8487

1,6288

41,7311

1,6297

F (89,9 MHz)

30,4799

1,5060

30,4236

1,5068

G (108 MHz)

17,9894

1,4415

17,9512

1,4423

A (7,48 MHz)

Figure 9E. Sample #66. Left contact connected. Capacitance and impedance values in points of
interest in dark conditions and under illumination.

Under illumination
Capacitance (pF)

Dark conditions

Impedance (lgΩ)

Capacitance (pF)

Impedance (lgΩ)

1000 Hz

101,291

6,1957

100,944

6,1972

A (7,48 MHz)

58,7618

2,5529

58,6145

2,5540

B (24 MHz)

53,0648

2,0779

52,9832

2,0788

C (38,5 MHz)

49,4327

1,8834

49,361

1,8843
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D (48,7 MHz)

46,6925

E (67,3 MHz)
F (89,9 MHz)
G (108 MHz)

1,7856

46,6412

1,7864

40,7318

1,652

40,6778

1,6527

30,9792

1,5370

30,9164

1,5381

21,0001

1,4745

20,946

1,4761

Figure 10E. Sample #66. Right contact connected. Capacitance and impedance values in points
of interest in dark conditions and under illumination.
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Appendix F. Experiment 2, instructions for operator

5.2.6 Experiment technique

Measuring of samples #49
Step 1. Connect the 1J1011 Component Fixture to analyzer's BNC connectors,
according to KW6500B Impedance Analyzer user manual.
Step 2. Connect the studied sample to the 1J1011 Component Fixture.
Step 3. Switch on MI-158 light source. Set the highest intensity of the light.
Step 4. Switch on the Impedance Analyzer.
Step 5. Make settings of the analyzer (Choose Graphical Sweep Mode with: Z
and C as measurement parameters. Choose Frequency as a swept parameter.
Choose exponential frequency step). Start the measurement.
Step 6. Wait till the end of measurement.
Step 7. Switch off MI-158.
Step 8. Start the measurement.
Step 9. Wait till the end of measurement.
Measuring of sample #64-66
Step 1. Connect the 1J1011 Component Fixture to analyzer's BNC connectors,
according to KW6500B Impedance Analyzer user manual.
Step 2. Connect the studied sample to the 1J1011 Component Fixture with the
left contact involved, as written in Chapter 5.2.3.
Step 3. Switch on MI-158 light source. Set the highest intensity of the light.
Step 4. Switch on Impedance Analyzer
Step 5. Set the analyzer (Choose Graphical Sweep Mode with: Z and C as
measurement parameters. Choose Frequency as a swept parameter. Choose
exponential frequency step. Choose 100 Hz as Start Frequency and 120 MHz
as Stop Frequency). Start the measurement.
Step 6. Wait till the end of measurement.
Step 7. Switch off MI-158.
Step 8. Start the measurement.
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Step 9. Wait till the end of measurement.
Step 10. Connect the studied sample to the 1J1011 Component Fixture with the
right contact involved, as written in Chapter 5.2.3.
Step 11. Perform Steps 3-9.
Step 12. Connect the studied sample to the 1J1011 Component Fixture with both
contacts involved, as written in Chapter 5.2.3.
Step 13. Perform Steps 3-9.

