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INTRODUCTION

The 2017 International Students and Young Scientists Workshop “Optoelectronics
and Microsystems” brought together students, PhD students, experienced scientists
and experts interested and working in novel technologies within the field of
optoelectronics, telecommunications, photonics and microsystems. This event was
a perfect platform for information and experience exchange and an excellent
opportunity for the first presentation for many student participants.

The Workshop, organized by the Faculty of Microsystem Electronics and
Photonics of Wroctaw University of Science and Technology was the 18+ event in
this series. The tradition of the Workshop goes back onto the collaboration in the
field of photonics and scientific exchange between Technische Universitdt Dresden
and Wroclaw University of Science and Technology.

8 invited talks and 22 presentations were presented during the Workshop.
The subjects of the presentations covered topics such as novel applications of
microsystems, photovoltaics, sensors, telecommunication, computer simulations,
thin film characterization and microelectronic technology. Among the participants
of the Workshop were representatives of Industrial Companies. The industrial
experts presented novel technologies introduced in telecommunication,
microelectronic and digital devices or systems. The workshop brought together 50
participants.

The book contains paper submissions of contributions presented by the
participants during the Workshop and reviewed by the Scientific Committee. The
organizing Committee would like to take the opportunity to thank all participants
for high scientific level of their presentations and contributions.

Members of the Organizing Committee
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LASER INTERFERENCE LITHOGRAPHY USING SHORT
COHERENCE LENGTH PICOSECOND PULSED LASER

M. Cwikla, A. Zakrzewski, J. Reiner

Faculty of Mechanical Engineering, Wroctaw University of Science and Technology,
Fukasiewicza 5, 50-371 Wroctaw, Poland

Abstract The article presents laser lithography method which is used to create
periodic patterns on a surface. The method uses light wave interference phenomenon.
Moreover, the presentation describes the influence of the process parameters on the
quality of the fabricated pattern. The first harmonic (355 nm) of solid state Nd:YVOA4,
the pulsed laser has been used to fabricate interference patterns. The utilized laser is
characterized by very short coherence length (1.8 mm) and constant pulse width of 10
ps. This short coherence length induced precise alignment of the optical paths due to
the necessity of keeping coherence path of the beams. This issue is a novelty in Laser
Interference Lithography researches. As a result of exposing a photoresist layer, one-
and two-dimensional structure has been achieved. The fabricated structure had
approximately 0.9 um pattern period. Obtained result was compatible with theoretical
calculations.

Keywords: lithography, interference, microstructuring, picosecond laser, short
coherence length

1. INTRODUCTION

Utilization of lithography methods can be commonly found in microelectronics, during the
process of production of elements and formation of conductive paths. Depending on the
way of mapping desired shape and geometry few different lithography methods can be
distinguished. The most widely used method is photolithography, which is based on
transferring image from a photomask to a photoresist layer through exposure with UV light
[1].

Laser Interference Lithography (LIL) does not require photomask and allows to fabricate
high-resolution one-, two- or three-dimensional periodical structures over a large area. LIL
method is based on the phenomenon of interference between two or more laser beams. In
the spot of coinciding of the waves, change of amplitude occurs [2]. There are two types of
interference — constructive, which is an amplification of the variation, and destructive,
which is the extinction of the variation. To create periodically patterned structure, light
waves need to be coherent and monochromatic [3]. These conditions are met by laser
radiation.

In order to expose surface, both pulsed (PW) and continuous wave (CW) operation lasers
can be used. The Periodic pattern can be recorded on the photoresist layer, and afterward
transferred to target surface through the process of dry or wet etching, furthermore PW
lasers are characterized by higher power density, and they can be used to record interference
patterns directly on the material surface through ablation phenomenon.

The critical factor while designing process of LIL is coherence length of the utilized laser.
Interference phenomenon can only occur while the difference between separated optical
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paths is less then coherence length value. In case of CW lasers, coherence length can exceed
dozens of meters, whereas coherence length of PW lasers is around few millimeters [4].
Thus, utilization of pulsed lasers is associated with the necessity of precise adjustment of
the optical system. That is the reason why the number of research about LIL method using
pulsed lasers is smaller than in case of continuous-wave operation lasers.

The paper includes the results of photoresist exposition based on dual beam laser
interference lithography. The one and two-dimensional microstructures with 0.9 pm pattern
period were fabricated using picosecond laser characterized by very short coherence length
(1.8 mm). Moreover, the experimental results were confirmed by theoretical investigations.

2. MATERIALS AND METHODS

2.1 Numerical analysis

The laser interference lithography technique is based on splitting a coherent laser beam and
then overlapping separated beams on the target surface of the material. Consequently, the
interference pattern is recorded. The basic parameter defining the resulting pattern is the
disturbance period A, whose value depends on the light source wavelength A and the angle
between the interfering beams 0 [5]:

A
A=—"_ (1)

=0

The Matlab script has been mapped out to theoretically determine the period A (Fig. 1)
Values of the parameters posited in the conducted analysis are equal to values in the
performed experiment. Wavelength was 1=355 nm, the angle between interfering beams
was approximately =23°. The value of the obtained period was 0.9 pm.

x (um)

Fig. 1. Theoretical simulation of the periodic pattern for two interfering beams.
Wavelength A = 355 nm, the angle between interfering beams 0 = 22.62°
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2.2 Optical system design

Based on the results of the Matlab simulation, the dual beam optical system for LIL was set
(Fig. 2) [5]. Taking into account the value of pulse width and generated wavelength, a
coherence length of 1.8 mm was determined. The generator beam 7/ was routed through the
reflecting mirror 2 to the 50:50 beam splitter 3. UV prisms 4 mounted on ThorLabs
XYT1/M moveable stage with a resolution of 10 pm were used to align the optical paths.
This method allowed to maintain the difference of optical paths length of beams within the
tolerance range defined by the coherence length. It was a critical condition to obtain an
interference pattern on the sample surface. Divided beams were reflected and routed to the
surface of the sample. The angle between interfering beams was approximately 23°.

»

5 - A 3
| ‘
1 1 / _
— ‘."" 2 N

Fig. 2. Scheme of the compiled interference lithography optical system. 1 — laser beam from
generator 2 — reflecting mirror, 3 — beam splitter, 4 — prism, 5 — movable stage with the mounted
sample

2.3 Preparation of the surface

Duetto laser used in the following research is characterized by 1.6 MW/cm? of maximum
power density and 1.5 mm of laser spot diameter [4]. Thus, it is possible to achieve
structuring through ablation. However, in this paper, results of exposing photoresist layer
has been presented due to the main purpose to prove the possibility of adjustment an optical
system for LIL, using laser characterized by the very short coherence length of 1.8 mm.
Exposed material was negative photoresist ma-N 1400 supplied by Micro Resist
Technology company. Cleaned glass coverslips (10 x 10 mm) has been used as a base for
the photoresist. The spectral sensitivity of used photoresist was in the range of 310 to 400
nm. The photoresist layer was evenly covered over glass substrate due to the process of spin
coating. The rotation speed of the process was 3000 rpm [6]. Time of the process was 30
seconds and it was defined as a result of the idea of achieving the possibly thinnest layer.
Above this time threshold, thickness depletion was not observed. Measured photoresist
layer thickness was approximately 2 um.

Measurement of photoresist thickness was made on LEXT OLS4000 confocal microscope
(Fig. 3). The black color was profile shape of the layer, whereas the spacing between parallel
green lines was measured thickness. A noticeable increase in layer thickness (black curve)
was observed on the edges of the photoresist layer. The phenomenon is called Edge Bead
and it was confirmed by existing research [7].
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The thickness of the layer was measured in few spots and it was alleged to be consistent.
Lastly, the sample was subjected to a soft baking process. The process is based on the
heating sample in order to remove remaining solvent concentration and improving
physicochemical properties, such as increasing adhesion and reducing viscosity. Hotplate
was used to heat up the sample. According to research, the temperature of heating should
be 100°C and the time of the process should be 1 minute for each micrometer of the layer
thickness. Too short baking or too low temperature of the process can result in foaming
nitrogen bladders during exposure and increasing amount of time needed for further
development (dark erosion). Too long baking causes decay of photoactive compound of the
photoresist, thus lowering quality of fabricated pattern [8-9].

Due to the measured thickness of approximately of 2 um, samples were soft baked at the
temperature of 100°C and time of 2 minutes.

After spin coating and soft baking samples were exposed to UV laser beam and then
developed in the ma-D 533/S developer, supplied by Micro Resist Technology. The
development time has been analyzed depending on the degree of removal of unexposed
photoresist areas. It has been defined that the amount of time needed to completely remove
unexposed areas is 20 seconds.

3. EXPERIMENT

Duetto Time-Bandwidth Nd:YVO4 pulsed laser with a pulse width of 9.7 ps and pulse
repetition frequencies range from 5 Hz to 8.2 MHz was used. The minimum energy density
needed to expose negative photoresist ma-N 1400 was 300 mJ/cm? and the maximum was
700 mJ/cm? [6]. The diameter of the laser beam spot was 1.5 mm. Based on these data
theoretical energy density G, provided by single pulse was calculated. Energy density was
given by G = E /A, where A is a cross section area of the laser spot and it was defined by
md? /4. Calculations were made with the assumption of a maximum total power of 3 W and
single pulse energy of 60 pJ. The energy density in single pulse was 3.4 mJ/cm?. Thus, the
minimum number of pulses needed to record pattern on the photoresist was approximately
89. The minimum number of pulses is desirable from the viewpoint of the quality of the
resulting interference pattern. As more pulses are dispensed to the substrate, the greater the
degeneration of the pattern. On the other hand reducing the number of pulses resulted in the
underexposure of the photosensitive emulsion. The pulse repetition rate (PRF) has been set
at 10 Hz. The result of exposing by 89 pulses the photoresist layer on the glass substrate
was recorded by the Olympus LEXT OLS4000 confocal microscope (Fig. 4).
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Fig. 4. The result of the single photoresist exposure. 89 pulses, Pulse Repetition Rate PRF = 10 Hz

Moreover, the effect of a two-dimensional interference pattern was obtained by rotating the
sample around its axis by 90° and re-exposing the sample (Fig. 5). The photoresist exposure
parameters were the same as for one-dimensional structures.

Fig. 5. The result of double exposure of the sample with a rotation of the substrate by 90°. 89 pulses,
Pulse Repetition Rate PRF = 10 Hz

To verify the value of the period, the method of laser profile measurement by the LEXT

OLS4000 microscope was done (Fig. 6). The width ( the red line between two green, parallel
lines) is the measured period A.

——_

MFF ‘_L-x__r—"_‘

Fig. 6. Profile measurement of the distance between interference fringes
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The determined value A is in agreement with the values obtained during the numerical
analysis, with the accuracy of 0.1 um. The discrepancy is due to the possible geometrical
differences between designed and the actual optical system. Consequently, the difference
in angle between interfering beams.

4. CONCLUSION

The possibility of fabricating periodically patterned structures by interference lithography
using Nd:YVO4 pulsed laser characterized by a very short coherence length (1.8 mm) is
presented. Coupling two laser beams from the same source resulted in recording
interference pattern on the surface of the photoresist. Due to the very short coherence length,
an optical system was set with high accuracy using XY stages, characterized by resolution
of 10 um. As a result of exposure of the substrate, a single dimensional structure with the
period of approximately 0.9 pm and total exposed area of 1.75 mm? was obtained.
Moreover, a two-dimensional structure was obtained after rotating the sample by 90° and
re-exposing undeveloped photoresist layer. The advantage of the LIL process over other
lithography techniques is the relatively low costs, the short fabrication time, and the high
resolution of recorded patterns. The method proves to be unrivaled in the case of producing
thick periodic patterns on a micro scale over a large area. The utilization of high power,
pulsed laser for the LIL creates the potential for surface structuring using laser ablation.
This means reducing the many time-consuming manufacturing steps typical of
photolithography to one - exposure. It is possible to directly fabricate the large area of
materials such as metals, polymers or ceramics [2, 10].
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IN SITU OBSERVATION OF LIPSS FORMATION BASED ON
FRAUNHOFER DIFFRACTION

P. Dzienny”, A. J. Antonczak

Faculty of Electronics, Wroclaw University of Science and Technology,
Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland
*e-mail: paulina.dzienny@pwr.edu.pl

Abstract Laser-induced periodic surface structures (LIPSS) are highly periodic wavy
surface features which arve frequently smaller than the incident light wavelength,
which brings possibility of nanostructuring of many materials. Although it is widely
known that they can be obtained on any material, including metals, semiconductors
and dielectrics, phenomena of their formation is not yet fully explained. Because of
their dimensions, observation of them usually requires techniques such as SEM and
AFM. A new method of observing formation in situ, based on Fraunhofer diffraction
on gratings is proposed. It was developed for observing LIPSS creation under excimer
laser irradiation on transparent polymers, but has a potential to be applied to
different laser systems and materials.

Keywords: LIPSS, nanostructuring, optoelectronics, polarization

1. INTRODUCTION

Laser-induced periodic surface structures (LIPSS) are regular wavy structures, in literature
referred to as ripples [1], periodic patterns and self-organizing nanostructures [2]. Their
amplitude and periodicity are usually in nanometer range what allows to obtain structures
much smaller than it is possible with traditional methods, where the dimension of the
structures is limited by the laser spot size. A necessary condition to be fulfilled to produce
this structures is having polarized radiation. Although it is known that they can be obtained
on virtually any material, including metals [3] [4], semiconductors [5-7], dielectrics [8-10],
polymers [11, 12] and carbon-based materials [13-15], phenomena of their formation are
still under debate. Works on their application are in progress. They can be diverse:
biomedical (cell culture [16], culturing human embryonic kidney cells and skeletal
myoblasts [17], super-hydrophobic properties [18]), decorative [19] [20], photovoltaic
(LSFL on 400 nm Mo film for light trapping scattering on PV) [21], mechanical [22], as
diffraction gratings for a display [20] or in microelectromechanical systems and patterning
for field-emitting displays [8].

Several types of LIPSS are distinguished in the literature. The two main are low spatial
frequency (LSFL) and high spatial frequency (HSFL). The first type has spatial periodicity
A close to the laser wavelength A and orientation orthogonal to the polarization of incident
light. They form both under continuous [23] and pulsed [5] laser radiation of energy density
close to ablation threshold and their amplitudes are in order of 100 nm to a few hundred.
The second type has periodicity a few times smaller than the laser wavelength and can be
either parallel and orthogonal to the polarization of the light. They can be obtained using
only laser pulses with ultra-short duration (pico- or femtosecond regime).

Due to LIPSS usual size, their observation is possible only by using strong optical
microscopes (only in case of LSF LIPSS), AFM and SEM. In this article a new method of
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observing formation in situ is proposed, that does not require such advanced techniques. It
is based on Fraunhofer diffraction on gratings.

2. EXPERIMENTAL

During the experiment, two materials were modified: polystyrene (PS) and poly(methyl
methacrylate) (PMMA). The laser irradiation was performed using ArF excimer laser that
operates at 193 nm wavelength with 6 ns pulse duration (ATLEX300-I ATL Lasertechnik
GmbH). The laser output was linearly polarized with an air-spaced version of UV MgF»
Rochon Polarizer (Bernhard Halle Nachfl. GmbH). The angular separation of the ordinary
and extraordinary beam is around 0.55°. The material was placed in such distance from
polarizer that beams were spatially separated on its surface. The samples were prepared
with varying amount of pulses deposited on the surface, from 100 to 11 000 in order to
observe its influence on LIPSS formation. The size of the beam was around 4x4 mm for
each polarization.

The setup for observation of LIPSS formation employed single He-Ne laser generating
632.8 nm wavelength (figure 1). The laser beam was set to traverse the material in the
precise area where LIPSS were forming, it is the area with the highest energy density
distribution in excimer laser beam cross section. Created this way image was placed on the
screen perpendicular to the red beam.

Fig. 1. Photograph of experimental setup: 1 — excimer laser,; 2 — screen; 3 — sample;
4 — He-Ne laser

Microscopic images were obtained with digital microscope Keyence VHX-5000 with
magnification up to 1000x. Fast Fourier Transform was prepared using ImageJ software.
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3. THEORY AND RESULTS
A grating with periodicity S diffracts a normally incident beam of light of wavelength A into
a set of beams, at angles 0,, that can be described by the following equation:
sin@, =niA/S (1)
wheren =0,+1,+2 ...
In the case when the light is incident at an angle 6,, the equation slightly changes:
sinf, = ni/S + sinf, )

Above equation (2) was used to determine the periodicity of LIPSS formed on PMMA and
PS (table 1 and 2).

Table 1. Microscopic images, FFT od them and Fraunhofer diffraction patterns obtained for PMMA
samples; a, b — beams of different polarization

Amount of Photograph of

impulses
and laser
energy

Microscopic image

FFT of microscopic
image

Fraunhofer
diffraction pattern

5.5mlJ
7500 imp
a

5.5mlJ
7500 imp
b

55mlJ
10 000 imp
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5.5mJ
10 000 imp

b
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Table 2. Microscopic images, FFT od them and Fraunhofer diffraction patterns obtained for PS
samples irradiated with laser energy 7.3 mJ, polarizer’s ordinary beam (a)

Amount of . i FFT of microscopic Fraunhofer
. Microscopic image . o
impulses image diffraction pattern
500
1000
2000

As it is visible on images gathered in table 1 and 2, the formation of LIPSS can be
observed through Fraunhofer diffraction pattern changes during the process of irradiation.
With increasing amount of impulses leading to gratings organization, the maximums are
becoming more visible on the screen. When a certain amount of impulses is exceeded, i. e.
when deposited energy is high enough to destroy the LIPSS, maxima blur. It is noteworthy
that obtained LIPSS are of very poor periodicity, and the radiation traverses through the
material, what is the reason why maxima are an overall blur.

For PMMA periodicity obtained from FFT of microscopic image is 3.4-5 um, and from
the Fraunhofer diffraction pattern 4-5.5 pm in dependence on laser irradiation density. In
case of PS the values were 1.75 um and 1.85 um accordingly. The difference between
values obtained using both methods (0.4 um maximally) is small taking into consideration,
that only approximate value is read due to maxima blur.

In dependence of polarization of the incident light LIPSS of orthogonal orientation were
observed.
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4.

CONCLUSIONS

A new method allowing observing LIPSS formation in situ, based on Fraunhofer
diffraction on gratings is proposed. It was developed for experiments under excimer laser
irradiation on transparent polymers, but has a potential to be applied for different laser
systems and materials, including non-transparent materials, as the dependence is preserved
when the beam is reflected from the grating.
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ALGORITHM OF SELECTING THE MOST PROBABLE
SCATTERING MECHANISM IN ALGAN/GAN TYPE HEMT
HETEROSTRUCTURES

M. Glinkowski”", B. Paszkiewicz

Faculty of Microsystem Electronics and Photonics, Wroclaw University of Science and Technology,
Janiszewskiego 11/17, 50-372 Wroclaw, Poland
*e-mail: mateusz.glinkowski@pwr.edu.pl

Abstract In AlGaN/GaN tvpe HEMT (High Electron Mobility Transistors)
heterostructures movement of electrons is quantized in growth direction in the
triangular potential well that is formed due to the big difference of AlGaN and GaN
band gaps. As a result the piezoelectric polarizations 2DEG (two-dimensional
electron gas) is created at AIGaN/GaN interface. The mobility of 2DEG can be
influenced by many factors such as acoustic and optical phonons, ionized GaN and
AlGaN impurities, dislocations and others. To determine how electron scattering
mechanism affect mobility 2DEG in AIGaN/GaN type HEMT heterostructures, the
algorithm of selecting the most probable 2DEG scattering mechanism based at
Matthiessen rule was developed. Next applied for analysis of the Hall mobility values
of AIGaN/GaN HEMT type heterostructures measured at wide range of temperatures
from 77K to 420K.

Keywords: heterostructure AlGaN/GaN, Matthiessen rule, Python, algorithm

1. INTRODUCTION

AlGaN/GaN type HEMT heterostructures due to formation of 2DEG provide a high
mobility values of electrons. Mobility’s describe how quickly electron can move through a
metal or semiconductor when an electric field is applied. It’s a qualitatively parameter of
AlGaN/GaN type HEMT heterostructures and also gives information how fast electronic
devices could work. The truth nature of 2DEG appear under concentration of electrons less
then 4.5 X 1012 cm™?. Above this concentration many subbands will be very quickly
occupied and electrons will lose a true 2DEG nature. The mobility of 2DEG electrons with
concentration above this value also will be lower due to the intersubband scattering [1]. For
this reason also during growth process of AlGaN/GaN HEMT heterostructures it’s
important to appropriately combine the spacer width and donor concentrations of the
epitaxial structure. To calculate a theoretical 2DEG mobility in A1GaN/GaN type HEMT
heterostructures the Matthiessen rule was involve. Next numerical procedure using i.e. basic
functions of Python 3.5 could be elaborated and as a result the developed algorithm will
suggest what scattering mechanism have influence on the 2DEG mobility of studied
structures.

2. MATTHIESSEN RULE

Electrons in crystal lattice usually are considered with an stationary Bloch function to
describe their motion. But it well-known that this description are invalid for real materials.
It’s similar to describe motion of an object without considering forces of resistance or
friction. In real crystals lattice electrons can’t move freely because they constantly collide
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with some kind of imperfections e.g. acoustic phonons, impurities, dislocations [2]. When
electron collide with imperfection it will get a new value of wave vector and energy. After
collision it will move freely for short period of time until next collision appears. We can
notice that when we sum many of this periods we will get an average time of scattering rate.
This scattering rate are different for each kind of imperfections and it’s order of magnitude
is in picoseconds. Electron mobility could be evaluate from following equation (1):

_ e

p=— ()

where: e is the charge of electron, (7) is the scattering rate and m”* effective mass of 2DEG.

To calculate the mobility’s of 2DEG for each kind of scattering mechanism it is essential to
calculate first the average scattering rate for each kind of scattering mechanism. The main
principle of Matthiessen rule relay on sum all reverse mobility’s of each kind of scattering
mechanism y; (2):

— =3 @

Utotal

where: Uso¢q; 18 the total mobility of the electrons in the sample.

The main idea of simulations relay on connection between calculations of i-th theoretical
mobility’s combination with experimental results. The appropriate combination result in the
same values. Problems can appear when important scattering mechanism which have real
impact at mobility’s in examined heterostructure wasn’t include into theoretical
calculations. This lead to higher mismatch between theoretical calculations with
experimental results.

3. NUMERICAL CONCEPT OF ALGORITHM

The main idea of algorithm was to obtain a 2DEG mobility’s of AlGaN/GaN type HEMT
heterostructures closest to the experimental values (that were obtained earlier from Hall
measurement performed using van der Pauw structures) not by fitting the curve but by using
the Matthiessen rule. So far in performed calculations only 7 scattering mechanism from
about 15 was included and these results could be inaccurate but the method of the total
mobility’s calculation will be the same.

The performed measurements allowed to obtain the mobility of 2DEG electrons. The
measurement was performed in the ranges of temperatures from 77 K to 420 K and 14
measurement points were obtained for each heterostructure. When we compare these result
with theoretical scattering rates it gives 127 possibilities of combinations 7 scattering
mechanism. Because it was 14 measurement points, 1778 values of mobility’s was to
examine.

3.1 List, Arrays and Tuples

In Python 3.5 the basic structures of data in this program are: list, array and the tuple. Each
of these have unique properties. The main difference is in the mathematician operation.
Concatenating two list result in a new list with length of sum of two previous and without
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modifying its arguments. Concatenating two arrays result in sum of each elements in arrays
and new array will have the same length as previous two. The tuple is a special case of a
list. It is very similar but the value of tuple can’t be changed. The last type it’s very useful
for dictionaries not for mathematical calculation.

3.2 Read file

To load data from text file from Hall experiment r (read) statement was used. Commands
like replace (change unreadable symbols to  whitespaces) was, split
(distinguish each column of data) was useful. Because the text is string type float command
was essential. All data was assigned by append command to appropriate variables.

3.3 Combination

To combine all scattering mechanism without repetitions module combination from library
itertools was involve and appropriate statement was used.

3.4 Algorithm

In double loop list result from division operation of i-tk value of sample 2DEG mobility’s
with i-th value of 2DEG mobility’s of electrons from j-¢4 scattering combination was added
to empty list. After the division operation an initial information about connection theoretical
result with experimental results was known. Using if statement compared the result of
division with number one by using operation of addition and subtracting of small number.
The number of iterations state distance between theoretical and experimental results and it
gives the qualitative information potential scattering mechanism.

3.5 Data researching

After calculations numbers of iterations and assign them to appropriate variables next step
is to find the lowest values for each temperature measurements points. To make this it’s
convenient to write your data to excel in some special way. The columns will be represent
a vectors with iterations from algorithm for each kind of scattering mechanism and the rows
will be the temperature. To find the closest value to the experimental we need just to find
minimum value of row using min command.

3.6 Results

Using library matplotlib and module pyplot experimental data and theoretical result of
exemplary AlGaN/GaN HEMT heterostructure 2DEG mobility in function of temperature
was shown. The results are presented in Fig. 1. In some cases of temperatures 100%
agreement between measured and calculated data was obtain. It is clear that in temperature
320K electrons collides only with acoustic phonons in piczoelectric and deformation
modes.
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Fig. 1. Experimental data and theoretical result for mobility’s of 2DEG in function of temperature
are show as blue and red curve respectively

4. CONCLUSION

Calculated seven scattering mechanism in AlGaN/GaN type HEMT heterostructures.
According to the Matthiessen rule results was fit to the experimental data. Found good
agreement with these data but still it is important to include other scattering mechanism to
think about obtaining useful information. That information could be used for improving the
technological process of heterostructures fabrication to achieve the maximum values of
2DEG mobility. It’s good to make a windows application that will be more friendly for use.
Calculating all existing scattering mechanism led to significant information for better
understanding of the operation of devices fabricated in AlGaN/GaN HEMT type
heterostructures.
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Abstract Ohmic contacts to AIGaN/GaN heterostructures should have ohmic current-
voltage characteristic with possibly low contact resistivity. Typically preparation of
alloyed ohmic contacts to AIGaN/GaN requires application of Ti/Al/Mo/Au layers and
its annealing in temperatures higher than Al melting point. As a result metals from
other layers mix with liquid aluminum and conglomerates. There are three ways to
avoid the formation of metals’ conglomerates: one of them is application of stop-
diffusion layers of metals with high melting point and high atomic mass. Other
possibility is the preparation of non-alloyed contacts, which preparation do not
require of the samples annealing at high temperature. Recently the new method was
proposed based on replacing Al with metal layer with melting point higher than the
temperature that is required for this metal to form ohmic contact to AIGaN/GaN. To
compare the characteristics of the ohmic contact to AIGaN/GaN heterostructures the
metallizations containing the Al layer (Ti/Al/Mo/Au) and without Al (Ti/Mo/Au) were
fabricated and studied. To compare the surface morphology and contacts properties
the SEM images were observed and electrical characteristics of metallic contacts to
heterostructure were measured for both types of samples before and after RTA
process.

Keywords: alloyed ohmic contact, Al-free, AlIGaN/GaN HEMT heterostructures

1. INTRODUCTION

Alloyed ohmic contacts to AlGaN/GaN are usually a composition of metallic layers chosen
due to their specific chemical and physical properties useful or required for contact
fabrication. The role of the first layer is to extract nitrogen atoms from semiconductor [1,2].
Usually for this purpose the deposition of titanium layers is used. Second component is
aluminum and it is responsible for contact resistance. Al oxidate and the high-resistive
Al,O3 layer forms. To preserve oxidation of Al layer typically gold layer is deposited. Au
is highly diffusive metal and, to stop its diffusion into metallization, additional layer is
deposited between gold and aluminum [3]. Usually for diffusion stopping layer metals with
high molecular mass and high melting point are used, like Nb, Ti and Mo [2]. To form
ohmic contact to AlIGaN/GaN heterostructure annealing process is required by heating in
temperatures higher than Al melting point [4]. But in such conditions other metals dissolves
partially in aluminum layer, surface of the contact becomes irregular and that result in the
metallization layers discontinuities. Replacing Al with other metal usually result in non
ohmic characteristic. It is possible, that other metals are able to form ohmic contact to
AlGaN/GaN heterostructures, but they require different temperature and different annealing
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time than Al [5]. Aluminum atoms’ mobility is higher in annealing temperature than others’
metals with higher melting point. To obtain similar atoms diffusity and reactions possibility,
contacts without Al should be alloyed in higher temperatures [6].

2. SAMPLE PREPARATION

Two sample types with different metallization scheme were prepared and tested. The mesa
structures were etched in AlGaN/GaN heterostructures by reactive ion etching in
Cly/BCls/Ar plasma. Before metals’ deposition the samples were etched at HC1:H>O (1:1)
solutions. Then, the metallic contacts were deposited by PVD (Physical Vapor Deposition)
method using an electron beam evaporator. Ti/Mo/Au and Ti/Al/Mo/Au contacts structures
were selected for the study. To check the influence of the annealing conditions on contacts
formation Ti/Al/Mo/Au contact were alloyed in 825 °C for 60 seconds (Ti/Al/Mo/Au:
230/1000/450/ 1900A) or in 900 °C for 5 minutes (Ti/AI/Mo/Au: 230/1000/450/ 1550A.
Samples with Ti/Mo/Au (230/1000/1550 A) composition were annealed for 60 s in 825 °C
and then for 5 minutes in 900 °C. The annealing process was performed by rapid thermal
annealing (RTA) method in nitrogen ambient.

3. RESULTS

SEM images of studied samples after RTA were analyzed (Fig. 1.) to check their
morphology. None of them had broken metallizations, although in two cases temperature
of alloying was high and annealing time was long.

a) _ b)

SUBE00 150k 11 Smim x300 SE

d)

SUBB00 15.0kV 12 3mm x300 SE U Y0fum

Fig. 1. SEM images of studied structures: a) Ti/Mo/Au after RTA in 825 °C for 60 s. b) Ti/Mo/Au
after RTA in 825 °C for 60 s and 5 minutes in 900 °C, c) Ti/Al/Mo/Au after RTA in 900 °C for 5
minutes, d) Ti/Al/Mo/Au heated for 60 s in 825 °C
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The best contact surface was obtained for the samples without Al layer that were annealed
for 60 seconds in 825 °C, its morphology was similar to that before RTA process. The same
sample additionally heated for 5 minutes in 900 °C had worse surface morphology with
randomly distributed hillocks. On contacts edges Au layer had poor adhesion to other
metallic layers. This effect was not present after first annealing . Irregularities on contacts
containing Al layer were higher for samples that were heated in shorter time and in lower
temperature than in sample annealed in longer time and in higher temperature. The electrical
parameters of the contact to AlIGaN/GaN after RTA processes are presented in Table 1.

Table 1. Electrical parameters of the contact to AlGaN/GaN after RTA processes

Metallization R[Q/o] Re[Q*mm]
Ti/Mo/Au (RTA: T =825 °C, t=60 s) 5.71 non-ohmic
Ti/Mo/Au (RTA: T=825°C,t=60s+T=900°C,t=3005s) 10159.25 non-ohmic
Ti/Al/Mo/Au (RTA: T =825 °C, t=605s) 2.48 2.00
Ti/Al/Mo/Au (RTA: T =900 °C, t =5 min. 4.55 7.14

It was observed that contact without Al have not had ohmic characteristic (Fig. 2), but Al
containing contact annealed in two different conditions have formed ohmic contacts to
AlGaN/GaN heterostructures (Fig. 3).

1,0
A | [mA]
0,5
/ )-
-3 1 2 3
U [V]
before RTA
/ after first RTA

-1,0 after second RTA
Fig. 2. Current-voltage characteristic of Ti/Mo/Au sample
Al-free contacts before RTA process had very high resistance and had no ohmic

characteristic. After first annealing process the contact did not become ohmic. Second RTA
process changed characteristic, but they were still not linear.
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Fig. 3. Current-voltage characteristic for Ti/Al/Mo/Au samples

All Al containing contacts turned out to have ohmic characteristic, but better electrical
properties were obtained for samples annealed at lower temperature.

4. CONCLUSION

Al-free contacts had not formed ohmic contact to AlIGaN/GaN heterostructure. It may be
the result of annealing in two RTA processes versus annealing in one RTA process, but it
also may be the result of too low temperature of alloying process. In Al containing contacts
annealing temperature was higher than aluminum melting point. Diffusion in liquids is
greater than in solids and more interlayer reactions may occur. But too high temperature
and too long heating time could negative influenced on contact electrical properties. This
phenomenon was observed for example in case of samples with Al layer annealed in 900
°C for 5 minutes. They turned out to have worse electrical parameters ( R=4.55 [Q/0],
Rc=7.14 [Q*mm)]) than samples heated for 60 seconds in 825 °C (R=2.48 [Q/0], Rc=2.00
[Q*mm]). Annealing in high temperature, although worsened electrical parameters, have
good influence on surface morphology. More irregularities were present on contacts’
surface of sample heated shortly in lower temperature. Metals with melting point higher
than alloying temperature don’t melt, but soluble in liquid aluminum. If RTA process time
is short, only small parts soluble and layers congeals with roughness. Long time heating is
a reason of the good solubility of other metals in Al. Liquid with no solid on it has flat
surface and it stays flat after congelation. It is possible, that in less mixed layers one of
metals with lowest resistivity is responsible for sheet resistance. In metallization with mixed
layers metal with lowest resistivity is doped with atoms of higher resistant metals. In effect
sheet resistance is increased in comparison to pure or less doped metallic layers. To be sure
of Al-free contact possibility more research should be done to study contacts properties after
RTA processes performed in different temperatures and during different time.
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Abstract Dielectric barrier discharge (DBD) is a discharge occurring between two
electrodes covered by dielectric barriers. In this work, a design and fabrication
of Low Temperature Cofired Ceramics (LTCC) microreactor for DBD generation
is presented. Designed structure consists of eleven layers of a LTCC tape and
is divided into two separate elements. Each part is composed of four layers with inner
and outer electrodes placed on top and bottom. The inner electrodes are covered with
additional layers serving as dielectric barriers. On top of the bottom barrier a
discharge chamber is situated. After assembling the structure, it is located between
the barriers. A gas inlet is designed in the upper part of the microreactor. In order to
examine the influence of various structure parameters on discharge properties,
sample structures were created. The samples differed in electrodes size, dielectric
barriers thickness, chamber height and width. They were made from KEKO tape. For
electrodes, a PdAg conducting paste was used. Vias connecting the inner and outer
electrodes were filled with a DP6141 paste. Correct placement of top and bottom
parts of the structures is possible due to use of a designed casing. It was created with
a 3D printing technique from PCABS.

Keywords: LTCC, microreactor, dielectric barrier discharge (DBD)

1. INTRODUCTION

The use of non-thermal plasmas for many scientific and industrial applications
is constantly gaining popularity. Their main advantages are ability to operate at wide
pressure range and relatively low temperatures in comparison to thermal plasma [1]. One
of ways that allow to achieve such state is creating an electrical discharge. There are several
types of discharges that generate non-equilibrium plasma, eq. corona discharge, glow
discharge, dielectric barrier discharge [2]. In this work, the latter is brought to attention.
Dielectric barrier discharge occurs when at least one electrode is separated from discharge
chamber by a dielectric barrier. In order for current to pass an insulating layer, alternating
voltages are needed to create the discharge [3]. DBDs have unique features, such as
operation at atmospheric pressure, isolation of plasma from electrodes, simple principle of
operation, that allow them to be applied in many ways. They are used in ozone generation,
surface modification, pollution control, excimer lamps, plasma display panels, analytical
chemistry [4-7], biomedical applications [8, 9] and other.

In this work, precursory design of a microreactor which can be used to generate and
utilize DBD is presented. For fabrication of the structures, LTCC technology was chosen.
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2. MICROREACTOR DESIGN AND FABRICATION

2.1 Structure design

The microreactor structure is made of eleven layers of a LTCC tape as shown in fig. 1.
Core elements are a discharge chamber closed by two inner electrodes covered with
additional layers. Those layers serve as dielectric barriers. Electrical connection between
inner and outer electrodes is established by vias created in layers separating them. In top
part of the structure an orifice is placed so that the chamber can be filled with any applied
gas. The structure dimensions are 13 mm in width and length, while height is dependent on
thickness of LTCC tapes used during fabrication. Discharge chamber length is 11 mm. Gas
inlet and outer electrodes diameters are 2 mm each. Vias diameter is 0.2 mm. Remaining
parameters are not fixed and depend on values chosen for experiments. For fabrication
process the structure was divided into two separate parts (fig. 2): bottom (layers 1-6) and
top (layers 7-11). Assembled microreactor is shown in figure 3.

Gas inlet

Layers 8-11
Top outer electrode
Layer 7: top dielectric
barrier

Layer 6: discharge
chamber

Discharge chamber

Layer 5: bottom
Bottom inner dielectric barrier

electrode

Layers 1-4

Fig. 1. Layer arrangement of designed microreactor. Bottom outer electrode, top inner electrode
and vias between electrodes are not shown in the picture

Fig. 2. Two separate parts of the microreactor Fig. 3. Assembled microreactor structure
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For experimental purposes, sample structures were created with differing parameters.
Those parameters were: inner electrodes size, dielectric barriers thickness and chamber
height and width. This will allow to determine their influence on discharge properties.
Diameters chosen for inner electrodes were 0.5, 1 and 1.5 mm. Chambers widths were 1.5,
3 and 4.5 mm. Barriers thicknesses and chambers heights depend on available thicknesses
of LTCC tapes.

Table 1. Configurations of
parameters of the samples

Top parts
Barrier thickness [um]
1. 115
2. 165
3. 254
Bottom parts
Barrier Chamber
thickness height
[nm] [um]
1. 115 165
2. 115 254
Fig. 4. Configurations of chambers and inner 3. 165 165
electrodes for nine structures on 50x50 m 4. 254 165
m section. Electrodes will not be visible after 5. 254 254

covering with dielectric barriers

2.2 Fabrication of samples

KEKO LTCC Tape SK47 [10] was selected for fabrication of the samples. Each sheet
of tape was divided into 50x50 mm sections. This way, it was possible to simultanecously
fabricate layers for nine separate structures with different electrode size and chamber width
configurations (fig. 4). On layers between inner and outer electrodes tape with 254 pm
thickness was used, while for remaining layers thicknesses varied between 115, 165 and
254 um. For tape cutting, a UV laser was used. Lamination of layers was conducted in an
isostatic press.

In the first step, sections with vias were cut out from the LTCC tape (layers 1-4 and
8-11). Then vias were filled with conducting paste DP6141. Electrode patterns were
deposited on layers 4, 8 (inner electrodes) and 1, 11 (outer electrodes) with screen printer.
For this purpose, PdAg conducting paste was used. In the next step, layers 1-4 and 8-11
were laminated. Process parameters were set as recommended in datasheet (21 MPa at
60 °C, 10 minutes). After that, patterns with discharge chambers and dielectric barriers
(layers 5-7) were cut out. Then barriers were laminated with previously created laminates
using the same parameters as before. Sections with discharge chambers were made from
tapes with thicknesses 165 and 254 pum.

Lamination of the latter was conducted in 3.5 MPa at 60°C duration time 15 min.
Not used tape parts were removed beforehand. Thinner sections were laminated in higher
pressure 15 MPa (at 60 °C, 15 min) and chambers fillings were taken out after the process.
In the next step, the laminates were divided into separate structures (fig. 5). The cutting
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Fig. 5 . Two exemplary laminates before cutting into single structures

was conducted with UV laser. In order to cut through the material, the laminates were cut
on both sides. The last step was firing. During this process conducting paste material
diffused through dielectric barriers. This eftect is not desirable as it can negatively influence
DBD generation in fabricated samples. Finished exemplary structures are shown in figure
6.

In total, three sets of top and five sets of bottom elements were created. Just like the
sections during fabrication, each set consisted of nine separate structures. Dielectric barrier
thicknesses for the covers were 115, 165 and 254 pm. Barrier thickness/chamber height
configurations for each set of bottom parts are shown in Table 1.

Fig. 6. Finished exemplary structures

3. DESIGN AND FABRICATION OF THE CASING

As mentioned in previous chapter, fabricated microreactor structures were divided into
two separate parts. In order to properly generate DBD, it was necessary to correctly position
top and bottom elements. For this purpose, a casing was designed. It also enabled easy
connection of power supply cables and placement of a gas connector and an SMA 905
optical fiber connector. The casing was designed for 3D printing technology. It was printed
with PCABS [11] in 3D printer.

The casing consists of one bottom and two covering parts which can be used
interchangeably. In bottom part is located a place for a structure and for an optical fiber
connector (fig. 7). A hole and indentation in the space for a structure was designed to place
a piece of conducting wire to establish electrical connection with its outer electrodes.
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Fig. 7. Bottom part of designed casing for the microreactor structures

Fig. 8. The casing with multipurpose cover Fig. 9. The casing with the cover for SMA 905
optical fiber connector

Fig. 10. The casing with mounted microreactor structure and connected power supply cables
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First top part was created for multipurpose use (fig. 8) while second top part allows to secure
the optical fiber connector (fig. 9). On top of both covers a space for a gas connector is
placed. Top and bottom parts can be put together with standard nuts and screws (fig. 10).

4. SUMMARY

To conclude, the DBD microreactor was designed. To examine its performance, eight
sets of sample structures with varying parameters were created. The samples were divided
into top and bottom parts thus the casing for putting them together was fabricated. In the
future, the structures will be tested for proper operation.
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Abstract The electricity is an essential part of evervday life. Our world would not
exist in such form without it. Present attitude to energy is not only about its
attendance, but to assure the high level of it. Power quality assessment become more
and more popular. The basic assessment depend on agreement of parameters with
standards and country regulations. Although, detail analysis of power quality cannot
consist only on agreement with standards and country regulations. Term of analysis
should be longer than typical 1-week analysis of typical working conditions of
electrical power network. Such analysis are related with huge amount of data and
additional tools should be consider to support the assessment of power quality. Author
suggest using data mining techniques as a solution for power quality data analysis.
This paper contain the description of data mining techniques and reasons why and
when it should be use to power quality analysis.

Keywords: power quality, data mining, clustering, smart grids

1. INTRODUCTION

The approach to electric energy has changed over the years. Present attitude to energy is
not only about its attendance, but to assure the high level of it. Due to this assessment of
power quality (PQ) become essential part of everyday life [6]. The basic assessment depend
on agreement of parameters with regulations and standards. Main European standard is [2],
IEEE standard [5], and country regulation e.g. in Poland [10].

Power quality data analysis typically consist of agreement of parameters in selected
representative 1-week data. Such analysis are required due to standards and regulations, but
are not enough sufficient if the knowledge about selected part of electrical power network
is needed. Due to this the long power quality data should be take into consideration. Each
week of power quality monitoring create a set of 1008 10-minute data for each parameter.[9]
Following parameter may be take into analysis:

e frequency level,

e voltage level,

e voltage unbalance,
e voltage fluctuation,

e harmonic content: Total Harmonic Distortion (THDu), content of each harmonic
from 2nd to 50th.

Due to this the global long term power quality data analysis require a tool to support it. Data
mining techniques seems to be used for PQ data.
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2. DATA MINING

Data mining is stated by a lot of definitions. Definition for power quality is-sues may be
this presented in [4]: “Data mining is the analysis of (often large) observational data sets to
find unsuspected relationships and to summarize the data in novel ways that are both
understandable and useful to the data owner”.

Literature points a lot of data mining techniques classification. In this article classification
given by CIGRE (Council on Large Electric Systems) and according to supervision are
presented. Figure 1 presents the classification according to [1] and figure 2 like in [3].

classification regression
data mining

clustering assosiation rules

Fig. 1. Data mining techniques according to [1]

on
- .
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C

O

Fig. 2. Data mining techniques according to supervision

There’s a lot of pros of data mining appliance to any huge data bases e.g. [8]:
e reduction of huge amount of data to few basic categories,
e achievement of uniform group and their essential characteristic,
e achievement of classification of work condition of analyzing object,

e achievement of the division into groups as the element of analysis connected due
to the characteristics data.



8-10 September 2017
39 Szklarska Por¢ba, Poland

3. DATA MINING APPLIANCE TO POWER QUALITY DATA

Data mining techniques may be useful for power quality data especially if the time of
measurement is longer than 1 week or the measurements are multipoint. Appliance the data
mining assure a classification which represents typical and untypical data. So it’s possible
to define states of working for each electrical power network of each company.

Example of data mining techniques which find the appliance to power quality data may by
clustering. Cluster analysis gives different groups of data. Usually, one or more group have
data which represents ,,bad” quality, e.g. data which contain voltage events. Analysis of
,bad” quality time may lead to achieve a knowledge of which device or machine is working
incorrectly and also adverse working conditions.

Additionally analysis of power quality level, especially elimination of “bad” energy time
may assure:

e reduction of energy consumption (i.e. assure the correct measure of energy
counter),

e increase continuity of supply (i.e. reduction of overheating the cable),

e increase continuous of production process (i.e. reduction of damage of crucial
electric and electronic devices).The received manuscripts will be reviewed by the
editors and then by the Scientific Committee. The editors kindly asks the authors
to follow the presented guidelines.

Example of appliance clustering to power quality data may be presented in [7]. This is a
case-study of using clustering with k-mean algorithm, Chebyshev distance, with 2 cluster
as a set value. It appointed two clusters. Cluster 1 consist of all data which should be taken
into classic assessment of power quality. Cluster 2 consist of data which contain voltage
events. Voltage events cannot be taken into analysis of power quality level so cluster
analysis assure the possibility of automatization of flagging process which is first step of
each PQ assessment.

4. SUMMARY

Power quality analysis are essential for each branch of industry. Electronic engineer should
be conscious of PQ problem because a lot of devices and ma-chines which they use during
they everyday work influence on power quality level. Such devices are: electric furnace,
welding machine, microwave devices, laser.

It’s important to be conscious that, single device does not lead to huge power quality
problems but when the number is increasing the scale of problem is increasing. Present and
future industrial plants or laboratories may take into consideration power quality issues to
assure their continuous working.

This article present the need of using data mining techniques to support power quality
analysis, but this tools may be useful in other situations where there’s a lot of data.

The changing of electrical power network is connected with smart grids which consist of
huge amount of data so this tools will be an important part of nearest future.



2017 International Students and Young Scientists Workshop
Optoelectronics and Microsystems 40

References

[1]
[2]
[3]

[4]

[10]

CIGRE Broshure 292, Data mining techniques and applications in the power
transmission field, CIGRE, (2006)

EN 50160: Voltage characteristics of electricity supplied by public distribution
network.

Han J., Kamber M., Data Mining: Concepts and Techniques, Second Edition,
http://ccs1.hnue.edu.vn/hungtd/DM2012/DataMining BOOK.pdf

Hand D., Mannila H., Smyth P., Principles of Data Mining, MIT Press, Cambridge,
MA 2001

IEEE Std. 1159: Recommended practice on monitoring electric Power quality

M. Jasinski, Comments on the influence of power quality on the performance of
electric and electronic devices, Photonics and Microsystems: proceedings of 2016
International Students and Young Scientists Workshop : Szklarska Por¢ba, Poland,
28-30 October 2016 / [eds. Sergiusz Patela, Wojciech Kijaszek, Dariusz Przybylskil].
Wroctaw : Wydawnictwo Gmork, 38-42 (2017).

M. Jasinski, T. Sikorski, Celowos¢ stosowania analizy skupien do oceny zagadnien
zwigzanych z jakoscig energii elektrycznej w sieciach kopalnianych, ,,Zeszyty
Naukowe Uczelni Jana Wyzykowskiego. Studia z Nauk Technicznych” 2017, in
Polish, in press

M. Jasinski, T. Sikorski, J. Karpinski, M. Zenger, Long term power quality data,
Electrical Power Networks 2016, EPNet 2016 : Scientific-Technical Conference, 19-
21.09.2016, Szklarska Porgba, Poland. Danvers MA : IEEE, pp. 1-6. (2016)

A. Klajn, M. Batkiewicz-Pantuta, Application Note — Standard EN 50 160 : Voltage
characteristics of electricity supplied by public electricity networks. [Brussels]:
European Copper Institute, (2013)

Rozporzadzenie Ministra Gospodarki z dnia 4 maja 2007 r. w sprawie szczegotowych
warunkow funkcjonowania systemu elektroenergetycznego, ze zmianami 21 sierpnia
2008 r. (Dz.U. 2008 nr 162 poz. 1005), in Polish (2008)



8-10 September 2017
41 Szklarska Por¢ba, Poland

INFLUENCE OF AVERAGE MOLAR MASS OF
POLYETHYLENIMINE ON GOLD NANOPARTICLES
SYNTHESIS

E. Kuc!’, O. Rac-Rumijowska', M. Fiedot-Tobota!, E. Sasiadek?, H. Teterycz'

'Faculty of Microsystem Electronics and Photonics, Wroctaw University of Science and
Technology, Janiszewskiego 11/17, 50-372 Wroctaw, Poland
2Faculty of Electrical Engineering, Wroctaw University of Science and Technology,
Wybrzeze Wyspianskiego 27, 50-370 Wroclaw, Poland
*e-mail: 212565@student.pwr.edu.pl

Abstract Method of synthesis of gold nanoparticles (AuNPs) using chemical method
has been presented in this publication. AuNPs were measured using UV-Vis
spectroscopy and dynamic light scattering (DLS) methods. Phenomena of surface
plasmon resonance (SPR) have been observed in spectroscopic measurements, which
allows to determine the size of obtained nanoparticles. Polyethyleneimine (PEI) was
used as a nanoparticle stabilizing agent. The influence of the molecular mass of the
stabilizing agent on the synthesis time and size of gold particles was investigated.

Keywords: optoelectronics, photonics, microsystems

1. INTRODUCTION

Nanoparticles are structures in the size range of 1 to 100 nm. They have different physical,
chemical and biological properties that their bulk forms. It is caused by a high surface to
volume ratio, which is increasing with smaller particles diameter. This causes an increase
in nanoparticle activity and effects on the absorption and reactivity properties of the
particles. The reduced size causes change in the total energy that is responsible for
thermodynamic stability. This is a result from disturbances in the wave function of the
electrons. For comparison, the bulk silver melts at 960°C and silver nanoparticles of 2.4 nm
have a melting point of 360°C [1]. Changes are also observed in physical properties of
materials such as thermal, electrical and magnetic conductivity. Metal nanoparticles are
a group of materials with potentially the widest range of applications. Their properties
clearly depend on the shape of the structure. When the surface is more developed has more
significant impact on chemical and antimicrobial activity or adsorption properties.
Nanoparticles are widely used in many fields such as medicine, pharmaceutics,
cosmetology, dentistry, photography, construction materials and explosives materials [1].

2. EXPERIMENTAL PART

Gold nanoparticles (AuNPs) were obtained by chemical reduction of gold ions. As a gold
ions precursor water solution of chloroauric acid (HAuCly) of concentration 0.08 mol/dm?
from POCH company was used. As stabilizers 1 mol/dm? polyethyleneimine (PEI) (Sigma
Aldrich) was used. Four types of PEI with different average molecular weight were used:
2 kDa, 25 kDa, 750 kDa and high molecular weight.
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All synthesis were carried out at room temperature in water environment at a constant
volume of 100 ml. Concentration of gold nanoparticles was 100 ppm. During the reduction
reaction of gold ions solutions were mixed on a magnetic stirrer at a rotational speed of 500
rpm. During the synthesis to the water 0.4 ml of PEI was added, stirred for 2 min and then
added with 0.312 ml of chloroauric acid.

The presence of gold nanoparticles in solutions was investigated by using the Shimadzu
UV-1800 spectrophotometer. The absorption spectrum was measured in the range of 190
nm to 800 nm. The size distribution of the obtained gold nanoparticles was determined by
dynamic light scattering (DLS) method. For this purpose, the Nicomp 380ZLS (Particle
Sizing Systems, USA) was used, which included a laser with a wavelength of 532 nm (50
mW). To determine pH of colloids Elmetron CPO-501 pH-meter was used.

3. RESULTS AND DISCUSSION

3.1 UV-Vis absorption

Results of spectrophotometric analysis in the UV-Vis range confirmed the presence of gold
nanoparticles in all samples. On the absorption spectra in samples stabilising by PEI with
different average molecular mass characteristic peak about 520 nm is observed [2].

The kinetics of the formation of AuNPs with different stabilising agents was evaluated. The
differences in gold nanoparticles formation are due to the using different molecular mass of
polyethyleneimine. Peak at a wavelength about 350 nm can indicate the formation of
complexes between gold particles or ions and polymer macromolecules, which are formed
before the crystallization nuclei reach a critical size to obtain stable nanoparticles [2]. This
reduction reaction does not require an additional reducing agent. However, nanoparticles
are formed really slowly.

In the case of PEI Mw 2 kDa, the gold ion reduction process started after about 50 min, was
intense for about 24 h and after about 6 days was ended. The sample remained stable for a
further period of time (Fig. 1a, e). For 25 kDa PEI the reaction started the latest, after about
8 h (Fig. 1b, ¢) and the absorption varied over the next three weeks. In the case of PEI 750
kDa, the absorption increased at a similar time as for PEI 2 kD and after 20 days it stabilized
at the same level (Fig. 1c, e). Synthesis in the presence of high molecular weight PEI began
after 2 h and occurred slowly over a week (Fig. 1d, ). Changes in the absorption spectra
were also observed visually - the color of the samples varied from yellow to pink and
burgundy.
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Fig. 1. UV-Vis absorption spectra of gold colloids stablilising by: a) PEI 2 kDa, b) PEI 25 kDa

¢) PEI 750 kDa, d) highmolecular PEI, e¢) changes in absorbance over time

3.2 pH of gold colloids

The pH value were also measured for the tested samples (Tab. 1). For PEI 2 kDa the pH
was 5.8 and for the slowest synthesis with PEI 25 kDa the pH was highest and was 6.1. The
lowest pH of 4.1 was observed for colloids stabilized with the highest molecular weight
polymers.
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Table 1. pH of gold colloids with different molecular weight of stabilizing agent

PEI pH

2 kDa 5.8

25 kDa 6.1
750 kDa 4.1
highmolecular 4.1

3.3 DLS measurements

The size distribution of the obtained gold nanoparticles was determined by dynamic light
scattering (DLS) method (Fig. 2). AuNPs stabilised by PEI 2 kDa have 3.2 nm (99.7%).
Other 0.3 % have 53.7 nm. The resulting particles are monodisperse. Gold nanoparticles
synthesized in the presence of PEI 25 kDa have an average size 29.7 nm (91.4%) and the
remaining 8.6% was 167.8 nm. Coloid containing PEI 750 kDa consist AuNPs with
diameter 2.5 nm (90.5 %). 9% of AuNPs have 7.3 nm and 0.3% 45.2 nm. In the last sample
with highmolecular PEI, the average size of AuNPs is 5.9 nm in 95.3%. 4.3% of

nanoparticles have diameter 39.7 nm and 0.4% have 217 nm.
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Nanoparticles obtained in the presence of polymer with the lowest molecular weight are
produced most rapidly. This is related to the easier migration of ions into the solution. Fast
motion of gold ions allow to the formation of more nucleation centers, resulting in small
particles and monodisperse particle size distribution. For this reason, strong reducers are
often used in nanoparticle synthesis to permit a significant acceleration of particle
formation.

The largest particles were obtained in the synthesis conducted in the presence of PEI Mw
25 kDa, where the synthesis started after 6 h. The influence on particle size have also the
pH of the solutions, where in the colloid with PEI 25 kDa the pH is highest in relation to
the other samples and is 6.1.

Mohammed et al. for the synthesis of gold nanoparticles was used as stabilizer PEI Mw 600
Da. Syntheses were made without a reducing agent and with a reducing agent in the form
of sodium borohydride [3]. The synthesis was carried out without sodium borohydride
lasted 2 weeks, where the solution gradually changed its colour. In the synthesis with
reducing agents the synthesis took place within 15 min, where the clear solution changed
colour to brown, which confirmed the presence of gold nanoparticles. In this studies,
attention was also paid to the effect of pH on the particle synthesis mechanism. It has also
been noted that lower pH promotes faster reduction of gold precursor and formation of
smaller particles. In our results also the synthesis is faster at low pH than high.

4. SUMMARY

This article presents the synthesis of gold nanoparticles in solution without reducing agent.
In the literature, examples of obtaining gold nanoparticles stabilized with
polyethyleneimine both with and without reducing agent are available, but usually they only
refer to one type of polymer. This publication is a compilation of the results obtained for
the synthesis nanoparticles having different molecular weights stabilized by
polyethyleneimine. As can be observed, average molecular mass has a great influence on
both the synthesis time and the particle size. This paper will allow to select the optimum
polymer for gold synthesis for specific applications.
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Abstract Near-infrared (NIR) optical imaging technique within the ‘biological
transmission window’ provides a non-invasive real-time monitoring for cancer
diagnosis. Currently, quantum dots attract more and more attention as bioimaging
agents due to their excellent optical properties, however, most of them are toxic,
hydrophobic and incapable of linking to biomolecules. These disadvantages may be
overcome by encapsulation in micelles, nanoparticles and polymeric pseudophases.
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1. INTRODUCTION

Along with cardiovascular diseases, respiratory diseases and diabetes, cancer is one of the
leading death cause [1]. In 2015, it contributed to about 8.8 million of deaths globally. In
low- and middle-income countries, a larger part of population dies because of cancer than
due to malaria, HIV/AIDS and tuberculosis together [2]. Effective treatment possibility is
dependent on the detection stage so a sensitive method for screening is extremely needful.
Cancer diagnosis is performed by laboratory tests of blood or urine detecting abnormal
levels of certain biomarkers, by different imaging procedures or by biopsy through a fine
needle, a wider coring needle or an open surgical incision. Laboratory tests are inaccurate
and may show cither falsely negative or positive results. Biopsy is considered as the most
accurate method. Open surgical incision is even treated as the diagnosis standard, however,
it is highly invasive. Generally, biopsy should not be treated as the first step of cancer
detection. Less invasive biopsy techniques are less accurate [3]. Bioimaging, with its ability
to provide metabolic, functional, morphological and structural information [4], seems to be
promising and may reduce the need for invasive penetrations into bodies.

The bioimaging methods commonly used nowadays are ultrasounds, X-ray, computerized
tomography, radiography, positron emission tomography and magnetic resonance imaging.
However, they are insensitive, non-specific and expose patients to radiation. In contrast,
optical imaging techniques appear to be non-invasive and provide real-time monitoring with
high resolution. These approaches should be performed within the wavelength range which
provides possibly minimal background interferences and allows deep tissue penetration [5].
The near-infrared fluorescence imaging (within the ‘biological transmission window’ [6]:
650-1000 nm) is a promising technique as it ensures low absorption and autofluorescence
from tissues and biological substances. At shorter wavelengths, the major tissue
chromophores exhibit significantly higher absorption whereas above 1000 nm the
absorption by water interferes imaging unacceptably [7].
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Moreover, to obtain a clear, long-lasting image a suitable NIR agent is necessary. Both
organic and inorganic substances may be used in bioimaging. Traditionally used organic
dyes may easily conjugate with wide range of specific biomolecules and be produced on
large scale [S]. However, they are optically unstable, not resistant to photobleaching and
are required high dosage to achieve sufficient signal-to-noise ratio [§]. Inorganic agents are
mainly quantum dots (QDs) but QDs, which are the most frequently used in bioimaging,
display high toxicity as they contain cadmium. Also, they are hydrophobic so they aggregate
in bioliquids and possess no functional groups which could bind to biomolecules [6].
However, in contrast to organic dyes, they display high brightness and photostability. They
are characterized by longer photoluminescence lifetime and higher quantum yields [9].
They are suitable for NIR imaging and the colour of light they emit may be modified by
changing their size [8]. With a high power short laser pulse excitation semiconducting QDs
are also able to simultaneously absorb two or more photons of lower energy than the band
gap producing a photon of higher fluorescence energy. This opens a possibility for QDs to
be used as markers for 3D multiphoton microscopy which enables imaging deep into the
sample and also with less overall photobleaching.

There exist several methods leading to transfer QDs into aqueous solution, provide linking
with biomolecules and reduce their toxic impact on diagnosed organisms. The surface of
imaging particles may be modified by adding hydrophilic groups. However, it may reduce
quantum efficiency and the possibility to control ligand exchange reactions is usually
limited [6]. Another group of methods is amphiphilic polymer coatings formation, e.g. by
silanization, but the particles obtained during this process have usually low quantum yield
and low concentrations [10]. Encapsulation seems to be a promising method as it does not
cause surface alteration maintaining the optical properties of QDs. Moreover, in micelles,
nonspecific adsorption is inhibited due to the high density of the systems’ surfaces [11].

This paper is intended to present and explain the unique QDs’ properties which made them
excellent candidates for using as imaging agents in cancer diagnosis. In order to overcome
biocompatibility, QDs require a technology providing a suitable surface modification
without undesirable alteration of their optical properties and encapsulation methods seems
to be the most promising. In this work, encapsulation possibilities are briefly reviewed.

2. QUANTUM DOTS AND BIOIMAGING

Quantum dots are semiconductor nanocrystals with diameters of the same size or smaller
than the excition Bohr radius. The mobility of their electrons and holes is limited being the
reason of their unique electronic properties [12]. As semiconductors, they typically contain
elements from the periodic groups 12 and 16 or 13 and 15 [12] but also different
combinations may be found in the literature, especially because QDs are not necessary
simple chemical compounds but they may be core type, core-shell type or alloyed type.

2.1 Quantum dots types

QDs which are simple components are called core type. Popular core type QDs are
chalcogenicides of metals from the periodic group 12, e.g. CdTe, ZnS, CdSe. The properties
of these nanocrystals, such as the colour they emit, may be modified simply by changing
their size (Fig. 1). A decrease in the particle diameter results in the increase of energy
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difference between the lowest conduction band and the highest valence band. Therefore,
smaller particles require more energy to be excited but they also release more energy when
returning to the ground state, emitting colour of a shorter wavelength.
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Fig. 1. Dependence between size of QD and wavelength of the emitted light
(by the example of CdSe QDs)

However, charge carriers may recombine without photon release reducing quantum yield.
Thus, light generation efficiency is reduced. Core type quantum dots are hardly ever used
for bioimaging and are replaced by core-shell nanocrystals. The upgraded QDs are tiny
particles of one material embedded in shells of another semiconductor with a wider band
gap; in bioimaging cadmium-based are popular: CdSe-ZnS, CdTe-CdSe, CdTe-ZnS [6].
Their efficiency and brightness is ameliorated in comparison to core type nanocrystals.
The possibility to change the wavelength emitted by nanocrystals by modifying their size
is a chance for simultaneous observation of multiple QDs within the same organism [8].
But the diameter of the particles intended to be used in human organism as imaging agents
or as a part of theranostic system is sometimes restricted. Therefore, a way to modify optical
properties of QDs without changing their sizes was developed in form of alloyed
semiconducting nanoparticles. They are multicomponent QDs which photo-properties are
dependent on the proportion of different atoms in the structure, e.g. CdSexTe;[13].

2.2 Optical properties of QDs and bioimaging

An ideal bioimaging agent should emit in a narrow, simply-tunable emission spectrum but
absorb in a wide spectrum, have high quantum yield and be resistant to photobleaching and
chemical degradation in order to show the image for a long time [9]. These properties may
be achieved with QDs making them superior to organic dyes for application in bioimaging.
The tunability of emission spectrum allows to use QDs within the biological transmission
window and enables multi-colour tracking. The high quantum yield of QDs comes from
their large molar extinction coefficients: 10-50 larger than organic agents. They were
reported to be 10-20 times brighter [14]. Also, the resistance to photobleaching enables
sensitive and long-time detection [12].
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However, bioimaging agents must display biocompatibility: lack of toxicity, solubility in
biological liquids (hydrophilicity) and ability to link to biomolecules. Raw QDs do not
fulfill these requirement as they typically contain toxic Cd, Se, Te, Hg or Pb [9] and have
hydrophobic surface with no functional groups which could bind to biomolecules.

Several studies proved that QDs containing cadmium are toxic and elimination of remaining
potential reasons suggested that the main factor causing cytotoxicity are free Cd** ions [15,
16, 17] so elimination of their negative impact is crucial. Moreover, modification of QDs
to make them hydrophilic is essential for biological application because it allows them to
travel through bioliquids by protecting them from aggregation and precipitation. Finally,
the effectiveness of cancer detection is dependent on the ability of imaging agents to ‘find’
mutated cells by penetrating their membranes or by binding to specific substances which
appear in case of cancer. QDs have to be suitably modified to possess this ability.

3. QUANTUM DOTS ENCAPSULATION

Biocompatibility of QDs may be increased by surface engineering, polymer coating or
encapsulation. As it was mentioned, the third solution is the most promising as it does not
cause alteration of QDs’ physico-chemical properties while e.g. ligand exchange reactions
are difficult to control producing less stable particles. QDs may be encapsulated in polymer
pseudophases, in nanoparticles or in micellar systems [6].

Polymer-based nanocarriers enable facile modification to obtain multifunctional and
targeted delivery, provide high structural stability and high encapsulation efficiency [18].
A very promising material for QDs encapsulation is chitosan. Its cationic charge and
hydrophilicity stabilize semiconducting nanocrystals in the bioliquids. Chitosan may ease
targeting tumour cells via binding with folic acid/galactose because these compounds are
taken more willingly by mutated cells [19]. A successful synthesis of water-dispersed ZnO-
QD-chitosan-folate carrier for anti-cancer drug delivery was reported [19].
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Fig. 2. Preparation of ZnO-QD/drug-loaded chitosan-folate carrier [19]

The most frequently used nanoparticles are made from poly(alkylcyanoakrylate) (PACA)
or poly(lactic-co-glycolic acid) (PLGA) due to their biocompatibility and biodegradability.
PACA nanoparticles were reported to facilitate transport of drugs through blood-brain
barrier, overcome drug resistance in tumour cells and allow skin penetration of drugs. Also,
poly(butylcyanoacrylate)-embedded CdSe/CdS core-shell QDs with great fluorescent
properties were synthesised so that this polymer may serve as a carrier for therapeutic and
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diagnostic systems [20]. In another study [21], CdTe/CdSe QDs were encapsulated in
PLGA. The obtained nanospheres were characterized by hydrophilicity, low cytotoxicity,
high cellular uptake, stability, sufficient circulation times and sensitivity.

Therapeutic and diagnostic properties were also obtained by Bai et al. [18] through
preparation of QD/gene-loaded nanocapsules made from multifunctional amphiphilic
polymer together with polyethylene glycol — poly(lactic-co-glycolic) acid. QDs emitted red
light whereas pDNA expressed green fluorescence protein so simultaneous tracking of the
nanocapsules delivery in cells and gene transfection efficacy was possible.

An interesting combination of theranostic features exhibited by QD/drug-loaded
nanoparticles was demonstrated by Huang et al. [22]. They prepared a pH-responsive
nanocapsules of poly(amino acid) functionalized with oleyamine loaded with a hydrophobic
anticancer drug and Ag>S QDs together. These systems provided real-time tracking and
nontoxicity to cells till the drug release in acidic lysosomes of cancer cells.

The nanocarriers may also be in the form of micelles. Szeremeta et al. [23] prepared
CdSexTeix QD-doped Brij 58® micelles with luminescent properties within the biological
transmission window, with high quantum yield, sharp emission spectra, stability. The
emission maximum of the doped micelles displayed a 60 nm blue-shift in comparison to
raw QDs, however, it was still not excluded from the biological transmission window.

4. CONCLUSION

Due to their size and composition, QDs exhibit unique optical properties such as tunability
and narrowness of absorption and emission spectrum, high quantum yield and resistance to
photobleaching. For bioimaging application, they have to be modified to reduce their
toxicity, increase their hydrophilicity and ability to bind with biomolecules. All of these
features may be achieved by encapsulation in form of hydrophobic pseudophases, in
nanoparticles or in micelles. Successful and efficient encapsulation was performed within
chitosan, PACA, PLGA, functionalized poly(amino acid), Brij® and other materials which
provided enhanced cancer-targeting properties, water solubility, biodegradability while
maintaining optical properties of QDs. An important new direction for nanomedicine is the
use of nanoplatforms called ‘theranostics agents” which combine therapeutic and diagnostic
functionalities. Thus, preparation of multi-functional carriers by encapsulation of
bioimaging QDs along with anti-cancer drugs and other therapeutics is a popular practice.
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Abstract This work explains what are colloidal quantum dots and what
a photocatalytic effect is. Furthermore, applications of such materials and methods
of measuring their activity are described.
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1. INTRODUCTION

Metal oxide semiconductors, such as ZnO and Ti10,, exhibit many interesting features, such
as electroluminescence [1], piezoelectricity [2] and photoelectricity [3] [4]. Moreover they
are nonstoichiometric and therefore very good materials for gas sensors and biosensors
development [5]. Widely studied is also their photocatalytic activity [6] [7]. They are used
as antibacterial and antifungal substances. However, those properties are not stable and not
fully investigated. Moreover photoluminescence seems to be common side effect. In order
to properly examine this subject, a complex laboratory setup needs to be developed. In this
work previous, current and future solutions are described, as well as principles on which
they rely. Also properties of popular colloidal metal oxides are described.

2. MATERIAL CHARACTERISTICS

2.1 The photocatalytic effect

Most common photocatalytic materials e.g. zinc oxide and titanium dioxide are have very
similar properties. They are both wide energy gap metal oxide semiconductors. Typical
values are 3.3 eV for ZnO [8] and either 3.26 eV, 3.02 eV or 2.96 eV for TiO>, depending
on its crystal structure [9] and [10]. They correspond with threshold excitation wavelengths
of'accordingly: 376 nm for zinc oxide and between 380 nm and 419 nm for titanium dioxide,
as photon energy can be defined as:

E=— (1)

h — Planck constant (6,63-1073* J-s)
¢ — speed of light in vacuum (3-10% m/s)
A — wavelength [m]
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The wide bandgap of zinc oxide and titanium dioxide means that they can be excited by an
ultraviolet light. When a photon with enough energy is absorbed, an electron passes from
valence band to conduction band, leaving a hole. If no reagents are present, a recombination
will occur, i.e. the electron will come back to its original state. Three major types of such
phenomenon can be distinguished: Shockley—Read—Hall, Auger or radiative (featuring
emission of a photon). However though, these materials most commonly react with
surrounding compounds. The key parameter of such reaction is a redox potential — it
determines if reduction or oxidation will occur. If this value is above valence band, the
electron from a reagent will pass to this band and combine with the hole arose during
absorption. If the potential is lower than the conduction band, the excited electron from
semiconductor will pass onto reagent and thus reduction will take place.

Typically those reactions involve either water molecules or hydroxyl groups. They have a
redox potential above valence band, thus the oxidation occurs. This leads to generation of
free radicals (OH"):

h* + H,0 - OH - +H™ )
Those radicals are strong oxidisers, which leads to decomposition of many organic
substances to water and carbon dioxide. Moreover zinc oxide and titanium dioxide are
nonstoichiometric materials, i.e. real metal — oxygen properties are not such as in structural

formula. As a result oxygen atoms are easily adsorbed on the surface, leading to formation
of'a depletion layer:

0O, +e” =0, 3)

Some of the holes arose during photon absorption recombines with redundant electrons of
those oxygen ions, which results in oxygen emission:

O; +ht ->0,7 4)

In this process more conductive electrons are present in the material than holes, therefore
the recombination time is long, which means that the oxidation potential is high.

2.2 Nanoscale effects

The interest in nanomaterials is constantly increasing due to their unique properties, often
significantly different than in bulk materials. Two phenomena can be distinguished as
sources of this behaviour: square-cube law and quantum size effect. The first one is a basic
mathematical principle, which describes change of surface to volume ratio while scaling.
This however has major implications in nanotechnology as bulk phenomena no longer
dominates. Particles are very small, i.e. consist of only few molecules. This means that only
a limited number of states for electrons is allowed, which consequently influences wave
functions of carriers. Therefore a classical physics is no longer accurate and quantum laws
are needed. Depending on how many dimensions are nanoscale, three different types of
structures can be distinguished: quantum well (1D), quantum wire (2D) and quantum dot
(3D). In colloids of semiconductor nanoparticles, such as zinc oxide or titanium dioxide the
dielectric stabiliser acts as a potential barrier, making each particle a quantum dot. Therefore
these systems are liable to foresaid quantum size effect. The main consequence is a change
of bandgap dimension depending on the size of a particle, as shown below [11]:
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h? (1 1 1,8¢e2
Enano=E0+_( + *)_— ®)

8RZ\mg; my ATEREQR

Euano — bandgap value in nanoscale [eV]

Eo — typical bandgap value [eV]

h — Planck constant (6,63-:1073* J-s)

R — nanoparticle radius [m]

m. — effective electron mass [MeV/c?]

my, — effective hole mass [MeV/c?]

¢ — electron charge (1,602176620898-1071° C)

& — material dielectric constant [-]

g0 — vacuum dielectric constant (8,854187817-10°'2 F/m)

Therefore, the smaller the average size of nanoparticle is, the bigger is the bandgap.
Consequently the shorter wavelength is needed to excite electrons and to obtain
photocatalytic effect. One of the side effects is that the more uniform the size of nanoparticle
is, the narrower the spectra of absorbance 1s.

3. OPTICAL MEASUREMENTS

Typical setups for measuring photocatalytic activity in semiconductor colloids use dyes as
an indicator. Under UV light the photocatalytic effect causes decomposition of the pigment,
which is quantified by absorbance measurement. The experiment includes two steps. In first
the colloid mixed with dye is irradiated under a UV lamp and constantly mixed using a
magnetic stirrer for uniform interaction, as show in Fig. 1.

UV lamp

UV radiation

Beaker with NP colloid

Electromagnetic stirrer

Fig. 1. Laboratory setup for colloid UV irradiation
Then samples are taken in constant intervals (e.g. 30 min) and their absorbance is measured.

Exemplary results are show in Fig. 2. The spectra values are decreasing, which represents
decomposition of the pigment.
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Alauw]

Fig. 2. Change in absorbance of methyl orange dyed TiO2 NP colloid during UV irradiation (based
on [12])

The main issue of this method is discretisation of measurement — interval times are a
compromise between resolution and interference in process.

A tailor made laboratory setup was made to provide constant measurement during
irradiation. Furthermore it was made as a Lab on Chip solution, which requires less amount
of reagents and less energy. Moreover the whole process is accelerated, due to smaller
volume. The system was simplified by substituting the spectrophotometric measurement
with selective absorbance analysis using colour LED. The spectra of the diode overlaps with
chosen dye, such as methyl orange (Fig. 3) or phenolphthalein. A photodiode was used for
measuring intensity of passing light. Such setup is cheap, yet sufficient for assessment of
photocatalytic activity. The exemplary results are shown in Fig. 4. The pigment is
decomposed even without UV irradiation, but reaches a threshold after short time, whereas
excitation cases acceleration of the process and provides better results. Furthermore those
results show that the whole process takes no more than 15 minutes, compared to several
hours in previous setup.

1.0 1.0
Methyl Orange
Blue LED
0.8+ 4 0.8
3 =
3 ]
£ 0.6 1086 3
2 E
© b}
< =]
3 2
2 0.4+ 104 =
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Fig. 3. Methyl orange and blue LED spectra overlap
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Fig. 4. Change in absorption with and without UV irradiation

The biggest advantage of developed laboratory setup is the possibility of constant
measurement. It enables observation of all the phenomena during process. One of such is
photoluminescence. It appears as a rise of solution transmittance during irradiation, above
the reference value (i.e. water transmittance) and disappears quickly after (Fig. 5).
This phenomenon could not be observed during measurements using spectrophotometer, as
in previous setup, because of the sample collection time.

120
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Fig. 5. Photoluminescence during UV irradiation

In order to closely examine the photoluminescence effect in quantum dot colloid a further
modifications are needed. Simplified absorbance measurement does not allow spectral
analysis. Therefore a spectrophotometric microsystem setup is needed complete description
of the process.



2017 International Students and Young Scientists Workshop
Optoelectronics and Microsystems 58

Acknowledgement

This work was financed using statutory funds no 0401/0039/17 (Wroctaw University
of Science and Technology, Faculty of Microsystem Electronics and Photonics).

References

[1] P. Suchorska-Wozniak, W. Nawrot, O. Rac, M. Fiedot i H. Teterycz, Improving the
sensitivity of the ZnO gas sensor to dimethyl sulfide, Materials Science and
Engineering, 104 (2016)

[2] J.C.Fan,S. L. Changi Z. Xie, ZnO-Based Light-Emitting Diodes, Optoelectronics -
Advanced Materials and Devices, InTech, (2013)

[3] D. Tamvakos, S. Lepadatu, V. -A. Antohe, A. Tamvakos, P. M. Weaver, L. Piraux,
M. G. Cain i D. Pullini, Piezoelectric properties of template-free electrochemically
grown ZnO nanorod arrays, Applied Surface Science, 356, 1214-1220 (2015)

[4] Y.Li X. Liu, X. Chen, D. Wang i Y. He, Photoelectric properties of graphene oxide—
ZnO composite nanosheets vertically grown on substrate, Journal of Alloys and
Compounds, 699, 468-478 (2017)

[5] H. Wang, X. Tan i T. Yu, Preparation and photoelectric property of TiO2
nanoparticles with controllable phase junctions, Applied Surface Science, 321,
531-537 (2014)

[6] S.I. Al-Mayman, S. M. Al-Johani, M. M. Mohamed, Y. S. Al-Zeghayer, S. M.
Ramay, A. S. Al-Awadi i M. A. Soliman, TiO; - ZnO photocatalysts synthesized by
sol-gel auto-ignition technique for hydrogen production, /nternational Journal of
Hydrogen Energy, 42, 5016-5025 (2017)

[71 M.-Y.Xie, K. -Y. Su, X. -Y. Peng, R. -J. Wu, C. Murthy i W. -C. Chang, Hydrogen
production by photocatalytic water-splitting on Pt-doped TiO2—ZnO under visible
light, Journal of the Taiwan Institute of Chemical Engineers, 70, 161-167 (2017)

[8] Z.L.Wang, Zinc oxide nanostructures: growth, properties and applications, Journal
of Physics: Condensed Matter 25, R829-R858 (2004)

[9] T.Zhui S.-P. Gao, The Stability, Electronic Structure, and Optical Property of TiO2
Polymorphs, The Journal of Physical Chememistry C 118, 11385-11396 (2014)

[10] O. Carp, C. Huisman i A. Reller, Photoinduced reactivity of titanium dioxide,
Progress in solid state chemistry 32, 33-177 (2004)

[11] R. Koole, E. Groeneveld, D. Vanmaekelbergh, A. Meijerink i C. de Mello Donega,
Size Effects on Semiconductor Nanoparticles, Nanoparticles: Workhorses of
Nanoscience (2014)

[12] D. Oles, Opracowanic metody syntezy i badanie wlasciwosci fotokatalitycznych
nanoczastek dwutlenku tytanu, Politechnika Wroctawska, Wroctaw (2013)



8-10 September 2017

59 Szklarska Porgba, Poland

ATOMIC FREQUENCY STANDARD

J. Niemczuk', P. Knapkiewicz"

Faculty of Microsystem Electronics and Photonics, Wroctaw University of Science and Technology,
Janiszewskiego 11/17, 50-372 Wroctaw, Poland
*e-mail: jakub.niemczuk@student.pwr.edu.pl
**e-mail: pawel.knapkiewicz@pwr.edu.pl

Abstract We have undertaken the development of a cesium atomic clock which uses
the CPT (Coherent Population Trapping) effect for stabilizing synthesized
frequency. The main purpose of this project is to build a fully functional frequency
standard that will compare to units available on the market, but made entirely out of
cheap and widely available components, using simple building techniques.
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Abstract The fabrication of the piezotronic devices requires fabrication of deeply etched
structures that could by obtained using deep reactive ion etching technique. Two different
sets of RIE process parameters such as pressure, temperature, gas flow and RF power
were studied for fabrication of trenches with various depth. The inclination angle of
trenches sidewall, their etched surface roughness profile and the depth were investigated
in detail using atomic force microscopy and scanning electron microscopy. The article will
present the results of the study of AIGaN/GaN HEMT heterostructures deep reactive ion
etching process performed using chlorine based plasma and dielectric hard-masks.

Keywords: AlGaN/GaN, DRIE, piezotronic devices, deep trenches, side walls
inclination

1. INTRODUCTION

Materials of AIIIN group except good electrical parameters such as breakdown voltage,
electron velocity, possibility of controlling the energy gap from 0.72 eV to 6.2 eV. These
materials also have promising piezoelectric parameters enabling theirs application for
fabrication of piezotronic devices. Majority of piezotronic devices required etched depth
trenches with perpendicular side walls. Due to that reactive ion etching (RIE) process must
be performed with high etch rate. The effect of Cl, and Ar gases flow rate on etching rate
was studied in literature [1] using inductive coupled plasma (ICP) technique. The highest
etch rate that was obtained using capacity coupled plasma (CCP) was 75 nm/min [2]. In the
article the results of the research of CCP RIE process for deep etching of AlGaN/GaN
HEMT heterostructures will be presented and discussed.

2. EXPERIMENT DETAILS

The first step of experiment was selection of optimal parameters of RIE process using
Taguchi method for experiment planning [3]. Nine sets of RIE process parameters were
chosen: pressure between 15 and 35 mTorr, temperature between -13 and 27 °C, hard-mask
thickness between 70 nm and 350 nm as well as different mixtures of reactive plasma gases
Cly/BCls/Ar with constant total gas flow of 15 sccm (the Ar flow was kept 5 scem) and
constant RF power of 170 W. SiO, hard-masks were deposited using plasma enhanced
chemical vapour deposition (PECVD) technology on heterostructures. Before RIE process,
all samples were cleaned using HCI. The influence of temperature, pressure, reactive gas
mixture on etch rate were studied and are presented in Figure 1. and Figure 2. The results
of first step of experiment were delimitation of RIE process parameters such as pressure,
temperature and Cl,/BCls/Ar ratio. That optimal RIE process allow to obtain 56 nm/min
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etch rate and maximal inclination of side walls as high as 39° and the selectivity value
[semiconductor: hard-mask] equal to 4.
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Fig. 1. Influence of temperature a) and pressure b) on etch rate of AIGaN/GaN HEMT structures in
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Fig. 2. Influence of concentration a) and percentage of Clz in Clo/BCls/Ar b) on etch rate of
AlGaN/GaN HEMT structures in RIE process
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Knowing temperature and pressure in chamber, for each mixture of reactive gases enabled
the calculation of molecules concentration. This led to the conclusion that independently
from reactive gases mixtures, for molecules concentration from 8*102° m=to 10*10%° m™,
the etch rate is the lowest. In the next step the influence of decreasing of RF power on
surface morphology was studied. The obtained results illustrating the influence of RF power
on selectivity of heterostructures etching to mask, inclination of side walls as well as etch
rate are presented in Figure 3. and Figure 4. Decreasing of RF power from 170 W to 150 W
caused the drop of etch rate to 16 nm/min, significant reducing the inclination of side walls
and increasing of etch selectivity from 4 to 6.6.
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Fig. 4. Influence of RF power RIE on etch rate of AlGaN/GaN HEMT structures

3. THE FABRICATION OF DEEP TRENCHES

For deep etched structure fabrication two different mixture of reactive gases and RF power,
were selected, which are presented in Table 1. The chosen gas flow and RF power during
execution of the recipe no. 2 were based on the literature [4].

Table 1. Two sets of etch DRIE process parameters

No. recipe | Temperature | Pressure | RF power | Clz2[scem] | BCls [scem] | Ar [scem]
[°C] [mTorr] [W]
1. 7 15 170 5 5 5
2. 7 15 250 16 4 5

Impact of trench depth of etched structures on etch rate and inclination of side walls are
presented in Figure 5. Deep reactive ion etching (DRIE) of samples were processed for 5
min, 12 min and 18 min. It should be noted that together with depth increasing of the etched
structures, the etch rate was decreased, because in deep structures efficiency of reaction
products removal is reduced therefore etch rate is decreases. The most inclined side walls
were obtained using process number 2. Side walls of structures etched to the depth of 625
nm were inclined at an angle 62°. SEM images of obtained structures/trenches are presented
in Figure 6. Width of trenches varies from 2 to 16 pm.
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4. CONCLUSIONS

It was established that for fabrication of structures containing deep trenches the process
number 2 was better than process number 1, because of the increased chlorine flow and total
flow of reactive gases as well as increased ions energy in plasma. In the range of RF power
from 150 W to 250 W, the selected optimal temperature and pressure of RIE process were
7 °C and 15 mTorr. To etch the structures of 1 pm depth the 20 min duration of RIE process
was needed. Because standard AlGaN/GaN HEMT heterostrutures have about 2.5 pum
thickness, 1 hour duration of RIE process will be necessary to etched the trench to the
sapphire substrate. To stabilize the etch rate and to increase the inclination of side walls the
increasing of reactive gases flow is mandatory. Low etch rate is a serious problem because
in each of studied RIE processes with out ICP the etch rate did not exceed 60 nm/min.
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Abstract Photolithography is a process in which a pattern is transferred into
a surface covered by photoresist. Depending on the type of technique, additive or
subtractive, e.g. electrical connection or etching is possible.

This process contains surface preparation, spinning of photoresists on the surface,
exposition through the mask and development. The aim of the work was elaboration
of AR-series resists based photolithography process for the purpose of
microelectronic devices fabrication. The one-layer (standard) as well as lift-off
lithography on Si and AlIGaN/GaN heterostructures were studied. The preliminary
tasks embraced estimation of thicknesses of top and bottom layers for various spin-
coating velocities. Further dependence of undercut depth on time of development was
estimated. Based on the results the applicability of AR-series resists for
microelectronic devices fabrication was discussed.

Keywords: lift-off, microelectronic devices, photolithography

1. INTRODUCTION

Photolithography is a process in which a pattern is transferred into a surface. This process
contains surface preparation, spinning of photoresists on the surface, exposition through the
mask with chrome patterns and development. After that, further microelectronic processes
could be conducted. The lift-off is a type of photolithography technique, where after resists
development another layer is deposited (eg. metallization) on top of the sample to form a
pattern. Redundant resist and metallization are removed in stripping process. The
photolithography is complicated, multi-stage process thus variety of parameters influence
the results. The most important of them are thickness of resists layers, time of exposure,
time of development and environmental conditions as e.g. temperature.

Resist profile strongly depends on exposure dose and post-exposure baking parameters. The
post-exposure baking process assures drying of the photoresist after spin coat by removing
excess solvent. The aim of reducing the solvent content is stabilization of the resist film
parameters.

If the time of exposure is too long the photoresist image will be eroded along the edges,
what leads to decrease in size and a loss of sharpness or corners. In the other side, if time
of exposure is too short, image will be underexposured. If image is underexposed, the
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pattern may not be transferred at all to the surface. Overexposure or overdevelopment will
deteriorate the profile of the unexposed surface.

It is difficult to obtain a uniform resist coat across a surface with developed topography,
what complicates exposure and development as the resist has different thicknesses on the
surface. In the work the homogeneity of resist thickness was also studied and dicussed.

2. EXPERIMMENTAL DETAILS

The AR-P 3120 (herein as AR-P) positive photoresist and AR-BR 5480 (herein as AR-BR)
bottom resist (AllResists) were tested to optimize the photolithography parameters for
microelectronic devices fabrication. Series of Si/SiO, test wafers and AlGaN/GaN/Al,O3
(Si0; covered - only for mesas formation step) samples were used. Investigations embraced
application of AR-P for standard lithography (mesa formation) while AR-BR/AR-P were
dedicated for lift-off technique investigation. There were two different aims of conditions
optimization for lift-off test, a) high resolution and b) medium resolution. In the first one
spin speed and time of baking of AR-BR and AR-P photoresist were 6000 rpm, 5 min at
150 °C and 3000 rpm, 1 min at 100 °C, respectively. In second one case, AR-P resist
spinning parameters were the same as in first case and for AR-BR were 4000 rpm, 5 min at
150 °C. After spinning, the samples surface was exposured through the test chromium mask.
Next, samples were developed in AR 300-47:DI (1:1) solution, which removes unexposed
part of photoresist layer.

One of the crucial requirement for resist/sample system is appropriate adhesion. Silicon
oxide as well as AlGaN/GaN needed the AR 300-80 adhesion promoter support. The
promoter insured covalent binding of samples surface and resist, improving the adhesion
strength.

In the work the thicknesses of resists for various spin speeds were evaluated using scanning
electron microscope (SEM). Additionally thickness uniformity of the AR-BR on sample
surface as well as resistance of AR-P 3120 photoresist to BHF (in a purpose of standard
lithography) were discussed. Also dependence of undercut depth on time of development
in lift-off technique was estimated and studied.

During the process of mesas formation the BHF, which is a mixture of ammonium
fluoride (NH4F) and hydrofluoric acid (HF), was used for etching of SiO» thus resistance of
resist to this solution is an essential property. The Si test wafers with exposured AR-P layer
were studied. A half of the sample surface was masked using blue-tape. Then BHF bath for
5 min at 22 °C, DI rinsing and N drying were carried out.

In the work test line-space masks as well as microelectronic devices structures chromium
masks were used.

3. RESULTS AND DISCUSSION

3.1 Homogenity of AR-BR 5480 resist thickness

The homogeneity of AR-BR resist thickness was evaluated by measuring the thickness in
various places on the sample (spin speed was equal to 4000 rpm). The AR-P spin speed was
3000 rpm and time of development 60 s. Example SEM images are shown in Fig. 1.
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Fig. 1. SEM images of various undercut depth (the same spin speed of AR-BR)

Thickness variation among the sample was in the range from 500 to 600 nm. It led to
significant non-uniformity in undercut depth (Fig. 2). The problem was overcame by

changing the parameters of first step of resist spinning. The maximum obtained variation in
layer thickness was of 50 nm.
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Fig. 2. Undercut depth dependence on AR-BR layer thickness

3.2 Dependences of layer thickness on spin speed

The AR-P and AR-BR resists were spin-coated on substrate surfaces with different spin
speeds (AR-BR 2000-7000 rpm while for AR-P from 2000 to 5000 rpm). The soft-baking
parameters were as described earlier. Thicknesses of layers depending on spinning speed
are presented in Fig. 3. a) and b). Dependence of layer thickness on spin speed was linear
for small values of spin speeds and saturated for larger values, as expected. Obtained results

permitted for selection of spin speeds appropriate in further studies for medium and high
resolution tests.
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Fig. 3. Thicknesses of a) AR-P 3120 and b) AR-BR 5480 resists for different spin speeds

3.3 Resistance of AR-P 3120 photoresist to BHF

The BHF bath duration exceeded strongly the etching time used during processes. Images
of samples surface before and after BHF bath are shown in Fig. 4.

a b

p—

Fig. 4. Images of surface of vesists before a) and after b) BHF bath

The BHF treatment did not affect the morphology of the samples surfaces. Also SEM
imaging did not reveal any changes in geometrical parameters of samples. It could be also
assumed that chemical properties of the resist layer remained unchanged because of further,
successful stripping of the photoresist.

3.4 Dependences of undercut depth on time of development

Test were carried out for AR-P/AR-BR bilayer exposured through 6s. Spin speed for top
layer was 3000 rpm in each case. Spin speed for bottom layer were from 4000 to 7000 rpm.
Time of development varied from 45 to 60 s. The dependence of undercut depth on time of
development is presented in Fig. 5.
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Fig. 5. Dependence of undercut depth on time of development

It could be observed that thicker layers of AR-BR (4000 rpm) exhibited larger undercut
depth than thinner layers for the same time of development. Observed phenomenon could
be explained by low efficiency of reaction product exchange in thinner layers.

Obtained results gave an important information for the fabrication of microelectronic
devices. Standard lithography and ohmic contact fabrication were successfully conducted
using AR-P and AR-BR resists.

4. SUMMARY

The AR-series resists were studied for standard and lift-off application. Layer thickness
decreased nearly linearly with increasing spin speed (within studied range of spin speed).
Top layer may be applied as single layer for standard lithography cause of resistance in
BHF. In some cases adhesion promoter was needed to improve adhesion strength. Double
layer system was studied and successfully applied for ohmic contacts patterns formation. In
the future application of double layer system for gates pattern fabrication could be studied
with decrease of AR-BR 5480 layer thickness.
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Abstract This paper reports fabrication and characterization of a miniature 3D
printed membrane-based gas microflow regulator. In the device, a
polydimethylsiloxane (PDMS) diaphragm was applied to act as a diffusion barrier
and adjust gas flow to the desired rate. Repeatable flow values in the function of
pressure for various membrane thicknesses and gas types were obtained. The use of
3D printing technique enabled for fabrication simplicity, so that the solution may be
easily adapted for a variety of microdevices applied in the field of life sciences.

Keywords: 3D printing, PDMS membrane, gas microflow, gas regulator

1. INTRODUCTION

At recent times, a dynamic development of lab-on-a-chip platforms intended for versatile
bio-based applications has been observed. In such microfluidic systems, considering mainly
cell culturing branch, flow regulation constitutes especially important issue. In order to
imitate cells in vivo environment, a constant and well-controlled medium flow in the lab-
on-a-chip device is required. For this reason, an internal structure of the chip is often
designed as self-contained system, involving specific valves, separation microchannels or
polymer (usually PDMS) diffusion barriers [1]. Nevertheless, such solutions are
technologically complex and require a new chip design for each modified experimental
demand. On the other hand, commercially available micropumps for medium supply and/or
refreshment are basically adjusted to the ranges of ml/min flow, which may seem too
intensive for cell culturing applications. Concerning the advantages and weaknesses of the
current solutions, a miniature and portable gas flow regulator based on PDMS membrane
has been proposed. The device was fabricated utilizing 3D printing technique that due to
rapid prototyping, fabrication simplicity and low costs is inevitably increasing in popularity
in the bio-scientific fields recently [2-3]. The regulator was successfully applied for cell
culturing of microorganisms (euglenas), by the controlled release of 100% carbon dioxide
into the chip.

2. EXPERIMENTAL

Basic parts of the regulator (Fig. 1) were fabricated utilizing inkjet 3D printing technique
(Projet 3510 printer using Visijet M3 Crystal and Visijet S300 materials, 3D Systems,
USA). The device comprises two main elements — inlet and outlet. Inlet part is connected
with gas pneumatic line. In the outlet, gas permeable PDMS membrane (© 12 mm) and
additional functional elements, like o-ring sealing (Qouer 13 mm, Djpper 9 mm) and a sieve
(® 14 mm, via holes in the sieve — ® 1 mm) are placed. The surface of the sieve is
structurized to protect the membrane from break while pressure operation. The membrane
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is attached to the sieve by the pressing ring (Pouter 16 mm, Dipner 6 mm). Standard connectors
may be applied to the inlet and outlet ports. In this solution, a microfluidic connector at the
outlet was 3D printed to fit the tube of 1/16°” diameter.

b)

Microfluidic _,[I
connector

R

a

Gas flow direction
g

PDMS membrane —» ———

‘\\Pressing rng —p sm—

Fig. 1. 3D printed membrane-based gas microflow
regulator: a) exploded schematic view, b) cross-section view

The membrane is fabricated utilizing molding technique. PDMS prepolymer (Sylgard
184, Dow Corning, USA) mixed with curing agent at the ratio of 10:1 (w/w) and degassed,
is casted onto master mold with desired depth. The polymerization is conducted by heating
the mold for 1 h in 70 °C in a furnace.

The structure of the regulator allows for the use of membranes with thicknesses in the
range of 200 — 400 um. The application of PDMS membrane enables for delivery of various
gases, like Na, CO,, CHa, C2Hg [4]. The overall weight of the device is 10.5 gram only.
Fabrication time of 10 regulators is circa 6 h.

3. RESULTS AND DISCUSSION

Measurements of the flow rate, concerning increase and decrease in pressure operation (Fig.
2a), were conducted for three types of gases: air, N2, CO; (Fig. 2b), and three thicknesses
of the PDMS membrane (200, 300 and 400 pm, Fig. 3). The flow was determined using
bubble detection method. The image of the bubble size and its number per unit time in the
baker with water was acquired by CCD camera, and then processed by the dedicated
software to indicate the flow value. Maximum applied pressure during measurements was
1 bar. Statistical analysis proved that flow depends parabolically on applied pressure and
changes linearly in reference to the membrane thickness. Differences in flow rate were also
observed regarding gas type, due to some diversities of gas molecules size.
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Fig. 2. Flow characteristics of the 3D printed membrane-based gas microflow regulator with 400
um thick PDMS membrane: a) air flow — visible pneumatic hysteresis, b) flow for the selected gases
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Fig. 3. Carbon dioxide flow characteristics with regard to PDMS membrane thickness

The regulator was successfully applied as a medium supplier to the lab-on-a-chip
platform intended for cell culturing of Euglena gracilis. Microorganisms performed
photosynthesis on-chip by stimulation with 100% CO> (flow rate: 0.3 pl/min) and halogen
lamp illumination (40 W, 600 Im) for above 10 days (Fig. 4).

a) 4— Regulator b) Microfluidic connector

iy,

9

membrane 1
—]

Inlet
lMS

Fig. 4. 3D printed membrane-based gas microflow regulator: a) device integrated with microfluidic
platform, b) disassembled regulator view
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4. CONCLUSION

In the paper, a novel 3D printed membrane-based gas microflow regulator has been
presented. The device allowed for a precise and repeatable dosage of gas medium to the
lab-on-a-chip platform for cell culturing. As a result, a long-term culture of Euglena gracilis
was achieved that confirmed the regulator suitability in life sciences branch.
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Abstract This paper presents different types of numerical boundary conditions used
in FDTD calculations. Lumerical software is used to present practical examples of
modeling and to show how the selection of the boundary conditions influences results
of simulations. The boundary conditions considered here represent a set of
assumptions at the edges of the area of numerical analysis. In this paper the following
boundary conditions are considered: Bloch, periodic, metal, perfectly matched layer
(PML) and symmetric/anti-symmetric. As an exemplary structure, a gallium arsenide
solar cell was used. The cell efficiency is improved by an antireflection layer made of
2D photonic crystal. Modelling of such a structure requires proper selection of
boundary conditions. Otherwise, results will be time-consuming or erroneous. We
used different boundary conditions for calculation of reflectance and transmittance of
the exemplary structure. We show how boundary conditions influence results of the
numerical analysis.

Keywords: numerical analysis, photonic crystal, antireflection coatings, boundary
conditions

1. INTRODUCTION

One of the stages of building the numerical model of a photonic structure is setting up the
numerical boundary conditions (BCs). They are the equations that specify the behavior of
the electromagnetic field at the boundaries of calculation area [1]. That area of simulation
is usually smaller than the whole device, so we have to pass to the algorithm information
about the whole structure, including information about periodicity and symmetry. Correct
selection and setting up of the boundary conditions is necessary to build a reliable numerical
model.

2. BOUNDARY CONDITIONS

In this paper, the study of the influence of boundary conditions on the result of numerical
analysis was executed on a simple model of a solar cell. We used the Lumerical FDTD
software for calculations. Lumerical is a commercial-grade simulator based on the finite-
difference-time-domain (FDTD) algorithm [2]. The modeled solar cell is made of gallium
arsenide (GaAs) of 2 um thickness. The structure was illuminated by solar spectrum AM1.5,
from 300 nm to 1200 nm. The reflection from the top of the solar cell was calculated. The
calculations have been done for a set of different boundary conditions. The boundary
conditions which we used in our numerical analysis included a perfectly matched layer
(PML), metal BC, Bloch BC, periodic BC and symmetric/anti-symmetric BC.
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2.1 Perfectly matched layer and metal boundary conditions

Definition of the PML (perfectly matched layer) boundary conditions: PML boundaries
absorb electromagnetic waves incident upon them. They model open or reflectionless
boundaries [3]. Metal BCs are used to specify boundaries that behave as a perfect electric
conductor. The metal boundaries are perfectly reflecting, allowing no energy to escape the
simulation volume [3]. It should be stressed out, that these boundary conditions specify how
the algorithm process electromagnetic fields at the edges of the modeling area, they do not
represent an actual reflection of light from surfaces of the structure.

To check the influence of selection of the BCs we created a model of solar cell without any
antireflection coatings on the top. The reflections have been calculated for PML and metal
BCs set up as shown in the Fig. 1.

——
| S SE—— "\ Reflection’s

monitor

Source AM1.5

ARC/PhC

2 um thick

layer of GaAs
~

Area of
simulation

Fig. 1. Configuration of modeling structure and setting up the BCs

In figure 2. you can see the reflection of the light from the top surface of the solar cell for
different BCs used in calculations.
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Fig. 2. Comparison the PML and metal boundary conditions setting up vertically

In figure 2. you can see differences between using PML and metal BCs. Correct results are
for PML BC because for metal BC the whole modeled structure is treated as an optical
cavity. Our modeling results were compared with the measurement data from [4] —reflection
from the gallium arsenide layer. The comparison confirmed that the PML is the correct BC
for the analyzed solar cell structure. In more advanced structures, for example, with
photonic crystal deposited on the top of the structure, the comparing with data from the
article or measuremnts was not possible, due to the differences in structure details.

2.2 Periodic and Bloch BCs

The definition of the periodic BCs: periodic BC should be used when both the structure and
electromagnetic field is periodic. Periodic boundary conditions can be used to simulate a
structure with a repeatable pattern in one direction but not necessarily other directions [3].
Bloch BC should be used when the structures and the electromagnetic fields are periodic,
but the angle-dependant phase shift is present [3]. Either of the two BCs can be applied for
the numerical analysis of the similar photonic structures. The periodic and Bloch BCs can
be used in simulations of structures with a grating, photonic crystal, or antireflection
coating. However, Bloch BC is used when the source is working at an angle relative to the
structure. As an example of the influence of selection of these BCs, the model of a solar cell
with photonic crystal (PhC) deposited on the top was built. The parameters of the PhC were
described elsewhere [5] and the material of PhC was poly(methyl methacrylate) (PMMA).

In the figure 3. we compare the periodic and Bloch BCs used in the model of the solar cell.
The sides of the structure were controlled by the PML BCs. The light was propagated
perpendicularly to surface.
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Fig. 3. Comparing the periodic and Bloch BCs when the light is propagated perpendicularly to
surface. No visible difference can be seen.

There is no visible difference between results obtained for Bloch and periodic BCs.
However, when the angle of incidence is changed from 0° to 10° results are different, with
periodic BCs producing unrealistic absorption bands in the reflection spectrum, as shown
in Fig. 4.
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Fig. 4. Comparing the periodic and Bloch BCs when the light is propagated at an angle of 10°
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2.3 Symmetric/anti-symmetric BCs

Definition [3]: symmetric/anti-symmetric boundary conditions are used when the user is
interested in a problem that exhibits one or more planes of symmetry; both the structure and
source must be symmetric. The symmetric BC works as a mirror for the electric field and
anti-mirror for the magnetic field. The anti-symmetric BC works as a mirror for the
magnetic field and anti-mirror for the electric field. These BCs can only be used if the
structure and fields are both symmetric and periodic.

Some prior information about the distribution of electromagnetic field within the analyzed
structure is required to apply these BCs. Results of using the symmetric or antisymmetric
BCs is shown using the solar cell structure described previously. PMLs were used as
vertically BC, limiting the modeling area on the sides. The comparison of the reflection of
light from the structure, obtained for different BCs is shown in figure 5. As expected,
symmetric and antisymmetric BCs produce unrealistic results, as the structure does not
introduce and explicit symmetries.
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Fig. 5. Comparison the symmetric, antisymmetric and periodic BCs

3. CONCLUSIONS

Appropriate choice of boundary conditions is necessary to obtain correct results for the
modeling of the photonic structures. Contemporary tools for numerical analysis offer
several different boundary conditions. It is the responsibility of the user, to select the right
BCs, based on the structure geometry and properties.
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Abstract: The article presents a microfluidic system used to determine the
concentration of urea in biological substances. Modern methods of medical
diagnostics should be uncomplicated, fast and cheap. The answer to these
requirements in the case of urea analysis is the flow system for the non-enzymatic
determination of urea. The article introduces its design and fabrication method using
min. LTCC and 3D printing technology. The system was tested and the results
presented and discussed in the article.

Keywords: LTCC, Lab-on-chip, uTAS, microfluidic system, urea determination

1. INTRODUCTION

Methods used in today laboratories consist of a number of different activities: taking a
sample, conducting a suitable biological or chemical reaction, isolating and labeling
products. Typically, each step of the process is carried out in a separate machine, that
requires a sufficiently large laboratory. The answer to these and other problems became the
usage of Micro Total Analyzing Systems (WTAS), namely miniature analytical systems (or
analytical microsystems) or Lab-on-chip systems. Their task is to perform various analyzes
and biological or chemical reactions. Such systems have many advantages that standard
laboratories do not have. First of all, these systems are miniaturized, which often helps to
reduce the size of the lab to the size of a small box. They work on samples of micro- or
nanoliter volumes. This allows a significant reduction in the consumption of the reagents
needed, and consequently also the waste. The smaller the scale of the process, the less time
it needs to determine certain substances. In short, this technology is cheaper, faster and
safer. One of the biochemical tests performed in laboratories is the determination and
measurement of urea concentration in biological substances such as blood and urine. This
measurement is important for many medical diagnoses, so improving the process, reducing
its cost and complexity, and accelerating the test, will make it much more effective in
detecting many conditions and optimizing the course of treatment. The solution is to build
a microsystem for the determination of urea.

2. METHODS AND MATERIALS

The purpose of the system is to calculate the concentration of urea in the biological
substance by the method of absorbance. To achieve that, the test substance and the
demethyloglyoxime are delivered to the system with which the urea reaction produces
a yellow product having the property of absorbing light. According to Jung's experiment,
the best results are obtained using light at 480-540 nm wavelength [1].
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2.1 Microfluidic module

The heart of the system is the miniature microfludic module made using LTCC (Low
Temperature Co-firing Ceramic) technology. It was chosen for its biological properties and
chemical resistance, price and ease of integration of electronic and optoelectronic
components. “LTCC technology enables the implementation of microfluoric systems with
properties that are close to the most commonly used silicon systems” [2]. The created
module and its X-ray image are showing the inside of the module in Figure 1.

Fig. 1. Microfluidic module and its X-ray photo

Channels with a width of 750 pm have been designed. In the central part of the a micromixer
module with a step structure is planned, in which the mixing of the constituent substances
and their reaction with each other. Due to the low Reynolds number in micro and nano
liquids, it is necessary for its correct occurrence. Behind it is a measuring channel. At its
sides, two recesses were implemented in which glass plates of soda glass were placed. Their
task is to seal the module while ensuring the propagation of light radiation.

2.2 Other components of the system

The microfluidic module was placed in a specially designed, polymer casing, made in the
spatial printing technique. The lower and upper part of casing are shown in Figure 2.
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Fig. 2. The lower and upper part of polymer casing

The entire module was sealed with a PDMS (Polydimethylsiloxane) sealing gasket and then
a liquid conduit system with inlets was mounted. Since the target chemical reaction needed
to effectively detect urea must be carried out at about 80 ° C, instead of using an external
temperature control method, it was decided to add a heater. It was made on a ceramic
substrate, on which a conductive paste (PdAg) was applied by screen printing and formed
into a resistive path. In addition, an optoelectronic elements: light emitting diode with
wavelength 480 nm and photodetector was mounted. The complex whole is shown in Figure
2.

Fig. 3. The flow system for the non-enzymatic determination of urea

2.3 Measurement procedure

Determination of urea concentration in the substance takes place by measurement of
absorbance. Using the Lambert-Beer law, we can calculate the concentration of the test
solution based on it. Absorbance is a measure of the absorption of radiation, so it is the ratio
of the input radiation intensity I to the intensity of the output radiation I and is given by
formula (1).
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A= log(%) (1)

The law also shows that the absorbance is directly proportional to the concentration of the
solution ¢ and the optical path  through which the light passes, as recorded by the equation

2).
A=k*l*c (2)

Where k is the absorption coefficient. Thus, knowing the intensity of the input and output
radiation, the concentration of the test solution can be calculated [3].

A series of measurements was made. For this purpose, two sets of test solutions were
prepared in which they were used dyes with light absorption similar to the reaction product:
cochineal red (best absorption at wavelength 490 nm) and yellow orange (best absorption
at 475 nm). They were mixed in several different concentrations with distilled water to
obtain solutions of different colors, in assumptions showing different absorption of light

radiation. Dyes mixed with 20,000mg distilled water in the following amounts:

0 mg (0%) — pure distilled water
1 mg (0.005%)

2 mg (0.01%)

4 mg (0.02%)

7 mg (0.035%)

14 mg(0.07%)

98 mg(0.5%)

The measuring stantion and its diagram are shown in Figure 4.

| Power |

.mmmeter._E
Controller 7 |
Lontroter The flow system

Di S

a

LED Photodetector

/\ Outlet of the system

Test solution

@9—- Pump

Fig.4. Measuring station and its scheme
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2.4 Results

Four different microfluidic modules were tested. The photodetector response to different
concentrations of solutions flowing through the module was measured. The result of the
measurement is presented in Figure 5. Then the repeatability of the system response was
checked, by passing alternately through the system clean distilled water and the solution
with the maximum concentration. The result of the measurement is shown in Figure 6.
Based on the Lambert-Beer law, the absorbance of solutions was calculated in dependence

on the concentration of the solution. The graph is shown in Figure 7.
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Fig. 5. Measurement of the photodetector’s response to different
concentrations of solution flowing through the system
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Fig. 6. Repeatability of response as photodetector voltage variation over time
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Fig. 7. Graph of the absorbance calculated from the Lambert-Beer law
as a function of the solution concentration

The results derived from the carried out measurements show that the three of the executed
microfluidic modules behave correctly. The exception to this is the Number 1 system, with
black color on the charts, which reacts on changes of the concentration of the solution by
very slight changes in the photodetector. Probably the reason is the insufficient amount of
light passing through the circuit. Other systems behave comparably and repeatedly. The
most important graph is the last one, as shown in Figure 6. It shows that the system fulfills
the task entrusted to it and allows determination of urea concentration by measuring
absorbance.

3. CONCLUSIONS

The purpose of the system was to determine in predictable and reproducible manner the
concentration of the substance in the solution by the absorbance measurement method. The
device is working properly and meets these requirements and can be successfully labeled
Lab-on-chip or uTAS. However, the presented system is only a prototype, so many of its
components could be improved, such as improving the response rate of the system or
reducing the impact of external factors such as light on measurements. However, the
existing system is fully ready for real tests involving biological substances such as blood or
urine.
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